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FOREWORD 

This r epo r t s u m m a r i z e s the major act ivi t ies of the Metal 
lurgy Division during the calendar year 1959. Following the 
p rocedure adopted in the 1958 annual repor t , work that has 
been published during the yea r in ei ther papers in regular 
technical journals or in topical ANL repo r t s is d iscussed 
only briefly in this annual s u m m a r y report? for details the 
r e a d e r should re fe r to the original publicat ions, which a re 
l i s ted in Appendix B. The status of p r o g r a m s st i l l in p r o g 
r e s s is d i scussed in g r e a t e r detail . 
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A, Development P r o g r a m s for EBR-II 

1, Fuel Mater ia l s 

The reference fuel naaterial for the f i rs t core loading of the 
EBR-II is an uranium.-5 w/o f i ss ium alloy. For the second loading, the 
fuel m a t e r i a l is an u ran ium-20 w/o plutonium-10 w/o f iss ium alloy. Most 
of the development work on fuel m a t e r i a l s for this r eac to r was centered, 
there fore , during the pas t yea r on alloys bracket ing these composi t ions. 

P r o p e r t i e s of Uran ium-P lu ton ium-F i s s ium Alloys 
(O. L. Kruger) 

Hardness data, dens i t i es , and solidus t empe ra tu r e s of var ious 
a r c mel ted u ran ium-20 w/o plutoniuna-fissium alloys a r e summar ized in 
Table I, The densi t ies and solidus t e m p e r a t u r e s dec rea se with increas ing 
f i ss ium concent ra t ions . The substi tut ion of z i rconium for an equivalent 
amount of f i ss ium re su l t s in a fur ther dec rea se in density. The solidus 
t e m p e r a t u r e s were de te rmined by meta l lographic techniques on specimens 
that were homogenized and held at va r ious t e m p e r a t u r e s for one-half hour 
and quenched in NaK. Metal lographic examination of the 65 w/o u ran ium-
20 w/o plutonium-15 w/o f i ss ium alloy indicated the p resence of appreciable 
amounts of zeta phase . 

TABLE I 

P r o p e r t i e s of Uranium-20 w/o P lu ton ium-F i s s ium Alloys 

Composit ion (w/o) 

75 U-20 P u - 5 Fs 
70 U-20 Pu-10 Fs 
65 U-20 Pu-15 Fs 
75 U-20 Pu-3 .5 F s - 1 . 5 Zr 
70 U-20 P u - 7 F s - 3 Zr 
65 U-20 Pu-10 .5 F s - 4 . 5 Zr 

Hardness 

(RA) 

75 
95 
76 
84 
75 
73 

Density (g/cc) 
(Room. Temp) 

17,86 + 0.02 
17.03 + 0.02 
16 38 + 0.02 
17.72 + 0.02 
16.84 i 0.02 
16.14 1 0„02 

Solidus 
Tem.perature 

(°c) 

860 ± 10 
820 + 10 
800 ± 10 

_ 

-
-

Conapatibility of Uran ium-P lu ton iu in -F i s s ium Alloys with 
Various Canning Ma te r i a l s ( j , J^ Huet) 

A p r o g r a m has been ini t iated to de termine the compatibil i ty of 
va r ious canning m a t e r i a l s with the EBR-I I u ran ium-20 w/o plutonium-
10 w/o f i ss ium re fe rence alloy under the t h e r m a l conditions anticipated in 
the r eac to r . The m a t e r i a l s under study include s ta in less s teel Types 347 
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and 430, z i rconium, Z i rca loy-2 , molybdenum, t i tanium, tantalum, niobium, 
and vanadium. The exper iments involve diffusion penetrat ion studies in 
couples of these m a t e r i a l s with the re fe rence fuel alloy. Two t empera tu re 
levels have been tes ted, 800 and 700''C, for per iods of 3, 10, and 30 days . 
Measureraents at 600°C a r e now in p r o g r e s s for per iods of 10, 30, and 60 
days . The diffusion anneals a r e c a r r i e d out in the hel ium glovebox 
a tmosphe re . 

P lo t s of the log of the width of the diffusion bands, X, ve r sus 
the log of the time, t ,yielded s t ra ight l ines of the form X^ = kt, where k is a 
constant. Mean penetra t ion coefficients deduced from these plots were as 
follows (units: 10"^^ cmYsec ) : 

Canning Mate r ia l 694°C 794^0 

430 Stainless Steel Molten eutectic formed Molten eutect ic formed 
347 Stainless Steel Molten eutect ic formed Molten eutectic formed 
Zi rconium 10.76 1239 
Z i rca loy-2 5.43 640.1 
Niobium 16.81 125.8 
Tantal'um No diffusion vis ible 190,7 
Titanium 2,71 42.25 
Molybdenum 3.24 24.11 
Vanadium No bonding No bonding 

None of the vanadium couples bonded successfully; work at 
Nuclear Metals indicates that hot p r e s s u r e bonding in a vacuum would 
probably give good r e s u l t s . 

The s ta in less s tee l couples formed a molten eutect ic at both 
794 and 694°C; this a lso occu r r ed at lower t e m p e r a t u r e s . Couples with 
s ta in less s teel a r e cur ren t ly being run at 500, 550, and 600°C to de te rmine 
the lower t e m p e r a t u r e l imit of eutect ic formation. 

The diffusion band in the tan ta lum was vis ible only in the 794°C 
couple; at 700 and 600*0, even when the bond was ve ry good, no diffusion 
was v is ib le . The diffusion is a lmos t ent i re ly on the tanta lum side, and the 
interface between the fuel alloy and the diffusion bond is ve ry weak and 
b r i t t l e . The couple broke at this in terface during d i s a s sembly and mounting 
p r o c e s s e s . 

The couple with the niobium made a very s t rong bond which did 
not b r eak during handling and polishing. The diffusion is m o r e than 90% on 
the niobium side. 

S. H. Gelles and R. G. Jenkins , NMI-4812 (1959). 



The couples with the z i rconium and Zircaloy-2 were very s i m i 
lar , the diffusion band with the Zircaloy being approximately 2/3 in width 
that obtained in the iodide z i rconium. The diffusion is more than 95% on 
the z i rconium side. At 800°C, th ree different bands were present , the one 
on the z i rconium side being about ten t imes as wide as the two others com
bined. At 700 and 600°C, the two bands on the z i rconium side were roughly 
equal and the boundary between them very i r r egu l a r . Some c racks showed 
evidence of the b r i t t l eness of the band on the fuel alloy side. 

The t i tanium diffusion was a lmos t ent irely on the t i tanium side; 
it consis ted of th ree dist inct bands, the middle one being smal le r and very 
i r r e g u l a r . 

Molybdenum formed only one band 80% of which was on the fuel 
alloy s ide. The band was ve ry br i t t l e and broke often during the handling 
and mounting; the b reak was on the fuel alloy interface as well as on the 
molybdenum interface. 

I r rad ia t ion Behavior of U r a n i u m - F i s s i u m and Uranium-
P lu ton ium-F i s s ium Alloys (J A Horak and J H Kittel) 

I r rad ia t ions of a var ie tv of u ran ium-f i s s ium and u ran ium-
plutonium-f iss ium alloys have continued with two objectives m mind 
(a) to de te rmine the effect of var ia t ions m composit ions of the alloys on 
i r rad ia t ion behavior , and (b) to de te rmine the operat ional l imi ts of the 
alloys in t e r m s of maximum burnup and i r rad ia t ion t e m p e r a t u r e . 

I r rad ia t ion studies have been made with cast u ran ium-f i s s ium 
alloys containing from 3,3 to 10 w/o f iss ium. and from I 7 to 5 w/o addi
t ional z i rconium. All of the alloys have been found to display excellent 
stabil i ty under i r rad ia t ion . The mos t s table composit ions were those with 
higher f i ss ium contents and extra z i rconium. Specinaens of the EBR-II 
Core 1 re fe rence alloy, u r a m u m - 5 w/o f i ss ium have often shown a smal l 
amount of anisot ropic growth under i r rad ia t ion Burnup and t empe ra tu r e 
l imi ts for the alloys have not yet been definitely de termined However, 
p r e sen t r e su l t s indicate that the two composit ions of g rea t e s t in te res t . 
u r an ium-5 w/o f i s s ium and u r an ium-5 w/o f i ss ium-2.5 w/o zi rconium, will 
sa t i s fac tor i ly withstand the EBR-II operat ing r equ i remen t s of 2 a /o burnup 
at 700°C. 

The addition of plutonium to u ran ium-f ias ium alloys has been 
found to d e c r e a s e markedly the swelling r e s i s t ance of the alloys Speci-
m.ens of the re fe rence comiposition for EBR-II Core 2, uranium-20 w/o 
plutonium-10 w/o f issium, have been found to swell excess ively at t e m p e r a 
tu re s as low as 400 -450°C. The swelling c h a r a c t e r i s t i c s of the alloy a r e 
not improved by replacing approximate ly one- th i rd of the f iss ium with 
molybdenum or zirconiunri. A significant improvement was noted, however, 
when the plutonium content was d e c r e a s e d to l5 w/o 



Therma l Cycling Behavior of U r a n i u m - F i s s i u m Alloys 
(W. N. Beck) 

The u ran ium-f i s s ium fuel in EBR-II , as a consequence of 
r eac to r s t a r tup and shutdown, will undergo t h e r m a l cycling between t e m 
p e r a t u r e s of approximately 370 and 670°C. Since the alpha-gainama t r a n s 
formation of the Core 1 re fe rence alloy is near 640°C, it is evident that the 
fuel will undergo repea ted phase t r ans format ion during se rv ice . In o r d e r 
to de te rmine poss ible dimensional changes, a s e r i e s of t h e r m a l cycling 
exper iments have been per formed with the same group of u ran ium-f i s s ium 
alloys used for i r r ad ia t ion exper imen t s . Specimens of alloys containing 
f rom 3.3 to 10 w/o fissiiom and f rom 1.7 to 5 w /o additional z i rconium have 
been cycled between 370 and 670°C. Holding t imes were 2 hours at 370°C 
and 1 hour a t 670''C5 with t r ans f e r t i m e s of 30 minutes . The long holding 
t imes were chosen to p e r m i t the alloy to fully t r a n s f o r m to and from the 
gamma phase . Density and d imensional m e a s u r e m e n t s of the spec imens 
after in te rva l s of 58j 150, 3p0, and 500 cycles showed that al l composi t ions 
w e r e fair ly s table . After 500 cyc les , length i n c r e a s e s averaged 1 08%, not 
including an u ran ium-3 .7 w/o f i ss ium alloy spec imen that elongated 3.84%. 
Density d e c r e a s e s after 500 cycles averaged 1,10%, These r e s u l t s indicate 
that t h e r m a l cycling of the fuel m EBR-II Core 1 will not be a se r ious 
operat ional p rob lem. 

2. Development of P r o c e s s e s and Equipment for the Refabricat ion 
of I r r ad ia ted Fuel (N. J Carson . H, F . Je lmek, J . E Ayer , 
and A. B, Shuck) 

The feasibil i ty of producing EBR-II - type fuel pins by a gas 
p r e s s u r e , in ject ion-cast ing p r o c e s s was demons t ra ted m 1958, During the 
pas t year a pi lot-plant sera ipr eduction facility was const ructed and placed 
in opera t ion in Building 6 for the dual purpose of fabricat ing the f i rs t 
EBR-I I fuel loading and for tes t ing r e m o t e control re fabr ica t ion p r o c e s s e s 
and equipment. A p r o g r a m of bench tes t ing of comiponent p a r t s was r e 
quired because of the need for "plug-in" subassembl i e s const ructed of 
r ad i a t i on - r e s i s t an t , unlubr ica ted machine p a r t s The facili ty was dec la red 
opera t ional in late August. It includes an inject ion-cast ing furnace; demold-
ing, shear ing and inspect ion equipnaent, an iner t a tmosphe re glovebox line 
for fuel e lement assembly , sodium filling and welding; and a glovebox line 
housing decanning equipment. The ine r t a tmosphe re used is argon r e c i r 
culated and purified by a DeOxo pur i f ier - synthetic zeoli te d rye r - t u r b o 
blower sys t em. The equipnaent i s ins ta l led below a Genera l Mills 
manipula tor used for tes t ing r emote control fea tures requ i r ing manipulator 
operat ion. A s imula ted shielding window and shielded pe r i s cope a r e used 
to sim.ulate viewing conditions within the p r o c e s s cell . Remote control 
s ta t ions on the "cold' ' s ide of the window a r e used to opera te the var ious 
movements of the equipment through e lec t ropneumat ic con t ro l s . Inspection 
s ignals a r e t r ansmi t t ed to r e c o r d e r s at the o p e r a t o r ' s s tat ion. The o p e r a 
t ions c a r r i e d out in this facility a r e shown in the flow d i a g r a m of F igu re 1. 



Figure 1 

Flow Diagram of EBR-II Initial Fuel Fabrication 
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The equipment is very la rgely of new design and untested. It 
was not intended that this equipment be operated by full remote control, nor 
that it would be instal led in the EBR-II Fuel Cycle Faci l i ty . The purpose of 
the equipment was to br idge the gap between the improved appara tus used 
to t e s t p r o c e s s feasibil i ty and the m o r e refined r emote control equipment 
for refabr icat ion. 

P r o c e s s and Equipment Development. The p r o c e s s developed 
for producing the fuel pins consis ts of melting bi l le ts and r e t u r n sc rap in a 
shallow crucible . The crucible is mounted on an elevator mechan i sm in a 
heating zone below an a r r a y of nonpermeable re f rac to ry mold tubes which 
a r e suspended ver t ica l ly . The upper ends of these tubes a r e sealed and the 
lower ends a r e open. The furnace is evacuated and the crucible r a i sed to 
i m m e r s e the open ends of the mold tubes in the molten fuel. The furnace 
is then p r e s s u r i z e d , forcing me ta l into the mold cavi t ies , which a r e st i l l 
under vacuum. As soon as the meta l in the inolds has solidified, the c r u c i 
ble i s lowered before the meta l in the heel has solidified. P r e c i s i o n - b o r e , 
h igh-s i l i ca g lass tubes , protec ted f rom attack by the molten meta l by a 
thin thor ia wash, have been the mos t successful molds used to date . Spray-
coated graphi te c ruc ib les have been used for melt ing. 

After cooling, the furnace is opened, the gravid molds a r e 
t r a n s f e r r e d to a p r o c e s s machine where the pins a r e fed individuaUy through 
a min ia tu re jaw c rushe r , the ends a r e cropped, and the resul t ing pins a r e 
fed p rog res s ive ly through an eddy cu r ren t sensing coil, pneumatic dia
m e t r a l gage, balance, and length ca l iper . Auxil iary operat ions include 
collection of the sheared ends, sampling, breaking of re jec t m a t e r i a l into 
shor t lengths for recharg ing into the cycle, and loading the pins into a 
t r ans fe r magazine for movement to subsequent a s sembly and bonding 
opera t ions . 

The inject ion-cast ing furnace (F igure 2) consis ts of a base 
upon which a r e mounted the support for an induction furnace, a pneumatic 
r a m for elevating the crucible assembly , a mount for a s u p e r s t r u c t u r e 
car ry ing the mold h e a t e r s , and an adjustable mold pallet r ecep tac le . Each 
of these i t ems was designed as subassembl ies to be plugged into the fur
nace base . The unit is enclosed in a me ta l bel l j a r which is locked against 
a flange by a contract ing r ing. Where possible , r ad i a t i on - r e s i s t an t m a t e 
r i a l s were employed. Where r a d i a t i o n - r e s i s t a n t components had not yet 
been developed, they were made rep laceable . 

The use of r ad i a t i on - r e s i s t an t m a t e r i a l s and plug-in major 
subassenablies p resen ted considerable p rob lems m the operat ion of this 
equipment. Metall ic gaskets were not as sa t i s fac tory as conventional syn
thet ic rubber O-r ings for h igh-vacuum sea l s . The induction coi ls , which 
w e r e insulated f rom the hot crucible with spun alumina, overheated (above 
800°C) and the excess ive t e m p e r a t u r e s d is tor ted mountings and threw the 
closely fitted plug-in a s semb l i e s out of al ignment Considerable mechanical 



Figure 2 r e w o r k w a s n e c e s s a r y to t h e f u r -

Prototyps, Injtcuoii Casting \%all Bell Rcn.o\ca, -i pai- n a c e s u p p o r t a n d s u p e r s t r u c t u r e , 
let ot tu^l puis IS supported by manipulator to be loaded T h i n m o l y b d e n u m r e f l e c t o r s w e r e 
m the mold htatmg zone. s u b s t i t u t e d f o r t h e a l u m i n a ; b y r a p i d 

m e l t i n g a n d r e d u c i n g t h e h o l d i n g 
t i m e , t h e t e m p e r a t u r e s w e r e l o w e r e d 

D i f f i c u l t y w a s e n c o u n t e r e d 
w i t h t h e m o l d h e a t e r a s s e m b l y . 
B e c a u s e of t h e e x p o s u r e of t h e l o w 
e r e n d s of t h e r e s i s t a n c e e l e m e n t s 
t o t h e h i g h t e m p e r a t u r e of t h e m e l t 
i n g f u r n a c e , t h e e l e m e n t l i f e w a s 
v e r y s h o r t . T h e l o w e r e n d s of t h e 
m o l d s b e c a m e o v e r h e a t e d w h i l e t h e 
u p p e r e n d s r e m a i n e d c o l d . A p a i r 
of c o u n t e r b a l a n c e d , r e f l e c t o r -
i n s u l a t e d , t r a p - d o o r c o v e r s w e r e 
i n s t a l l e d o n t h e t o p of t h e i n d u c t i o n 
c o i l a s s e r e i b l y t o r e d u c e t h e s e t e m 
p e r a t u r e s . T h e s e c o v e r s a r e n u d g e d 
o p e n b y t h e r i s i n g c r u c i b l e . 

T e s t s h a v e b e e n m a d e w i t h 
o u t a d d e d h e a t t o t h e m o l d c h a m b e r , 
a n d s u c c e s s f u l c a s t s w e r e p r o d u c e d . 
H o w e v e r , t h e h i g h p e r c e n t a g e of 
s l i g h t l y s h o r t p i n s p r o d u c e d i n i n i 
t i a l t e s t s h a s i n d i c a t e d t h e d e s i r a 
b i l i t y of a n e l e c t r i c a l h e a t e r t o 

c o n t r o l t h e t e m p e r a t u r e of t h e m o l d t o p s . 

F u r t h e r w o r k i s u n d e r w a y o n c r u c i b l e c o a t i n g s , m o l d s a n d 
m o l d - c o a t i n g t e c h n i q u e s . C r u c i b l e s a r e n o w c o a t e d w i t h a Z r 0 2 - T h 0 2 b i n d e r 
a q u e o u s s o l u t i o n a p p l i e d b y s p r a y i n g . Z i r c o n i a f l a m e s p r a y - c o a t e d c r u c i b l e s 
w e r e t e s t e d a n d f o u n d t o l a s t o n l y f r o n a 2 t o 4 m e l t s . S o m e t e s t s w e r e a l s o 
m a d e w i t h Z r 0 2 - T h 0 2 f l a m e s p r a y i n g . T h i s w a s d i s c o n t i n u e d b e c a u s e of a 
r e s u l t i n g h i g h a i r c o u n t , a n d t h e c o a t i n g s p r o d u c e d w e r e n o t s a t i s f a c t o r y d u e 
t o i n a b i l i t y t o f u s e t h e T h O j . 

D e v e l o p m e n t w o r k i s c o n t i n u i n g in c o o p e r a t i o n w i t h v a r i o u s 
c o m p a n i e s o n m o l d m a t e r i a l s . T h e C o r n i n g G l a s s C o m p a n y h a s p r o d u c e d 
t r i f l u t e d t u b e s b y a p r e c i s i o n r e d r a w p r o c e s s . T h e y h a v e a l s o f u r n i s h e d 
f i n e l y f r o s t e d g l a s s t u b e s a n d l e a c h e d , b u t u n f i r e d , V y c o r g l a s s t u b e s i n h o p e 
of b e i n g a b l e t o p r o d u c e a m o r e a d h e r e n t m o l d c o a t i n g o n t h e s e g l a s s e s . 
T e s t s o n t h e s e t o d a t e h a v e b e e n i n c o n c l u s i v e . T h e t r i f l u t e d m o l d s h o w s 
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definite p romise for the future development of a fuel element with a more 
efficient heat exchange geometry . The National Carbon Company has fur
nished graphite molds for test ing. To date, these have proved incapable of 
holding a vacuum long enough for use in the inverted casting p r o c e s s . The 
F i s c h e r - P o r t e r Company supplied an exper imental Vycor mold of hexagonal 
shape pierced by an a r r a y of core tubes . The thor ia coating was not s a t i s 
factory and the mold was excessively costly; further development was 
therefore cancelled. 

The vacuum sys tem of the furnace has undergone severa l modi
fications. Because of the required use of r ad ia t ion- res i s t an t metal l ic and 
solder sea l s , the in- leakage ra te of the furnace was too high. Two 48-cfm 
mechanical pumps were substituted for the diffusion pumping sys tem. 
These were to maintain approximately 70 microns of Hg p r e s s u r e in the 
furnace, but a considerable oxidation of the crucible heel was noted under 
these conditions. A technique whereby initial heating and melting a r e done 
under one a tmosphere of argon p r e s s u r e was therefore developed. When 
the m.etal has near ly reached the casting t empera tu re , the vacuum pumps 

a r e s ta r ted and the furnace is 
^S™^ r a p i d l y e v a c u a t e d for the c a s t i n g 

Prototype Fuel Pm Processing Equipment for Depalletmg, o p e r a t i o n . T h i s h a s r e d u c e d oxide 
Demoldmg. Shearing and Inspecting. f o r m a t i o n and h a s a s s i s t e d m a t e 

r i a l l y in c o n t r o l l i n g induc t ion co i l 
t e m p e r a t u r e s . 

As o r i g i n a l l y i n s t a l l e d , t he 
p i n - p r o c e s s i n g m a c h i n e ( s e e F i g . 3) 
c o n s i s t e d of an inc l ined f r a m e upon 
w h i c h w e r e m o u n t e d (1) a r o t a r y 
index s u b a s s e m b l y which r e c e i v e d 
an i n v e r t e d m o l d p a l l e t f r o m the 
c a s t i n g f u r n a c e , (2) a p a i r of s t e e l 
c r u s h e r w h e e l s in s e r i e s wi th two 
p a i r s of w i r e b r u s h e s , (3) a p n e u -

j m a t i c a l l y p o w e r e d d o u b l e - g u i l l o t i n e 
I s h e a r , and (4) an inc l ined s e c t o r 

t r o u g h for chang ing the p o s i t i o n of 
the pin 90° and d ropp ing i t into a 
t r a n s f e r s h u t t l e . The p a l l e t index 
d e v i c e l i m i t e d the n u m b e r of p i n s 
w h i c h could be c a s t p e r b a t c h to 60. 
Since t h i s b a t c h s i z e m u s t be doubled 
o r p o s s i b l y t r i p l e d , a new feed d e 
v i c e w a s r e q u i r e d . A c y l i n d r i c a l 

i h o p p e r w h i c h m a y be r o t a t e d about 
I a h o r i z o n t a l ax i s p e r p e n d i c u l a r to 

- . - .̂ ._ - i t s c y l i n d r i c a l ax i s w a s d e s i g n e d . 



Each end of the cylinder has a hinged cover which is held tightly closed 
when the end of the can is t i l ted below horizontal . A cam causes the upper 
most cover to open when the cylinder is in the ver t i ca l position. The pallet 
of pins is removed from the furnace and placed in the hopper, which is then 
inverted. This allows the pallet to be withdrawn, leaving the pins in the hop
per . The hopper i s then inclined to the 45° incline position, aligning a shut ter 
slot with the pass line of the c r u s h e r and shear . A single mold del ivery 
shu t te r -ag i ta to r feeds the molds individually into the demolding c rushe r . 

The demolder or iginal ly consis ted of a pair of grooved and s e r 
ra ted crushing ro l l s in line with tv/o pa i r s of c i rcu la r wire b rushes . Two 
gear t r a ins and a rack dr iven by a pneumatic cylinder impar ted a r eve r s ing 
ro ta ry motion to the ro l l s and b r u s h e s . The gravid molds were fed between 
the crushing ro l l s , which were set to c ru sh the mold but to allow the pin to 
pass freely into the b rushes which were supposed to clean the surfaces of 
g lass pa r t i c l e s and thor ia . The unit did not work sat isfactor i ly because of 
the tendency of the g lass pa r t i c l e s to become packed firmly between the 
ro l l s , locking thei r naovement. The equipment was redesigned to consis t of 
a single moving c rushe r jaw dr iven by a smal l pneumatic cylinder which 
osc i l la tes against a fixed jaw This effectively c rushes the glass and, b e 
cause of i ts v ib ra to ry action, does not become packed with g lass , A fully 
effective method for removing the thor ia powder is yet to be developed. 

The guillotine shear is sti l l m use in spite of i ts tendency to 
bind with the accumulat ion of adherent fuel alloy ma te r i a l . A lever blade 
shear has been designed which is h a m m e r dr iven in both d i rec t ions with 
m o r e easi ly rep laceable b lades . 

The t r ans fe r table will probably r equ i re only minor rev i s ions . 
The pneumatic actuator or iginal ly used to dr ive the fuel pin through the 
scanning eddy cu r ren t coil and pneumatic gage has been replaced by a syn
chronous motor . This motor is powered by a var iab le frequency osci l la tor 
which also will furnish a signal to power a s imi l a r synchronous motor on 
the dual pen r e c o r d e r . This allows d i rec t coordination of defect position 
with the plots of the eddy cu r ren t signal and d i ame t ra l naeasurements . 

The inspection module has been changed by the redes ign of the 
component units for ea s i e r p lug-m r ep l acemen t s . This development work 
is s t i l l under way. The p rec i s ion and repeatabi l i ty of the r emote signals 
have been genera l ly sa t i s fac tory . 

3. Development of Welding P r o c e s s e s for Fuel Core Components 

Welding of Spiral Spacer Wires (D. E. Walker, C„ C. Stone 
and R. A. Noland) 

A Type 304L s ta in less s teel w i re , 49 mi l s in d iamete r , is he l i 
cally wrapped around each EBR-II fuel jacket (0.174 in. x 0,009 in. wall 
thickness) to provide a means for spacing the individual e lements when 



placed in the fuel a ssembly The wire is fastened at i ts ends only: to the 
solid, cas t s ta in less s tee l t ip at the bottom, and to the 9-mi l l s ta in less s teel 
jacket tube at the top. No significant p rob lems were anticipated or encoun
t e red in i n e r t - g a s tungs ten-a rc welding the wi re at the bottom. P r i o r ex
per ience has indicated, however, some difficulty in making the top fastening. 
These difficulties have been solved effectively by the use of a s tored energy, 
condense r -d i scha rge - type spot welder wherein max imum advantage is taken 
of the contact r e s i s t a n c e between the pa r t s to be welded. A commerc i a l 
condenser d i scharge spot welder has been redes igned and incorpora ted as 
p a r t of a machine which also wraps the wire tightly and accura te ly around 
the jacket . Successful welds have been made on this machine -without p e r 
forating the jacket . The welds a r e s t ronger than the tube wall, and photo
mic rog raphs show them to be free f rom porosi ty and c racks The weld 
nugget extends into the tube wall a d is tance of 1 to 1 5 mi l s 

End Closure Welds (C C, Stone and R A Noland) 

The bottom end c losu res on the EBR-II fuel e lements a r e made 
by the i ne r t -ga s tungs ten -a rc welding method The bot tom end c losure , 
which involves welding a solid cyl indr ica l plug of Type 304L s ta in less s tee l 
to the 0.174 in. OD x 0 009 in. wall tube of the same ma te r i a l , is m o r e com
plicated because it will have to be done m a s t rong gamrna flux, using r e 
motely operable equipment, A novel method of i n e r t - g a s t ungs t en -a rc 
welding has been devised for this purpose , wherein e l ec t r i ca l energy s tored 
in a bank of capac i to rs is d i scharged through a gap between a tungsten e l ec 
t rode and the end of the c losure plug An a r c is thereby produced, which 
fuses together the c losure plug and the tube without movement of e i ther the 
e lec t rode or the work. A high-frequency device m the welding c i rcui t makes 
a r c s ta r t ing au tomat ic . The method (called SEA welding) is fast, produces 
l eak- f ree welds , and e lec t rode life is long. The e lec t rode spacing is not 
c r i t i ca l to the same degree as in o rd inary a r c welding. Control of the e l ec 
t r i c a l conditions is readi ly and s imply achieved. The method has been in
corpora ted into a fully automat ic machine capable of full r emote operat ion. 
The machine has a minimuna of moving pa r t s and is dr iven by iner t g a s -
powered dev ices . It has been tes ted through many mechanica l cycles without 
maintenance or r e p a i r . The machine is now considered ready for use in the 
m.anufacture of the f i r s t loading for EBR-II 

Welding of Outer Hex Tube to Pole P iece (C. C Stone and 
R. A, Noland) 

The outer hexagonal tube which contains the fuel e lements and 
the upper and lower blanket e lements is spot welded at six p laces at i ts 
bottom end to a solid Type 304 s t a in less s teel pole piece which posi t ions the 
fuel e lement in the r e a c t o r grid plate Welding t es t s have shown that welds 
s t ronger than the tube can be made re l iab ly by the i n e r t - g a s t ungs t en -a r c 
s t ra ight polar i ty spot welding method with hel ium as the iner t gas Welding 
equipment has been designed to p e r f o r m this operat ion remote ly and 



completely automatical ly. The equipment employs m a t e r i a l s and features 
consis tent with a high degree of r e s i s t a n c e to mechanical and radia t ion-
induced fai lure . To avoid radia t ion- induced e lec t r i ca l p rob lems , gas mech
an i sms have been used in this equipment in preference to e lec t r ica l devices . 
As an example, the spot welding guns a r e individually gas dr iven into and 
out of the welding position by forcing iner t gas into a bellows built into each 
gun. Reliabil i ty of the welding guns and of the e lec t r ica l control sys tem has 
been demons t ra ted , 

4. Fabr ica t ion of Fuel E lements for F i r s t Loading 
(N, J. Carson. H, F , Jel inek, and A, B. Shuck) 

The fuel r e q u i r e m e n t s for the f i rs t loading of the EBR-II call 
for a total of 3000 no rma l u r a n i u m - 5 w/o fissium. alloy pins and 9100, 
48.13% enriched u r an ium-5 w/o f i ss ium alloy pins assembled into fuel e l e 
ments . Although it was recognized that further p rocess development was 
requi red to r a i s e the yield of acceptable pins and to i nc rease the through
put r a t e and re l iabi l i ty of the p i n - p r o c e s s equipment, production was s ta r ted 
in late September on "as i s " equipment to satisfy the needs for fuel pins for 
development of bonding, welding and tes t ing techniques. 

To date, a total of 17 no rma l u ran ium-f i s s ium mel t s have been 
made, r epresen t ing a total of 1763 pins . Of these , 813 pins (46,1%) were 
too shor t to m e r i t fur ther inspect ion p rocess ing . The double guillotine shear 
r equ i r e s a casting length of about 15|-in. to produce a pin 14.22 in, long. In 
many ca se s , casting length was over 14,22 in. but l e ss than I S j i n , Salvage 
of these cast ings by lathe or hand shear cutoff is possible and will be used 
in the enr iched u ran ium operat ion to i nc r ea se yield. 

Of the remain ing 950 pins that were p rocessed , 709 (74.6%) 
w e r e found acceptable . The surface inspection by eddy cur ren t coil, a i r 
gage, and v isua l observat ion was extrenaely str ingent, P m s were re jected 
for slight surface imperfect ions or depress ions^ Adoption of a p rac t i ca l 
inspection s tandard, r a the r than an absolute s tandard, which would normal ly 
r equ i re machining or grinding, would r e su l t m salvage of many cas t ings . 

Several conditions have been found to influence the lengths of 
the cas t ings . (1) If the mel t and the molds a r e both too cold, the naetal does 
not pene t ra te to the top of the molds . (2) If the molds a r e cold, the metal 
may be made to pene t ra te to the top of the mold by great ly superheating the 
melt . In this case , the me ta l may not solidify in the lower end of the tube 
and may run back out. The superhea ted cast ings may also be expected to 
show m o r e in te rna l shr inkage . (3) The length of t ime of imixiersion also 
affects the solidification at the lower end of the mold. Too shor t a period 
of i m m e r s i o n can also cause run-out , (4) If the ra te of p re s su r i za t ion is 
too slow, the me ta l will solidify before reaching the top of the molds; if too 
fast, molds may be broken^ (5) The integri ty of coating affects casting 
length. All of these conditions r e q u i r e careful adjustment for each furnace 



and for each composit ion. The furnace and controls a r e being modified to 
allow closer control of mel t t e m p e r a t u r e s , mold t e m p e r a t u r e s , p r e s s u r e 
r a t e s , and t ime cyc les . 

5. Fabr ica t ion of Blanket Rods (W. R. Burt , J r . , R. L. Salley, 
R. D„ McGowan and C. H, Bean) 

Development work on the fabricat ion of uranium-molybdenum 
alloys as blanket m.aterial for EBR-II was discontinued in 1959 when it was 
decided to use unalloyed, be t a - t r ea t ed u ran ium for this purpose . Unalloyed 
u ran ium was selected because of the g rea t e r ease with which it can be r e 
p roces sed for measu r ing breeding gains . The total r equ i r emen t s for the 
blanket, including sufficient m a t e r i a l for a second fuel loading and some 
s p a r e s for mock-up work in the Fuel Recycle Faci l i ty , a r e as follows: 
(a) 7000 upper and lower rods requi r ing 14,000 uran ium slugs, 0.3160 i 
0.0005 in. d iamete r x 9,000 t 0.005 in. long; and (b) 16,400 inner and outer 
rods requi r ing 82,000 s lugs , 0.4330 i 0.0005 in. d iamete r x 11.000+0.005 in. 
long. The u ran ium is depleted and contains 0.22 i 0.02 w/o U . The man
ufacture of the u ran ium slugs is being done by outside vendors . Inspection 
of the s lugs, thei r a s sembly into rods , and the sodium bonding a r e c a r r i e d 
out at ANL. 

Fabr ica t ion of Uranium Slugs; Melting i s done in 1500-pound 
s tee l shell , induction-heated vacuum furnaces in muUite-coated graphi te 
c ruc ib les , and the meta l is bot tom poured into muUite-coated, split g raph
ite molds . Cast ings a r e water quenched after r emova l f rom the furnace 
and the i r hot - tops and pipes cropped. Cast ings of good surface quality and 
with al l vis ible pipe removed have genera l ly yielded sound rods . Chemical 
ana lyses were run on each billet; the data for the f i r s t 180,000 pounds of 
ingots produced a r e shown in Table 11. 

For roll ing, the bi l le ts a r e prehea ted in a carbonate salt bath 
(75% K2CO3 + 25% LiaCOs) at 625-650°C for 60-80 minutes , and a r e broken 
down on a 22 in,, 2-high Bi rdsboro blooming mi l l , A ro l l schedule of 
19 p a s s e s i s employed for the 1000-pound bi l le ts and the bi l le ts a r e fin
ished as 1.5 X 2.5 in, oval b a r s . Each oval bar is hot sheared into two 
17 ft lengths. 

The b a r s a r e then t r a n s f e r r e d to an equalizing sal t bath furnace 
for a min imum soak of 12 minutes at 650°C p r i o r to reduct ion on a continu
ous ba r mi l l . The mi l l cons is t s of six B i rdsboro s tands in tandem. Mills 
#1, 3, and 5 a r e ve r t i ca l mi l l s with oval ro l l s , while mi l l s #2, 4, and 6 a r e 
hor izonta l round ro l l s . The oval b a r s a r e reduced to 1.5 in. d iamete r 
rounds with a noininal reduct ion of 15% per stand. The b a r s enter at 90 f e e t / 
m.inute and leave the #6 mil l at 250 fee t /minute . The t e m p e r a t u r e of b a r s 
leaving the #6 mi l l is approximate ly 590-620°C, The 40 ft, 1.5 in. diam.eter 
b a r s leaving the #6 mi l l a r e fed into a B i rdsboro flying shear where they a r e 
cut into 20 ft lengths and run onto a cooling bed. 



TABLE II 

Specifications and Analyses of Ingots 

Element 

U235 

Boron 
Cadmium. 
Carbon 
Chromium 
Copper 
Iron + Nickel 
Magnesium 
Manganese 
Nitrogen 
Silicon 
All Others(3) 

TOTAL (excluding U^") 

Specification 

0.22 + 0.02 w /o 
1 ppm max imum 
1 ppm max imum 

750 ppm max imum 
100 ppm. max imum 
100 ppm max imum 
300 ppm max imum 

25 ppm max imum 
1 50 ppm max imum 
100 ppm max imum 
150 ppm max imum 
400 ppm max imum 

2077 ppm max imum 

Ingot Analyses, ppm'-^) 

High 

0.2201 
1 

< 0.7 
740 
<20 

70 
290 

10 
140 

58 
160(2) 
400 

Low 

0.2087 

60 

4 
90 

30 
10 
15 
20 

Average 

0.2130 
< 0 . 5 
< 0 . 7 
298 
<20 

13 
171 

< 7 
58 
24 
76 
87 

755 

Based on 168 ingots 

One ingot analyzed 160 ppmi all others below 150 ppm. 

Includes Al, Be, Co, P, Pb, Sn, V, and Zn. 

Ro l l ing of the b a r s , f i r s t to 7 /8 - in . d iamieter and t h e n to l / 2 in. 
i s p e r f o r m e d in the s a m e m i l l , u s ing the s a m e p r e h e a t t e m p e r a t u r e s and 
the s a m e r o l l i n g s p e e d s . The s u r f a c e qua l i ty of the l / 2 in. d i a m e t e r b a r s 
i s good; s o m e spo t s a r e out of round , bu t the b a r s f in i sh wi th in the i 0.007 in. 
l inai ts s e t on the a s - r o l l e d d i a m e t e r . 

B e t a h e a t t r e a t m e n t i s p e r f o r m e d by hea t ing 20-ft l eng ths in t h e 
b e t a - p h a s e t e m p e r a t u r e r a n g e for 5 m i n u t e s and quenching in w a t e r . The 
b a r s a r e t hen s t r a i g h t e n e d , t u r n e d to a p p r o x i m a t e l y 0 .017- in . o v e r - f i n i s h e d 
d i a m e t e r , and r o u g h cut to l eng th . Fo l lowing c e n t e r l e s s g r ind ing to s i ze 
and f in i sh m a c h i n i n g to length , t he s l u g s a r e i n s p e c t e d v i s u a l l y for s u r f a c e 
d e f e c t s s u c h a s p i t s , s e a m s , b u r r s , e t c . , l eng th and d i a m e t e r d i m e n s i o n s , 
and s t r a i g h t n e s s . The s l u g s a r e a l s o g iven an u l t r a s o n i c ve loc i ty t e s t for 
the d e t e c t i o n of any a lpha p h a s e s t r u c t u r e . 

A t t e m p t s w e r e m a d e to d e v e l o p hot swaging t e c h n i q u e s for p r o c 
e s s i n g the l / 2 - i n . d i a m e t e r b a r s to s tock for the s m a l l ( 0 . 3 l 6 - i n . ) d i a m e t e r 
s l u g s . H o w e v e r , t h i s m e t h o d of f a b r i c a t i o n w a s abandoned , s i n c e i t r e s u l t e d 
in e x c e s s i v e v a r i a t i o n s in g r a i n s i z e . The s m a l l - d i a m e t e r s l ugs a r e t h e r e 
f o r e be ing m a d e by t u r n i n g and g r i n d i n g f r o m the l / 2 - i n . b a r s tock , s i m i l a r 
to the f a b r i c a t i o n of the l a r g e (0 .433- in . ) d iamieter s l u g s . 
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To date, a total of 16,050 slugs have been rece ived . These 
were further inspected at ANL visually, weighed to insure a min imum den
sity of 18.7 g / cc , and given an ul t rasonic th rough- t r ansmiss ion tes t for 
in ternal defects . Spot checks on every twenty-fourth slug were made for 
length, d iamete r , and warp . Of the slugs that were inspected, 13,895 (86.6%) 
were found acceptable , 1827 (ll .4%) were re jec ted for surface pitting or 
machining m a r k s , and 325 (2.0%) were re jec ted for defects found in u l t r a 
sonic tes t ing. The u l t rasonic t r a n s m i s s i o n technique, developed by the 
Nondestruct ive Testing Group ( R . H . Seiner and R. B. Pe r ry ) will locate 
flaws g rea t e r than l / 3 2 - i n c h in any direct ion, and is effective in reveal ing 
abnormal gra in size condit ions. 

Loading and Sodium Bonding: The loading and sodium-bonding 
p r o c e s s e s a r e being c a r r i e d out according to p rocedures developed and 
recommended by E. Sowa of the Reactor Engineering Division. All loading 
operat ions a r e per formed in an a tmosphere of 90 v / o argon-10 v /o hel ium, 
which is a lso the gas mix tu re surrounding the compress ion spr ing above 
the sodium at the top of each rod. The work is per formed in a glovebox 
designed to pe rmi t four ope ra to r s working s imultaneously to extrude the 
n e c e s s a r y sodium, load, and cap a total of 216 rods per day. The box was 
fabricated with an extruded and welded aluminum angle f rame, c lear g lass 
windows on two s ides , g lass windows at the top, t r ans fe r locks at each end, 
and a 3 /4 - in . thick s ta in less s teel base containing th ree 9-in. d iameter 
nozzles for inser t ing tubular bundles containing the blanket tubes . Each 
nozzle has an individual cover to seal the box while tube bundles a r e being 
t r a n s f e r r e d to and from the bottom of the glovebox. The box is mounted on 
a s teel f rame 7 ft above floor level to allow c lea rance for positioning the 
6l - in, long tube bundles of inner and outer tubes under the box. O p e r a t o r s ' 
p latforms a r e located on each side of the box with separa te control stat ions 
at the ends of the platform for each ope ra to r . A genera l view of this equip
ment is shown in F igure 4, Equipment for evacuating and purging the bottom 
nozzles and vacuuin locks is located under the o p e r a t o r s ' p la t fo rms . 

Three por table tank-type oil furnaces heated with ex terna l e l e c 
t r i c r e s i s t a n c e type e lements a r e located in a 6-ft deep pit under the box. 
Each furnace is posi t ioned d i rec t ly under one of the nozzles in the bottom of 
the glovebox so that it may be r a i s e d to sur round the tube bundle suspended 
from the nozzle . The bath of heated sil icone oil is used to mel t the sodium 
inside the blanket tube. The oil bath t e m p e r a t u r e and elevation of each fur
nace is control led at each o p e r a t o r ' s separa te control s tat ion, 

A hor izonta l d i rec t pump hydraulic ex t ruder is used to extrude 
solid sodiuna slugs inside the glovebox. This ext ruder is built up with a 
6-in. bore x 174--in. s t roke , 1500-psi , double-act ing hydraul ic cylinder which 
is coupled to a vacuum-t ight container opening to the inside of the glovebox 
at one end of the box. A 17-in. long, Sj-in. OD x 2^-in. ID s teel l iner is 
filled with sodium, i n se r t ed in the conta iner , and a s tee l die in a die holder 



Figure 4 

Glovebox facility for Loading EBR-II, Mark I Blanket Rods 

Shown in this view are the ele\ated inert ataiosphLrt glovebox, 
operators' platform, control statioub, and \acuum pumping sys
tems under the platform. 

i s c l a m p e d in pos i t i on in f ron t of the c o n t a i n e r and l i ne r . The h y d r a u l i c 
r a m then e x t r u d e s the s o d i u m t h r o u g h the die and onto a r u n - o u t t a b l e . 
When the e x t r u d e d s o d i u m r e a c h e s i t s p r o p e r length, it t r i p s a l i m i t swi t ch 
wh ich a c t u a t e s a flying s h e a r t ha t cu t s the s o d i u m to length without i n t e r 
r u p t i o n in the s m o o t h flow of s o d i u m f r o m the e x t r u d e r . In th i s way s o d i u m 
of u n i f o r m leng th and d i a m e t e r can be p r e p a r e d for loading into the b l anke t 
t u b e s . 

In loading b l a n k e t r o d s , s t a i n l e s s s t e e l t u b e s , wi th the b o t t o m 
end plug w e l d e d in p l a c e , a r e p l a c e d in a tube bundle which i s capab le of 
hold ing 36 t u b e s . The tube bundle i s t hen i n s e r t e d and s e a l e d in a loading 
p o r t on the u n d e r s i d e of the g lovebox. The bundle i s then e v a c u a t e d to 
25 m i c r o n s of Hg, p u r g e d wi th the i n e r t g a s m i x t u r e , evacua ted , and p u r g e d 
a g a i n be fo re opening to the g lovebox. 

P o l y e t h y l e n e f e r r u l e s a r e i n s e r t e d at the top of each tube and 
s o d i u m s lugs i n s e r t e d as shown in F i g u r e 5. The f e r r u l e s s e r v e a twofold 
p u r p o s e : (1) to x^revent c o n t a m i n a t i o n of the top p o r t i o n of the tube wi th 
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FiguiL 5 

Inserting Extruded Sodium Slug m Blanket Tube with End Protected by Polyethylene FerruiCr 

sodium, \%hich could resu l t in a poor or defective weld; and (2) to prevent 
the possibi l i ty of inser t ing two or more slugs of sodiuin m the same tube. 
This is accomplished by removing the fer ru le from the tube immediately 
after insert ing the sodium slug. 

The sodium slugs a r e extruded m two s izes : 0.250 in, d iameter 
X 3|- in. long for the upper and lower blanket rods , and 0.400 in. d iameter 
X 9.25 in. long for the inner and outer blanket rods . The sodium is extruded 
at a ra te of approximately 20 m. /minu te and the reduction m a rea for the 
two s izes is approximately 100:1 and 40:1, respect ively . 

After all the tubes in the bundle have been loaded with sodium, 
the por t cover is secured m place and the bundle is evacuated to 25 microns 
of Hg. The oil bath is then ra i sed until the bottom 6 in. of the tube bundle 
a re submerged in oil. The sodium mel t s and thereby frees any entrapped 
gases . The oil bath is then lowered and the sodium allowed to solidify be 
fore purging with the iner t gas mixture and removal of the port cover. 

The uranium slugs a r e then loaded into the tubes. To prevent 
contamination of the uranium, can \ a s gloves a r e worn over the rubber gloves. 
The chief source of contamination is \ a cuum g rease which can be picked up 
from the "O" r ings of the port and bundle covers . After the uranium has 
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been loaded in all of the tubes, the oil bath is ra i sed until all but 2 in. of 
the tubes a r e submerged in oil. The sodium then mel t s and allows the u r a 
nium to set t le to the bot tom of the tubes . 

Compress ion spr ings a r e then inser ted in the tubes. The 
spr ings , when completely set t led in the molten sodium, a r e even with the 
top edge of the tube. When all of the spr ings have settled, the oil bath is 
lowered and the top end plugs snapped in place. This is done by clamping 
two tubes at a t ime, inser t ing end plugs in the openings in the clamp, and 
snapping the plug in the tube with the aid of an argon gas -opera ted hammer . 
The plug is held in place by a rol led groove in the tube which matches a 
corresponding groove in the plug. The compress ion spring is compressed 
1/4 in. at a load of 10 pounds, 

After all of the plugs have been inser ted , the bundle and por t 
covers a r e posit ioned secure ly in place and the bundle removed from the 
glovebox. The end plugs a r e then welded and the welds leak checked with 
a hel ium m a s s spec t rome te r . Th i r t y - s ix rods a r e checked simultaneously 
by placing them in a tube bundle and evacuating the bundle with the vacuum 
pumps at the leak detector A leak in a tube is readi ly detected since the 
a tn iosphere at the top of the sealed tubes contains 10 v /o helium. 

Upon completion of the leak test ing, the rods a r e loaded into 
r a cks for t r ans fe r to the bonding furnace. Each rack holds 6 rods ; the 
furnace holds 36 r acks . The rods a r e heated for 4 hours at 475°C and 
vibra ted at 1800 cycles per minute . At the end of 4 hours , the rods a r e 
removed from the furnace, one r ack at a t ime, and water quenched. The 
rods a r e then removed from the r a c ks and placed on pal lets for t r a n s f e r 
ring to the eddy cu r r en t tes t ing station. This t es t provides a permanent 
t r a c e f rom which the sodium level is m e a s u r e d and voids a r e detected. 

Immers ion - type salt baths w e r e originally designed and in
stal led for bonding the sodium to the tubes following the outgassing ope ra 
tion. This heat t r ea tment , vi^hich was to be conducted at 550°C, proved 
unnecessa ry , as sa t i s fac tory bonding in the bottom portion of the tube is 
achieved in the no rma l bonding operat ion. 

To date, 3276 upper and lower blanket rods have been assemibled. 
Of these , 51 have been re jec ted because of poor welds, 45 in the loading and 
bonding operat ion, and 11 as a r e su l t of eddy cur ren t test ing. A total of 
2526 rods have been sodium bonded; of these , 1968 were found acceptable 
as de te rmined by eddy cu r ren t tes t ing, Nonbonded rods re jected by eddy 
cu r ren t tes t ing a r e recyc led through the sodium bonding p r o c e s s . 



6. Development of Steam Genera tor and Superheater (R. A. Noland) 

All purchasing a r r a n g e m e n t s have been completed for the p r o 
curement of the approximately 80,000 feet of s e a m l e s s cold drawn alloy 
s tee l tubing in four s i zes that a r e r equ i red for the evapora tors and super 
h e a t e r s . The Tubular P roduc t s Division of Babcock and Wilcox Corporat ion 
has been selected as the vendor. The tubing is requi red to conform with 
ANL Specification SGT-IC, a modification of AST M Specification A2I3-57T. 
The modification cons i s t s of m o r e s t r ingent to l e rances on diaraieter, s t r a igh t -
nes s , and wall th ickness , plus the r equ i r emen t that ID and OD defects may 
not exceed 4 mi l s in depth. Mill t e s t s include dye-penet ran t inspection of 
the outer d i a m e t e r s of al l tubes , and shea r -wave u l t rasonic test ing in both 
d i rec t ions at a sensi t ivi ty sufficient to indicate a 4 -mi l notch machined on 
the ID and OD of a tube having the s ame wall d imensions as the lot being 
tes ted . At the labora tory it is planned to r e inspec t m a t e r i a l u l t rasonica l ly 
to a 3-mi l notch, and to inspect the outer d iamete r sur faces by means of 
eddy cu r r en t examination. 

At the p r e sen t t ime, an amount of tubing sufficient to manu
facture five evapora tors is on hand. Enough s tee l was original ly made by 
Babcock and Wilcox for the en t i re o rde r , but unfortunately the c leanl iness 
of a l a rge fraction of the ingots was beyond the max imum l imit acceptable 
under the SGT-IC specification. Mater ia l of acceptable c leanl iness has 
been made recent ly in an amount sufficient to complete the o rde r , and the 
tubes a r e now being p r o c e s s e d at the mi l l . 

Duplex Tube Bonding (L, C. Hym.es and R. A, Noland) 

Work on the development of the bonding technique is being con
cluded. With the p r o c e s s in i ts p r e s e n t s ta te of development, bonds which 
have s t rengths approaching that of the 2.25 w/o C r - I , 0 w/o Mo s tee l tubes can 
be obtained consis tent ly. The bonding p rocedure cons i s t s of nickel plating 
the outer diam.eter of the inner tube with a 3 - to 5-mil layer of nickel, coat
ing the inside of the outer tube with 0.3 to 0.5 mil of a n ickel -phosphorous 
coating (Kanigen),* and after cleaning the mating sur faces the inner tube 
is slipped into the outer tube and the pai r drawn together over a mandre l 
and through a die. To improve the mechan ica l fit between the tubes, the 
duplex is next expanded by pulling a m a n d r e l through its inner d i ame te r . 
Duplexing is followed by th ree success ive heat t r e a t m e n t s : one at 927°C 
(1700°F), the second at 1120°C (2050°F), and the th i rd is an anneal at 760°C 
(1400°F). 

P r o c e s s i n g of the superhea te r tubing at the mi l l has not p r o 
ceeded beyond the hot - ro l l ing operat ion, pending negotiat ions with the 
Superior Tube Company. These negotiat ions a r e contingent upon 

•Kanigen is a t r ade name of the Genera l Amer ican Transpor ta t ion 
Corporat ion for an e l ec t ro l e s s nickel-pla t ing p r o c e s s . 
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demonstra t ion of the capabil i ty of their p ropr i e t a ry p rocess to produce 
sma l l -d i ame te r , bonded duplex tubing. They a r e present ly manufacturing 
a snaal l -s ize development t es t lot of full length tubing. 

Tube to Sodium Tube-Sheet Welding (C. C. Stone, R. A. Noland 
and~0. Wortman) 

The s t eam tubes a r e to be welded to the sodium tube-shee ts in 
the EBR-II s t eam g e n e r a t o r s . Because of the str ingent and r igorous manu
facturing and serv ice r equ i r emen t s of these uni ts , a grea t amount of attention 
has been paid to the development of a welding device capable of producing the 
l a rge number of high-quali ty welds reproducibly . A welding device has been 
tes ted through severa l s tages of development. Welds made with the cu r ren t 
model a r e l eak- f ree and a r e s t ronger in tension than the tubes . The welding 
cycle is init iated by the opera to r , but once init iated the cycle is under com
plete e lec t ronic cont ro l . The welding p roces s ut i l izes the i n e r t - g a s , 
consumable -e lec t rode , r e v e r s e - p o l a r i t y technique using 0.035 in. d iameter 
wire as the e lec t rode , and a rgon-5% oxygen as the cover gas . Fi l let welds 
a r e made in a single pass without pr ior joint p repara t ion . The t ime to make 
a single pass weld is about 10 seconds after the welding gun is put in position 
on the tube. The welds a r e smooth and do not r equ i re machining or grinding. 

A production gun is being built to make the welds on the evapo
r a t o r . These will be made with the tubes in the horizontal position and the 
work will be moved beneath the welding e lec t rode by rotat ing the ent i re 
s t eam genera tor in a special fixture To reduce the possibi l i ty of weld 
cracking, the work will be prehea ted to approximate ly 300°C, and 1.25 w/o 
ch romium-0 .5 w/o molybdenum, low alloy s teel welding wire will be used. 
Following the welding of al l of the tubes into each tube-shee t , the weldment 
will be s t r e s s re l ieved at 745°C. 

Construct ion of Steam Genera to r s ( R . A. Noland, C. C. Stone 
and D E. Walker) 

To date, all of the p r o c e s s engineering has been completed and 
the f ixtures and tools n e c e s s a r y for manufacturing a r e being built . All of 
the components have been o r d e r e d and some a re present ly on hand. Wher
ever poss ib le , these components have been o rde red as finished p a r t s . 

Ul t rasonic Inspection ( R . H . Seiner and C. J. Renken) 

Ultrasonic techniques have been developed for inspecting the 
EBR-II evaporator and s t e a m exchanger tubing. One technique is used to 
inspect the tubing for f laws. The other technique is used to inspect the 
bonding of the duplex tubing. 

For inspecting the tubing an i m m e r s e d shear wave technique is 
being used . In this technique a t r an sduce r is positioned over the tube and 
mode convers ion at the surface of the tube conver ts the t r ansmi t t ed longi
tudinal wave into a shear wave. The shear wave is ref lected between the 



inner and outer surface of the tube. If a defect in the tubing on the outer and 
inner surface of the tube is encountered by the wave, a portion of the u l t r a 
sonic energy is ref lected back to the t r ansduce r . The amplitude of the r e 
flected signal is used as a bas i s for determining the re la t ive size of the 
defect. Using this technique, it is possible to detect a flaw 3 mi ls deep and 
1/4 in. long at a scanning speed of 2 fee t /minute . In o rde r to inspect the 
30-foot tubes , it was n e c e s s a r y to design and fabricate a 35-foot scanner 
asserably . Many of the design features were pat terned after s imi lar equip
ment developed at the Oak Ridge National Labora tory . A Sper ry Reflecto-
scope and Monitor a r e used to genera te , display and monitor the ref lected 
signal . The monitor is adjusted so that a signal from a flaw opera tes an 
audible a l a r m c i rcu i t . 

An i m m e r s e d th rough- t r ansmiss ion technique will be used on the 
bonded duplex tube. In this technique, two separa te t r a n s d u c e r s a r e requ i red 
The t r a n s d u c e r s a r e positioned so that the ul t rasonic beam passes through 
the center axis of the tube. A lack of bond or var ia t ions in bond quality will 
dec rease the amplitude of the beam. The monitor can be adjusted to detect 
the loss in t r a n s m i s s i o n and sound the a l a r m . 

The tubing is a lso being inspected with an eddy cu r ren t technique-
This tes t was incorpora ted to detect c i rcumferen t ia l type flaws near the 
surface . 

7. Boron Control Rods ( D . E . Walker, R. A. Noland and S. J. Matras 

A number of boron-1 0-containing control rods were reques ted 
by the Reactor Engineering Division for the EBR-II . Specifications cal led 
for 29-3 g r a m s of e lemental boron-10 encapsulated in a s ta in less steel tube 
over a length of 7 in. The tube d iameter was to be the same as that of the 
inner and outer blanket tubing (0.493 in, OD x 0.020 in- wall th ickness) . 

The approach used to produce the rods was the cold swaging 
p rocess cu r ren t ly used to make s ta in less s teel and /o r Z i rca loy-c lad UOj. 
P r e l i m i n a r y examination of severa l rods has indicated that cold swaging 
followed by annealing will produce a sa t i s fac tory product with the requ i red 
weight of boron. 



B. Fabr ica t ion of Core and Blanket Components for the Argonne F a s t 
Source Reactor (AFSR) (W. R. Burt , J r . ) 

The Argonne F a s t Source Reactor consis ts of a right c i r cu la r cyl
inder of highly enr iched uran ium, 4.53 in. in d iameter and approxiinately 
4,53 in. long. The core is compr i sed of th ree sect ions, approximately 
Ifl in. thick. Each uran ium disc which makes up these sections is sealed 
in evacuated, 0,005 in. thick nickel can. Two of the sections a re each 
composed of a single disc , 1.302 in. thick, machined from an uranium cas t 
ing. The th i rd section can be made up of var ious combinations of discs 
ranging in thickness from 0.565 to 0.050 in. The 0.565 in. thick disc was 
machined from a cast ing while the discs below that thickness were made 
from rol led plate . 

The blanket or ref lector of the AFSR consis ts of a stack of five 
r ings of depleted uran ium which fo rm a thick-walled right cylinder, 
20.63 in. OD, 4.70 in. ID and 20.63 in. high. Two end plugs complete the 
blanket of depleted uran ium around the co re . Located ver t ical ly in the 
blanket a re two 2 in. d iamete r safety rods , two 2 in. d iameter shim rods , 
ajid one 1 in. d iameter control rod. 

There a re t h r ee exper imenta l holes in the blanket. One-j-in. d iam
eter hole is located on the horizontal cen te r line of the core and blanket. 
A 2—-in. d iameter radia l beam hole t e rmina te s 2 in, from the inner edge of 
the blanket, and a 1^^ in. d iamete r grazing hole pa s se s horizontal ly through 
the blanket. 

Casting of Enr iched Core Components'. Initial development work 
was per formed to es tabl i sh techniques for casting 4—-in, d iameter , ly - in . 
thick, enr iched discs in a ve r t i ca l manner such that a core rod could be 
used to cast a disc with a ^ - i n , d iameter hole. All a t tempts to make a 
ver t i ca l cast ing were unsuccessful due to internal poros i ty at the top of 
the cast ing, and this method was abandoned in favor of casting the disc in 
a horizontal plane without the core rod. 

Melting and cast ing were done under vacuum in a quartz tube furnace 
with an external induction coil . Graphite molds , stopper rods , and crucibles 
were used throughout. The molds were flame sprayed with mull i te , and the 
crucib les and stopper rods rece ived a brush-appl ied base coating of MgOZrOs, 
followed by an a i r - s p r a y coating of ThOz- The crucibles and stopper rods 
were oven dr ied p r io r to use in the furnace. 

As biscui t uraniuin was used in the cha rges , the mel t s were frozen 
and remel ted p r io r to pouring at 1215 to 1240°C. The p re l imina ry freezing 
was used in hopes of reducing the impur i ty content of the final casting. In 
all c a ses the vacuum p r i o r to pouring was 2 x 1 0 " m m of Hg or be t te r . 
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Three discs and three slab cast ings were inade. Two of the disc 
cas t ings were machined to 1,302 in. th ickness , and the th i rd disc cas t ing 
was miachined to 0.565 in. th ickness . The slab cast ings were rol led to 
var ious th icknesses to provide stock f rom which discs 0.300, 0.150, 0,100 
and 0.050 in. could be made . 

In o rde r to reduce the araount of enr iched uran ium sc rap generated, 
chips from machining were compacted into br iquet tes and remel ted , the 
resul tan t cast ing then being charged to the d i sc -cas t ing p r o c e s s . No p r e -
t r ea tmen t of chips was employed. The machining chips were compacted 
into4"-in. d iameter b r ique t tes ranging from™ to - j i^cli iii height. One 
development cast ing was made using chip b r ique t t e s , the resul t ing cast ing 
analyzing 11 ppnn N2, 0,85 ppm Hg, 35 ppm Ogs and about 200 ppm C. Melt
ing and cast ing were done in a Vycor tube, vacuum induction furnace ut i l iz 
ing a MgO crucible and stopper rod with a mul l i t e -coa ted graphite mold. 
Cast ing yield was 88% of the charged weight, the balance being a heavy 
skull of oxidized chips . Two enr iched cas t ings were made by remel t ing 
of chip br ique t tes and resu l ted in yields of 83.8 and 88.4%. 

Rolling, Shear ing and Heat Trea tment . Three cas t ings were hot 
ro l led into p la tes of var ious th icknesses from which the 4Y-in d iamete r 
d iscs were machined. The hot roll ing cons is ted of a 30-minute p rehea t 
to 600°C in a carbonate salt bath with a 5-minute reheat per p a s s . All 
b i l le ts were c r o s s ro l led to a width of 4Yin.- p r i o r to long roll ing to the 
final th ickness . One of the 6-g--in. long cas t ings and the 9'4-in. long c a s t 
ing were rol led to a nominal 0.35-in. th ickness and shea red into squares 
5 in. on a s ide. The remaining 6"^-in. long cast ing was rol led to var ious 
th icknesses and shea red at appropr ia te s tages into 5-in. squares for 
naachining d iscs of 0.300 (five d i scs ) , 0.150 (two d iscs) , 0.100 (one disc) , 
and 0.050-in. (two discs) th ickness . The la t t e r two discs were cold rol led 
to the 0.050-in. final th ickness fromi 0.060 -in. thick ho t - ro l l ed plate stock. 
The 5-in. squares were subsequently shea red into octagons; sheared sc rap 
was used for r eme l t stock in cast ing the large d i scs . 

Each shea red octagon was given a beta heat t r ea tmen t followed by 
a water quench. The discs were spray coated with a graphite suspension 
p r i o r to the heat t r ea tmen t . The heat t r e a tmen t consis ted of i m m e r s i o n 
in 735°C lead for 10 minutes . The 0,05 0-in. thick d iscs were placed in a 
heavy copper jacket which was evacuated and sealed p r io r to the beta heat 
t r ea tment and water quench. The copper jacket r e s t r a i n e d warp and p r e 
vented lead contamination. All the sheared octagons were hand s traightened 
on an a rbor p r e s s . 

Machining Enr iched Uranium Components . Machining and dri l l ing 
of the cas t d iscs and the ho t - ro l l ed octagonal d iscs were done by convention
al methods. No liquid coolants or lubr icants were used; argon gas was di
rec ted at the cutting tool to reduce burning of the chips and to afford slight 
cooling. Dril l ing was also done under an argon gas blanket. 



Nicke l Cann ing . The two c a s t and m a c h i n e d d i s c s and a g roup of 
d i s c s of v a r i o u s t h i c k n e s s e s w e r e s e a l e d in to t h r e e 0 .005- in . t h i ck n i cke l 
c a n s , deep d r a w n in to two s e c t i o n s . T h e s e two s e c t i o n s s u r r o u n d e d the 
u r a n i u m c o r e and p r o v i d e d an o v e r l a p p i n g joint a r o u n d the c i r c u m f e r e n c e 
of the u r a n i u m . The two c a s t d i s c s a l s o had n i cke l tube i n s e r t s for p a s 
sage of the r e a c t o r c o r e t h e r m o c o u p l e One c a s t d i s c had a y - i n . d i a m e t e r 
ho le which w a s s e a l e d by a dup lex tube of n i cke l i n s ide Z i r c a l o y - 2 . The 
tube i n s e r t s and the c a n jo in t s w e r e s e a l e d by s i l v e r s o l d e r i n g A s m a l l 
p inhole p u n c h e d in one face of the n i c k e l can p r o v i d e d a m e a n s of v a c u u m 
c h e c k i n g the s i l v e r - s o l d e r e d jo in t s for p o s s i b l e l e a k s a f t e r the jo in t s had 
b e e n hand f i l ed to s i z e . The s e a l e d can con ta in ing the e n r i c h e d u r a n i u m 
w a s p l a c e d in to a c h a m b e r wh ich w a s e v a c u a t e d to a m i n i m u m v a c u u m of 
10"^ m m of Hg and the p inho le in the c a n face s e a l e d wi th s i l v e r s o l d e r , 
u s i n g a t u n g s t e n e l e c t r o d e fo r h e a t input in to the e v a c u a t e d c h a i n b e r 

B l a n k e t C o m p o n e n t s . The d e p l e t e d u r a n i u m b l anke t c o m p o n e n t s , 
c o n s i s t i n g of five r i n g s , f i v e r o d s (for c o n t r o l , s a fe ty , and s h i m r o d s ) , and 
two end p l u g s , w e r e p r o c u r e d as r o u g h m a c h i n e d c a s t i n g s f r o m the Na t i on 

a l L e a d C o m p a n y at Albany, New York . 
All c a s t i n g s w e r e m a d e by conven t iona l 
i nduc t ion v a c u u m m e l t i n g t e c h n i q u e s . 
The r o u g h m a c h i n e d c a s t i n g s w e r e f in ish 
m a c h i n e d a t ANL by s t a n d a r d u r a n i u m 
m a c h i n i n g p r a c t i c e s . T h r e e of the r i n g 
c a s t i n g s which exh ib i t ed a r e a s of s e v e r e 
p o r o s i t y had the defec t ive a r e a s d r i l l e d 
out and d e p l e t e d u r a n i u m p lugs i n s e r t e d 
to i n s u r e sound m e t a l in the b l anke t . 

Figure b 

Fmal Assembly ot Depleted Urdiimm Blanket 
Componeoe With Top Plug Suspended Above 
Its Location m the Blanket. 

The s m a l l - r - i n . d i a m e t e r t h e r m o -
couple h o l e s ( a p p r o x i m a t e l y 1 0 ^ and 8 in. 
long) and t h e y - i n . d i a m e t e r hole p a s s i n g 
h o r i z o n t a l l y t h r o u g h the b l anke t w e r e 
m a d e by d r i l l i n g 1-in d i a m e t e r h o l e s 
and p lugg ing t h e m with 1-in. long s lugs 
con ta in ing the r e q u i r e d d i a m e t e r ho le . 
T h i s was done t o i n s u r e s t r a i g h t n e s s and 
c o r r e c t d i a m e t e r of the f in i shed h o l e s . 

• A After all components were finish 
machined and inspected, the blanket was 
assembled and shipped to the Idaho Di
vision. The assembled blanket is shown 
in Figure 6, the top plug being suspended 

__̂ ^ above its location in the blanket. 
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Yields. A total of 36,336.56 g r a m s of highly enriched uraniuna were 
used in fabricating the 16 finished d iscs weighing 24,688.58 g r a m s , a yield 
of 67.9%. The balance consis ted of mel t res idue (11,7%), machining chips 
and fines (18.3%), solid s c r a p (1,8%), and l o s se s in roll ing and heat t reat ing 
media (0,3%). The total charge to mel t s was 47,856,36 g r a m s , 75,9% being 
virgin meta l and 24,1% being recyc led ma te r i a l . 

The 12 depleted u ran ium blanket components rece ived from National 
Lead Company weighed 2,805 k i lograms , and the finished comiponents shipped 
to Idaho weighed 2,083 k i log rams , represen t ing a yield of approximately 75%. 

C. Fabr ica t ion of Spiked Fuel Rods for EBWR (Core lA) 
(W. C. K r a m e r and C, H, Bean) 

The spiked fuel for the Core lA loading of the EBWR is to be jack
eted in s m a l l - d i a m e t e r ( a p p r o x i m a t e l y ! in.) Z i rca loy-2 tubing. To p rocure 
this tubing, an o rde r was placed with the Wolverine Tube Division of 
Calumet & Hecla Comipany in F e b r u a r y to fabr icate 1000 feet of s e a m l e s s 
tubing, 0.385 in. OD x 0.335 in, ID, in 6-|"-ft lengths, f rom m a t e r i a l supplied 
by ANL. The f i r s t tubing rece ived in March was inspected by means of a 
dual-frequency eddy cu r ren t ins t rument and was found to contain la rge 
numbers of s eve re longitudinal c r acks radiat ing from, the ID of the tube. 
Some of the c racks completely penet ra ted the wall, A second batch of tub
ing inspected in June also gave evidence of in terna l c racks which, although 
not quite as seve re , s t i l l extended through as much as one- th i rd of the wall 
th ickness . Attempts at a l ter ing the fabricat ion p r o c e s s by the supplier on 
a thi rd batch of tubing in September showed no improvement . It was thought 
that the cracking was probably due to excess ive cold working introduced 
during p rocess ing of the m a t e r i a l to the s ize o rde red Based on specif ica
tions which l imited p rocess ing s teps to 90% total reduct ion f rom extruded 
to finished tube, o r d e r s w e r e placed with Wolverine in October to fabricate 
1000 feet of tubing for development work at ANL and for 15,000 feet of tub
ing for production of the spiked fuel rods This tubing is being fabricated 
f rom 3400 lb of vacuum-mel ted ingot m a t e r i a l which ANL has p rocured 
from Mallory Sharon Metals Company. Of the f i r s t six lengths of tubing 
received and inspected in December by eddy cu r r en t techniques, four lengths 
indicated no defects . In ternal cracking in the remaining two lengths was not 
as extensive as in the tubing examined e a r l i e r ; however, naetallographic 
examination showed one c rack to have penet ra ted as much as seven-eighths 
of the wall. F u r t h e r development is requ i red to de te rmine to what extent 
these defects can be el iminated, and a t tempts a r e being made in cooperat ion 
with Wolverine Tube to improve the yield. 

The fully enr iched U308-aluminum core m a t e r i a l for Core lA is 
0.325-0.326 in. in d i ame te r and each element contains two equal lengths of 
fuel m a t e r i a l separa ted by a-^-in, Z i rca loy-2 space r . A drawing operat ion 
is there fore n e c e s s a r y to reduce the annulus between core and jacket . It 



was anticipated that difficulty would be encountered in keeping both fuel 
sect ions in contact with the center spacer , and in preventing the tubing 
from galling in the die After seve ra l exper imenta l drawing operat ions 
using s imulated core m a t e r i a l , sa t i s fac tory resu l t s were obtained. X- ray 
examination indicated that spr ing loading the t ra i l ing end of a loaded tube 
provides sufficient force to mainta in contact between each fuel section 
and the center space r . Spray coating the tubing with a suspension of copper 
powder in Krylon p r i o r to drawing prevented galling and resul ted in an ex
cellent surface finish. A 0.376-in, die opening will cause the jacket to just 
come into contact with the core m a t e r i a l ; however, the Zi rca loy-2 tubing 
has a tendency to spr ing back somewhat, leaving as much as a one-mi l 
annulus after drawing 

P repa ra t i on of equipment is under way for vapor blasting and leak 
detecting of the completed e l emen t s . 

Z i rca loy-2 s t r ip stock of var ious th icknesses is requi red for fabr i 
cation of s t ruc tu ra l components to contain the bundles of fuel rods in the 
r eac to r , as space r s for the long rods , and as back-up effort lor control rod 
followers in the event that suitable fuel followers cannot be obtained on 
schedule . Sufficient s t r ip was r equ i r ed to justify order ing f rom Westing-
house E lec t r i c Corpora t ion (Bla i rsv i l le Plant) the fabricat ion on a conver
sion bas i s of 2 ingots weighing a total of 3075 lb. Finished s t r ip of the 
following s izes has been p r o m i s e d for del ivery by January 15, I960 

0.062-in, stock 625 lb 
0,081-in. stock 800 lb 
0.125-in. stock 260 lb 

The forging, conditioning, and hot breakdown of forged slabs for this m a t e 
r i a l is p rog re s s ing on schedule 

D. Fuel for TREAT Reactor (R, A Beatty and C. H, Bean) 

The product ion of the r equ i red number of fuel e lements for the 
TREAT r e a c t o r was corapleted during 1959, In addition approximately 
300 g raph i t e -u ran ia d i spe rs ion- type fuel blocks in excess of the number 
r equ i red for the init ial TREAT core loading were outgassed, loaded m 
Zi rca loy-3 cans , evacuated, sea led , and s tored for poss ib le future use in 
the r e a c t o r . In o rde r to can these ex t ra blocks and also to provide stock 
f o r u s e in var ious development ac t iv i t ies in connection with the Fas t Reac 
tor Safety P r o g r a m , additional 0,025-in. thick Z i rca loy-3 s t r ip stock was 
p rocured . This s t r ip was obtained by convert ing two Zi rca loy-3 ingots 
(3138 lb) into s t r ip . Due to the ex t r eme c a r e and close supervis ion given 
these ingots during the i r fabr icat ion by Superior Steel Company, a yield 
of 2157 lb (68.7%), of f inished s t r i p was rea l ized . Mater ia l not used for 
canning TREAT fuel blocks will be used in the Fas t Reactor Safety P r o g r a m , 



The following fuel e lements were corapleted in 1959: 

166 Type 1 e lements (fuel assembly) 
fType l a (fuel thermocouple assembly) 

26 < Type lb (mid fuel, ref lector , and skin therm.ocouple assembly) 
vType Ic ( t ransient thermocouple fuel assembly) 

20 Type 3 (access hole fuel assembly) 
23 Type 4 (control rod fuel a s sembly ) . 

There were no changes in any of the fabricat ion p rocedures which 
were es tabl ished in 1958. 

E. Fuel E lements for EBR-I (Mark IV) 

1. Exper imenta l Pu-1 w/o Al Z i rca loy-c lad E lements 
(R. J. Dunworth and O. L, Kruger) 

Four tes t fuel e lements were made for the EBR-I r eac to r . The 
e lements contained rods of Pu-1 w / o Al alloy and will be loaded into EBR-I , 
so that the alloy may be evaluated for the Mark IV loading. 

The rods , 9 in. long and 0.220 in. in d iamete r , were made by in
ject ion cast ing the alloy into Vycor tubes . Thermocouple holes , 3 in. deep 
and 0.086 in. in d iamete r , were dr i l led in two rods for accura te i r r ad ia t ion 
tenaperature measu remen t . The uran ium blanket rods and the plutonium-
aluminum rods were loaded through a p las t ic pouch into the Zi rca loy-2 
tubes. The tubes were filled with NaK and welded in a Blickman hood. The 
assembled rods were tes ted for NaK bond integri ty and NaK level by eddy 
cu r ren t methods . Each of the four rods was heat t r ea t ed in vacuum at 
325°C for 2 hours . The rods have been shipped to Idaho for inser t ion into 
the EBR-I . 

2. Development of Fabr ica t ion Methods (A. B. Shuck) 

P r e l i m i n a r y studies have suggested that the EBR- I fuel slugs 
may be made ei ther by centrifugal cast ing into p rec i s ion pe rmanen t molds 
or by gas p r e s s u r e injection into p rec i s ion h igh-s i l i ca glass molds . It 
may not be possible to es tab l i sh the final dimensions of the fuel slugs until 
a c r i t i ca l a s sembly is made in ZPR-II I and the t h e r m a l conductivity of the 
fuel m a t e r i a l has been determined. A re fe rence slug dimension of 0,220 in. 
d iameter x 2.125 in. long has been es tabl i shed for developmental s tudies . 
Tooling for both methods has been designed. Both methods will be tes ted to 
determine which will produce the mos t sa t i s fac tory fuel e l ements . 



F . Canning of Plutonium Loading for ZPR-III (C. C, Stone, R. A, Noland 
and G. B. O'Keeffe) 

Approximately 27 kg of a lpha-s tab i l ized plutonium in the form of 
thin (around O.O9O in.), flat, n icke l -coated slugs have been encapsulated in 
t ight-f i t ted. Type 304 s ta in less s teel cans . The slugs were fabricated and 
nickel coated by the Dow Chemical Company. Canning was c a r r i e d out by 
Metal lurgy Division personne l . All slugs were 0,084 t 0.001 in. thick, and 
1.765 ± 0,002 in. high, but were of three different lengths: 0,930 + 0.007, 
1.930 ± 0.007, and 2.930 + 0.007 in. All were coated with about 1.5 mi l s of 
nickel to pro tec t them against oxidation, and to pe rmi t thei r being loaded 
into the cans while outside of a glovebox. Fabr ica t ion , including nickel 
coating and the subsequent welding, was to m i c r o m e t r i c to le rances of the 
o rde r indicated for the slug dimensions above. The cans were flat tubes 
of 0.013 i 0.001-in. wall th ickness , c losed at each end by a flat and na r row 
end-c losure s t r ip . 

Welding was by the i ne r t -ga s tungs ten-a rc method with the e lect rode 
mechanica l ly driven. It was done in a s imple , vacuum-t ight chamber which 
contained a number of loaded cans and means for feeding the loaded cans , 
one at a t ime , f rom a hopper into a mechanica l ly dr iven clamping chill which 
p r ec i s e ly held and posit ioned the cans for welding. The vacuum sys tem en
abled evacuation of a i r f rom the chamber and from the inside of the loaded 
cans contained there in . In operat ion, the hopper was f i rs t loaded with about 
12 loaded cans , the chamber was sealed and pumped down to around 1 x 1 0 " 
m m Hg, and the chainber back-f i l led to I6 in. Hg absolute with an equal 
volume mixture of hel ium and argon. The cans were then welded on one end, 
the chamiber was opened, and the above cycle was repea ted to inake the final 
c losure welds . In this way the cans contained a sea led- in charge of dry, 
iner t gas which provided hel ium for leak test ing as well as a protect ive 
a tmosphere for the s lugs . 

A total of 397 slugs have been canned: 104 1-in. s lugs , 198 2-in. 
s lugs , and 95 3-in. s lugs . All were well within the dimensional to le rances 
specified, e.g. , 0.121 to 0,125 in. thick, 1.970 to 2.000 in, high, and ±0.010, 
-0 in. on the 1, 2, or 3~in. nominal length dinaensions. 



G. Development of Ce ramic Fuel Mater ia l s 

1. Uranium and Plutonium Monocarbides 

P r e p a r a t i o n by Powder Metal lurgy Techniques (R. C. Lied 
and J. H, Handwerk) 

Exper imenta l t es t p ieces of u ran ium monocarbide have been 
p r e p a r e d by compacting mix tu res of UO2 and carbon and heating the com
pacts to l600°C in vacuum. During reac t ion , carbon monoxide gas , which 
tends to slow the react ion due to the inc reased p r e s s u r e in the sys tem, is 
evolved. The product is a soft c l inker containing 4,95 to 5.26 w/o carbon 
(s to ichiometr ic UC has 4.80 w / o C) and 0.01 to 0.14 w/o oxygen. Tungsten 
a r c melt ing of the cl inker yielded a fused m a t e r i a l with a bulk density of 
13.25 g/cc (97% of theoret ical) , and carbon and oxygen contents of 5.1 w / o 
and 0.10 w/o , respect ive ly . X - r a y diffraction pa t te rns contained strong 
UC l ines plus weak UC2 l ines . 

In a s imi l a r manne r , plutonium oxide and carbon have been 
reac ted in an at tempt to form PuC. The powders were compacted and 
s in te red at 1200°C. Some s in ter ing was evident, but the t r ea tmen t did not 
produce ware of good density or mechanica l s t rength. Chemical analys is 
of the reac ted m a t e r i a l indicated a carbon content of 5.42 w/o . 

P r epa ra t i on by Arc -me l t ing Techniques (O. L. Kruger) 

P ieces of plutonium and spec t rographica l ly pure carbon were 
a r c mel ted in an interchangeable hea r th a r c furnace. A deep hea r th was 
used to mel t the plutonium and carbon into 30 -g ram buttons. This hea r th 
was then rep laced with a cast ing hear th containing a graphite i n se r t of 
the type used at BMl for cast ing u ran ium monocarb ide . The hea r th •was 
designed to el iminate contact of the mel t with graphite until cast ing. The 
graphite in se r t was used for many cas t ings without rep lacement . Cooling 
of the copper was enhanced by clamiping the hear th to its holder with s c r ews . 

Skulls of the cast ings were cut off with a SiC wheel and the ends 
of the remaining pins were ground flat. The finished pins were about 1 in. 
long and 0.300 in. in d iamete r with a good surface . Chemical analys is in
dicates that an inc rease in carbon can be expected during mel t ing. X - r a y 
pa t te rns and meta l lographic examination of a r c - m e l t e d buttons containing 
4.16 w/o C and 4.72 w / o C showed the p r e s e n c e of PuC and PU2C3, with a 
smal l amount of another phase at the gra in boundar ies . The higher carbon 
alloy contained more of the PU2C3 phase . In the lower carbon alloy the PuC 
formed as dendr i tes . The mul t iphase s t r u c t u r e s a r e p re sumab ly due to 

F . A. Rough and W. Chubb, P r o g r e s s on the Development of Uranium 



incomplete per i t ec t ic react ion. There was no indication that the ma te r i a l 
was pyrophor ic ; chips exposed for 3 weeks in an a i r a tmosphere were 
only slightly oxidized. 

Melting and Casting of Fue l E lements (R. M, Mayfield and 
J. K. Koeneman) 

A study has been made of the feasibil i ty of melt ing and cast ing 
p lu tonium-uranium monocarbide fuel e lements in the Plutonium Fabr ica t ion 
Fac i l i ty (Building 350). A review of power requ i rements and existing equip
ment indicated that a r e s i s t ance furnace might be both ea s i e r to construct 
and m o r e quickly at tainable than an induction furnace. An exist ing bell jar 
and vacuum sys tem furnace in Hood Line P F - 1 4 is being modified for the 
high t e m p e r a t u r e requi red . Two s izes of double graphite helix r e s i s t ance 
e lements have been o rde red from National Carbon Company. A f ive- layer 
tanta luxn- inolybdenum-sta inless s teel heat reflector has been designed and 
bids for i ts cons t ruc t ion have been solici ted. A ring segment containing 
wa te r -coo led and mine ra l - i n su l a t ed power fittings was constructed and 
fitted to the bell j a r furnace in P F - 1 4 . Tempora r i l y , a 75-KVA welding 
t r a n s f o r m e r is being modified to power this furnace. Since fine control 
cannot be at tained f rom this t r a n s f o r m e r , it may be des i rab le to replace 
it with a m o r e easi ly controlled and ins t rumented power supply. 

2. Uran i a -Tho r i a 

Sintering and Oxidation Studies (E. D. Lynch and J. H. Handwerk) 

The formation of solid solutions between UsOg ajid ThO^ upon 
heating in a i r was examined by weight loss and X- ray methods . Solid solu
tion formation begins at lOOO^C and the p r o c e s s is completed above 1250°C. 
Solid solution format ion was accompanied by an inc rease in oxygen l o s s . 
Upon heat ing, mix tu re s of 70.4 m / o UO2 (as U308)-29.6 m / o Th02 had an 
O/U ra t io of 2.29 at 1350°C; upon cooling, the O/U value was 2.43 at room 
t e m p e r a t u r e . This cor responded to a solid solution composit ion of 
Uo.7Tho.3O2.30 • 

The change in O/U ra t io during the rmal cycling in a i r between 
250 - 1250°C was de te rmined for s in te red solid solution specinaens in the 
composit ional range 30.5 m / o UO2 (as U^Og) to 70.4 m / o UO2 (as U3O8). 
P r i o r to cycling, these spec imens had O/U ra t ios in the range 2.43 to 2.52. 
The rma l cycling resu l t ed in O/U ra t ios of 2.34 to 2,38. These values c o t -
respond to solid solution composi t ions of Uo.3Tho,702.io s-nd U0.7Th03O2.26' 

A study of the densification behavior of a i r - s i n t e r e d U308-Th02 
and Hz-s in tered U308-Th02 and U02-Th02 mix tu res was initiated. The pu r 
poses were to de te rmine the bulk density changes of 1 0 to 90 m / o U02-Th02 
mix tu re s during s inter ing and to study the effects of composit ion and t e m 
p e r a t u r e on the s to ichiometry of the solid solutions that a re formed. Resul ts 

http://Uo.7Tho.3O2
http://U0.7Th03O2.26'


of this investigation a r e not yet comple te , but p r e l im ina ry studies show 
that additions of UO2 or U3O3 up to 10 m / o promote the densification 
of thor ia , while additions above 10 m / o and up to 50 m / o UO2 or U3O8 r e 
t a rd the densification of ThOz-

I r rad ia t ion Behavior (L. A. Neimark and J. H. Kittel) 

Specimens of ThOz containing additions of 10, 30 and 50 w/o 
UO2 and of 1 0 w / o molybdenuna or niobium fibers have been i r r ad ia ted , 
both ba re and with lead or hel ium bonding in Z i rca loy-2 jacke ts . Burnups 
were as high as 24,000 M W D / T , with calculated cen t ra l fuel t e m p e r a t u r e s 
ranging from 2300 to 4000°C. Pos t i r r ad i a t ion examinations of the spec i 
mens have shown that , although a l a rge percentage of the meta l f ibers 
mel ted at these t e m p e r a t u r e s , they effectively inc reased the t h e r m a l con
ductivity to allow g rea t e r cladding heat fluxes without damage to the pellet . 
It was found that the lead bonding between the pellet and clad allowed a 
g rea t e r average cladding heat flux before cladding burnout occur red than 
did hel ium bonding. Dimensional changes were of the o rde r of 2% or l e s s . 
Capsules containing the b a r e specinaens will be sampled for f ission gas 
r e l e a s e . A more detailed r epo r t of the above work was published in Nu
c lea r Metal lurgy, AIME, Vol. VI, 83-85 (1959). 

Assembl ies of Th02 pel le ts containing 6.36, 12.7 and 25,4 w / o 
UOjj lead bonded to a luminum-1 w / o nickel alloy cladding, have been i r r a d i 
ated direct ly in MTR-ETR p r o c e s s water . Burnups ranged up to an e s t i 
mated maximum of 50,000 M W D / T , with cen t ra l fuel t e m p e r a t u r e s nea r 
2000°C, Two specimens containing 25.4 w / o UO2 were found to have devel
oped longitudinal cladding fa i lu res , Metal lographic examination is under 
way to determine the na ture of the fa i lu res . Total f ission gas r e l ea se 
m e a s u r e m e n t s on s i m i l a r spec imens with burnups to 20,000 M W D / T , showed 
approximately 14% re l ea se of the theore t ica l yield. The gas r e l ea se frona 
the lead-bonded a s semb l i e s appeared to be a function of the integr i ty of the 
lead bonding. 

3. Zr02-CaO-U02 (P. C. Hill and J. H. Handwerk) 

An investigation of fabricat ion techniques , solid solution f o r m a 
tion, oxidation c h a r a c t e r i s t i c s , and water co r ros ion behavior was conducted 
on a wide range of composi t ions of the t e r n a r y Zr02-CaO-U02 sys tem in both 
oxidizing and reducing envi ronments . Special emphas is was given to the 
z i r con ia - r i ch por t ion of the sys t em. 

Fabr ica t ion of spec imens was pe r fo rmed by f i r s t s in ter ing naix-
t u r e s of U3O8, ZrOg, and CaCOs in a i r at 1400 to 1700°C, crushing the s in
t e r ed compacts by wet grinding in a porce la in pebble mi l l for 18 hour s , 
followed by dewatering and drying of the s l u r r y . The dry m a t e r i a l was then 



compacted at p r e s s u r e s ranging from 10,000 to 50,000 ps i , and s intered 
in a ir or in H2 at 1650 to 1750°C. The resul t ing s in tered conapacts had 
densi t ies between 5.14 and 5.18 g /cc . 

Microscopic examination reveals that the s in tered compacts con
tain an es t imated 8-10 v / o of phase which had been a liquid at the sintering 
t empera tu r e . This was at t r ibuted to alumina and si l ica contamination in
t roduced in the milling operation. F igure 7 shows a typical m i c r o s t r u c -
ture of the liquid phase in these s in tered compacts . To minimize the 
liquid phase , subsequent compacts were wet mil led in rubber- l ined pebble 
mi l l s , using stabil ized zirconia grinding media. Using this procedure of 
mill ing, specimens were obtained having densit ies g rea te r than 90% of 
theoret ical values, with essent ia l ly no liquid phase in them. 

Figure 7 

As-polished Microstructure of a ZrO„-9. 5 w/o CaO-5 w/o UOn Composition 
Sintered m Air at 1725°C for 4 Hours. 
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M i x t u r e s con ta in ing m o r e t h a n 40 w / o U 3 0 8 w e r e difficult to f ab 
r i c a t e by a i r - s i n t e r i n g t e c h n i q u e s . An i n t e r m e d i a t e r e a c t i o n of U3O8, 
C a O , and oxygen t a k e s p l a c e at t e m p e r a t u r e s as low a s 900°C to forna 
r h o m b o h e d r a l CaU04 . T h i s r e a c t i o n has b e e n no ted to o c c u r e v e n in c o m 
p a c t s con ta in ing as l i t t l e a s 10 w / o U30e. The c o m p o u n d showed s igns of 
i n s t a b i l i t y at t e m p e r a t u r e s above 1300°C and i t s d e c o m p o s i t i o n a p p e a r e d 
to be dependen t on c o m p a c t c o m p o s i t i o n and s i n t e r i n g t e m p e r a t u r e . Once 
d e c o m p o s e d , h o w e v e r , and a so l id so lu t ion w a s f o r m e d at the h igh t e m p e r 
a t u r e s , no r e f o r m a t i o n of the c o m p o u n d was no ted on coo l ing . 

An e x t e n s i v e cubic f l uo r i t e so l id so lu t i on a r e a w a s found o v e r a 
c o n s i d e r a b l e p o r t i o n of the t e r n a r y s y s t e m for s p e c i m e n s s i n t e r e d in a 
h y d r o g e n a t m o s p h e r e a t 1750°C. I ts l i m i t s a r e p l o t t e d on a m o l p e r c e n t 
b a s i s in F i g u r e 8. Unit c e l l d i m e n s i o n s for the s y s t e m U02-(Zro.8oCao.2o)Oi 
w e r e found to obey V e g a r d ' s l aw ( F i g u r e 9)- A i r - s i n t e r e d c o m p o s i t i o n s 
showed a r e l a t i v e l y s m a l l r a n g e of so l id so lub i l i t y in the s t a b i l i z e d Z r 0 2 
p o r t i o n of the s y s t e m . Sol id so lu t ion a r e a l i m i t s found by a i r s i n t e r i n g at 
1450°C a r e shown in the c r o s s - h a t c h e d p o r t i o n of F i g u r e 8. 

Figure 8 

Limits of Fluorite Solid Solutions in the 
Zr02-CaO-U02 System 
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Compositions containing f rom 1.8 to 81.2 m / o UO2, balance 
(Zro,8oCao.2o)Oi.80> -̂nd p repared by hydrogen sintering at 1650°C for 4 hours 
were crushed and oxidized m a i r at 800°C for 126 hours . The re la t ion b e 
tween mol percent (Zro.8oCao_2o)Oi.8o additions and resul t ing oxygen-to-
meta l ra t ios (calculated from weight gain data) is shown in Figure 10. The 
oxygen- to-meta l ra t io ^vas found to inc rease approxinaately l inearly to a 
value near 2.00 with increas ing UO2 contents up to about 25 m / o . 



C o m p o s i t i o n s f r o m 25 t o 65 m / o UO2 w e r e f o u n d b y X - r a y d i f f r a c t i o n t o 
c o n t a i n o n l y t h e f l u o r i t e s t r u c t u r e s e v e n t h o u g h t h e m e t a l - t o - o x y g e n r a t i o 
w a s g r e a t e r t h a n 2 . 0 0 . C o m p o s i t i o n s c o n t a i n i n g m o r e t h a n 65 m / o UO2 
g a v e p a t t e r n s i n d i c a t i n g t h e p r e s e n c e of b o t h o r t h o r h o m b i c U3O3 a n d t h e 
f l u o r i t e s o l i d s o l u t i o n s t r u c t u r e . 

Figure 9 

Unit Cell Dimensions for U02-(Zro^8oCao.2o)Ol.80 
Solid Solutions Sintered in Hydrogen at 1750°C 

0 20 40 60 80 100 

MOL PERCENT (Zro8oCao2o)Oi 80 

Figure 10 

Oxidation Behavior of UO2-(ZrQ^gQCaQ_20^^1.80 
Solid Solutions 
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Low uran ia solid solution compacts exhibited good cor ros ion 
res i s t ance to water and s team at elevated t empe ra tu r e s . Cor ros ion data 
for a Zr02-9-5 w/o CaO-5 w / o UOg specimen s intered in a i r at 1725°C 
a re as follows: 

Water 
E n vi r onme nt 

Tempera tu re 
(°C) 

Exposure 
Time 
(days) 

Average 
Rate of 
Weight 

Loss 
( m g / c m y d a y ) 

Degassed and 
Disti l led 

A i r - s a tu ra t ed 
Distil led 

Saturated Steam 

360 

360 
540 

45.3 

45.3 
41.4 

0.0050 

0.0019 
0.0020 

The samples tes ted had m i c r o s t r u c t u r e s s imi la r to that 
shown in F igure 7. 

4. Uranium Sulfides (P. D. Shalek) 

Uranium monosulfide powder was p repa red by hydriding u r a 
nium at 245°C, dissociat ing it under vacuum at 550°C to yield a fine u r a 
nium powder, and then react ing it with a m e a s u r e d amount of H2S at 550°C. 
The resul t ing mixture contains s to ichiometr ic amounts of u ran ium and 
sulfur, but the main phases p re sen t a r e 7-US2, UH3 and a-U. The naix-
ture was then heated to approximately 1800°C in a vacuum to homogenize 
it and to form the US phase . The homogenized powder contained 94.0 -
96.5 w/o US with some UO2 or U02-U(0S) mixed phases . 

The powder s in te red readily. Pe l le t s i sos ta t ica l ly p r e s s e d at 
55,000 ps i have been vacuum fired at t empera tu re s ranging from 1700 to 
2150°C to densit ies from 66.5 to 95.1% of theoret ica l values . The high-
density pel lets showed a large grain size and sustained a 6 - 10% weight 
loss on sinter ing; both phenomena indicate overfiring. 



H. I r radia t ion Evaluations of Various Exper imenta l Fuel and Control Rod 
Mate r i a l s 

Res t ra ined and Vented Ura.nium-2 w/o Zirconiuin Alloys 
I J T A . HoraFandTfTWrKittel) 

Metallic fuels have been shown by numerous investigations to be sub
ject to ca tas t rophic swelling damage when i r rad ia ted above some cr i t ica l 
t e m p e r a t u r e . Fo r u ran ium-2 w/o zirconiuna alloys, the cr i t ica l swelling 
t empera tu re appears to be near 500°C. Swelling in metal l ic fuels normal ly 
is cha rac te r i zed by uniformly dis t r ibuted porosi ty . Under severe i r r a d i a 
tion t empe ra tu r e gradients , however, exper iments at ANL have shown that 
a large cent ra l void can also be formed in specimens of var ious fuel al loys, 
including u ran ium-2 w/o zi rconium alloy (ANL-5406). 

With the above facts in mind, a group of uran ium-2 w/o zirconium 
specimens were made to evaluate: (a) the abili ty of s ta in less s teel cladding 
to r e s t r a i n swelling of EBR-II s ize fuel pins, (b) the effectiveness of an axial 
core hole in preventing forma.tion of a la rge centra l void, and (c) the ability 
of var ious types of vented end c losures of the jacket to re ta in solid fission 
products r e l eased by the fuel pin. The d iameter of the fuel in the specimens 
was 0,219 in. In o rde r to achieve the des i red t empera tu re distr ibution, each 
specimen contained a 20% enriched. 0.094-in. d iameter co re . The axial core 
hole was 0.031 in. in d i a m e t e r . The cladding was 0.010 in. thick and was 
NaK bonded to the fuel pin. It was separa ted from the fuel by a b a r r i e r of 
0.001-in. thick z i rconium foil . End c losures included porous meta l having 
effective pore s izes of 5, 20, and 65 m i c r o n s , nonporous meta l with dr i l led 
holes 0.005, 0.010, and 0.020 in. in dianaeter, and solid, leaktight c lo su re s . 

I r radia t ions were made with calculated core burnups ranging up to 
8.9 a /o and calculated t e m p e r a t u r e s ranging up to 820°C. Although the post -
i r rad ia t ion examinations a r e not yet completed, cer ta in conclusions cap be 
drawn from the expe r imen t s . Compared *o unclad specimens , it was evident 
that the cladding enabled an approximate inc rease of 300°C in fuel i r r a d i a 
tion t empera tu re before excess ive swelling occur red . The vented specimens 
r e l ea sed significant quantit ies of fission gas . Radiochemical analyses which 
will es tabl ish the abil i ty of the •^-arious vented end c losures to re ta in non
volati le fission products have not ye^ been completed. 

Aluminum-17.5 w/o Uranium--'2 w/o Mcke l -0 .5 w/o Iron Alloys 
"(J. H. Kittel, R. Car lander and C. C. Crothers) 

Although a luminum-uran ium allovs ha-̂ -e been used extensively for 
fuel in r e s e a r c h and low- tempera tu re tes t r e a c to r s , the alloys have not been 
used to any grea t extent in power r e a c t o r s . Within the las t few yea r s , how
ever , sufficient improvements ha^'e been made in the cor ros ion proper t i es 
of a luminum alloys to m e r i t in t e res t in their use in fuel elenaents in power 



r e a c t o r s operat ing at modera te t e m p e r a t u r e s . The f i r s t power reac tor to 
use these m a t e r i a l s is the SL-1 r eac to r ( formerly ALPR) . Fabr ica t ion of 
the fuel e lements is desc r ibed in the 1958 Annual Repor t (ANL-5975). 

In cooperat ion with the Reac tor Engineering Division, an aluminum 
alloy plate s imi la r to those fabricated for the SL-1 r eac to r was i r r ad ia ted 
in the ANL-2 loop at MTR under nucleate boiling condit ions. The purpose 
of the exper iment was to de te rmine the effects of heat fluxes and power den
s i t ies a factor of 10 higher than those encountered in S L - 1 . The plate was 
16 in. long, 2 in. wide, and 0.12 in. thick. The core was 0.050 in. thick and 
had a conaposition of a luminum-17 .8 w /o u ran ium-2 w/o n ickel -0 .5 w/o 
i ron . The cladding was an a luminum-1 w/o nickel al loy. 

The plate was i r r ad ia t ed in water at 215*^0 for approximate ly 
7 months . The max imum heat flux was approximately 700,000 B t u / h r - f f . 
Maximum analyzed burnup was 1.3 a / o . The i r r ad ia t ion was te rmina ted 
because of a fission b reak which occurred after severa l days of operat ion 
in water at pH 9. The high pH value resu l ted from a defective ion exchange 
column. 

A pos t i r rad ia t ion meta l lographic examination of the plate indicated 
that the fission b reak occu r r ed as a r e su l t of co r ros ive a t tack by the high 
pH coolant. The meta l lographic examination also d isc losed an a r e a near 
the hot end of the plate where fuel swelling had occu r r ed . As far as it is 
known, no previous observat ion of swelling in a luminum-uran ium alloys has 
been repor t ed . The i r rad ia t ion t e m p e r a t u r e of the swelled region was ca l 
culated to be 530°C, based on the m e a s u r e m e n t s of fuel burnup, water ve l 
ocity and t e m p e r a t u r e , sca le th ickness , and pos t i r rad ia t ion m e a s u r e m e n t s 
of scale t he rma l conductivity. 

Z i rconium-Plu ton ium Alloys (J . A. Horak) 

Two z i rcon ium-5 w/o plutonium and one z i rconium-7 w/o plutonium 
spec imens were i r r ad ia t ed to 1.4 and 1.9 a /o burnup, respect ive ly , at a c a l 
culated init ial t e m p e r a t u r e of 530°C. The alloys were cold rol led to s i ze . 
According to the equi l ibr ium d iagram, the above composit ions would be 
a lpha-phase z i rconium containing dissolved plutonium. All th ree specimens 
elongated considerably under i r rad ia t ion , by approximate ly a factor of 3. 
Their r ibbon-l ike appearance was ve ry s imi l a r to i r r ad ia t ed pseudocrys ta l s 
of alpha u ran ium. Pronounced longitudinal surface s t r ia t ions were evident. 

Uranium-Molybdenum Alloys (J. A. Horak) 

I r radia t ion studies with alloys of u ran ium with 2,5, 4, 6, 11, 14, and 
17 w/o molybdenum will be s ta r ted in I960. The 2.5, 4 and 6 w/o alloys 
were fabricated by rolling at 850°C, the 11 w/o alloy was rol led at 725°C, 
and the 14 and 17 w/o alloys were cas t to s i ze . A var ie ty of heat 



t r ea tmen t s a r e being used for each alloy to produce all possible types of 
m i c r o s t r u c t u r e s . The objective of the i r rad ia t ion exper iments is to de t e r 
mine the effect of composit ion and m i c r o s t r u c t u r e on the swelling t e m p e r a 
ture near 0.5 a /o burnup. 

Aluminum-Dyspros ium Oxide Dispers ions (C. F . Reinke) 

Compacts of Dy20; and a luminum-1 w/o nickel alloy powder contain
ing 25 and 38 w/o DyjOs, respect ive ly , have been hot rol led. The resul tant 
m a t e r i a l s have densi t ies 95% of theore t i ca l . A metal lographic examination 
of the finished plates indicated that there was no react ion between the Dy^Oj 
and the naatrix. The i r rad ia t ion stabil i ty and mechanical and nuclear 
p rope r t i e s of the m a t e r i a l s a r e being evaluated. 

I. Pos t i r r ad i a t ion Examinat ions of F u l l - s c a l e Reactor Fuel Elements 

A significant pa r t of the engineering i r rad ia t ion studies during 1959 
was concerned with examinations of fuel e lements renaoved from operating 
r e a c t o r s . These examinations se rve two ve ry useful pu rposes . F i r s t , they 
enable compar i sons to be made concerning actual fuel element performance 
compared to that which was predic ted from pr ior i r rad ia t ions of smal l spec 
imens . Second, they provide inforination that is requi red in o rde r to e s t ab 
l ish the additional useful life of a given operat ing reac tor co re . The 
following fuel e lement examinat ions were performed in 1959-

Borax-IV Fuel P la t e s (L. A. Neimark) 

Five failed Borax-IV fuel p la tes , previously found to be l eake r s by 
bubble tes t ing, were sectioned an.d the r e l eased fission gas was col lected. 
The fuel e lements for Borax-IV a r e tube-pla tes of a luminum-1 w/o nickel 
alloy containing pel lets of Th02-6.36 w/o UO2, lead bonded to the aluminum 
alloy cladding. Absence of f ission gas and helium in many tubes indicated 
that m o r e tubes had leaked gas then the bubble testing method had revealed . 
The average total gas r e l ea se from those tubes that yielded gas, including 
approximate ly 1.1 cc of hel ium filler gas, was 3,3 cc at STP per tube. The 
gas will be assayed for Kr content. Microscopic examination of the 
failed a r e a s verif ied the p re sence of c r acks in the collapsed tubes that 
showed leaks during the bubble t e s t . No c racks were evident in those tubes 
that yielded l i t t le , if any, fission gas , indicating that the leak in these tubes 
is of a different na tu re . F u r t h e r meta l lography on the failed sections is in 
p r o g r e s s . The es t imated burnup of the fuel was 980 M W D / T . 

EBWR F u e l Elements (C. F . Reinke) 

Two fuel a s semb l i e s were removed from the EBWR and exaiaiined in 
a hot ce l l . The a s s e m b l i e s had burnups of 0.11 and 0.37 a /o , respec t ive ly . 
Both were d i sassembled and sampled for the evaluation of the effects of 



in-pi le operat ion and radiat ion damage to the fuel. The a s sembl i e s were in 
good condition with no ruptured cladding, co re -c l ad nonbonds or excess ive 
fuel plate swelling or warpage p re sen t . After 0.37 a /o burnup, the fuel 
co re s were hard, b r i t t l e , and highly s t r e s s e d . The ra te of fuel plate volume 
inc r ea se due to the fission of u ran ium was 6 to 7% per a /o burnup. Hydro
gen was picked up by the fuel plates under r eac to r operating conditions with 
pre fe ren t ia l deposit ion at the colder edges of the plates and resul tant hy
dr ide formation. Annealing studies on sections of i r r ad ia ted fuel plates at 
500 and 550°C indicated bulk volume i n c r e a s e s of 1 to 2% and 5 to 10%, 
respec t ive ly , after 500 hour s . A 600°C anneal resu l ted in a bulk volume in
c r e a s e of 18% after 50 hour s . The annealing studies were made to help 
evaluate the abili ty of the p resen t i r r ad ia t ed core to opera te at the recent ly 
author ized inc reased EBWR power level of 100 Mw. 

Elk River Reactor Element (L. A Neimark) 

A ful l -s ize prototype a s sembly for the Elk River Reactor was sup
plied by Amer ican Car and Foundry, and after i r rad ia t ion in the EBWR it 
was examined in the hot cell fac i l i t ies . The a s sembly consisted of 25 s ta in
less s teel tubes, containing Th02-3 w/o UO2 pel lets surrounded by a hel ium 
annulus, a r r anged in a five-by-five a r r a y . The burnup has not yet been 
analyzed, but was re la t ively low. Dimensional changes of the a s sembly and 
tubing were insignificant, the g r ea t e s t d i ame t r i ca l i n c r e a s e in any one tube 
being 2.0%. T r a n s v e r s e f rac ture sect ions through represen ta t ive tubes 
showed no cen t ra l naelting or void formation in the c e r a m i c fuel. The a v e r 
age total gas content of r ep resen ta t ive tubes, including approximately 
4.3 cc of hel ium filler gas, was 7.6 cc at STP per tube. The gas will be 
assayed for Kr content. 

EBR-I Core -3 Fuel E lements ( j , A. Horak) 

The fuel in the thi rd core of EBR- I consis ts of u ran ium-2 w/o z i r 
conium alloy rods coextruded with 0 .020-in. thick Zi rca loy-2 cladding. After 
approximate ly 0.1 a /o burnup, naeasurements per formed by the Idaho Divi
sion showed that d iameter i n c r e a s e s of the fuel rods had occu r r ed . The 
d iamete r i n c r e a s e s ranged up to approximate ly 0.005 in. 

In o rde r to de te rmine the source of the d iamete r i nc rea se , two 
i r r ad ia t ed rods were sectioned for densi ty m e a s u r e m e n t s and meta l lographic 
examinat ions . It was found that only about one- th i rd of the i nc rease in d i 
a m e t e r could be accounted for on the bas i s of the m e a s u r e d d e c r e a s e s in 
densi ty of the fuel resul t ing from i r r ad ia t ion . It a p p e a r s , therefore , tha t 
mos t of the d iamete r i nc r ea se is due to "upsett ing" of the fuel. This could 
be caused by the weight of the extension rod on the fuel section, or because 
the fuel rods have been so r igidly clamped in the core that longitudinal 
t he rma l expansion has been prevented. 



47 

J . D e v e l o p m e n t of C o r r o s i o n - r e s i s t a n t F u e l and J a c k e t i n g M a t e r i a l s 

1. H i g h - t e m p e r a t u r e C o r r o s i o n - r e s i s t a n t A l u m i n u m Al loys 
"(W. E . R u t h e r and J . E . l D r a l e y ) 

A s d i s c u s s e d in the 19 58 Annual R e p o r t , a l l oys of a p p a r e n t l y 
equa l nomiinal c o m p o s i t i o n s have shown c o n s i d e r a b l e v a r i a t i o n in c o r r o s i o n 
r e s i s t a n c e to 350°C w a t e r . P o s s i b l e v a r i a b l e s w e r e s tud ied d u r i n g the p a s t 
y e a r and the s ign i f i can t f a c t o r w a s shown to be the t r a c e s i l i con 
c o n c e n t r a t i o n . 

A v a c u u m - m e l t e d A l - 1 w / o n i c k e l - 0 . 5 w / o i r o n - 0 . 1 w / o t i t a n i 
u m a l loy w a s p r e p a r e d u s i n g 99-99+ a luminuna . It w a s ch i l l c a s t , r o l l e d , and 
then cut into p i e c e s . R e m e l t s of t h i s m a t e r i a l with m i n o r add i t i ve s w e r e 
m a d e in an i n e r t gas t u n g s t e n - a r c f u r n a c e . C o r r o s i o n t e s t s w e r e p e r f o r m e d 
in a 350°C a u t o c l a v e (wa te r s a t u r a t e d wi th O2 a t r o o m t e m p e r a t u r e ) . S a m 
p l e s w e r e r e m o v e d a f t e r abou t 1-month and 2 - m o n t h e x p o s u r e s . The a l loys 
w e r e e v a l u a t e d by the s lope of the l ine connec t ing the m e t a l l o s s v a l u e s for 
t h e s e two t i m e p e r i o d s . The c o r r o s i o n r e s u l t s for s o m e of the a l l oys a r e 
shown in F i g u r e 1 1 . 

Figure 11 

Effect of Small Additions of Alloying Elements on the Corrosion of 
Al-i w/o Ni-0. 5 w/o Fe-0.1 w/o Ti Alloy in Water at 350OC 

I 

i 
CONTROL I 

,00 .03 W/O Si 

,0 0 0 6 W/O Si 

O 0.006 W/O Si 

0.05 W/O 2n 
CONTROL 2 
0.05 W/O Mfl 
0.05 W/O Cu 

20 40 

TIME,days 

60 8 0 

The influence of t r a c e s of magnesium, zinc or copper (common 
impur i t ies in alumiinum) on the cor ros ion ra te was very smal l . By con
t r a s t , the influence of silicon was very l a rge . The marked corros ion 



t rans i t ion range was from zero to 0.006 w/o sil icon. At concentrat ions of 
about 0,002 w/o , a slope of--^-nadd was noted. At 0.006 w/o , the ra te had in
c r e a s e d to about 5 mdd. Additional silicon naakes re la t ively smal le r changes 
in the r a t e . For exanaple, a 10% alloy (not shown) had a ra te of — 6 mdd. 

Since the content of sil icon is of some impor tance , a long- t ime 
continuing tes t of an a luminum-1 w/o nickel-0 .5 w/o i ron-0,01 w/o t i tanium 
alloy made with ve ry pure a luminum (O.OOl w/o silicon) was s ta r ted in June. 
The autoclave was opera ted at 350°C, with constant re f reshment with water 
sa tura ted with oxygen at room t e m p e r a t u r e . Samples have been removed at 
1-month in tervals and the meta l loss de termined by defilnaing. The values 
obtained show a usual smal l sca t te r but the slope of the line connecting the 
points is very low or even ze ro . Total meta l loss is about 0.0005 in. 

Unfortunately, the low meta l loss r a t e s at 350°C a re not obtained 
at 290°C (and presumably lower t e m p e r a t u r e s ) . Coriou-3 has shown that the 
heat t r ea tmen t of A l - F e - S i al loys grea t ly influences their cor ros ion behav
ior due to the red is t r ibu t ion of the si l icon. It was hoped that some effect of 
this nature might be responsib le for the difference in behavior between 
t es t s at 290 and 350°C. There was also the possibi l i ty that the formation of 
a different oxide film (diaspore or corundum) next to the meta l was essent ia l 
to the low r a t e s and that these oxides formed slowly or not at all at 290°C. 
To check this point an alloy was cor roded for one month at 350°C (to e s t ab 
l i sh the film) and then t r a n s f e r r e d to a 290°C t e s t . The var ious p r e t r e a t -
ments were as follows: 

Alloy Trea tment 

Al-1 w/o Ni-0,1 w/o Ti (A198x) 29 days at 350°C; air cool 

6.8 days at 400°C; a i r cool 

Al-0.9 w/o Fe-0 ,6 w/o Ni-0.1 w/o Ti 6 days s tar t ing at 400°C and 
(A297) reducing slowly to 275°C; 

furnace cool 

Corroded 35 days in 350°C 
water 

Al-1 w/o Ni-0,5 w/o Fe-0 .1 w/o Ti 7 days at 400°C; a i r cool 
(A293) 

Subsequent co r ros ion t e s t s at 290°C did not show any improvement for the 
p re t r ea t ed spec imens over the cont ro ls , except for the 350°C p reco r ros ion . 
In this case the re was a brief induction period before the samples cor roded 
at a r a t e equivalent to the cont ro l s . 

3 H . Coriou, L. Grai l , A. Hauptman and J. Hure , Rev. de Met. Vol, LV, 
968 (1958), 



The cor ros ion product film was investigated for clues to this 
inverse t e m p e r a t u r e - c o r r o s i o n ra t e re la t ionship . Microscopical ly , the dif
ference in the ox ide-meta l interface for the bet ter alloys is pronounced be 
tween meta l cor roded at 290 and at 350°C. At 290°C the film is duplex, with 
a glassy layer adjacent to the meta l and friable porous layer attached to the 
water side of the g lassy l aye r . Metall ic par t ic les of an uncorroded phase 
a r e frequently seen in the glassy l ayer . A maximum number of par t ic les 
a r e noted near the meta l , and the number diminishes to zero near the in te r 
face between the two oxide l a y e r s . The attack on the meta l is re la t ively 
smooth. The above descr ip t ion fits the low silicon alloys at 290°C and the 
"high" si l icon (>0.01 w/o) poore r alloys at both 290 and 350°C. 

The low si l icon alloys at 350°C show a completely different co r 
ros ion in ter face . A dark compact layer is adjacent to the meta l but with no 
imbedded meta l l i c p a r t i c l e s . In tergranular penetrat ion takes place to the 
depth of a few g r a i n s . F inge r s of dark oxide have been shown to follow the 
l ines of the second phase compound into the sample . On the water side of 
the compact co r ros ion product, a loosely at tached plate of white boehmite 
is formed. Since the a t tack appea r s to concentra te on the second-phase 
a r e a s , a fine d i spe r s ion of this phase prevents ser ious penetrat ion of the 
me ta l a t any point, and s e e m s to effectively stifle the overa l l co r ros ive 
a t tack. 

Chemical ana lyses of co r ros ion films p repared at the two t em
p e r a t u r e s a lso indicated di f ferences . The adherent oxide film from 350°C 
cor ros ion contained up to 6% m o r e a luminum and up to 100% more nickel 
and /o r i ron than would be calculated from the composition of the alloy. The 
products of co r ros ion were a s sumed to be aAl203 • H2O, NiO, and FeO. One 
co r ros ion product was analyzed (after r emova l of the uncorroded meta l by 
the methanol- iodine method), then pulverized and t rea ted again in the 
methanol- iodine solution. The analysis of the oxide after the second t r e a t 
ment was nauch lower in a luminum than after the f i rs t t r ea tmen t . This sug
gested that the filnas contained pieces of uncorroded me ta l . 

The loosely a t tached plate of cor ros ion product was shown to 
have the exact a luminum content of boehmite and to be very low in nickel 
content. The a luminum, i ron and nickel contents of cor ros ion product 
p r e p a r e d at 290°C were only slightly higher than the calculated va lues . It 
may be that the p re sence of re la t ively la rge amounts of uncorroded meta l in 
the filixi a r e essen t i a l to the low r a t e s . Current ly , a tes t with an alloy con
taining pal ladium (to supply uncorroded metal) is being performed at 290°C 
to check this hypothes is . 

Dynamic Testing; Data for a continuing dynamic t e s t of X8001 
alloy in 315°C, pH 3.5, H3PO4 solution at 18 feet /second have been obtained 
through 188 days . The ave rage meta l loss of four specimens which have 
been in tes t for the ent i re period is shown in F igure 12. The meta l loss has 



Figure 12 

Dynamic Corrosion of X8001 Alumioum in pH3,5 
Phosphoric Acid at SIS^C and 18 feet/second 

b e e n c a l c u l a t e d f r o m n o n d e 
s t r u c t i v e e d d y c u r r e n t m e a s 
u r e m e n t s a n d c h e c k e d b y 
a c t u a l l y d e f i l m i n g o t h e r t e s t 
s p e c i m e n s . T h e c o r r o s i o n 
r a t e i s a b o u t | - m i l p e r y e a r . 
T h e o n l y u n u s u a l c o r r o s i o n 
f e a t u r e n o t e d w a s a p i t b e 
t w e e n t w o of t h e s p e c i m e n s . 
I t d i d n o t e n l a r g e a f t e r t h e 
s p e c i m e n s w e r e r e m o v e d f o r 
t h e f i r s t i n s p e c t i o n . 

P o w d e r M e t a l l u r g y : 

200 

B e c a u s e of t h e d i f f i c u l t y of 
s e c u r i n g l a b o r a t o r y - s i z e 
b a t c h e s of a t o m i z e d a l u m i n u m 
a l l o y s , a s m a l l a t o m i z e r w a s 
b u i l t a n d u s e d to p r o d u c e l o w -

s i l i c o n a t o m i z e d a l u m i n u m a l l o y p o w d e r s . T h e a t o m i z e d p o w d e r , w i t h o r 
w i t h o u t a d d i t i v e s , w a s m a d e i n t o c o r r o s i o n t e s t s p e c i m e n s b y h o t r o l l i n g in 
a n a l u m i n u m c a n . T h e s e p r o d u c t s h a v e t h e s a m e a d h e r e n t d a r k o x i d e a s t h e 
w r o u g h t l o w - s i l i c o n a l l o y s , a n d in a f i v e - m o n t h c o n t i n u i n g t e s t t h e y s h o w e d 
t h e s a m e v e r y l o w c o r r o s i o n r a t e a t 3 5 0 ° C . S a m p l e s m a d e f r o m c o m m e r 
c i a l l y s u p p l i e d X 8 0 0 1 p o w d e r s w e r e r e m o v e d f r o m t e s t a f t e r 2 m o n t h s d u e 
to s e v e r e e d g e s w e l l i n g . 

4 M e c h a n i s m : D i l l o n ' s i n t e r e s t i n g h y p o t h e s i s c o n c e r n i n g t h e 
r o l e of t h e i n t e r m e t a l l i c p a r t i c l e s a s s t r e s s r e l i e f p o i n t s i n t h e a l u m i n u m 
o x i d e f i l m h a s i n s p i r e d s o m e e x p e r i m e n t a t i o n . P o w d e r m e t a l l u r g y w a s 
u s e d a s a m e t h o d of p r e p a r i n g a p r o d u c t w i t h a r e l a t i v e l y f i ne d i s p e r s i o n of 
" g r i t . " In o n e c a s e t h e g r i t w a s n o n c o n d u c t i n g f u s e d Z r O j p o w d e r a n d i n a 
s e c o n d p r o d u c t i t w a s e l e c t r i c a l l y c o n d u c t i n g f u s e d T i 0 2 p o w d e r . If t h e 
s t r e s s r e l i e f h y p o t h e s i s i s c o r r e c t , o n e w o u l d e x p e c t t h a t t h e s e t w o p r o d u c t s 
w o u l d c o r r o d e s i m i l a r l y . If a n e l e c t r o c h e m i c a l m e c h a n i s m o p e r a t e d , a s w e 
h a v e p r e v i o u s l y s u g g e s t e d , t h e T i O j s h o u l d p r o v i d e s o m e m e a s u r e of p r o t e c 
t i o n . T h e r e s u l t s t e n d t o f a v o r t h e e l e c t r o c h e m i c a l h y p o t h e s i s , a s s h o w n in 
T a b l e I I I , a s f a r a s p r o t e c t i o n i s c o n c e r n e d . T h e l o w e r w e i g h t g a i n of t h e 
Z r O g p r o d u c t a t 150°C i s n o t i n k e e p i n g w i t h t h e o t h e r r e s u l t s , a n d m a y 
r e p r e s e n t s o m e p r o d u c t l o s t t o t h e s o l u t i o n . 

C o r r o s i o n in S u p e r h e a t e d S t e a m , 5 4 0 ° C , 600 p s i : T w o i n t e r e s t 
i ng e f f e c t s w e r e f o u n d i n t h i s c o r r o s i o n m e d i u m . F i r s t , m a n y d i f f e r e n t 
a l u m i n u m a l l o y s w i l l r e s i s t d e s t r u c t i o n in s h o r t t e s t s w h e n t h e y a r e s i t t i n g 
o n a p e r f o r a t e d s t a i n l e s s s t e e l p l a t e a n d w i l l d i s i n t e g r a t e in t h e s a m e 

R . D i l l o n , P r i v a t e C o m m u n i c a t i o n , H A P O . 



location when they a r e suspended by a rod through a hole in the specimen. 
The hole is not the important factor as control samples have shown. Since 
the naetal is very weak, it is believed that the s t ra in resul t ing from the 
tensi le or shear s t r e s s e s due to the weight of the speciaxien init iates the 
d i sas t rous at tack. Specimens of Al-5,5 w/o Ni-0.3 w/o Fe -0 .1 w/o Ti 
(203 composition) with low silicon content a r e able to withstand the hanging 
specimen tes t much bet ter than specimens with silicon contents of 0.03 and 
0.06 w / o . 

TABLE III 

Corros ion of Aluminum with Oxide Additives 

Sample 

99.99+ Al powder, passed #100 
sieve but not # 325, plus 6.6 w/o 
fused TiOj powder which passed 
#325 sieve (44 mic rons ) . 

Reduction in a r e a 36:1 

99.99+ Al powder of same size 
as above plus 6.6 w/o fused 
Zr02 of same size as above. 

Reduction in a r e a 24:1 

Control, 99.99+ Wrought Al. 

I 
1 
1 

Corros ion 

150°C HgO, 1 day - meta l l ic appea r 
ance; Weight gain = 2.0 mg/cm^. 

200°C H2O, 1 day - grey film; large | 
b l i s t e r s filled with solid oxide; sam = 
pie not d is tor ted . 

290°C H2O, 1 day - completely con
verted to powdery oxide. 

150°C H2O, 1 day - meta l l ic appea r 
ance; Weight gain = 0.3 mg/cm^. 

200°C H2O, 1 day - completely con
ver ted to oxide l aye r s , par t ia l ly 
split apa r t . 

290°C H2O, 1 day - completely con
ver ted to powdery oxide. 

150°C, 1 day - dark grey film; 
Weight gain = 3.4 mg/cm^. 

200°C, 1 day - very dis tor ted; s a m 
ple appears to be all white oxide. 

290°C, 1 day - completely converted 
to white powder. 

A second effect was noted with r e spec t to the hydrogen content 
of the corroded spec imens . Previous tes t r e su l t s have indicated contents 
between 2 and 3 ppm after var ious exposure t i m e s . There has been a ques 
tion as to whether this r epresen ted an equil ibr ium value. However, all the 
previous tes t s were made with specimens of approximate ly the same size; 
hence the surface of the sample to volume of the meta l remained near ly 
constant. An exper iment in which this ra t io was de l ibera te ly var ied 



p r o d u c e d the r e s u l t s shown in F i g u r e 13 . Since the final h y d r o g e n content 
is shown to be dependen t on the s u r f a c e - t o - v o l u m e r a t i o , i t i s now a s s u m e d 
tha t the h y d r o g e n in the s p e c i m e n is s o m e f r a c t i o n (to be d e t e r m i n e d ) of the 
c o r r o s i o n p r o d u c t h y d r o g e n which is p r e v e n t e d f r o m e s c a p i n g by an i m p e r 
v ious oxide f i lm . 

10 

c9° 

2 -

Figure 13 

Hydrogen Content as a Function 
of the Surface-to-Volume Ratio 
of Samples Corroded in Super
heated Steam at 54(PC, eoopsig., 

4 8 12 16 20 
SURFACE TO VOLUME RATIO 

2. U r a n i u m Al loys (S. G r e e n b e r g and J . E . Dra ley ) 

U r a n i u m - T i t a n i u i n Al loys : Addi t ions of n i o b i u m to u r a n i u m - 3 
w / o t i t a n i u m a l loys have been found to lower the c o r r o s i o n r a t e in 260-290°C 
w a t e r when the a l loys a r e in the g a m m a - q u e n c h e d condi t ion . The o p t i m u m 
n iob ium conten t is about 0.5 w / o . L a r g e r a m o u n t s (up to a few p e r c e n t ) 
showed no f u r t h e r i m p r o v e m e n t in o b s e r v e d c o r r o s i o n r a t e s , and the a l loys 
w e r e m o r e sub jec t to c r a c k i n g du r ing c o r r o s i o n t e s t i n g . 

Al though such g a m m a - q u e n c h e d a l loys have low c o r r o s i o n r a t e s , 
c r a c k i n g or o t h e r f a i l u r e o c c u r s d u r i n g c o r r o s i o n following annea l ing t h e r -
m.al t r e a t m e n t s . The add i t ion of a s l i t t l e as 0.1 w / o r u t h e n i u m w a s found to 
p r o v i d e c o n s i d e r a b l e r e s i s t a n c e to the l o s s of c o r r o s i o n p r o p e r t i e s du r ing 
h e a t t r e a t m e n t . A s a m p l e of the o p t i m u m c o m p o s i t i o n (U-3 w / o T i - 0 . 5 w / o 
Nb-0 .1 w / o Ru), hea t t r e a t e d 2 h o u r s a t 400°C following g a m m a quenching , 
h a s b e e n c o r r o d i n g in w a t e r for 80 days a t 260°C p lus 20 days a t 290°C with 
no c r a c k i n g o r o the r d a m a g e . C o r r o s i o n r a t e s have been about l ^ ix i cd a t 
2 6 ^ 0 and 4 m c d a t 290°C. The r u t h e n i u m h a s a s i m i l a r s t ab i l i z ing inf luence 
on the U-3 w / o Ti a l loy in the a b s e n c e of n i o b i u m . In t h i s c a s e , c o r r o s i o n 
r a t e s a r e s l igh t ly h i g h e r . 

Effect of R a d i a t i o n on C o r r o s i o n : Sec t ions of an EBWR p l a t e , 
c lad on two f ace s with edges b a r e , have been t e s t e d in d e g a s s e d , d i s t i l l e d 
w a t e r a t 260-270°C. The r e s u l t s a r e s u m m a r i z e d be low. The r e s u l t s for 



an un i r rad ia ted sample of the core alloy (U-5 w/o Z r - 1 . 5 w/o Nb) a re in
cluded for compar ison. The burnups a r e based on radiochemical analys is . 
The "cor ros ion r a t e s " a r e based on the or iginal exposed a r ea of the u r a 
nium alloy. Because of the rapid d e c r e a s e in a rea acconapanying the high 
co r ros ion r a t e s , the r epor t ed r a t e s a r e much lower than the actual c o r r o 
sion r a t e s ; however, these " r a t e s " a r e useful for purposes of comparison. 

Sample 
No. 

. . 

1 
15 
13 
12 
10 

6 

Burnup 
(Total a /o) 

0.000 
0.005 
0.009 
0,017 
0.024 
0.088 
0.14 

Corrosion Rate 
(mcd) 

9470 
2500 
2780 
2310 
1880 
1890 
5160 

Additional samples a r e now available to continue this in teres t ing 
study. At the p resen t t ime, however, t he re seems to be sufficient evidence 
to indicate that radia t ion- induced changes improve the cor ros ion r e s i s t ance 
of the U-5 w/o Z r - 1 . 5 w/o Nb alloy that has been heat t r ea ted for dimen
sional stabili ty. 

3. Zi rconium Alloys for Use in Superheated Steam (S. Greenberg 
and J. E. Draley) 

It has been shown that z i rconium and the Zircaloy alloys have 
poor co r ros ion r e s i s t ance in s t eam at 540°C, 600 psi . Since Zi rca loy-3 
was bet ter than Zircaloy-2s it is concluded that the p resence of tin is de le
t e r ious ; since these al loys a r e not as bad as unalloyed zirconium, it is 
in fe r red that one or m o r e of the other alloying consti tuents a r e beneficial. 

Some binary and t e r n a r y al loys have been tes ted using a r c -
mel ted, a s - c a s t samples . The best alloying consti tuents tes ted to date a r e 
nickel , iron, and copper. For example, a t e r n a r y alloy containing 3 w/o 
nickel and 0.5 w/o i ron had an average r a t e of weight gain of 1-2 mdd after 
35 days, and was covered with a black film. Z i rca loy-3 , the best c o m m e r 
cial alloy, was covered with heavy loose white oxide after 10 days. After 
an ini t ial per iod of weight loss , the r a t e of weight gain was g rea t e r than 
265 mdd. 

*̂ S t ruc tura l Mate r ia l s in Acid Environments (S. Greenberg and 
J, E. Draley) 

1100 aluminum has been found to have a ve ry high cor ros ion 
ra t e in nickel-containing acid solutions: a s indicated in Table IV. 



TABLE IV 

Corros ion* of 1100 Aluminum at 315°C in 
Nickel-containing Acid Solutions 

B 

Time 
(days) 

26 

15 

Condition 

pH 3.5; 4 ppm Ni 
a s sulfate 

p H 4 ; 1.8 ppm Ni 
as sulfate 

Corros ion Rate 
(mi l s /yea r ) 

7 

12 

•Ref reshed sys t em. Static condit ions. 
Cor ros ion ra te de te rmined by s t r i p 
ping in methanol - iod ine . 

The samples were severe ly b l i s te red , especial ly around the dr i l led mount
ing holes , and there was cons iderable salt deposit on them. Bl is ter ing and 
salt deposit ion were m o r e seve re in the solutions of higher pH. Under these 
conditions, the 18-8 s ta in less s tee ls (304 and 347) and Zi rca loy-2 and -3 
showed no m e a s u r a b l e weight changes during the las t two weeks of exposure . 
Fo r the f i r s t week, the ra te for the s ta in less s tee l s was 0.2 to 0.4 m i l / y e a r . 
The Zirca loys gained weight during the init ial period at a ra te of 1 to 2 mdd. 

Stainless s teel and the Zircaloy alloys have a lso been tes ted in 
a re f reshed sys tem at 315°C for about 6 months in degassed phosphoric acid 
of pH 3.5. The co r ros ion r a t e s of the 18-8 s ta in less s tee l s (304, 316, and 
347, annealed and sensi t ized) were ve ry low under these condit ions. As 
m e a s u r e d by weight changes of the samples , the r a t e s were l ess than 
0.1 m i l / y e a r . The t e s t has been stopped and the samples will be s t r ipped in 
an effort to obtain co r ros ion r a t e s . Under the same conditions, Z i rca loy-2 
and -3 a lso have weight loss r a t e s l ess than 0.1 m i l / y e a r . Couples of s ta in
less s teel and X8001 aluminum show no adve r se effects in this solution. 



K. Nondestruct ive Testing Developments 

1. Instrumentat ion for Elas t ic Constants Measurements 
( R . A . DiNovi, R. P e t e r s o n and C. J . Renken) 

Design and construct ion of e lec t ronic equipinent to be used in the 
p r e c i s e de terminat ion of e last ic constants of single c rys ta l s a r e under way. 
The equipment is based on the sys tem developed by Bell Telephone Labora 
to r i es using ul t rasound in the range from 12 to 150 m e g a c y c l e s / s e c . The 
m a s t e r osc i l la tor and gate genera tor have been built and tes ted. The gated 
harmonic genera tor is complete up to the 25 megacycle s tage. The veloci
t ies of the var ious modes of propagation can be determined from prec i se 
frequency m e a s u r e i n e n t s . 

2. Cladding Thickness Measuremen t s (W. J . McGonnagle 
and R. Pe r ry ) 

Beta backsca t te r has been investigated for measur ing cladding 
th ickness . When beta rays impinge on m a t e r i a l s , the e lectrons a r e reflected 
or backsca t t e red , and the number of backsca t t e red par t i c les is proport ional 
to the t a rge t th ickness . The intensity of backsca t t e red radiation inc reases 
with increas ing thickness of target m a t e r i a l until the thickness equals ap 
proximate ly one-fifth of the range of the e lec t rons in the m a t e r i a l , A further 
i nc r ea se in the th ickness does not i nc r ea se the intensity of the backsca t te red 
radia t ion. If a second layer of m a t e r i a l having a different a tomic number is 
placed upon the f i r s t m a t e r i a l , the counting ra te will change. The counting 
ra te will i nc rease for the second m a t e r i a l with a higher Z and will dec rease 
if the Z is lowered, provided the th ickness of the base m a t e r i a l is at l eas t 
one-fifth of the range of e lec t rons in the base m a t e r i a l . The g rea te r the dif
ference in a tomic number between the two m a t e r i a l s , the g rea t e r the differ
ence in the counting ra t e and consequently the sensit ivi ty of the measu remen t . 

3. Eddy Current Studies (C. J. Renken) 

E a r l y in 19 59, an extensive s e r i e s of exper iments was undertaken 
to de te rmine the abil i ty of eddy cu r r en t t es t sys tems to detect flaws in m e t a l s . 
Flaw s ize , meta l res i s t iv i ty , and frequency of the eddy cur ren t fields were 
used as the tes t va r i ab les in these expe r imen t s . F r o m the r e su l t s , it was 
concluded that one of the mos t impor tant faults in conventional eddy cu r ren t 
equipment was the lack of resolut ion of the tes t probe . By resolut ion is 
mean t the abil i ty to detect separa te ly closely spaced defects, or to detect 
defects smal l in al l d i r ec t ions . A s e a r c h was undertaken for ways to improve 
resolut ion . After a cons iderable number of unsuccessful exper iments it was 
d iscovered that the fields genera ted by the tes t probe could be masked down 
to a ve ry smal l c r o s s - s e c t i o n a l a r e a by the use of masks of special design. 
At the same time, the peak power of the field was increased by using high-
ampli tude shor t - t ime durat ion driving cu r r en t s in the tes t coil . 



One use for these fields of smal l c ro s s sectional a r e a is in the 
t h rough- t r ansmis s ion technique. In this technique the pulsed fields a r e 
t r ansmi t t ed through the meta l and a r e detected by a pick-up coil on the 
opposite s ide . Ei ther the attenuation of the field, or the amount it is 
delayed in pass ing through the meta l , can be used as an index of conditions 
inside the meta l ; however, the delay m e a s u r e m e n t s a r e s ingular ly free 
from the influence of all t es t var iab les except those which re la te to the in
side of the me ta l . Automatic delay m e a s u r e m e n t s have been used in a suc 
cessful t h rough- t r ansmis s ion tes t of a quantity of X8001 aluminum tubing 
for use in an exper imenta l subassembly of the EBWR. 

The d iscovery of a method of masking the low-frequency fields 
used in eddy c u r r e n t tes t ing has a lso made it possible to develop a t es t of 
improved sensi t ivi ty and resolut ion for use on tubing. In this technique, the 
masked field is caused to impinge on the surface of the tube. It t r ave l s 
around the c i rcumference of the tube for some distance and is detected by 
a pick-up coil . The ampli tude of the voltage induced in the pick-up coil is 
a function of the in ternal condition of the meta l under the ape r tu r e of the 
m a s k . An auxi l iary pulsed field is used to balance out any effect of changes 
in the d iamete r of the tubing on the main field. This method is applicable to 
tubing of p rac t ica l ly any d i ame te r . It has been highly successful in de tec t 
ing c racks in Z i rca loy-2 tubing of the type to be used in experinaental 
e lements of the EBWR. 

L. Meta l lurg ica l Ass i s t ance to the F a s t Reactor Safety P r o g r a m 
(R. A. Beatty and C. H. Bean) 

The Metal lurgy Division rendered a s s i s t ance to other divisions in 
the Labora to ry in connection with the F a s t Reac tor Safety P r o g r a m by p r o 
viding se rv i ce s in the fabrication, test ing, and evaluation of a var ie ty of 
exper imenta l s t ruc tu ra l , ref lec tor , control , and fuel m a t e r i a l s . A s u m m a r y 
of the work on this p r o g r a m during the past year follows. 

S t ruc tura l Mater ia l s 

Two Z i r c a l o y - 3 ingots weighing 3138 lb have been o rde red converted 
to s t r i p by Superior Steel Conapany in anticipation of r equ i r emen t s for 100 fuel 
tes t cans , 9 ft long, to be used in TREAT. The yield of finished m a t e r i a l was 
higher than anticipated, with the r e su l t that 2157 lb of s t r ip were obtained. Be
cause of a change in handling tes t conta iners and delay in s tar t ing meltdown 
tes t s on EBR-II - type fuel pins, only four of the 9-ft long tes t conta iners have 
been fabricated to da te . Additional conta iners will be needed in the future. 

A total of 36 ft of l |--in.OD x | - - i n . thick wall Z i rca loy-2 tubing was 
fabr icated for use by the Reactor Engineering Division for meltdown spec imen 
con ta ine r s . Inspection of the tubing was per formed by the Metal lurgy Division; 
the tubing was found free from in terna l defec ts . 



Three s e r i e s of graphite cyl inders with inse r t s and end plugs to be 
used as containers for TREAT meltdown specimens were outgassed under 
vacuum for 12 hours at 900®C. 

Reflector Mater ia l s 

Concern about possible excess ive mois tu re content in ref lector 
graphi te , which had been s tored without protect ion from the weather pr ior 
to instal lat ion in the r eac to r , led to a s e r i e s of measu remen t s on mois ture 
content from a random sampling of blocks removed from the r eac to r . In
formation rece ived from National Carbon Company indicated that graphite 
which had been s tored in this manner could absorb from 0.5 to 3 w/o water . 
A s e r i e s of eight ref lec tor blocks , 4 in. square x 24 in. long, were dried for 
24 hours in an evacuated container at 200°C. Measurements were made of 
weight l o s se s from each block and weight gains in a zeoli te- type desiccant 
used to collect the mo i s tu re removed from each block. Good corre la t ion 
was obtained between the two m e a s u r e m e n t s . Moisture content in the blocks 
ranged from 0.007 to 1 .81 w / o . 

In another tes t it was es tabl ished that, under ideal conditions for 
saturat ing the graphite with water , graphite could be made to absorb as much 
as 1 3.5 w / o . 

Control Mater ia l s 

Eight batches of graphi te-poison d ispers ion- type compacts were out-
gassed in vacuum pr ior to being sealed in aluminum cans for test ing in the 
core of the r e a c t o r . Weight l o s s e s for each type of ma te r i a l were as follows: 

Outgassing Temp. Wt. Loss (grams) 
Poison Mater ia l 

Pure Graphite 
(standard) 

CdO 
InzOs 
Sm203 
GdzOs 
DyzOs 
ErjOs 

Fuel Mater ia l s 

(°c) 

900 

300 
800 
800 
800 
800 
800 

(Avg. 

Not 

for 8 Blocks) 

m e a s u r e d 

0.49 
1.86 
1.65 
1.89 
1.61 
1.10 

A va r i e ty of u ran ium and u ran ium alloy pin-type specimens for 
meltdown and me ta l -wa te r reac t ion exper iments were reques ted by the 
Chemical Engineering Division. The following specimens have been fabr i 
cated and del ivered during the past year to the Chemical Engineering 
Division: 



Uranium Type Quantity 

Unalloyed uran ium without cladding Normal 12 
Unalloyed u ran ium without cladding 20% Enr iched 12 
93.5 w/o U + 5 w/o Zr + 1 .5 w/o Nb Normal 12 

without cladding 
93.5 w/o U + 5 w/o Zr + 1 .5 w/o Nb 20% Enriched 12 

without cladding 

Specimens cu r ren t ly in prepara t ion and about 60% completed a r e : 

Uraniumi Type Quantity 

10.0 w/o UO2 in CaO + ZrOg m a t r i x 20% Enriched 15 
clad with Zi rca loy-2 

10.0 w/o UO2 in CaO + Zr02 m a t r i x 20% Enr iched 3 
clad with s ta in less steel 

10.0 w/o UO2 in CaO + ZrOj m a t r i x 20% Enriched 3 
clad with X8001 Al 

Eighteen t e s t pins were fabr icated with 0.200-in. d iameter x 0.480-in. 
long fuel slugs sealed inside 0.020-in. thick Zi rca loy-2 cans containing a 
smal l hole in the bottom of each can. The hole in each of 9 cans was 
0.003 in. in d iamete r , and in each of the remaining 9 cans it was 0.015 in. 
in d i ame te r . Sixteen pins contained 20 w/o enr iched U-5 w/o Zr -1 .5 w/o Nb 
alloy c o r e s ; the remaining two contained highly enr iched unalloyed uran ium. 

EBR-II- type Fuel Pins for TREAT Meltdown Exper iments 
(A. B. Shuck) 

Inject ion-cast u r an ium-5 w/o f i ss ium alloy pins of th ree enr ichments -
3, 4 . 1 , and 6 w/o U^̂ ^ - were p r epa red at the reques t of the Reactor Engineer 
ing Division for TREAT expe r imen t s . The pins were made using the same 
inject ion-cast ing equipment and the same procedures descr ibed e lsewhere in 
this r epo r t in connection with the fabricat ion of the f i r s t loading for EBR-II . 
The cast ings were cut to length, using a lathe to obtain the maximuin yield of 
usable m a t e r i a l . Final inspection included d iamet ra l gaging with an a i r gage 
and eddy cu r r en t examination for in terna l porosi ty . Where full length pins 
could be supplied, they were cut to 14.22 in. length. Where shor te r lengths 
were cas t or where flaws appeared , shor t pins were supplied of the maximum 
length possible to exclude all imper fec t ions . A total of 195 pins have been 
supplied. 



M. Miscel laneous Developments 

1. Brazing Alloy for Zirconium ( F . D. McCuaig, R. D. Misch 
and R. A. Noland) 

The objective was to develop a brazing alloy for z irconium con
taining no toxic alloying e lements such as beryl l ium, and possess ing a c o r r o 
sion r e s i s t ance to water and sodium equivalent to that of Z i rca loy-2 . It was 
a lso requ i red that the alloy be fully molten below 1000°C. An alloy containing 
84 w/o zi rconium, 8.0 w/o nickel , and 8.0 w/o chromium has been developed 
satisfying the above c r i t e r i a . Its liquidus and solidus a r e at approximately the 
same t e m p e r a t u r e , 950°C. Like other z i rcon ium-base brazing al loys, it is 
somewhat b r i t t l e , especia l ly under impact loading. Thus, the m a t e r i a l is bes t 
applied where joint c l ea rances a r e smal l . The alloy has been found to be u s e 
ful for sealing purposes , as in making sea ls between thermocouple protect ion 
tubes and e lement c l o s u r e s . A number of sea ls between s ta in less s teel and 
Zircaloy, and tantalum and s t a in less s teel , have been made with good succes s . 
These appl icat ions requi red l imit ing the t ime at the braz ing t empe ra tu r e to 
nainimize dissolut ion of the s ta in less s teel by the b r a z e . 

2. Brazed End Closures for CP-5 Core (S. J . Mat ras andR. A. Noland) 

P r o b l e m s encountered by a c o m m e r c i a l fuel fabr icator in control 
ling the fuel core configuration at the core ends in the a luminum-clad , 
a luminum-uran ium core , tubular fuel e lements for CP-5 prompted an invest i 
gation of techniques for providing suitable end c lo su re s . A number of ap
proaches were invest igated, including butt welding, sil icon bonding, iner t gas 
tungs ten -a rc welding, and s eve ra l var ia t ions of b raz ing . Of the methods exam
ined, dip brazing in flux has succeeded in producing a number of apparent ly 
suitable c lo su re s , although ref inements in the technique a r e s t i l l being made . 

3. Ca lo r ime t r i c Assay of Plutonium-containing Specimens 
(S. Rosen and A. B. Shuck) ' 

The fabricat ion of p lu tonium-bear ing fuel e lements by p r o c e s s e s 
such as coextrusion or cast ing d i rec t ly into jackets r equ i re s that an accura te , 
nondestruct ive method of assaying such specimens for plutonium content be 
developed. Measurement of the heat generated by radioact ive decay of the 
plutonium offers an a t t r ac t ive solution of this problem. A ca lo r imete r of the 
nonsteady state ra t ing type has been const ructed and tes ted. Resul ts of i n e a s -
u r e m e n t s with var ious modifications of the original ins t rument have indicated 
that an accuracy of be t ter than 1% is obtainable. The t ime requi red for de t e r 
minat ion is one-half to one hour . A m o r e e laborate twin ca lo r ime te r has been 
const ructed for comparat ive m e a s u r e m e n t s and performance evaluation with 
the ra t ing c a l o r i m e t e r . 

A second ra t ing- type c a l o r i m e t e r has been designed. Automatic 
ins t rumenta t ion for this c a l o r i m e t e r , with which it is hoped to simplify and 
acce l e r a t e the assay ing p r o c e s s , has been o rde red . 
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A. P r e p a r a t i o n of High-puri ty Mater ia l s 

1- Plutonium (M. B. Brodsky) 

During the pas t yea r , two additional exper imental electrolyt ic 
cel ls have been developed for the p repa ra t ion of high-puri ty plutonium. 

Cell III: This cel l was made of Vycor and was operated to check 
the reproducibi l i ty of the h igh-pur i ty plutonium produced in Cell II, and to 
de te rmine the effect of using specially dr ied KCl-LiCl eutect ic . Enough 
salt , containing l e s s than 4 ppm wate r , was p r epa red for use in the cell and 
for melt ing down all depos i t s . Molybdenum cathodes were used, as in Cells 
and II. 

Seven plutonium buttons, weighing a total of 179 g r a m s , were 
p r e p a r e d in 1 7 runs during 12 days . The overa l l efficiency of the cell , de 
fined as the weight of plutonium produced divided by the sum of al l anode 
weight l o s se s and the init ial plutonium content of the e lec t ro lyte , was 46%o. 
This m a y be compared to an efficiency of 33%o for Cell II. An average r e 
covery of 72% was obtained for the las t 13 runs of Cell III, which is com
parab le to that obtained in the final runs of Cell XL 

It was not poss ible to de te rmine the effects of cel l var iab les on 
product puri ty because of difficulties with anodes falling out of their holders 
during six of the runs . Additional plutonium could have been p repa red with
out exceeding the c r i t i ca l i ty l imi t of 300 g r a m s , but it became neces sa ry to 
discontinue operat ion because of furnace cooling water fa i lure . 

Cell IV: This Vycor cel l had a 2-in high Vycor plate sealed 
a c r o s s its bottom to prevent any insoluble m a t t e r which might exfoliate 
f rom the anodes f rom coming in contact with the cathode. Tantalum s t r ip s , 
which were i r r ad i a t ed in C P - 5 to an nvt of 4.2 x 10^* neut rons /cm^, were 
used a s cathodes . Although a KCl-LiGl-PuF4 bath was used again, most 
of the deposi ts were mel ted in 50-50 mole pe rcen t KCl-NaCL 

The cel l has been in operat ion for 5 weeks , and a total of 
270 g r a m s of plutonium have been r ecove red in 22 runs , with an overal l 
efficiency of 58%, Plutonium recove ry has averaged 89%o for the las t 
19 runs , and therefore it should be poss ib le to produce up to 600 g r a m s of 
meta l with this cell before the c r i t i ca l i ty l imi t is reached. Should it be de 
s i rab le to run the cell beyond that point, it would be poss ible to reduce i ts 
plutonium content by e lec t rodepos i t ion without the use of a plutonium anode. 
In one such e lec t ro lys i s run in Cell IV, a deposit which yielded a 1.93-gram 
button was r ecove red in one hour at a cel l cu r r en t of 2 a m p e r e s . 

Ana lyses : The analyt ical data for m a t e r i a l produced in Cells II, 
III, and IV a r e given in Table V, along with the operat ing conditions of the 
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dg \ o t d e t e r m i n e d , 
e . Grows m w i t h t i m e , D i f i i r e f o r e l e c t r o l y t i * : p l u t o n i u m , c o i r e c t t d t o d a t e o f e l e c L r o l \ s i b a 
f. A n a l y s i s p e n d i n g . 
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runs . Also given a r e the analyses for the anode m a t e r i a l s , and for 
high-puri ty plutonium p repa red by bonab-reduction techniques. 

Amer ic ium, calcium, copper, magnesium, manganese , lead, 
and zi rconium a r e all containinants in the anodes which a r e reduced in the 
fused salt e l ec t ro lys i s . Their concentrat ions in the final buttons do not 
seem to vary f rom cell to cel l . Some of these , viz. , amer i c ium, calcium, 
magnesium, naanganese, and z i rconium, a r e reduced to very low levels . 
Po tass ium, lithium and sodium a r e usually p resen t at concentrat ions close 
to the liixiits of the ana lyses ; this indicates a smal l amount of entrapped 
salt in the buttons. 

AluminuiTL, chromium, gall ium, and nickel a r e all reduced to 
low levels , and their final concentrat ions seem to be affected by the im
puri ty content of the anodes or by the run conditions. Both uran ium and 
silicon a r e reduced by factors of about th ree and it is not yet known if 
further purification can be achieved by recycling the meta l . It is possible 
that a lower l imit for silicon is es tabl ished by the use of Vycor in the cell 
and in the meltdown opera t ions . 

Hydrogen and carbon seem to be reduced only slightly in the 
e lec t ro lys i s . Fu r the r reduction of hydrogen can be obtained by liquation 
(see below), and the use of "pure" anodes seems to aid in carbon reduction 
(see run M27, Table V). It is possible that carbon is added to the meta l 
when the anodes a r e cas t into graphite raolds. This possibi l i ty will be in
vest igated and the need for using other mold m a t e r i a l s might then be 
examined. 

Oxygen and nitrogen impur i t ies have been found to be fair ly 
low, especial ly in Cell IV ma te r i a l . The higher oxygen values for runs M9 
and Ml 2 a r e probably due to incomplete surface cleaning or delays in ana l 
y s i s , which allows surface oxidation to take place. This was shown to be 
the case for an oxygen sample f rom Ml6 , p r epa red at the same t ime as the 
one repor ted in Table V, and which was s tored in hel ium over a week end. 
The s tored sample was found to have 57 ppm, while the matching sample , 
which was analyzed the same day it was cut, contained only 2 ppm oxygen. 
An effect in sample prepara t ion on oxygen content has a lso been noted. The 
oxygen samples from Ml9 , M23, and M27 were cleaned by polishing with 
SiC paper ; those from M20, M21, and M22 were wiped with ethyl alcohol 
after the SiC polish. The consistently lower values for the la t te r samples 
show the need for further examination of sampling techniques. 

The constancy of the molybdenum contents in the me ta l s f rom 
cel ls II and III implies that 60 ppm naight r ep re sen t its lower l imit for plu
tonium deposited on molybdenum cathodes f rom a mixed chloride-f luoride 
bath. In the plutonium deposited on tantalum (Cell IV), the molybdenum 
content was below the l imi ts of spect roscopic detection. The only tantalum 
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analysis available to date is for M20, for which a concentration of less than 
5 ppm has been tentatively repor ted . This value was obtained by examina
tion of the g a m m a - r a y spec t rum of a solution of the electrolyt ic sample and 
of s tandard tantalum solutions p repa red from smal l pieces of the i r rad ia ted 
cathodes. The determinat ion of the lower l imit of tantalum contamination 
might be improved by removal of the bulk of the plutonium from the sample 
solution, thereby causing a reduction of the background activity. The use of 
cathodes with a higher specific activity will also allow a more accura te de
terminat ion of the tantaluna content. 

Iron contamination of the plutonium deposited on molybdenuna 
cathodes was reduced by a factor of about ten. The use of tantalum cathodes 
and KCl-NaCl meltdown salt have reduced the i ron contamination to below 
spectroscopic l imi t s . The higher i ron content of M22, which was melted in 
KCl-LiCl , may be due to a slightly higher iron content in the salt , i .e . , 
10 ppm iron in LiCl and 2 ppm iron in NaCl. There is the further possibil i ty 
that the iron contamination from Cells II and III may be due to an iron im
puri ty in the molybdenum. 

Effects of Varying Operating Conditions in Cell IV; There 
appears to be no significant differences between ma te r i a l deposited at t em
p e r a t u r e s corresponding to the delta or de l t a -p r ime phases (M19 and M21). 
Mater ia l deposited under a low cu r ren t density (M20) is slightly more con
taminated than that deposited where using a higher cu r ren t (Ml9) The 
effect of r insing the deposit in KCl-LiCl before melting it in KCl-NaCl 
( M 2 3 compared to Ml9) has been to inc rease the hydrogen, nitrogen, and 
perhaps the carbon contents of the button; it has not aided in the removal 
of any impur i t ies . Metal mel ted in KCl-NaCl, dr ied by melting in dry 
hel ium, is lower in aluminum, iron, nickel, and gallium content than metal 
melted in specially dr ied KCl-LiCL 

At the end of the s e r i e s of runs in Cell IV descr ibed he r e , two 
runs were made with anodes p r epa red f rom the "high puri ty ' ' plutonium ob
tained in Cells II and III. The meta l obtained in the second of these runs , 
M27, is the pu res t plutonium obtained to date. The final evaluation of the 
puri ty of this meta l mus t await additional chemical analyses and mic ro 
scopic examination. 

Liquation of Plutonium Impur i t ies : Several p re l iminary liqua
tion runs have been made in MgO cruc ib les . No magnes ium contamination 
of the meta l has been observed. Melting of plutonium in vacuum has r e 
duced the hydrogen content to 2 to 3 ppm. Vert ical var ia t ion in the concen
t ra t ions of aluminum, chromium, iron, and manganese indicate the possibil i ty 
of further reductions of these e lements by liquation. There has been no r e 
duction or ver t ica l var ia t ion of the carbon content. 



Sumnaary; The use of specially dr ied KCl-LiCl as the e l ec 
trolyte solvent has reduced the b reak- in per iod for the cell but has not 
affected the puri ty of the deposited meta l . Deposition onto tantalum cath
odes from modera te ly pure plutonium anodes yields very pure metal when 
melted in KCl-NaCl. Of the remaining analyzed impur i t ies , hydrogen is 
reduced further by melting in vacuum, and the oxygen and nitrogen contents 
a r e strongly dependent on sample prepara t ion . The carbon content might 
be further lowered by the el imination of graphite as a mold ma te r i a l for 
anode cas t ings , or by the use of a f resh electrolyt ic bath during the recycle 
e lec t ro lys i s . 

2. Uranium (G. B. O'Keeffe and L. T. Lloyd) 

P repa ra t ion of high-puri ty uran ium for use in r e s e a r c h studies 
has continued during 1959. The loss of mel t s due to ei ther failure of the 
thoria crucibles or to "burn-through" of the 2-in. d iameter copper molds , 
which were the p r ime difficulties of the p r o c e s s d iscussed in the annual 
repor t for 1958 (ANL-5975), has been great ly diminished, and no mel t s 
have been lost since May 1959. A total of 51 me l t s were made during the 
year and 47 ingots were obtained, with a total "weight of 117 kg. Several of 
these contained cer ta in concentrat ions of impur i t ies in excess of the accept 
able average for "high pur i ty" ma te r i a l . Disbursements were made in 
var ious quantit ies to the following organizat ions during 1959 = 

Atomics International 
Chemis t ry Division - ANL 
Chemical Engineering Division - ANL 
French School of Mines (Par i s ) 
General E lec t r ic Company (Hanford) 
United Kingdom (Harwell) 
Westinghouse Elec t r ic Corporat ion. 

This operat ion will be discontinued during the coming year when we move 
into the Fuels Technology Center . Efforts will be diver ted toward the 
prepara t ion of high-puri ty plutonium. 



B. Physical Metallurgy of Uranium 

1. Plas t ic Deformation of Single Crysta ls at Elevated Tempera tures 
(L. T. Lloyd) 

Exper imental work on the operative deformation mechanisms of 
a lpha-uranium single c rys ta l s upon compress ive loading at 600°C has been 
completed during the past year . Som.e of the resu l t s of this investigation 
were given in the 1958 Annual Report (ANL-5975). During the cur ren t year 
six additional c rys ta l s have been studied. The compress ion directions for 
these were selected with two a ims in mind: (1) to verify the value of the 
cr i t ica l resolved shear s t r e s s at 600°C for the (001)-[100] and «[llo} -<110> 
slip sys tems , and (2) to investigate the operative deformation mechanisms 
of c rys ta l s compressed in direct ions not lying near the principal c rys ta l lo-
graphic planes. The la t te r c rys ta l s served to complete a representa t ive 
coverage of random crystal lographic direct ions on a quadrant (001) standard 
projection plot. 

Good checks were obtained on the cr i t ica l resolved shear s t r e s s 
values that were repor ted for (00 1)-[1G0] slip (0.013 kg/mm^ and { n o j -<110> 
slip (0.43 kg/mm^) in the 1958 repor t . These served to establ ish firmly the 
predominance of the former slip sys tem in compress ive deformation at 600°C. 

As might be expected, the c rys ta l s compressed in direct ions 
away from the principal crystal lographic planes exhibited multiple slip 
deformation mechanisms . In addition to the more important deformation 
of (001)-[100], (010)-[100], and { u o } -<110>sl ip , the c rys ta l s yielded evi
dence for slip on the | l l l | " and •(p2ll planes. 

Slip on the {lH)" plane was always accompanied by other de
formations, which made it impossible to deternaine experimentally its slip 
direction. From, considerat ions of the most densely packed direct ion in 
1111| planes, the <110>and <112> direct ions a r e the most likely slip d i r ec 
tions. At 600°C, the atom.s a r e spaced 3.263 A apar t in the <110> direct ions, 
and only 3.006 A in the <112> direct ions , but for the la t te r case they must 
shift 0.734 A perpendicular to the direct ion. 

2. Recrystal l izat ion Textures in Defornaed Single Crysta ls 
(L. T. Lloyd) 

Publication; 

1. L. T. Lloyd, "Recrystal l izat ion of Deformed Alpha-
Uranium Single Crys t a l s , " ANL-6001 (July 1959). 

The above repor t descr ibes the resu l t s of a study of the 
crystal lographic orientation relat ionships between deformed alpha-uranium 
single c rys ta l s and grains grown in them by annealing within the alpha-
phase t empera ture range. Crys ta l s , which had been deformed at room 



t empera tu re in conapression and whose e lements of deformation had been 
previously determined, were annealed for var ious per iods of t ime at dif
ferent t empera tu re s and observed metal lographical ly for evidence of r e 
crystal l izat ion. Orientation determinat ions of the r ec rys ta l l i zed grains 
and of the remaining deformed port ions of the c rys ta l s were obtained from 
Laue back-ref lect ion photograms, Stereographic t r ea tment of the data 
yielded an orieAtation relat ionship between deformed and rec rys ta l l i zed 
ma te r i a l which can be expressed as 27.5° rotat ions about the four c r y s t a l -
lographically equivalent axes located 70.0° f rom the [lOO] direction, 63.5° 
from the [OlO] direct ion, and 34.0° from, the [OOl] direct ion. Rotations for 
the axes located in the f i r s t and thi rd quadrants of a (001) s tandard p ro jec 
tion were in clockwise direct ion, and for axes located in the second and 
fourth quadrants , counterclockwise. In a r r iv ing at these re la t ionships , the 
rec rys ta l l i zed gra ins were considered to originate f rom deformed twin 
or ienta t ions , as well as frona the original c rys ta l orientat ion. The twin 
orientat ions that were requi red to explain the observed rec rys ta l l i zed 
grain orientat ions in a pa r t i cu la r c rys t a l cor responded with the operat ive 
twin sys tems of these c ry s t a l s . These rec rys ta l l i za t ion orientat ion r e l a 
tionships differ from sinailar observat ions in face -cen te red cubic, body-
centered cubic, and hexagonal meta l s m that the axes of rotat ion a r e not 
nornaal to the most densely populated planes of the c rys ta l s t ruc tu re . 
Comparison of observed recrys ta l l i za t ion tex tures m polycrystal l ine a lpha-
uranium rod and sheet ma te r i a l s with those der ived f rom the observed de
formation tex tures and the orientat ion re la t ionship descr ibed above showed 
good agreement . 

3. Recrys ta l l iza t ion of Room- tempera tu re - ro l l ed Sheet 
(L. T. Lloyd and M. H. Mueller) 

Publication, 

1. W. R. Yario and L. T. Lloyd, "Recrystal l izat ion of 
Heavily Cold-rol led Uranium. Sheet, ' ANL-5966 (May 1959). 

The above repor t s u m m a r i z e s the work that has been com
pleted on the recrys ta l l i za t ion studies of high-pur i ty u ran ium sheet rol led 
to 80% reduction in thickness at roona t empera tu re As d iscussed in the 
repor t , because of the large alpha grain size p r e sen t p r io r to the final fab
r icat ion and the resul t ing heterogeneous deformation, it was impossible to 
obtain quantitative m e a s u r e m e n t s of p r e f e r r e d or ientat ion by X- ray diffrac
tion techniques from the above work To overcome this difficulty and to 
pe rmi t cor re la t ion of mic ro s t ruc tu ra l observa t ions , t he rma l expansion be 
havior , and X- ray p r e f e r r e d or ientat ion m e a s u r e m e n t s , the studies have 
been continued on high-puri ty ma te r i a l p r epa red in a manner such that the 
s tar t ing gra ins were uniform and reasonably smal l in s ize , and the defor
mations enro l l ing were naore homogeneous. The re su l t s to date on this type 
ma te r i a l a r e as follows. 
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Some of the metal lographic studies have been completed. 
Similar to the previous work on the heterogeneous ma te r i a l , the initial 
s tages of recrys ta l l i za t ion were charac te r ized by the creat ion of very fine 
gra ins which were absorbed l a te r by discontinuous growth of l a rge r g ra ins . 
An interest ing observat ion in the p resen t work is that an increased anneal
ing t empera tu re is requi red to give, for equal annealing t imes , a comparable 
percent recrys ta l l i za t ion to that found for the heterogeneous ma te r i a l . 

The t he rma l expansion studies a r e near ly complete. In 
general , the resu l t s agree well with those from the previous work. Mean 
the rma l expansion coefficients in a direct ion lying m the plane of the sheet 
and perpendicular to the rolling direct ion ( t r ansve r se samples) , after a lmos t 
complete recrys ta l l i za t ion at low t e m p e r a t u r e s , were not significantly dif
ferent from those obtained on a s - r o l l e d ma te r i a l annealing at higher t e m p e r 
a tu res to comparable percentages of recrys ta l l i za t ion resul ted in a measurab le 
change in this p roper ty . Mean expansion coefficients in direct ions para l le l to 
the rolling direct ion (longitudinal), however, showed a somewhat different 
behavior. In the e a r l i e r r e su l t s with heterogeneous ma te r i a l , the data ob
tained for the longitudinal direct ions were quite e r r a t i c because they did not 
r ep resen t adequate s ta t i s t ica l sampling of the grain orientat ions para l le l to 
the rolling direction. In the p resen t work, the sampling was adequate and 
the mean expansion coefficients in the longitudinal direct ion showed a con
sis tent dec rease as the percent recrys ta l l i za t ion increased , r ega rd l e s s of 
the annealing t e m p e r a t u r e s . Sufficient metal lographic naeasurements a r e 
not yet available to co r re l a t e posit ively the changes for this direct ion with 
percent rec rys ta l l i za t ion at the var ious annealing t empera tu re s These 
resu l t s suggest that the p r e f e r r e d orientat ion of samples annealed at the 
lower t empera tu re s of the recrys ta l l i za t ion range is different from that of 
a s - r o l l e d ma te r i a l ; however, a second p re fe r r ed orientat ion may be obtained 
upon annealing at in termediate t e m p e r a t u r e s . X-ray diffraction de te rmina
tions of p r e f e r r e d orientat ion should clarify these points. 

Sets of samples have been p repa red for measu remen t s of 
p r e f e r r ed orientat ion of five m a t e r i a l conditions, (1) as rol led, (2) annealed 
300 hours at 380°C, (3) annealed 15 hours at 4 0 ^ 0 . (4) annealed 15 hours at 
450°C, and (5) annealed 300 hours at 380°C, followed by reannealing 15 hours 
at 450°C. X- ray diffraction intensity measu remen t s for the construct ion of 
pole f igures have been obtained frona the f i r s t th ree sets of samples . It is 
planned to obtain four pole f igures for each set of samples , namely, the 
(010), (110), (001), and (100) Pole f igures of the a s - roUed ma te r i a l have 
indicated no significant change in p r e f e r r e d orientat ion f rom that repor ted 
previously- ' for r e a c t o r - g r a d e jaaaterial rol led 87% reduction m thickness at 
300°C. The p re f e r r ed orientat ion in the 380°G annealed specimens appeared 
to be prac t ica l ly identical with the 400^0 annealed spec imens , as was s u s 
pected f rom the rmal expansion m e a s u r e m e n t s , but it was c lear ly different 
from the a s - r o l l e d condition. This is in agreement with the di la tometr ic 

^M. H. Mueller , H. W. Knott and P A, Beck. Defornaation and 
Recrysta l l izat ion Texture of Rolled Uranium Sheet T rans AIME _203̂  
1214 (1955). 



r e su l t s d i scussed above. The pole f igures from these f i r s t two annealed 
se ts of spec imens appeared to be quite different from those previously 
repor ted^ for sanaples annealed at higher t empe ra tu r e s A m o r e complete 
d iscuss ion of the p r e f e r r e d or ientat ions will be possible when the pole 
f igures a r e avai lable for the other two se ts of specimens 

4. Some Aspects of the Beta- to-Alpha Phase Transformat ion 

Publicat ion 

1. H. H. Chiswik and L. T Lloyd, "Some Aspects of the 
Beta to Alpha Transformat ion in Uranium Metal lo
graphic S t ruc ture and Orientation Relat ionships ," 
ANL-5777 (November 1959) 

The effects of cooling r a t e s and t empera tu re gradients dur 
ing the be ta - to -a lpha phase t r ans fo rmat ion in uran ium on the m i c r o -
s t ruc tu re and on the c rys ta l lographic or ientat ions of the resul tant alpha 
gra ins a r e d i scussed . The quantity of subs t ruc tu re , or '"subgrains," r e su l t 
ing f rom the volume change upon a l lo t ropic t ransforraat ion dec reased as the 
cooling ra te through the t r ans fo rmat ion t empera tu re was decreased . The 
tendency for subgraining in samples cooled through the t ransformat ion t e m 
p e r a t u r e at a ra te of 0,5°C p e r hour , with no t empera tu re gradient imposed 
on the sample , was grea t ly reduced but not completely elirainated. Cooling 
through the phase t r ans fo rmat ion t e m p e r a t u r e at the above r a t e , but with 
t e m p e r a t u r e gradients imposed on the sample resu l ted in a higher degree 
of subgraining which inc reased with the magnitude of the imposed t e m p e r a 
tu re gradient . 

Holding the cooling ra te through the phase t ransformat ion 
constant at 0.5°C pe r hour , and increas ing the magnitude of the t e m p e r a t u r e 
gradient along the sample up to 138°C p e r inch, resu l ted in an inc rease 
in the s ize of the p r i m a r y alpha g ra ins Fo r the higher t empera tu re g r ad i 
ents , the gra ins were elongated in the d i rec t ion of the t e m p e r a t u r e gradient . 

The c rys ta l lograph ic or ientat ion studies indicate that an 
i nc r ea se in the imposed t e m p e r a t u r e gradient dur i rg phase t ransformat ion 
at a constant cooling ra t e of 0.5°C p e r hour causes a g r e a t e r concentrat ion 
of (001) plane poles in the d i rec t ion of the t empe ra tu r e gradient . This i m 
pl ies that ent i re ly random tex tu res may not be expected m uran ium samples 
subjected to heat t r e a t m e n t s involving the be ta - to-a lpha phase t r ans fo rma
tion under conditions of imposed t e m p e r a t u r e gradients 



C. U r a n i u m and P lu ton iuna A l l o y s : C o n s t i t u t i o n and P r o p e r t i e s 

1. U r a n i u m - C a r b o n ( B . B l u m e n t h a l ) 

P u b l i c a t i o n s : 

1. B . B l u m e n t h a l , "Cons t i t u t i on of Low C a r b o n U - C A l l o y s , " 
A N L - 5 9 5 8 (May 1959) . 

W o r k on the c o n s t i t u t i o n of the u r a n i u m end of the u r a n i u m -
c a r b o n s y s t e m w a s c o m p l e t e d d u r i n g 1959 and the above r e p o r t d e s c r i b e s 
the r e s u l t s in d e t a i l . A s u m m a r y of the da ta fo l lows . 

i 

Figure 14 
Uranium-Carbon Phase Diagram 
at Low Carbon Concentrations 
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The low-carbon portion of 
the phase d iagram, as determined 
by saturat ion exper iments , t he rmal 
ana lyses , and metal lography, is 
shown in Figure 14. The sys tem 
has an eutectic at 0.98 a /o carbon 
at a t empera tu re of 1117°C. Solu
bility of carbon in gamma uranium 
dec rease s f rom about 0.30 a /o at 
the eutectic t empera tu re to about 
0.09 a /o at the 7 U :=::=r /3 U + UC 
eutectoid t empera tu re of 772°C. 
The solid state react ion occurr ing 
at 666°C is a lso of the eutectoid 
type: ^ U ^ = ^ - a U + UC. Solid 
solubility of carbon in the beta 
phase is es t imated to be l e s s than 
10 ppm and, in the alpha phase , 
l e s s than 3 ppm. 

Decarbur iza t ion was observed to occur in samples annealed at 
t empera tu re s in the gamma-phase range. It is believed to be caused by the 
formation of a UN phase on the surface of the uran ium sanaple by react ion 
with res idual ni trogen in the iner t gas annealing a tmosphere , and subsequent 
depletion in carbon of the sample in ter ior by diffusion to the surface to form 
a U(C,N) phase . 

2. Uranium-Niobium-Zirconium (A. E. Dwight) 

Work on the uran ium-niob ium-z i rconium sys tem has consisted 
principally of an investigation of the miscibi l i ty gap originating in the 
niobium-zirconium binary sys tem and the extent of the 7 + Zr field at 



t empera tu res below 500°C. The resu l t s indicate that the 7 •+ Zr field is 
somewhat l a rge r and the gamma field somewhat snaaller than was originally 
believed. 

3. Uran ium-F i s s ium (A. E. Dwight, S. T. Zegler and M. V. Nevitt) 

Publications: 

1, M. V. Nevitt and S. T. Zegler , "Transformation 
Tenaperatures and Structures in Uranium-Fiss ium. 
Al loys ," J. of Nuc. Mater ia ls j_(l) 6-12 (April 1959). 

2. S. T. Zegler and M. V. Nevitt, "Some Prope r t i e s of 
Uran ium-F i s s ium Alloys," Nuc. Sci. and Engr. _6(3) 
222-228 (September 1959). 

Phase Diagrams with F i ss ium Elements : Work on the 
uranium-molybdenum system below 900°C has been completed. The equi
l ibr ium diagram in its final form closely resembles that shown in the 
1958 annual repor t . The major differences between our work and that of 
ea r l i e r invest igators is that we find the delta phase to be formed congru-
ently from the gamnaa, ra ther than by a peri tectoid t ransformation, and 
that the eutectoid react ion ^—»-a + 7 is at a lower t empera tu re - 639 ± 5°C. 
The resu l t s a re descr ibed in detail in a forthcoming publication.. 

A metal lographic examination of the uranium-hafnium 
system was made on specimens quenched from between 500 and 900°C. 
The equilibrium diagram result ing from this investigation is shown in 
Figure 15 and is in close agreement with a d iagram published by Pe te r son 
and Beerns ten .° 

It was found that neither the ,6 nor the 7 phase can be r e 
tained on quenching from below 900°C. A banded mar tens i t i c s t ruc ture , 
s imi la r to those found in uranium-niobium, uranium-molybdenum, 
uraniuna-ti tanium and other al loys, was found in 4 w/o Hf alloy quenched 
from the 7 range. When isothermally t ransformed, the 7 fornas a non-
lamel lar eutectoid of jS-U •+ 0:.-Hf, in contrast to the lamel la r s t ruc tu res 
found in the uranium-molybdenum and uranium-niobium sys tems . 

Work is continuing on the uranium-ruthenium, uran ium-
rhodium, and uranium-ruthenium-molybdenum sys tems , with major 
emphases on the composition l imits and lattice p a r a m e t e r s of the 7 phase 
fields. 

^D. T. Pe te r son and D. J. Beernsten, The Uranium.-Hafnium 
Equil ibrium System, ASM Prepr in t No. 158 (1959). 



Figure 15 

Uranium-Hafnium Equilibrium Diagram 
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Prope r t i e s : Solid-state phase t ransformat ions , and ha rd 
ness , density, and therinal expansion data for uranium-f iss ium alloys a re 
described in detail in the two publications l is ted above. Phase relat ions 
were found to resemble those in the dominant uranium-molybdenum-
ruthenium te rna ry sys tem, while the room tempera ture proper t ies of the 
alloys were shown to be influenced pr imar i ly by the presence of the me ta -
stable uranium gamnaa phase. 

The design, construction, and cal ibrat ion of an apparatus 
for measur ing the the rmal conductivity of these alloys in the range from 
40 to 700°C have now been completed. The apparatus yields measurements 
with a prec is ion of +4% or bet ter . Measurements of thermal conductivity 
as a function of t empera tu re have been made with this apparatus for a s -
cast uranium and uranium-f iss ium alloys containing 3 , 8 , and 10 w/o f i s -
sium. The ma te r i a l s were vacuum melted by induction heating in 
thor ia-coated graphite crucibles and bottom poured into water-cooled 
copper molds. The conductivities of uranium and the three uranium alloys 
a re shown in Figure 16. All these mate r i a l s show an increase in conduc
tivity with increasing t empera tu re . The conductivity dec reases with in
creasing fissium concentration. 
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Figure 16 

Thermal Conductivity Versus Temperature for 
Uranium and three Uranium-Fissium Alloys 
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4. P h a s e D i a g r a m s of P l u t o n i u m with F i s s i u m E l e m e n t s 

(E. M. B e n s o n and M. V, Nevit t ) 

P l u t o n i u m - Z i r c o n i u m : C e r t a i n d i s c r e p a n c i e s in the pub l i shed 
v e r s i o n s of the h igh z i r c o n i u m end of the p h a s e d i a g r a m a r e be ing i n v e s t i 
ga t ed by X - r a y d i f f rac t ion and m e t a l l o g r a p h i c t e c h n i q u e s . As the f i r s t s t ep 
we a r e work ing to e s t a b l i s h w h e t h e r the de l ta p l u t o n i u m p h a s e f o r m s by the 
eu t ec to ida l d e c o m p o s i t i o n of /3 z i r c o n i u m a t 620°C,'^ o r f o r m s p e r i t e c t o i d a l l y 
f r o m eps i lon plutoniu3xi and a lpha z i rcon iuna a t 630°C.° The w o r k h a s thus 
f a r been l i m i t e d to an X - r a y s tudy of the 50, 60, and 70 a / o z i r c o n i u m 

"^M. B. Wald ron , J . G a r s t o n e , J . A. L e e , P . G. M a r d o n , J . A. C. M a r p l e s , 
D. M. P o o l e , and G. K. W i l l i a m s o n , " T h e P h y s i c a l M e t a l l u r g y of P l u 
t o n i u m , " P r o c e e d i n g s of the Second Uni ted Na t ions I n t e r n a t i o n a l Con
f e r e n c e on the Peace fu l U s e s of A t o m i c E n e r g y , Vol, 6, B a s i c M e t a l -
l u r g y and F a b r i c a t i o n of F u e l s , 162-169 (1958). 

^A. A. B o c h v a r , S. T. Konobeevsky , V. I. K u t a i t s e v , I. S. Mensh ikova , 
and N. T. C h e b o t a r e v , " I n t e r a c t i o n of P l u t o n i u m and O the r M e t a l s in 
Connec t ion wi th T h e i r A r r a n g e m . e n t in M e n d e l e e v ' s P e r i o d i c T a b l e , " 
P r o c e e d i n g s of the Second Uni ted Na t ions I n t e r n a t i o n a l Con fe r ence on 
the Peace fu l U s e s of A t o m i c E n e r g y , Vol. 6, B a s i c M e t a l l u r g y and 
F a b r i c a t i o n of F u e l s , 184-193 (1958). " " 
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alloys quenched from. 620, 639, and 660°C. It is hoped that a l imited number 
of heat t rea tments in these t empera tu re and composition ranges will be 
sufficient to tes t the validity of the constructions in the two diagram.s. Re
sults a re as yet inconclusive since the epsilon plutonium (^z i rconium) 
phase which according to both d iagrams should exist in the alloys quenched 
from 639 and 660°C, has not been identified in any of the diffraction pa t te rns . 
At this point it appears that this may be due to too low a quenching rate of 
the needle-shaped X-ray specimens. Fur ther work is in p rog res s to r e 
solve this problem. 

Plutonium-Ruthenium: Five compounds of the binary plutonium-
ruthenium system., PuRuz, PuRu, PugRuj, PU3RU and Puj^Ru, have been p r e 
pared and investigated. X-ray diffraction studies of the PuRuj compound 
confirm the existence of the CujMg-type s t ructure as reported.9 The lattice 
pa rame te r , ao = 7.474 +0.001A, is in good agreement with the published value. 
Comparison of PuRuj with Laves phases in other sys tems (see section on 
Alloying Proper t ies ) shows that the contractions of the ruthenium and the 
plutonium atoms a r e consistent with those shown by these two atomic species 
in other Laves phases . Diffraction studies of PuRu also confirm the CsCl 
s t ruc ture type that has been repor ted. 

D. Alloying P rope r t i e s 

1. Studies on Transi t ion Metal Intermediate Phases 
(A. E. Dwight and M. V. Nevitt) 

Publication: 

1. A, E. Dwight and P. A. Beck, "Close-Packed Ordered 
St ructures in Binary AB3 Alloys of Transi t ion E le 
men t s , " AIME Trans . 215 976-979 (December 1959). 

The general objective of this p rogram has remained un
changed since the las t Annual Report, namely, the study of the roles and 
interre la t ions of atomic size, valency effects, and stacking geometry in the 
occurrence of intermediate phases in t ransi t ion meta l sys tems. In addition 
to the compound types discussed in the las t Annual Report, a group of in ter
mediate phases having the AB5 formula and a group i sos t ruc tura l with 
a-manganese have been examined. The Hf-Co binary diagram and the 
t e rnary diagrams of Z r - C o - O and Zr -Ni -O have also received attention. 
Details of these studies a r e discussed below. 

9 F . W . Schonfeld, E. M. C r a m e r , W. N. Miner, F . H. Ell inger, and 
A. S. Coffinberry, "Plutonium Constitutional Diagrams ," Prog, in 
Nuc. Energy, Ser ices V, Vol. 2, Metallurgy and Fuels , 579-599, 
Pergamon P r e s s , London (1959). 



L a v e s - t y p e P h a s e s : In the A n n u a l R e p o r t for 1958 (ANL-5975) 
it w a s s t a t e d t h a t L a v e s - t y p e p h a s e s w e r e found in 13 b i n a r y s y s t e m s out of 
28 wh ich w e r e i n v e s t i g a t e d . A s a c o n t i n u a t i o n of t h i s s e a r c h , 18 add i t i ona l 
L a v e s - t y p e p h a s e s w e r e d i s c o v e r e d ou t of a n a d d i t i o n a l 45 s y s t e m s i n v e s t i 
ga t ed d u r i n g 1959. The 18 L a v e s - t y p e p h a s e s a r e l i s t e d in T a b l e VI. 

T A B L E VI 

L a v e s P h a s e s S tud ied du r ing 1959 

AB2 

ScFe2 
ScCo2 
ScRu2 
Sclr2 
YNiz 
YRh2 
YPt2 
LaRu2 
LaOs2 
LaRh2 
La l r2 
L a P t z 
CePtz 
GdPtz 
E r F e z 
E r R u 2 
HfAl2 
ThRu2 

Type 

C36 
C15 
C14 
C15 
C15 
C15 
G15 
C I S 
C15 
C15 
C15 
C15 
C15 
C15 
C15 
C14 
C14 
0 1 5 

0 
c, A 

16.278 

8.53 

8.790 
8.673 

a, A 

4 .972 
6.921 
5.14 
7.346 
7.184 
7.489 
7.607 
7.701 
7,736 
7.647 
7.688 
7.755 
7.723 
7.577 
7.274 
5 .235 
5.241 
7.649 

c / a 

3.274 

1.66 

1.679 
1.655 

D A - ^ A . ^ 

+ 0,2295 
+0.2852 
+ 0.0833 
+0.1012 
+ 0.4913 
+ 0.3593 
+0.3082 
+ 0.4155 
+ 0.4003 
+0.4389 
+0.421 
+ 0.3921 
+0.306 
+ 0.3232 
+ 0.3644 
+ 0.2177 
- 0 . 0 5 5 4 
+ 0.2836 

D g - d B , 1 

+ 0.098 
+ 0.06 
+ 0.0501 
+ 0.1135 
-0 .0521 
+ 0,0379 
+0.0821 
-0 .077 
-0 .065 
- 0 . 0 1 8 
-0 .0075 
+ 0.0297 
+0,041 
+ 0.0928 
+ 0.009 
-0 .018 
+ 0.2181 
- 0 . 0 5 8 

T h e l a t t i c e c o n t r a c t i o n s (for def in i t ion s ee A N L - 5 9 7 5 ) of 
the L a v e s - t y p e p h a s e s t h a t h a v e b e e n s t u d i e d d u r i n g the p a s t two y e a r s 
a r e p l o t t e d a g a i n s t t he r a d i u s r a t i o s in F i g u r e s 17 and 18, When the da t a 
p o i n t s a r e d e s i g n a t e d w i th r e s p e c t to the iden t i t y of the B - e l e m e n t they 
c a n be f i t t ed f a i r l y w e l l to 3 c u r v e s , e a c h of wh ich r e p r e s e n t s a g r o u p of 
B - e l e m e n t s . It c a n be s e e n t h a t t h e c o n t r a c t i o n s of both the A - a n d B -
p a r t n e r a r e s m a l l e r w h e r e B i s r u t h e n i u m , r h e n i u m o r o s m i u m , t h a n w h e n 
B i s r h o d i u m , i r i d i u m o r p l a t i n u m . When the s a m e d a t a p o i n t s a r e l a b e l e d 
wi th r e s p e c t to t h e i den t i t y of t h e A - e l e m e n t (not shown h e r e ) , one c a n c o n 
c lude t h a t A - and B - e l e m e n t c o n t r a c t i o n s a r e s m a l l e r w h e n A i s a t i t a n i u m 
g r o u p e l e m e n t o r a n a c t i n i d e e l e m e n t t h a n w h e n it i s s c a n d i u m , y t t r i u m o r 
one of the l a n t h a n i d e s . A c o m b i n a t i o n of both of t h e s e f a c t o r s a c c o u n t s fo r 
the low c o n t r a c t i o n s o b s e r v e d in s u c h p h a s e s a s ThRcg. 



Figure 17 

Contraction of the A-Element m AB2 Laves Phases 
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Figure 18 

Contraction of the B-Element in AB2 Laves Phases 
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The newly repor ted Laves- type phases r a i s e the known 
total number to l 6 l . An analys is of data pertaining to a l l known Laves -
type phases leads to the following additional conclusions: 

1. The rat io of the Goldschmidt rad i i of the component e lements 
in the pure s ta te can range f rom 1.05 to 1,68, and thus the Goldschmidt 
radius rat io is a poor c r i t e r i on of whether a Laves- type phase is likely 
to occur in an unknown sys tem. It is nece s sa ry that the A-e lement be 
l a r g e r than B. 

2. Cubic (CIS) Laves- type phases exist with radius ra t ios f rom 
1,05 to 1.68, but hexagonal (014, C36) phases exist over a somewhat n a r 
rower band of 1.06 to 1,40. 

3. The posi t ion of the pa r tne r eleraents in the per iodic table is a 
controll ing factor in determining which of the three Laves- type phases will 
be formed. Rhodium and i r id ium form only cubic phases ; rhenium forms 
only hexagonal phases . These a r e examples of a t rend in which B-eleinents 
of the manganese and i ron groups favor hexagonal Laves- type phases and 
B-e lements of the nickel and cobalt groups favor cubic phases . The excep
tions to this t rend a r e mos t numerous among the B-e lements of the f i r s t 
long per iod. 

4. The B-elenaents rhodium and pal ladium a r e much m o r e reluctant 
to fo rm Laves- type phases than the other e lements of thei r respect ive 
groups: cobalt, nickel , i r id ium, pla t inum. In pa r t i cu la r , pal ladium will 
par t ic ipa te only with the ex t r eme ly e lec t roposi t ive A-e lemen t s of the ca l 
cium group. A tentat ive explanation is that palladium is l e ss able than 
plat inum to undergo the n e c e s s a r y contract ion, and therefore can form 
Laves- type phases only with A-e l emen t s which a r e sufficiently large and 
open in s t ruc tu re (smal l ionic co re ) . 

5. It is noted that thor ium behaves m o r e like the t i tanium group 
e lements than like the scandium group. 

ABg Compounds; The sea rch for o r d e r e d phases of AB3 
composi t ion was broadened to include e lements of the scandium group and 
u ran ium as A - e l e m e n t s , and aluminum as a B-element , Ten additional AB3 
phases a r e l i s ted in Table VII with their la t t ice p a r a m e t e r s . The lat t ice 
contract ion values l i s ted in Table VII a r e computed by D A B ~ ^ A B ' where 
•^AB ^^ *-̂ ® average of the two Goldschmidt d i a m e t e r s , and d ^ g is the min i 
mum distance between an A and B atom in the alloy, as calculated f rom the 
la t t ice cons tan ts . 

F igure 19 is a plot of la t t ice contract ion vs the rat io of the 
Goldschmidt rad i i . It is noted that AB contract ion is g rea te s t when the 
A-e lement is of the scandium group, and that contract ion dec r ea se s as the 



TABLE VII 

C o m p o s i t i o n 

T h P d s 
VPda 
V P t j 
HfAls 
ScPds 
S c P t j 
YPta 
ThRhj 
URh3 
UIra 

AB3 P h a s e s 

S t r u c t u r e Type 

T i N i j , DO24 
T i A l j , DO22 
TiAla, DO22 
Z r A l j , DO23 
CujAu, LI2 
CU3AU, LI2 
CujAu, LI2 
CU3AU, LI2 
CU3AU, LI2 
CujAu, LI2 

Studied du r ing 1959 

Co,A 

9.826 
7.753 
7.824 

17.155 

3-0 ' -"• 

5.856 
3.847 
3.861 
3.989 
3.981 
3.958 
4 .075 
4 .139 
3.991 
4 .023 

c / a 

1.678 
2.015 
2.027 
4.301 

D A B - d A B . A 

+ 0.245 
+ 0.0143 
+0.0164 
+ 0.151 
+ 0.2007 
+ 0.229 
+ 0.3061 
+0.2158 
+ 0.0525 
+ 0.0419 

Figure 19 

Contraction in AB3 Compounds 
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A-element va r i e s as follows: Sc group —» Ti group (includes Th) —m- V 
group. The data points for al loys in which the A-element is uranium lie 
well below those for the vanadium group al loys, as if uranium were func
tioning as a m e m b e r of the chromium group. It should be noted that 
Haworth and Hurae-Rotheryl 0 have also included uranium in the chromium 
group. The data points for alloys in which A is t i tanium, zirconium,haf
nium or thor ium can be fitted to two curves , which a r e peculiar both to a 
grouping of B-e lements and to a specific c rys ta l s t ruc ture ; that i s , the 
lower of the two curves r e p r e s e n t s the B-e lements rhodium and ir idium, 
and the c rys ta l s t ruc tu re is of the CU3AU type. The upper curve r ep resen t s 
the B-e lements pal ladium and platinum and the c rys ta l s t ructure if of the 
TiNij type. 

If the curves on Figure 19 a r e extrapolated back to 
^ A / ^ B = 1-0 a contract ion is implied for Sc- , T i - , and V-group al loys. 
This observat ion indicates that the stability of these AB3 compounds does 
not resu l t ent i rely f rom optimal space filling by spher ical a toms , since 
A and B a toms having the same radius could be accommodated without a 
contract ion. 

The study of AB3 compounds leads to the conclusion that, 
with respec t to the s t ruc tu re type, thor ium and uranium behave as m e m b e r s 
of the t i tanium group, although the accepted form of the periodic table l i s ts 
thorium and uran ium as actinide e lements , with the zero element, actinium, 
included in the scandium group. The sequences of compounds having the 
same c rys t a l s t ruc ture a r e the bas i s for the above conclusion. These a re 
l is ted in Table VIII. 

TABLE VIII 

I sos t ruc tu ra l Phases of the Plat inum Metals 

B - E l e m e n t 

R h 
I r 
P d 
P t 

A - E l e m . e n t 

T i 

CU3AU 
CU3AU 

T i N i s 
C u j A u 

Z r 

OU3AU 
CU3AU 

T i N i s 
T i N i 3 

Hf 

OU3AU 
CU3AU 

T i N i j 
T i N i s 

T h 

OU3AU 
-

T i N i g 
*: 

u 
CU3AU 
CU3AU 

T i N i s 
M g C d j 

•The compound ThPt3 has been isolated me ta l -
lographical ly but its c rys ta l s t ruc ture has not 
yet been determined. 

^C. W. Haworth and W, Hum.e-Rothery, A Note on Transi t ion Metal 
Alloys, Phil , M a g . 2 (33) 1013-1019 (1958). 
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It was also noted in an ea r l i e r section of this repor t , that 
on Laves- type phases , that thor ium behaves more like the t i tanium group 
elements than like the scandium group. The idea that thor ium is a member 
of the t i tanium group is not inconsistent with the " thoride" hypothesis ad
vanced by Zachariasen-"-•'• and reviewed recently by Makarov,-!-^ According 
to this hypothesis , thor ium is the zero element of the " thoride" s e r i e s , 
r a the r than act inium being the zero element of an actinide s e r i e s . 

It was f i r s t shown by Laves and 'Wallbaum-'-3 that an 
o rdered AB3 compound, TiNi3, could be explained by ABAC stacking of 
o rde red l a y e r s . Since then other stacking schemes have been discovered, 
until at p r e sen t 7 farail ies of AB3 compounds can be explained in t e r m s of 
layer stacking. Three c l a s s e s of o rde red l aye r s a r e known, and a r e shown 
in F igures 20, 21 and 22. The stacking schemes and c lass of layer for the 
seven known famil ies a r e shown in Table IX. The complexit ies of ce r ta in 

Figure 20 

Ordered Layer, Class I 

Figure 21 

Ordered Layer, Class II 

Figure 22 

Ordered Layer, Class III 
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l lW. H. Zachar iasen , "Crysta l Chemis t ry of the 5f E lement s , " in The 
Actinide Elements by G. T. Seaborg and J. J . Katz, McGraw-Hil l 
Book Co., New York (1954). 

•'•^E. S. Makarov, Crys ta l Chemis t ry of Simple Compounds of Uranium, 
Thorium, Plutonium, Neptunium, 45, 120, published by Consultant 
Bureau, Inc., New York, N.Y. (1959). 

^ 3 F . Laves and H. J. Wallbaum, Die Kr i s ta l l s t ruk tur von NisTi und SigTi, 
Zeit. Kr is ta l lographie , 101 78-92 (1939)^ 



TABLE IX 

Classif icat ion of AB3 Ordered Layer Structures 

Class of Layer 

I 
I 
I 
I 

II 
II 

III 

Stacking Sequence 

ABAB 
ABCABC 
ABOACB 
ABAC 
ABAB 
ACEDFB* 
ACEDFB 

Family 

MgCds 
CU3AU 
PUAI3 

TiNig 
TiCu3 
TiAls 
ZrAlj 

Symnaetry 

Hexagonal 
f.c. cubic 
Hexagonal 
Hexagonal 
Orthorhombic 
Tetragonal 
Tetragonal 

* The stacking sequence of the TiAl3 family was 
r epor t ed by Saito and B e c k , ' ^ but using a differ
ent nomenc la tu re . 

stacking schemes (e.g., ACEDFB for the TiAlj family) makes it n e c e s s a r y 
to adopt a s tandard nomencla ture for designating the var ious lat t ice s i t e s . 
Referr ing to Figure 21, a t i tanium atom in the o rde red layer is designated 
as the A s i te . When a second layer is placed on the f i rs t , the t i tanium atom 
of the second layer l ies in the in te r s t i ce of the f i rs t layer designated as 
si te C. The t i tanium atom of the th i rd l ayer l ies above the in ters t ice of the 
f i r s t layer designated as si te E, and so on until six l aye r s have been stacked. 
The seventh layer has the t i tanium atom lying direct ly over the t i tanium 
atom of the f i r s t l aye r ; thus f irs t and seventh l aye r s a r e equivalent and the 
stacking sequence r e p e a t s . A s imi la r stacking of Class I l aye r s in an ABC 
sequence leads to the f ace -cen te red cubic CU3AU s t ruc tu re . 

As the re a r e at l eas t five more famil ies of AB3 compounds 
which have not yet been re la ted to stacking of o rde red l a y e r s , further work 
to locate other AB3 compounds and to de te rmine their c rys t a l s t ruc tu res is 
planned, 

AB5 Compounds: Two famil ies of AB5 compounds a r e being 
invest igated: the f ace -cen te red cubic UNis type and the hexagonal CaCus type. 
There is a c lose re la t ion between these AB5 compounds and the MgCu2-type 
and MgZn2-type Laves phases . Replacement of A a toms with B atoms on 
4 la t t ice s i tes of the MgCu2-type Laves phase c r ea t e s the s t ruc ture of the 
UNis type. In a s imi l a r manner , r ep lacement of A a toms with B a toms on 
3 la t t ice s i tes on each of the (001) and (002) planes of the MgZn2-type Laves 
phases c r e a t e s the s t ruc tu re of the CaCus type. It is to be expected that 
Laves ABj phases and AB5 compounds would occur in many of the same s y s 
t e m s , and this has been found to be the c a s e . The AB5 compounds of the 
CaCus type which have been studied during the past year a r e tabulated in 

1 4 s . Saito and P . A. Beck, The Crys ta l Structure of MoNis, T r a n s . 
AIME 215 935 (1950). 



Table X. No new examples of the UNis type were found, A plot of the B 
atom contraction, D g - d g , vs R A / ^ - B ^̂  shown in Figure 23. 

TABLE X 

Structura l Details of CaCus-Type Compounds 

AB5 

YC05 
YNig 
YCU5 
Y P t j 
LaCo5 
LaNig 
L a C u s 
L a P t s 
CeCog 
CeNig 
CeCug 
C e P t g 
P r C o s 
P r N i g 

0 

c, A 

3.969 
3.961 
4 . 1 1 3 

3.976 
3.982 
4 .112 
4 .376 
4 .016 
4 . 0 0 3 
4 .108 
4 . 3 8 5 
3 .988 
3.975 

0 

a, A 

4 .956 

4 .891 
4 . 9 9 4 

5.108 
5.016 
5 .184 
5.386 
4 . 9 0 3 
4 .887 
5.146 
5.369 
5.027 
4 . 9 6 4 

c / a 

0 .801 
0 .810 
0 .824 
0 .839 
0 .778 
0 .794 
0 . 7 9 3 
0 .812 

0 .819 
0 .819 
0 .798 
0 .817 
0 .793 
0 .801 

D B - d B , 
0 

A 

0 ,0635 
0 .0576 
0 .0447 

0 .0349 
0 .028 
0 .0129 
0 .0898 
0 .0533 
0 .0413 
0 .021 
0 .0892 
0 .0439 
0 .0398 

V^B 

1.435 
1.446 
1.409 

1.494 
1.506 
1.467 
1.352 
1.454 
1.466 
1.428 
1.316 
1.456 
1.468 

1 

AB5 

P r C u s 
P r P t g 
NdCog 
NdNig 
NdCus 
NdPtg 
GdCog 
GdCug 
E r C o g 
E r N i s 
HoCug 
T h C o j 
T h l r g 

0 

c, A 

4 .109 
4 .386 
3.977 
3 .976 
4 .107 
4 .391 
3.967 

0 

a, A 

5.122 
5 .353 
5 .031 
4 . 9 5 6 
5.110 
5 .345 
4 . 9 8 4 

p r e s e n t 
p r e s e n t 

3 .964 4 .859 
p r e s e n t 

3.987 
4 .288 

5 .005 
5 .315 

c / a 

0 .802 
0.819 
0 .791 
0 .802 
0 .804 
0 .822 
0 .796 

0 .816 

0 .797 
0 .807 

D g - d B , 

0 .0248 
0 .0914 
0,047 7 
0 .0408 
0 .0276 
0 .0906 
0 .0597 

0 .0619 

0 .048 
0 .0776 

R A A B 

1.430 
1.318 
1.451 
1.463 
1.425 
1.313 
1.436 

1.411 

1.433 
1.325 

Figure 23 

Contraction of the B-Element in CaCu5-Type AB5 Compounds 
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Here d-g is defined as equal to •/s + • A group ing of po in t s i s ev iden t . 
4 12 

with compounds w h o s e B - e l e m e n t is coba l t , n i c k e l , i r i d i u m o r p l a t i n u m 
lying n e a r the u p p e r l i n e , and t h o s e whose B - e l e m e n t is c o p p e r lying n e a r 
the l o w e r l i n e . The a p p a r e n t l e s s e r c o n t r a c t i o n of c o p p e r canno t be c o m 
p a r e d a t t h i s t i m e wi th L a v e s o r AB3 c o m p o u n d s . 

P r o b a b l y the m o s t defini te f a c t o r con t ro l l i ng the c r y s t a l 
s t r u c t u r e of AB5 compounds i s the s i ze f a c t o r . A r a t h e r s h a r p d iv i s ion 
e x i s t s a t KpJ'R.-Q r a t i o s of 1 .29-1.30, Below th i s r a t i o only the UNi5 type 
is found; above i t only the CaCus type . The s e n s i t i v i t y to s i ze f ac to r i s in 
c o n t r a s t to the L a v e s p h a s e s , in which e i t h e r c r y s t a l s t r u c t u r e m a y be 
found o v e r a wide r a n g e of r a d i u s r a t i o s . The effect of s i ze f a c t o r exp la in s 
why z i r c o n i u m , hafn ium and u r a n i u m f o r m the UNis- type compound with 
n i c k e l , but thor iuna f o r m s the CaCus type wi th n i cke l . The loca t ion of A -
and B - e l e m e n t s in the p e r i o d i c t ab le i s qui te def in i te , a l though th i s m a y 
d e r i v e a t l e a s t in p a r t f r o m the s i z e effect , a s m e m b e r s of s o m e g r o u p s 
a r e a l l l a r g e , and of o t h e r s a l l s m a l l . F i g u r e 24 shows a r a d i a l f o r m of 
the p e r i o d i c t a b l e , in which t h o r i u m is a m e m b e r of the t i t a n i u m g roup 

Figure 24 

Pattern of Elements Which Form CaCUg-Type AB5 Compounds 
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and i s a l s o the z e r o m e m b e r of a " t h o r i d e " s e r i e s . On th i s t ab le a r e supe r 
i m p o s e d the A - and B - e l e m e n t s known to f o r m CaCug- type c o m p o u n d s , 
inc luding a l l compounds f r o m the l i t e r a t u r e a s we l l a s ANL w o r k . 

A f e a t u r e of the hexagona l CaCus - type compounds is t ha t 
the a x i a l r a t i o l i e s c l o s e to 0.80. Yet a c l o s e r i n s p e c t i o n r e v e a l s a r e l a 
t ion b e t w e e n the a x i a l r a t i o and the r a d i u s r a t i o , a s shown in F i g u r e 25 . 

Figure 25 

Axial Ratio Versus Radius Ratio m CaCu5-Type ABg Compounds 
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For each B-element , the axial rat io dec reases smoothly with increasing 
radius rat io , with the exceptions of cer ium, which deviates from the curve, 
and yt t r ium, which always l ies above the curve. The deviation in the c / a 
of the AB5 alloys containing cer ium appears to be due to the same cause 
as the deviation of ce r ium from the line of DjVB'^AB contraction in the 
equiatomic AB alloys, r e fe r red to in an ea r l i e r section of this report . 
Other workers-"-^ have repor ted s imi lar phenonaena with regard to cer ium, 
and have advanced the tentative explanation that ce r ium may have a +4 va
lence, in contras t to a +3 for other r a r e ea r ths , and therefore cer ium may 
have a smal le r than expected effective radius . 

15j . H. Wernick and S. Cel lar , Transi t ion Element -Rare Ear th Com
pounds with the CaCu5 Structure , Acta Cryst . 12 662 (1959). 



a - M n - t y p e Compounds: A study of the a-Mn-type com
pounds is under way to de te rmine the fac tors controlling the occur rence 
of the compound. Table XI l i s t s the sys t ems investigated and the r e s u l t s . 

TABLE XI 

Occur rence of a-Mn-type Compounds 

System 
Ta-Os 
Nb-Os 
Z r - R e 
Hf-Re 
Th-Re 
U-Re 
Nb-Ru 

ao, A 
9.659 
9.640 
9.75 
9.711 

a /o B 
66 
66 
83 
83 

None found* 
None found* 
None found** 

•One composi t ion investigated, 83 a /o Re. 

**Three composi t ions investigated: 60, 65, 
75 a /o Ru. 

The a-Mn-type s t ruc tu re occurs only when the A-e lement 
l ies in the t i tanium, vanadium, or ch romium groups ( i .e . , to the left of the 
manganese group) and the B-e lement is e i ther rhenium or osmium. This 
implies that the combination of an e lec t roposi t ive A-e lement and an e l ec t ro 
negative B-e lement can synthesize the n e c e s s a r y e lectronic a r r angemen t 
to s tabi l ize an a-Mn-type corapound. In the Nb-Os and Ta-Os sys t ems , the 
ABg composit ion has the a-Mn-type s t ruc tu r e . 

TigNi-type P h a s e s : The d iscuss ion of the TigNi-type s t r u c 
tu re in the 1958 Annual Report dealt with the in terpre ta t ion of the occur rence 
of the compound in the t e r n a r y sys tems T i -Mn-O, T i - F e - O , Ti -Co-O and 
T i -Ni -O. During the pas t y e a r the quali tat ive cor re la t ion with valency 
e lec t ron concentra t ion has been applied to the m.ore genera l case of the oc 
c u r r e n c e of the same phase in the sys t ems in which t i tanium, z i rconium or 
hafnium is pa i red with a B -pa r tne r f rom the f i r s t , second or th i rd long 
per iod, with and without oxygen a s a th i rd component. The phase is r ega rded 
a s a kind of e lec t ron compound with oxygen exert ing a stabilizing role through 
its effect on the valency e lec t ron concentra t ion. The essent ia l points of the 
hypothesis a r e the following: (1) Oxygen ac ts as an e lec t ron acceptor , r e 
ducing the e lec t ron concentra t ion and thereby stabil izing the phase in sys tems 
where the electron^atom ra t io is o therwise unfavorably high. (2) The min i 
mum oxygen content r equ i red for stabil i ty can be co r re l a t ed with the 
B-pa r tne r valency which, within a given long per iod, is a s sumed to dec rea se 
with increas ing a tomic number , (3) The upper l imit of oxygen solubility 
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occurs when the 16 (c) posit ions of the O-^ - Fd 3m space group a r e filled. 
These posi t ions a r e in te rs t i t i a l with r e spec t to the 96 meta l a tom posi t ions. 

It has been found that the occur rence of all of the i s o s t r u c 
tu ra l phases containing t i tanium, z i rconium or hafnium is consis tent with 
this hypothesis . Severa l in te res t ing side effects a r e these : (1) Titanium 
and z i rconium exhibit essent ia l ly the same valency in this compound, but 
the valency of hafnium is significantly lower (2) Rhodiuna and pal ladium 
and i r id ium and plat inum have higher valencies than the i r respect ive f i r s t 
long per iod m e m b e r s , cobalt and nickel , m keeping with the observat ion 
made by Hume-Rothery and C o l e s l " that among e lements of the iron, co
balt and nickel groups the re is a tendency toward higher valencies in the 
l a t e r pe r iods , (3) The l a r g e r a tomic radi i of second and thi rd long per iod 
e lements introduce a weak size factor effect that was not evident from 
p r i o r work. The radius ra t ios of a l l of the compounds fall between 1,05 
and 1.27, with a peak in frequency of occu r rence at 1 17, (4) "When the 
B-pa r tne r is manganese , the meta l components exhibit AB s toichiometry 
r a the r than A2B s to ichiometry , i r r e spec t ive of whether the A - p a r t n e r is 
t i tanium, z i rconium or hafnium These observa t ions , together with the 
approximate composit ion boundar ies of the phase in the t e r n a r y sys tems 
Z r - F e - O , Z r - R h - O , Z r - I r - O , and Z r - P t - O , a r e shown m Figure 26, 
Table XII l i s t s the new Ti2Ni-type phases found, and thei r la t t ice p a r a i n e t e r s . 

TABLE XII 

New TijNi-Type P h a s e s 

System 

1 T i -Rh-O 
: T i " I r - 0 

Z r - P d - O 
Z r - F e - O 
Hf-Mn 
Hf»Fe 
Hf-Co 
Hf-Ru-Ni 

1 Hf-Os^Ni 

Composit ion (a/o) 

57.3 Ti. 28,7 Rh 14 O 
57.3 Ti 28.7 Ir 14 O 
57.3 Zr,, 28.7 Pd, 14 O 
63.5 Zr , 31.5 Fe , 5 O 
50 Hf 50 Mn 
66.7 Hf 33.3 Fe 
66.7 Hf, 33.3 Co 
67 Hf, 10 Ru 2 3 Ni 
67 Hf 10 Os 23 Ni 

0 

ao A 

11.585 t 0.001 
11.6198 t 0.0005 
12.458 i 0.001 
12.189 t 0.001 
11.812 t o . 0 0 1 
12.0555 + 0.0005 
12.1036 t 0.0004 
12,1730 + 0.0007 
12.1794 + 0.0004 

A logical extension of the study of valency effects has been 
concerned with the occu r rence of the phase in five t e r n a r y sys tems having 
in each ca se hafnium, and nickel as two of the components , and cobalt, r ho 
dium, i r id ium, ruthenium, or osmium as the th i rd component. Start ing with 
the assumpt ion that TigNi-type phase does not occur in the b inary Hf-Ni s y s 
t e m because the electron::atom rat io is too low, the following two predic t ions 
can be readi ly made , 

l^W. Hume-Rothery and B R. Coles . The Trans i t ion Metals and Their 
Alloys Advances in Phys ics 3̂  1"̂ 9 (1954) 
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1. The extent of rep lacement by nickel of cobalt, rhodium and 
i r id ium in the Ti2Ni-type phases HfjCo, HfgRh and Hfglr should inc rease in 
the sequence Co—»» Rh—•» Ir , in keeping with the increasing valency of 
Co-group elements with increas ing per iod number. 

2. The e lec t ron:a tom ra t ios for the composit ions HfjRu and HfjOs 
a r e probably too high for Ti2Ni-type phases to be stable, but favorable 
e lect ron:a tom ra t ios should occur at cer ta in t e rna ry compositions in the 
sys tems Hf-Ni-Ru and Hf-Ni-Os. 

Sufficient data have now been collected to show that both 
of these predict ions a r e c o r r e c t . F igure 27 shows the approximate loca
tion of the TijNi-type phase fields in these sys tems . Fur the r work is under 
way to determine the composit ion boundaries with g rea t e r accuracy . 

Figure 27 

Approximate Boundaries at 1100°C of the Ti2Ni-type Phases in the Ternary 
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T h e s e f a v o r a b l e r e s u l t s have s t r e n g t h e n e d o u r conf idence 
in the e l e c t r o n c o m p o u n d c o n c e p t , and we now b e l i e v e t h a t we a r e j u s t i f i ed 
in d e r i v i n g a s e t of e m p i r i c a l v a l e n c y n u m b e r s for a l l of the c o m p o n e n t 
e l e m e n t s and a s s e s s i n g the c r i t i c a l l i m i t s of the e l e c t r o n : a t o m r a t i o c o r 
r e s p o n d i n g to the s t ab i l i t y of the p h a s e . Th i s w i l l be done d u r i n g the c o m 
ing y e a r , and an a t t e m p t wi l l t h e n be m a d e to t r e a t t h e s e e m p i r i c a l v a l e n c y 
e l e c t r o n c o n c e n t r a t i o n l i m i t s in t e r m s of B r i l l o u i n zone c o n c e p t s . If a 



B r i l l o u i n zone m o d e l c a n be d e r i v e d for t h i s s t r u c t u r e , t he e x p e c t e d i n t e r 
a c t i o n s b e t w e e n the F e r n n i s u r f a c e and the zone b o u n d a r i e s can be s tud ied 
by m a g n e t i c s u s c e p t i b i l i t y m e a s u r e m e n t s , 

Hf -Co E q u i l i b r i u m D i a g r a m ; W o r k on the Hf-Co s y s t e m 
is con t inu ing . The t e n t a t i v e e q u i l i b r i u m d i a g r a m is shown in F i g u r e 28, 

Figure 28 
The Hf-Co Equilibrium Diagram 
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The Z r - C o - O and Z r - N i - O Ternary Systems: Initial 
in te res t in the binary sys tems Z r - C o and Zr -Ni , and the corresponding 
t e rna ry sys tems with oxygen, s temmed from the belief that a TigNi-type 
phase might occur in one or more of them. It now appears cer ta in that, 
due to an unfavorable size factor, none of these sys tems contains a 
TijNi-type phase , although both binary d iagrams contain compounds having 
A2B stoichiometry. Zr2Ni has been repor ted to be i sos t ruc tura l with 



CuAl2 ' wh i l e the s t r u c t u r e of Zr2Co h a s not b e e n d e s c r i b e d . We have 
con t inued to s tudy the two t e r n a r y s y s t e m s wi th oxygen b e c a u s e of ou r d i s 
c o v e r y in e a c h s y s t e m of a n o x y g e n - s t a b i l i z e d p h a s e w h i c h o c c u r s in a 
n a r r o w , e l o n g a t e d p h a s e f ie ld v e r y s i m i l a r in a p p e a r a n c e to the Ti2Ni- type 
p h a s e f i e ld s p r e v i o u s l y d i s c u s s e d . An i m p o r t a n t d i f f e r e n c e , h o w e v e r , i s 
the fac t t h a t the two new p h a s e s a r e b a s e d upon A3B s t o i c h i o m e t r y for the 
m e t a l c o m p o n e n t s r a t h e r t han the A2B s t o i c h i o m e t r y of the Ti2Ni- type 
p h a s e s . The two p h a s e s give e s s e n t i a l l y i d e n t i c a l d i f f rac t ion p a t t e r n s 
s u g g e s t i n g tha t they a r e i s o s t r u c t u r a l c o m p o u n d s . H o w e v e r , a t t e m p t s to 
index the p a t t e r n s h a v e t h u s f a r b e e n u n s u c c e s s f u l . The z i r c o n i u m - r i c h 
c o r n e r s of the 950°C i s o t h e r m a l s e c t i o n s a r e shown in F i g u r e 29. 

Figure 29 
The Zirconium-rich Corners in the Ternary Systems 
Zirconium-Cobalt-Oxygen and Zirconium-Nickel-Oxygen 
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2 . O c c u r r e n c e and Magne t i c P r o p e r t i e s of C^ and S i g m a P h a s e s 
(M. V. Nevi t t ) 

I r o n - V a n a d i u m : The w o r k on two a l l o y s in t h i s s y s t e m du r ing 
the p a s t y e a r w a s bo th a n e x t e n s i o n of the s tudy of the C s C l - t y p e p h a s e 
a n d the i n i t i a l s t ep in the s tudy of the m a g n e t i z a t i o n of the s i g m a p h a s e . 
A s a r e s u l t of the w o r k on T i F e , a n i n t e r e s t i n g c o r r e l a t i o n w a s o b s e r v e d 
b e t w e e n the m a g n e t i z a t i o n and the l a t t i c e c o n t r a c t i o n for e q u i a t o m i c a l l o y s 
of i r o n wi th t i t a n i u m , v a n a d i u m and c h r o m i u m . H o w e v e r , the m a g n e t i z a t i o n 
of FeV w a s d e r i v e d f r o m an e x t r a p o l a t i o n of da ta on i r o n - r i c h a l l o y s , and 
i t w a s c o n s i d e r e d n e c e s s a r y to c h e c k the va l i d i t y of the c o r r e l a t i o n by d e 
t e r m i n i n g the m a g n e t i z a t i o n of one o r m o r e F e - V a l l o y s in the v ic in i ty of 
the e q u i a t o m i c c o m p o s i t i o n . A c c o r d i n g l y the s a t u r a t i o n m a g n e t i z a t i o n s of 
the two a l l oys 60 F e - 4 0 V and 53 F e - 4 7 V in the m e t a s t a b l e a l p h a - p h a s e 
cond i t ion w e r e d e t e r n a i n e d by m e a n s of m a g n e t i c i s o t h e r m s a t 9, 5 1 , 79, 
and 297°K. The c u r v e s of spec i f i c m a g n e t i z a t i o n v e r s u s i n t e r n a l f ie ld fo r 

I"?!. F . S m i t h , W. E . K i r k p a t r i c k . D. M. B a i l e y and D. E . W i l l i a m s , 
C r y s t a l l o g r a p h i c and P h a s e R e l a t i o n s h i p s of the N i c k e l - Z i r c o n i u m 
and N i c k e l - H a f n i u m S y s t e m s , 130-1050 ( June 1958). 



the 53 F e - 4 7 V a l loy a r e shown m F i g u r e 30. In F i g u r e 31 a r e shown the 
r e s u l t s of the p r e s e n t w o r k and the o l d e r da ta of Fallot.• '•° It i s not ye t 
c e r t a i n how o u r new da ta should be i n t e r p r e t e d . The a n o m a l o u s l y low 
value for the 53 a / o F e a l loy m a y be due to a genuine bending o v e r of the 
c u r v e , a s i s thought to o c c u r in c h r o m i u m - r i c h F e - C r a l l o y s . On the o t h e r 
hand , the e x a m i n a t i o n of the m e t a l l o g r a p h i c c o n t r o l s a m p l e s which w e r e 
hea t t r e a t e d and quenched a long wi th the m a g n e t i c s p e c i m e n s (0 .2 - in . 
d i a m e t e r s p h e r e s ) i nd i ca t ed tha t it i s difficult to s u p p r e s s the t r a n s f o r n n a -
t ion to s i g m a in t h e s e a l l o y s . It i s t h e r e f o r e p o s s i b l e t ha t the 53 a / o F e 
a l loy s p h e r e , wh ich w a s q u e n c h e d a t a s l igh t ly s l o w e r r a t e than the 
60 a / o F e a l loy , h a s a l o w e r a p p a r e n t m a g n e t i z a t i o n b e c a u s e it h a s u n d e r 
gone a p a r t i a l t r a n s f o r m a t i o n to the s i g m a p h a s e . The l a t t e r a s s u m p t i o n 
h a s b e e n t e n t a t i v e l y adop ted in F i g u r e 31 by f i t t ing a s t r a i g h t l ine to 
F a l l o t ' s da ta and ou r 60 a / o F e da ta po in t . The s a t u r a t i o n m a g n e t i z a t i o n 
of the 53 a / o F e s p e c i m e n wi l l be r e d e t e r m i n e d a f t e r it h a s b e e n r e h e a t e d 
and g iven a m o r e d r a s t i c quench . The c r i t i c a l eva l ua t i on of the m a g n e t i 
za t ion v e r s u s l a t t i c e c o n t r a c t i o n r e l a t i o n m u s t awa i t the o u t c o m e of t h i s 
add i t iona l w o r k . 

Figure 30 
Specific Magnetization Versus Internal Field 
for 53 a/o Iron-47 a/o Vanadium Alloy 

Figure 31 
Saturation Magnetization Versus 
Composition for Iron-Vanadium 
and Iron-Chromium Alloys 
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,C' 

J _ J I I I I L 
0 10 iO 3 < 4C 70 SC "-"J IC 

H . ••'ILJ-MJS'^ 

Micro 26717 Micro 26718 

The next step is to t rans form the two alpha-phase specimens 
to the stable sigma phase , and rede te rmine the magnetization. The equi
librating heat t r ea tment for the 60 a /o Fe specimen is now in p r o g r e s s . 
The evaluation of the influence of c rys ta l s t ruc ture on the type and magni
tude of the magnetizations of these two alloys should provide an insight 
into the shift in bond cha rac te r that accompanies the t ransformat ion from 
the alpha to the sigma phase . 

°M. Fallot, Fe r romagne t i sm of the Alloys of Iron, Ann. Physique 6_ 
305 (1936). 



I ron-Chromium; This work, represent ing somewhat of a d i g r e s 
sion from the original goal of the p rogram, has been a collaborative effort 
with P ro fessor Paul A. Beck and his assoc ia tes at the Universi ty of Illinois, 
who have m e a s u r e d the specific heat of ch romium-r i ch F e - C r al loys. These 
worke r s have found an unusually la rge value for the t e r m l inear in T in the 
vicinity of 19 a /o F e . In the in terpre ta t ion of this effect a s being r ep re sen ta 
tive of the e lectronic specific heat, much importance at taches to being able 
to show that it is not due to the magnetic t ransformat ion. Our contribution 
has been to study the magnet ic behavior of th ree alloys containing 14, 18, 
and 19 a /o Fe . The following resu l t s have been obtained: (a) Cr -14 a /o Fe . 
This alloy r emains paramagnet ic down to the lowest t empera tu re we have 
obtained in our c ryos ta t , about 3°K. This resu l t is consis tent with that r e 
por ted by Ar ro t t^9 for a Cr -15 a /o Fe alloy, (b) Cr -18 a /o Fe . A sa tu ra 
tion magnetizat ion, a „ , Q, equal to 0.175 Bohr magnetons per a tom was 
determined from a s e r i e s of magnetic i so therms at 8, 26, 37, 48, 60 and 
79°K. The Curie tem.perature of this fer romagnet ic alloy is well above 26°K. 
(c) Cr -19 a /o F e . Work on this alloy, as yet incomplete, indicates that it is 
paramagnet ic as low as Sl^K, but probably goes fer romagnet ic at lower 
t e m p e r a t u r e s . 

The fact that the 18 a /o Fe alloy, and probably the 19 a/o Fe 
alloy as well , have Curie t e m p e r a t u r e s above 25''K, offers strong support 
for the belief that peak in the t e r m l inear in T, seen at 1,5 to 4°K, is not 
due to the magnet ic t ransformat ion , but may be in te rpre ted in t e r m s of 
e lectronic specific heat . 

In F igure 31, the Ooa, o value for the 18 a /o Fe alloy is shown, 
together with the older data of Fallot for F e - C r a l loys . Our data indicate 
that the nonlineari ty of 0oo, o with iron content, proposed by Arrott, '^^ mus t 
begin at an i ron content lower than 18 a /o 

3. Occur rence of the CsCl-Type Structure m Trans i t ion Elem.ent 
Alloys (A. E. Dwight) 

Publication; 

1. A. E. Dwight, "CsCl-Type Equiatom.ic Phases in Binary 
Alloys of Trans i t ion E l emen t s , " T r a n s . AIME 215 
283-286 (April 1959). 

A fur ther study has been made of the occur rence of equi-
atoinic s t r u c t u r e s . Newly d iscovered compounds a r e l i s ted in Table XIII. 
It was noted that the lat t ice contract ion D_^]B-dAB' •̂ °-'̂  compounds between 
s i lver as a B-e lement and y t t r ium and the lanthanides as A-e l emen t s , 
shows an o rder ly re la t ion to the radius rat io Rjv/^B" This re la t ion is 

1 9 A . Ar ro t t , Magnetization of C r - r i c h F e - C r Alloys from 2°K to 300°K, 
Proceedings of the Boston Magnet ism Conference (AIEE), 305 (1956). 

2 0 A . Ar ro t t and H. 'Sato, Onset of Ferrom,agnet ism with Increasing 
Fe Content in F e - C r Alloys, Bull. Am. Phys . Soc 3_ 42 (1958) 



T A B L E XIII 

L a t t i c e 

A B 

GdCu 
E r C u 
E r A g 
LaAg 
CeAg 
NdAg 
P r A g 
HoAg 
DyAg 
SmAg 

C o n t r a c t i o 

S t r u c t u r e 

C s C l 
C s C l 
b . c . c . 
b . c . c . 
b . c . c . 
b . c . c . 
b . c . c . 
b . c . c . 
b . c . c . 
b . c . c . 

as in E q u i a t o m i c Com.pounds 

ao, A 

3.505 
3.432 
3.58 
3.802 
3.758 
3.722 
3.734 
3.594 
3.61 
3.678 

^ A B ; ^ A B , 
A 

0.045 
0.063 
0.101 
0.026 
0.014 
0.042 
0.038 
0.098 
0.091 
0,061 

^ A A B 

1.41 
1.375 
1.217 
1.30 
1.263 
1.261 
1.266 
1.223 
1.228 
1.248 

r e p r o d u c e d in F i g u r e 32. The d e v i a t i o n of c e r i u m f r o m the l ine t h r o u g h 
the o t h e r p o i n t s i s c o m p a r a b l e to a s i m i l a r o b s e r v a t i o n on CaCug- type 
p h a s e s and i s d i s c u s s e d in a n o t h e r s e c t i o n . 

Figure 32 
Lattice Contraction m Equiatomic Compounds Between Silver and the Lanthanides 
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The following additional equiatomic compounds were ob
served meta l lographica l ly . The diffraction pat terns have not been ident i 
fied but a r e not of the CsCl- type : TiRh, Ti l r , TiPd, TiPt , Z rP t , HfRh, 
Hfir, HfPt, NbPt. 

4, Ca lo r ime t r i c Studies of In termeta l l ic Compounds of Trans i t ion 
Elements ( j . B. Darby, J r . , and D. B, Jugle) 

Initiated during 1959, this p rog ram was undertaken in r e c o g 
nition of the need for thermodynamic data in our study of bonding in i n t e r 
meta l l ic compounds and other a l loys . The enthalpy or heat of formation 
of any compound, AH£, is a m e a s u r e of the difference between the total bond 
energy of the a toms in the compound and the sum of the bond energ ies of 
the component a toms in thei r pure e lementa l f o r m s . At constant t e m p e r a 
t u r e , the re la t ionship between the free energy, AFf, the enthalpy, AH£, and 
the entropy of formation, AS£, is given by 

AFf = AHf - TASf . 

The entropy of forraation is a m e a s u r e of randomness which depends upon 
the configuration of the a toms in the compound and upon the difference in 
heat capaci ty between the alloy and the consti tuent e l ements . In genera l , 
the magnitude of the entropy factor is re la t ive ly smal l , and the magnitude 
and sign of AF£ a r e de te rmined mainly by A.H£. Thus a knowledge of the 
heat of formation of a compound gives not only the bonding energy re la t ive 
to that of the pure m e t a l s , but is genera l ly a sufficient indication of the 
stabil i ty of the compound. Unfortunately, accu ra t e thermodynaraic data a r e 
available for only a few meta l l i c systems,^-^ and the inadequacy of the ex
per imenta l methods used in the past has produced heat of formation data 
of l imi ted accuracy . 

Based on an evaluation of the exper imenta l methods used in 
the past , a l iqu id-meta l solution ca lo r ime te r of the twin design has been 
se lected as the type that would yield the g rea tes t accuracy and have the 
broades t application to m e a s u r e m e n t of the heat of formation of compounds 
of t rans i t ion e l emen t s . The design of the ca lo r ime te r has been completed. 
It cons is t s of two reac t ion chamber s surrounded symmet r i ca l ly by a m a s 
sive t he rmos ta t which, in turn , is enclosed by a heater that is control led 
with high prec is ion . The above components a r e bound by seve ra l radiat ion 
shields and enclosed in a suitable vacuum-t ight ve s se l , A twin preheat 
chamber , s i tuated above the ca lo r ime te r proper , will preheat the spec i 
mens in o rder to aid the kinet ics of solution. In addition, it will se rve to 
heat iner t spec imens for ca l ibra t ion purposes to a known t e m p e r a t u r e pr ior 
to a cal ibrat ion drop. This chamber will be adequately shielded from the 
l abora to ry environment . The ca lo r ime te r will be opera ted differentially 
by means of a thermopi le whose junctions a r e a l t e rna te ly at tached between 
each react ion chamber and the surface of the surrounding t h e r m o s t a t . 

^^ O. Kubaschewski and J. A. Gat tera l l , The rmochemica l Data of Alloys, 
Pe rgamon P r e s s , New York, New York~(l956y7 



The select ion of suitable meta l l ic solvents is hindered by the 
modicum of data available on the kinet ics of solution and solubility of t r a n 
sit ion e lements and thei r alloys in low melt ing point meta l s that have low 
vapor p r e s s u r e s , such as tin, a luminum, and indium. An investigation is 
in p r o c e s s to obtain this information for t rans i t ion e lements of the f i r s t 
long per iod . 

Upon const ruct ion and ca l ibra t ion of the ca lo r ime te r , compounds 
of t rans i t ion e lements of the f i r s t long per iod will be investigated f i r s t . This 
is an obvious choice, since mos t of the data for other physical p rope r t i e s 
have been acqu i red f rom alloys whose const i tuents a r e in this per iod. When 
accura te data on the heat of format ion of the var ious compounds a r e available 
a co r re l a t ion with sa tura t ion magnet ic moment data will be at tempted in the 
hope that such co r re l a t ions will contr ibute to an understanding of the nature 
of the bonds in internaetal l ic compounds. 

E, X - r a y and Neutron Diffraction Studies 

1, Magnetic S t ruc ture of (Mn,00)40 (S. S Sidhu) 

The compound Mn2Co2C is cubic with the unit cell dimension 
ao - 3.78 A. Its magnet ic s t r u c t u r e , recent ly reported, '^^ is deduced on the 
bas i s that the carbon a tom is in the cen t r a l 2" 2 T site and the meta l 
atonas a r e o r d e r e d , with the manganese a toms in the 0 0 0 and 7 -j 0 
s i t e s , and the cobalt a toms in the i 0 y s i tes 

A t e r n a r y alloy, Mni^ysCo^ 25C, with a s t ruc tu re s imi la r to 
Mn2CQ2C, was p r e a p a r e d by alloying carbon with a binary alloy Mn2a9Co2.gi. 
An X - r a y diffraction pa t t e rn of the b inary alloy shows that it is face-
cen te red cubic with ao = 3.618 A, but its neutron pa t te rn gives no Bragg 
peaks since the manganese a toms sca t t e r t he rma l neutrons 180° out of phase 
with those of cobalt a t o m s . There fo re , t he re is no order ing of the meta l 
a toms in this alloy. 

2. Diffraction of Neutrons by Krypton in the Liquid State 
(G. T. Clayton and L. Heaton) 

A neutron diffraction study of krypton in the liquid state has 
been c a r r i e d out with monochromat ic neutrons of wave length 1,05 A. With 
appara tus developed for th is exper iment , diffraction pa t te rns were obtained 
over a t e m p e r a t u r e and p r e s s u r e range f rom 117°K and 0.8 a tmosphere 
(near the t r ip le point) to 210°K and 54 a t m o s p h e r e s (above the c r i t i ca l point). 

The a tomic rad ia l d is t r ibut ion function, the n e a r e s t neighbor 
d i s tance , and the coordinat ion number w e r e de termined for each ca se by 
F o u r i e r invers ion of the exper imenta l ly obse rved neutron scat ter ing c u r v e s . 
A s u m m a r y of these data follows. .___. 

^^A. H. Hol tzman and G. P . Conrad II, S t ruc tura l and Magnetic P r o p e r 
t ies of Mn-Co-C Alloys, J . Appd. P h f s ~ 3 0 (4) 1035-1048 (April 1959)". 
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T e m p e r a t u r e 
("K) 

117 
133 
153 
183 
210 

3 . Neut 

P r e s s u r e 
(Atmo sphe res ) 

0.8 
2.6 
7.0 

24.2 
54.0 

Density 
(Atoms/A^) 

0.0176 
0.0166 
0.0154 
0.0130 
0,0075 

Neares t 
Neighbor 
Distance 

4.02 
4.04 
4.08 
4.10 
4,20 

ron Coherent Scat ter ing Ampli tudes (S. S. 
and M. H. Mueller) 

Publication; 

Coordination 
Number 

8.5 
8.0 
7.0 
6.5 
4,0 

Sidhu, L. Heat< 

1. S. S. Sidhu, LeRoy Heaton and M. H, Muel ler , "Neutron 
Diffraction Techniques and Their Applications to Some 
P r o b l e m s in P h y s i c s , " J . Appd. Phys . 30 1323-1340 
(1959). 

The coherent sca t te r ing ampli tude for indium was r epor t ed 
in the above paper as +0.36 x 10"^^ cm. This value was obtained f rom neu
t ron diffraction pa t t e rns of indium meta l and the compound InSb. 

A s u m m a r y of the neutron coherent sca t te r ing ampli tudes 
for the t i tanium isotopes , a s de te rmined h e r e at Argonne and at Oak Ridge, 
is given in Table XIV. 

TABLE XIV 

Neutron Scat ter ing Data for the Ti tanium Isotopes 

: Ti46 

1 Ti^7 
I Ti^^ 

Ti*9 
Ti^o 

I Ti (element) 

^coh 
(x lO-^^cn^^ 

+ 0.48 
+ 0.33 
-0.58 
+ 0.08 
+0.55 
-0.34 

^coh 
(barns) 

2.90 
1.37 
4.23 
0.08 
3.80 
1.45 

"^Total Scat ter ing 
(barns) 

2.1 
1.3 
3.7 

L 1,0 
3.5 
4 .0 



We a re planning to continue to obtain neutron scat ter ing 
data for a number of different isotopes as they become available in suf
ficient amounts . Cur ren t ly the following isotopes a re being considered: 
Zr9°, Z r 9 \ Zr9^ and Z r ' ^ K^' and K*^ Cl^^ ^^^ ^ l " ; and Rb^^ and R b " . 

4. St ructure of Alkali Metals in the Liquid State (N. S. Gingrich* 
and LeRoy Heaton) 

Neutron diffraction pa t te rns were obtained for the following 
alkali metal l iquids: l i thium (453°K), sodium (373°K), po tass ium (338°K), 
rubidium (313, 433, 513, and 633°K), and ces ium (303, 573 and 848°K). 
Atomic distr ibution curves were computed for all the above cases and 
compared with resu l t s f rom X- ray diffraction studies of l i thium, sodium 
and po tass ium. Jus t above mel t ing t e m p e r a t u r e s the nea re s t neighbor 
dis tances a re for l i thium, 3.15 A; sodium, 3.82 A; potass ium, 4.64 A; 
rubidium, 4.97 A; and ces ium, 5.31 A; and the number of n e a r e s t neighbors 
i s , within one-half a tom, about 9-0 to 9-5 a toms in each ca se . At elevated 
t e m p e r a t u r e s in rubidium and ces ium, a weak subsidiary concentrat ion of 
atoms appears between the usual f i r s t and second-neighbor concentrat ion. 

5. The Uran ia -Thor i a System (M. H. Mueller) 

It has been repor ted tha t a cubic phase is obtained upon heating 
UsOg with ThOz.^-^ In the in te rmedia te composit ion r anges , two "cubic" 
diffraction pa t te rns a re observed, one of which has a lat t ice p a r a m e t e r 
s m a l l e r than that obtained from a cor responding composition of UOj-ThOa 
which has been f ired in a hydrogen a tmosphe re . Since it is reasonable to 
suppose that in the U308-Th02 composi t ions there a re U ions p re sen t as 
well as excess oxygen, in t e r m s of the U02-Th02 composi t ions , it was of 
in te res t to de termine if the "cubic" phase with sma l l e r lat t ice p a r a m 
eter cons is t s of a fluorite s t ruc tu re with essent ia l ly all oxygen s i tes 
occupied, but a deficiency of meta l ions in the other s i tes which might 
account for the dec rea sed la t t ice p a r a m e t e r . 

In o rde r to check this poss ibi l i ty , two samples were p r e p a r e d 
for neutron diffraction: one sample of 50 m / o UO2-50 m / o ThOj fired in 
Hg at 1650°C for 15 hou r s , and another sample of UjOg-ThOz p repa red with 
equal mo la r concentra t ions of u ran ium and thor ium and heated in a i r at 
1450°C for 90 hours . The X- r ay diffraction pa t te rns of the two samples 
showed a single cubic phase for the U02-Th02 mate r i a l and two "cubic" 
pa t t e rns in the UsOg-ThOg sample . The s t rongest "cubic" pa t t e rn from the 
l a t t e r m a t e r i a l has a la t t ice p a r a m e t e r considerably sma l l e r than that ob
se rved in the U02-Th02 m a t e r i a l , and the other ve ry weak pa t t e rn has a 
la t t ice p a r a m e t e r more nea r ly the same as the UOj-ThOg. 

•Univers i ty of Missour i , Consultant to ANL Metal lurgy Division. 

^ ^ F . Von Hund and G. Niessen , Anomale Mischkr is ta l le in System 
Thoriumoxyd-Uranoxyd, Z. E leck t rochem. 56 972 (1952). 
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If the conaposition of this m a t e r i a l is wr i t ten as(U, Th)i_x02, 
where x = 0 for the U02-Th02, and if it is a s sumed that x = 0.15 for the 
U308-Th02 sample , then the calculated re la t ive in tensi t ies for the f i r s t 
th ree peaks in a neutron diffraction pa t t e rn a r e considerably different for 
the two samples , as indicated in Table XV. 

TABLE XV 

Compar i son of Calculated and Observed Relative 
Intensi t ies for U02-Th02 and UsOg-ThOz 

111 
200 
220 

UOz-ThOz 

Calculated 

. 34.1 
3.2 

100.0 

Observed 

UsOg-ThOz 

Calculated i Observed ' 

36.8 
1.4 

100,0 

28.3 
9.5 

100.0 

3 2..5 
n i l 

100.0 

T h e r e i s b e t t e r a g r e e m e n t b e t w e e n c a l c u l a t e d and o b s e r v e d 
i n t e n s i t i e s for the U 0 2 - T h 0 2 t h a n fo r the U308-Th02 . It w a s n o t e d tha t t he 
n e u t r o n p a t t e r n fo r t h e U30g-Th02 s a m p l e w a s s i m i l a r to t h a t o b t a i n e d for 
UO2+X t y p e m a t e r i a l , w h e r e x i s a p p r o x i m a t e l y 0.25 to 0 . 3 3 . A d d i t i o n a l 
w o r k i s n e c e s s a r y to d e t e r m i n e the n a t u r e of t h e s e ox ide p h a s e s . 

6, N e u t r o n D i f f r a c t i o n S p e c t r o m e t e r (S. S. Sidhu, L e R o y H e a t o n 
a n d M~. H. M u e l l e r y •——— 

C o n s t r u c t i o n of the h o r i z o n t a l s p e c t r o m e t e r of a dua l n e u t r o n 
s p e c t r o m e t e r i n s t r u m e n t fo r u s e a t t h e C P - 5 r e a c t o r i s n e a r i n g c o m p l e 
t i o n . It h a s b e e n d e s i g n e d w i th a n u m b e r of s p e c i a l f e a t u r e s , s u c h a s 
(1) Two m o n o c h r o m a t o r s a r e to be u s e d in a n i n - l i n e a r r a n g e n a e n t fo r u s e 
w i th two i n d e p e n d e n t s p e c t r o m e t e r s , one a l a r g e h o r i z o n t a l i n s t r u m e n t and 
the o t h e r a s m a l l e r v e r t i c a l s p e c t r o m e t e r . (2) The h o r i z o n t a l s p e c t r o m e t e r 
a r m w i l l p i v o t a b o u t t he c e n t e r of t h e s p e c t r o m e t e r t a b l e o r m a y a l s o be 
m a d e to p ivo t abou t a p o i n t a p p r o x i m a t e l y 2 f ee t f r o m t h e c e n t e r of t h e t a b l e . 
T h i s a r r a n g e m e n t p e r m i t s t he u s e of t h e i n s t r u m e n t fo r c r y s t a l s t u d i e s i n 
vo lv ing n e u t r o n e n e r g y c h a n g e , (3) T h e h o r i z o n t a l t a b l e i s c o n s t r u c t e d so 
a s to s u p p o r t m a s s i v e a c c e s s o r i e s , s u c h a s c r y o s t a t , f u r n a c e a n d r a a g n e t . 
(4) The m o v e m e n t of t h e h o r i z o n t a l s p e c t r o m e t e r a r n a m a y be c o n t i n u o u s o r 
in v a r i a b l e s t e p s , (5) T h e p o w d e r d i f f r a c t i o n p a t t e r n s a r e to b e r e c o r d e d 
by a n x - y r e c o r d e r a n d , in a d d i t i o n , t h e i n t e n s i t y v e r s u s a n g l e d a t a a r e 
p r i n t e d a u t o m a t i c a l l y on p a p e r w i t h a n e l e c t r i c t y p e w r i t e r , (6) T h e two 
m o n o c h r o m a t i n g c r y s t a l s m a y b e u s e d in t r a n s m i s s i o n o r r e f l e c t i o n , and 
e a c h c r y s t a l m a y be a c c u r a t e l y p o s i t i o n e d by e x t e r n a l c o n t r o l s . (7) C o n 
s i d e r a b l e v a r i a t i o n in p r i m a r y b e a m w a v e l e n g t h m a y be m a d e by chang ing 
the t ake -o f f a n g l e f r o m the m o n o c h r o m a t o r c r y s t a l s by m e a n s of 



interchangeable "p ie -shaped" segments , (8) The monochromating c rys ta l s 
a r e located inside a re la t ively smal l , heavily shielded housing which con
s i s t s of lead, s teel , and depleted uran ium wal ls . (9) The monochromator 
housing is sur rounded with a l a rge moderat ing shield which consis ts of 
s tacked, 2-in. thick Masonite sheets which have a total min imum thickness 
of 2 feet f rom the inner housing, (10) The ver t i ca l spec t romete r which is 
planned for s ing le -c rys t a l invest igat ions will have a s ing le -c rys ta l goniostat 
"which will be in many ways s imi l a r to the General E lec t r ic X- ray ins t ru
ment . Although it is planned to make this s ing le -c rys ta l unit fully automatic , 
using a taped input p r o g r a m , it will init ially be semiautomat ic . 

The hor izonta l s p e c t r o m e t e r should be in operat ion very soon, 
since all const ruct ion has been completed except for a smal l amount of 
machining on the l a rge s p e c t r o m e t e r table , and the assembly at the r eac to r 
has been completed except for this subassembly . The shielding has been 
tes ted with the beam-hole open and found to be quite sat isfactory, 

7. H igh - t empera tu r e X- r ay Diffraction Fuiinace (M, H. Mueller) 

The h i g h - t e m p e r a t u r e furnace for use on the G, E. X- ray dif-
f rac tomete r has been completed. The furnace was designed with a number 
of special fea tures such a s : (1) provis ion for moving the sample in and out 
of the focusing c i r c l e with an ex te r io r control ; (2) me ta l vacuum sea l s , 
such as gold and lead; (3) provis ion for moving 6 with respec t to 2 0; (4) use 
of an ion vacuuna punap for a t ta inment of a good vacuum and for permit t ing 
the removal of al l ex te rna l vacuum connections after initial rough pumping 
so that the re will be no obst ruct ion for the diffractometer a r m movement; 
(5) s ta in less s tee l cons t ruct ion in o rde r to p re sen t a clean, polished surface 
on the inside of the furnace; and (6) min imum volume for the furnace and 
assoc ia ted vacuum equipment. 

To date we have had good success in heating samples up to 
700°C, s t i l l maintaining the vacuum in the 10"'^ m m range. During initial 
ca l ibrat ion, six P t -Rh thermocouples were imbedded in a nickel sample , 
| -x 11-x "I in. thick, in o rde r to de te rmine the gradient . Resul ts showed a 
var ia t ion of +1.5° at 600°C, which inc reased to approximately +5° at 1000°C. 
Pumping t ime with the ion pump is very sa t i s fac tory . 



F . P r o b l e m s in Metal Phys ics 

1. Studies on Diffusion in Anisotropic Metals 

Self-diffusion in Uranium (S. J . Rothman) 

Publ icat ions: 

1. S, J. Rothman and L, J. Sobocki, "P rec i s ion Chuck and 
Chip Catcher for Sectioning Diffusion Samples , " Rev. Sci. 
Ins t r . 3_g 201-202 (l959). 

2. R. Weil, S, J. Rothman and L, T, Lloyd, "P repa ra t ion of 
Diffusion Couples by Cathodic Sputtering," Rev. Sci. Instr . 
30 541-543 (1959). 

3. S. J. Rothman, L, T. Lloyd, R. Weil and A. L. Harkness , 
"Self-Diffusion in Gamma Uranium," ANL-5971 (July 1959). 

The f i rs t paper desc r ibes a chuck that allows one to line up a 
diffusion sample in a sectioning lathe so that the or iginal surface on which 
the isotope layer was deposi ted is perpendicular to the lathe axis . Also, an 
effective chip ca tcher for use with the chuck is descr ibed . 

The second paper desc r ibes a technique for removing adsorbed 
gases and oxide l aye r s from a diffusion sample and depositing a thin layer 
of another u ran ium isotope on the surface of the sample . 

The th i rd publication de sc r ibe s s tudies of self-diffusion in gam
ma uran ium. The diffusion samples were p r e p a r e d by the laiethod descr ibed 
in the second of the above pape r s , annealed and sectioned, using the chuck 
and chip ca tcher desc r ibed in the f i rs t paper . The sect ions were analyzed 
m a s s spec t rographica l ly . The r e s u l t s combined with the r e su l t s of other 
authors ' could be desc r ibed by an Ar rhen ius equation with the following 
constants : 

D = 1.12 x 10~3 exp (-26,500 ca l /RT) c m y s e c 

24 
A, A, Bochvar, V, G. Kuznetsova, and V. S, Sergeev, Self-Diffusion 
of Uranium in Gamma Phase , Second U.N. Internat ional Conference 
on Peaceful Uses of Atomic Energy, Geneva (l958). Vol. 6, p. 68. 

25 
Y. Adda and A. Kirianenko, Etude de I'autodiffusion de I 'u ranium en phase gamma, Compt. Rend, 247 744 (1958), 
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The r e s u l t s i n d i c a t e d tha t the v a l u e s of the a c t i v a t i o n e n e r g y and the DQ 
w e r e a n o m a l o u s l y low. The w o r k of the p a s t y e a r h a s t h e r e f o r e been 
devo t ed to e x p e r i m e n t s d e s i g n e d to e l u c i d a t e the s ign i f i cance of the low 
v a l u e s of t h e s e p a r a m e t e r s . 

B e c a u s e of the s t r o n g d i s a g r e e m e n t of the diffusion p a r a m e t e r s 
wi th t h o s e d e d u c e d on the b a s i s of the v a c a n c y m e c h a n i s m , the p o s s i b i l i t y 
w a s c o n s i d e r e d tha t a n o t h e r m e c h a n i s m , s u c h a s the r i n g m e c h a n i s m , m i g h t 
be o p e r a t i v e in se l f -d i f fus ion in gamnaa u r a n i u m . Pound et a l . , p r o p o s e d 
the s a m e r e a s o n for the a n o m a l o u s l y low DQ and a c t i v a t i o n e n e r g y v a l u e s 
for se l f -d i f fus ion in chromiuaai , "̂  ' and gave s o m e s t a t i s t i c a l m e c h a n i c a l 
c a l c u l a t i o n s s u p p o r t i n g th i s t h e s i s . We have t r i e d to r u n a c r i t i c a l e x p e r i 
m e n t wh ich would t e s t t h i s h y p o t h e s i s a n d def ine the m e c h a n i s m . 

An obvious e x p e r i m e n t of t h i s k ind is the m e a s u r e m e n t of the 
a c t i v a t i o n e n e r g y for v a c a n c y f o r m a t i o n . Th i s is u s u a l l y done by q u e n c h 
ing and s u b s e q u e n t r e s i s t i v i t y m e a s u r e m e n t s , ^ ° s i m u l t a n e o u s d i l a t o m e t r y 
and l a t t i c e p a r a m e t e r m e a s u r e m e n t s , " or d i l a t o m e t r y . None of t h e s e 
a r e s u i t a b l e for g a m m a u r a n i u m . The f i r s t cannot be u s e d b e c a u s e the 
s t r a i n s i n t r o d u c e d into p o l y c r y s t a l l i n e a lpha u r a n i u m by the b e t a - a l p h a 
t r a n s f o r m a t i o n and by r a p i d cool ing t h r o u g h the a lpha p h a s e would o v e r 
shadow the ef fec ts due to v a c a n c i e s . F u r t h e r , the r e s i s t i v i t y depends 
s t r o n g l y on the t e x t u r e , and the t e x t u r e ob t a ined on quenching i s not a lways 
r e p r o d u c i b l e . S i m u l t a n e o u s d i l a t o m e t r y and l a t t i c e p a r a m e t e r m e a s u r e 
m e n t s , and s t r a i g h t d i l a t o m e t r y would not w o r k b e c a u s e in t h e s e e x p e r i 
m e n t s u t i l i z ing t h e s e t e c h n i q u e s it i s n e c e s s a r y to have a r e f e r e n c e 
t e m p e r a t u r e a t wh ich the v a c a n c y c o n c e n t r a t i o n is e f fec t ive ly z e r o . F o r 
g a m m a u r a n i u m , t h i s t e m p e r a t u r e v e r y p r o b a b l y l i e s be low the b e t a -
g a m m a t r a n s f o r m a t i o n point . 

26 
G. M. Pound, W. R. B i t l e r and H. W. Pax ton , T h e o r y of Dp for Self-
Diffusion in Solid M e t a l s , p r i v a t e c o m m u n i c a t i o n , to be pub l i shed . 

27 
H. W. P a x t o n and E . G. Gondolf, Die Geschwind igke i t d e r 
Se lbs td i f fus ion in r e i n e m C h r o m , A r c h , f. E i s e n h u t t e n w e s e n 3_0 
55 (1959). 

28 
J . W. Kauffman and J. S. K o e h l e r , The Q u e n c h i n g - i n of L a t t i c e 
V a c a n c i e s in P u r e Gold, P h y s . R e v . 88 149 (1952). 

29 
R. F e d e r and A. S. Nowick, The Use of T h e r m a l E x p a n s i o n 
M e a s u r e m e n t s to D e t e c t L a t t i c e V a c a n c i e s N e a r the Mel t ing Po in t 
of P u r e L e a d and Aluminurn^ P h y s Rev . 109 1959 ( l958) . 

30 
S. D. G e r t s r i k e n and B. F . S l y u s s a r , On the D e t e r i n i n a t i o n of the 
E n e r g y of F o r m a t i o n of V a c a n c i e s and The i r N u m b e r in P u r e 
M e t a l s , F i z . Met . i M e t a l l o v e d , 6_ 1061 (1958)^ 
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Sintering exper iments offer a possible solution to the problem. 
By measur ing the r a t e s of neck growth as functions of t ime and sintering 
t e m p e r a t u r e , both the mechan i sm and activation energy of s intering can be 
de te rmined . •'• If s intering takes place by volume diffusion it mus t involve 
point defects . Therefore , a compar i son of activation energy for s intering 
with that for self-diffusion will show whether the la t te r takes place by a 
defect mechan i sm or not. For this r ea son we have under taken to m e a s u r e 
s inter ing r a t e s in gamma uran ium by seve ra l techniques. The f i rs t t ech
nique t r i ed was the sintering of spheres to plates; no bonds were obtained. 
Attempts to observe the s inter ing of spheres in a mic roscope hot stage 
a lso failed to yield sa t i s fac tory r e s u l t s . Next we t r i ed the wi re - spoo l t ech
nique with modera te succes s . These exper iments a r e cur ren t ly in 
p r o g r e s s . 

In connection with the work on self-diffusion of gamma uranium, 
we thought it in teres t ing to see whether the ve ry rapid diffusion pe r s i s t ed 
into the beta phase . The techniques used were , with some exceptions, those 
used for gamma uran ium: thin l aye r s of the t r a c e r isotope, U^̂  , were d e 
posi ted ei ther by cathodic sputtering or by vacuum evaporat ion on a sample 
cleaned by cathodic sput ter ing. After annealing, the ffl.mples were sectioned 
on a lathe. The sect ions a r e being analyzed for U by fission counting. 
Four sam.ples, annealed at 678, 800, 730, and 760°C, respect ive ly , have been 
sect ioned and analyzed. P r e l i m i n a r y values for D at 700 and 760°C a r e 
1.1 X 10~" c m y s e c and 3.3 x 10~" c m y s e c , respec t ive ly . These values a r e 
higher by a factor of 2 than those of Adda, ^ but they s t i l l confirm, the 
la rge discontinuity in the log D vs l / T curve at the gamma-be ta 
t rans format ion . 

At tempts to grow a lpha -u ran ium single c rys t a l s by F i s h e r ' s 
method from an ingot of highly depleted, h igh-pur i ty uranium, for diffusion 
studies in the a.lpha phase have been unsuccessful , probably due to the 

31 
G. C. Kuczynski, Self-Diffusion in Sintering of Metal l ic P a r t i c l e s , 
J. Metals 1_ 169 (1949). 

B. H. Alexander and R. W. Balluffi, Exper imen t s on the Mechanism 
of Sintering, J. Metals 2_ 1219 (l950). 

33 
Y, Adda, A, Kirianenko and C. Mairy, Etude de I'autodiffusion de 
1'urania.m en phase /3, J . Nuc. Mat, 1_300 (1959). 

34 
E. S. F i she r , P r epa ra t i on of Alpha Uranium Single Crys ta l s by a 
Gra in -Coarsen ing Method, T r a n s , AIME 209 882 (1957), 



re la t ive ly poor chemis t ry of the m a t e r i a l Large pseudo single c rys ta l s 
of this m a t e r i a l have been grown by slow cooling a c r o s s the a-|3 t r ans fo r 
mation t e m p e r a t u r e . We a r e p resen t ly at tempting to perfect these c r y s 
ta ls by Lacombe ' s method,-^^ At the same t ime, or iented pseudo single 
c r y s t a l s a r e being p repared . Diffusion studies on these samples mayy ie ld 
information on volume diffusion, or may indicate anisotropy effects due to 
diffusion along dis locat ions of different or ientat ions , 

Kirkendal l Effect in Anisotropic Metals ( j , B, Darby, J r , ) 

Much of the effort expended on this p r o g r a m has been devoted 
to the development of techniques for p repara t ion of sa t is factory diffusion 
couples. In s eve ra l p r e l i m i n a r y t r i a l s , couples were fabricated using 
d iscs carefully p r e p a r e d from single c ry s t a l s of h igh-pur i ty magnes ium 
which were subsequently coated with h igh-pur i ty cadmium by a combina
tion of sput ter ing and e l ec t rochemica l plating techniques. Initially the bond 
between the two component me ta l s was unsat isfactory, however, a modifica
tion in the technique for surface p repara t ion of the magnes ium resolved 
this difficulty. 

P r e l i m i n a r y r e s u l t s to date indicated that in port ions of some 
of the diffusion couples having a good bond at the interface, magnesium, 
r a t h e r than cadmium, was the fast diffuser. This is con t ra ry to the gen
era l iza t ion obse rved in f ace -cen te red cubic m e t a l s , namely, that the com
ponent with the higher vapor p r e s s u r e is the fast diffuser. 

It is not ce r ta in at p r e sen t whether this is a t rue effect in 
hexagonal m e t a l s , in con t ra s t to the behavior m face-cen te red cubic me ta l s , 
or if it might not have been caused by gra in boundary diffusion in the sput
t e r e d layer of the cadmium, the g ra in size of which va r i ed from one couple 
to the other . To check this , sandwich-type couples p repa red from m a t e 
r i a l s with a control led g ra in s t ruc tu re will be studied. The r e su l t s of this 
invest igat ion should decide for us which e lement is to be used in the form 
of single c r y s t a l s and which e lement as the sput tered on layer in pursui t 
of our a im of determining the magnitude of the Kirkendall shift as a func
tion of c r y s t a l or ienta t ion in hexagonal m e t a l s . 

2. E las t i c Moduli ( E , S. F i s h e r ) 

The m e a s u r e m e n t s of the fundanaental e las t ic moduli of o r tho-
rhombic alpha u ran ium have been extended frona room t empe ra tu r e down to 
-195°C, The techniques used were essen t ia l ly the same as those descr ibed 

35 
J. M e r c i e r , D. Calais and P . Lacombe, Cro i ssance de gros c r i s t aux 
parfa i ts d 'u ran ium alpha par ec rou i s sage et recu i t de monocr i s taux 
polygonises obtenus par changeinent de phase , Compt, Rend. 246 110 
(1958). 

36 
R. W, Balluffi and L, L. Seigel, J . Appl. Phys, 25 607 (l954). 



in l a s t y e a r ' s a n n u a l r e p o r t . The w a v e - v e l o c i t y da ta w e r e ob ta ined f r o m 
a p h a s e c o m p a r i s o n t e c h n i q u e in c o o p e r a t i o n wi th H. J . McSk imin a t the 
B e l l T e l e p h o n e L a b o r a t o r i e s , u s ing s m a l l s ing le c r y s t a l s of p r e d e t e r m i n e d 
o r i e n t a t i o n s p r e p a r e d a t ANL. The c o m p u t a t i o n s for d e r i v i n g the m o d u l i 
f r o m the w a v e - v e l o c i t y da ta and the t h e r m a l e x p a n s i o n da ta w e r e c a r r i e d 
out on the A N L IBM 704 c o m p u t e r . 

The t e m p e r a t u r e d e p e n d e n c e of the s t i f fness modu l i i s p lo t t ed 
in F i g u r e s 33 t h r o u g h 37. The c u r v e s w e r e ob t a ined by f i r s t f i t t ing the 
e x p e r i m e n t a l po in t s to p o l y n o m i a l s 

:ij = ao + a j T + a n T " 

w h e r e ao . . . â ^ a r e coef f i c ien t s ob t a ined by l e a s t s q u a r e a n a l y s i s and T 
i s t e m p e r a t u r e . The p o l y n o m i a l s w e r e t h e n e v a l u a t e d a t equa l i n t e r v a l s 
of T to ob ta in p lo t t ing p o i n t s . The r e s u l t i n g c u r v e s a r e qui te s m o o t h a n d 
d e v i a t i o n s f r o m e x p e r i m e n t a l po in t s in a l l c a s e s a r e l e s s than 0.2%. 

Figure 33 

Stiffness Moduli cn and C22 
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The d i l a t i ona l m o d u l i , Cu, C22 and C33, w e r e ob t a ined f r o m the 
v e l o c i t i e s of l ong i tud ina l w a v e s p r o p a g a t e d in the [lOO], [OlO] a n d [OOl] 
d i r e c t i o n , r e s p e c t i v e l y . The s h e a r m o d u l i , C44, C55 and 0^5, w e r e ob ta ined 
f r o m the p r o p a g a t i o n v e l o c i t i e s of two d i f fe ren t s h e a r m o d e s . 
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Stiffness Modulus C33 
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Figure 35 

Stiffness Modulus C44 
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Figure 36 

Stiffness Moduli C55 and egg 
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Figure 37 

Temperature Dependence of Cross Coupling Moduli 

Solid lines are polynomials fitted to Cij from quasi-longitudinal 
data; open circles are c^j computed from quasi-shear data. 
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The combinations of wave propagation and par t ic le displacement involved 
in each of these shear moduli were as follows: 

Shear 
Modulus 

C44 

C55 

C66 

Direction 
of Wave 

Propagat ion 

[001] 
[010] 
[001] 
[100] 
[100] 
[010] 

Direction 
of Par t i c le 

Motion 

[010] 
[001] 
[100] 
[001] 
[010] 
[100] 

The cross-coupl ing moduli, C22J C13 and C23, were obtained from velocit ies 
of qua si- longitudinal or quas i - shea r naodes propagated in three different 
direct ions which a r e 90° to one pr incipal axis and inclined to the other 
two. The curves in Figure 37 r ep re sen t moduli evaluated using quasi -
longitudinal mode data fitted to polynomials; the open c i rc les r ep resen t 
exper imenta l points obtained from quas i - shea r mode data. The la rges t 
deviation between the independently der ived data is about 1%. 

Table XVI sunamarizes the t empera tu re coefficients, 

R = - T^ > ^^ s eve ra l t e m p e r a t u r e s . F igures 3 8 , 3 9 , 4 0 , 4 1 , and 42 give 
Cij dT 

the var ia t ions with t empera tu re of the pr incipal Young's moduli, Po isson ' s 
ra t ios , and compress ib i l i t i e s . 

TABLE XVI 

Tenaperature Coefficients of Moduli Derived from Best Fit Polynomials 

HA 
Modulus 

C l l 

C22 

C33 

C44 

T e m p e r a 
tu re 
(°c) 

-165 
-17.2 

25 
200 

25 
25 
25 

R X ioy°c 

-h812.9 
0 

-56.9 
-188.7 
-250.8 
-377.8 
-557.9 

Modulus 

C55 

C66 

C12 

C l 3 

C23 

Tempera 
ture 
(°c) 

25 
25 
25 

-165 
-50 

25 
25 

R X ioy°c 

-1063.5 
-622.8 
+326.9 

-1283.6 
0 

+629.5 
-123.2 
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Figure 38 

Temperature Dependence of Young's 
Moduli m [lOO] and [olO] Directions 

The s t r i k i n g dev i a t i ons 
f r o m the u s u a l t e m p e r a t u r e d e 
p e n d e n c e of e l a s t i c m o d u l i a r e 
a s fo l lows: 

(a) cji and EQQQ] pass 
through maxima on cooling below 
0°C and have large positive t e m 
pera tu re coefficients at the low 
t empera tu re s , 

(b) the l inear c o m p r e s s i 
bility in the [lOO] direct ion in
c r e a s e s quite marked ly with 
decreas ing t e m p e r a t u r e , 

(c) Po i s son ' s ra t io for 
the [lOO]-[OOl] e last ic coupling 
dec r ea se s inverse ly with t em
pera tu re and becomes negative. 

-200 -150 -100 -50 0 
TEMPERATURE IN "C All of these anomalies a r e 

re la ted to the [lOO] direction, or 
more specifically, to the second 

nea re s t neighbor in tera tomic bond. There is apparent ly a broad t rans i t ion 
in the e lec t ron interact ion contributing to this bond, the nature of which 
does not give r i se to any repor ted peaks in specific heat or marked changes 
in c rys ta l s t ruc tu re . There a r e , however, inconclusive data which indicate 
a negative t he rma l expansion coefficient for the [lOO] direct ion at t e m p e r a 
t u r e s below -200*0 and an anomalous minimum in magnetic susceptibi l i ty 
for the bulk me ta l at approximately -100°C.37,38 More careful studies of 
these p roper t i e s at low t e m p e r a t u r e s a r e needed to es tabl ish definitely 
their existence and their possible re la t ion to the e las t ic stiffness anomal ies . 
Also, extension of the p resen t studies to liquid helium t e m p e r a t u r e s is r e 
quired to define completely the anomalies in elast ic i ty . 

37 

38 

J. R. Bridge, C. M. Schwartz and D. A. Vaughan, X- ray Diffraction 
Determinat ion of Coefficients of Expansion of Alpha Uranium. Trans . 
AIME 206 1282 (l956). 
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Figure 39 

Temperature Dependence of Young's Modulus in [ooi] Direction 
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Figure 40 

Temperature Dependence of Linear and Volume Compressibilities 
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Temperature Dependence 
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Temperature Dependence 
of Poisson's Ratio, ITĵ  
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The s m o o t h , a l m o s t l i n e a r c u r v e of C225 v e r s u s t e m p e r a t u r e 
above 200°C i s i n t e r e s t i n g in v i ew of the n e g a t i v e t e m p e r a t u r e coeff ic ient 
of t h e r m a l e x p a n s i o n in the [OlO] d i r e c t i o n in t h i s t e m p e r a t u r e r a n g e . It 
i s p l a n n e d to ex t end the w o r k to t h e s e t e m p e r a t u r e s on e q u i p m e n t c u r 
r e n t l y be ing d e s i g n e d and bui l t a t ANL. 

3. T h e o r e t i c a l S tud ies on the T e m p e r a t u r e D e p e n d e n c e of 
E l a s t i c Modul i ( D . Van O s t e n b u r g ) 

The t e m p e r a t u r e d e p e n d e n c e of the s t i f fness m o d u l u s Cn in 
o r t h o r h o m b i c a u r a n i u m , which g o e s t h r o u g h a m a x i m u m n e a r -20°C and 
then d e c r e a s e s wi th d e c r e a s i n g t e m p e r a t u r e s , i s in c o n t r a d i c t i o n to 



theor ies based upon an anharmonic approximation for nonmagnetic solids, 
which predic t a t empe ra tu r e dependence in which the stiffness inc reases 
with decreas ing t empera tu res .^9 ,40 j ^ jg conceivable that there is a mag
netic t rans i t ion occurr ing at low t e m p e r a t u r e s in uranium which causes a 
lowering of the modulus. To this end, we intend to r e -examine the data on 
magnet ic suscept ibi l i t ies at low t e m p e r a t u r e s and, if necessa ry , to acquire 
m o r e accura te data. Also, upon completion of exper imenta l apparatus at 
Argonne, it is proposed to m e a s u r e the t empera tu re dependence of the 
moduli as a function of magnet ic field s t rength and as a function of the d i 
rect ion of the field with r e spec t to the crys ta l lographic axes . The fact that 
the al leged magnet ic dependence occurs only for Cn seems to indicate a 
strong magnet ic anisotropy. 

We have also begun a study of the m a t e r i a l in the harmonic 
approximation based upon the model of a solid composed of atoms coupled 
together by spr ings . This approach will enable a cor re la t ion between the 
e las t ic p a r a m e t e r s and the force constants of the a toms, which should 
eventually lead to a calculation of the lat t ice vibrat ion spec t rum and com
par i son with specific heat data. The procedure follows ra ther closely that 
of DeLaunay'*-'- and Smith."^^ Alpha uranium, which has orthorhombic 
symmet ry , can be const ructed from two interpenetrat ing lat t ices which a r e 
both s ide -cen te red or thorhombic . F igure 43 shows the atomic a r rangement 
in which the solid c i r c l e s r e p r e s e n t atonas of latt ice I and open c i rc les 
those of lat t ice II. The neighbors of lat t ice I a r e denoted by the unpr imed 
l e t t e r s , those of lat t ice II by p r imed l e t t e r s . The atomic spacings of r e p r e 
sentative a toms a r e 

A - B = 2.75 A, A - C = 2.85 A 
A - D = 3.25 A, A - E = 3.34 1 

If we let e j , e j , 63 denote unit vec to r s along the x, y, z axes, the atoms 
of latt ice I a r e given by 

Tj=( i^ l4^)a iT+(^^^- I -^ ) b5r + n3C-e3 , (l) 

W. Ludwig, J. Phys . Chem. Solid 4 283 (l958). 

40 
E. A. Stern, Phys . Rev. Ul 786 (l958). 

41 
J. DeLaunay, Solids State Phys . 2_ 219 (l956). 

H. M. J. Smith, T rans . Roy. Soc. A241 105 (l949). 



Figure 43 

The black circles represent atoms of lattice I, the white circles 
atoms of lattice IL The large black and white circles show the 
origins of the two lattices^ Unprimed letters designate nearest, 
next nearest neighbors, etc., of lattice I, while primed letters 
mark those of lattice II, The remaining half of the neighbors in
dicated by C, C , D, D', E, E', are obtained by reflection in the 
y-z plane. 

a n d t h o s e of l a t t i c e II b y 

"̂ 11 = ( ^ 4 ^ ) -*^ ^ [ ^ ^ ^ " 2y ] b-2 +(n3 +1) c^3. (2) 

w h e r e the b a s i s v e c t o r i s 

b i = - 2 y b 62 + Y ^ 63 

In t h e s e equa t ions the nĵ  (i = 1, 2, 3) a r e i n t e g e r s , a, b and c a r e the un i t 
c e l l d i m e n s i o n s , and y = 0.105. 

In the m o d e l c u r r e n t l y a s s u m e d , n e a r e s t n e i g h b o r s i n t e r a c t 
wi th n o n - c e n t r a l f o r c e s whi le 2nd, 3 r d and 4th n e a r e s t n e i g h b o r s i n t e r a c t 
wi th c e n t r a l f o r c e s . We l e t %' r e p r e s e n t the a n g u l a r f o r c e c o n s t a n t a s 
s o c i a t e d wi th the n e a r e s t n e i g h b o r s , a n d a ^ , a2 , (X3, and a^ the c e n t r a l f o r c e 
c o n s t a n t s a s s o c i a t e d wi th the f i r s t t h r o u g h four th n e a r e s t n e i g h b o r s , r e 
s p e c t i v e l y . The u s e of t h e s e f o r c e c o n s t a n t s wi th the i n t e r p e n e t r a t i n g 
l a t t i c e d e p i c t e d in F i g u r e 43 e n a b l e s u s to w r i t e down the e q u a t i o n s 
of m o t i o n . T h e y a r e so lved by a s s u m i n g the w a v e s of the f o r m 
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A exp i (oit + 2 k • r j ) and B exp i (a)t + 2 k • r j j ) p a s s t h r o u g h l a t t i c e I 
and II, r e s p e c t i v e l y . The r e s u l t for bo th l a t t i c e s i s t ha t the e i g e n f r e -
q u e n c i e s a r e g iven a s the so lu t ion of the fol lowing 6 x 6 d e t e r m i n a n t : 

a „ - x 

a i 2 

0 

a i 4 * 

a i 5 * 

a i 2 

azs-x 

0 

a i 5 * 

a 2 5 * 

0 

0 

a 3 3 - x 

a i 6 * 

a26=^ 

a i 4 

a j 5 

a i 6 

a i r 

a i 2 

X 

a i 5 

a 25 

a26 

a i 2 

a 2 2 - X 

a i 6 

a26 

a36 

0 

0 

a i 6 ' a26^ a36 ' a33 -x 

= 0 , (3) 

w h e r e a ^ j * i s t h e c o m p l e x c o n j u g a t e of a^j a n d x = CD^M. T h e e l e m e n t s h a v e 

t h e v a l u e s 

a n = 2 a j ' + 4a2Sa^ + 4 a 3 ( 0 . 4 3 8 ) ^ ( l - C a C b ) + 4a4 (0 .425 )2 

a22 = 2 a i ' - 2 ( a i ' - a i ) ( 0 . 4 4 7 ) ^ + 4 a 3 ( 0 . 8 9 9 ) ^ ( 1 - C a C b ) + 4 a 4 ( 0 . 5 0 9 ) ^ 

a33 = 2 a i ' - 2 ( a j ' - a i ) ( 0 . 8 9 5 ) ^ + 4 a 4 ( 0 . 7 3 9 ) ^ 

a i2 = 4 a 3 ( 0 . 4 3 8 ) ( 0 . 8 9 9 ) S ^ S ^ 

47ribyk2 

-irrbkz _ __ 4Tribyk2 
;e 

4Tribyk2 

a i4 = -
^. -i7rbk2 

Z O i ' C c + 4 a 4 ( 0 . 4 2 5 ) ^ e C ^ C c 

a i 5 = 4 i a 4 ( 0 . 4 2 5 ) ( 0 . 5 0 9 ) e Sg^CcC 

a i 6 = 4 a 4 ( 0 . 4 2 5 ) ( 0 . 7 3 9 ) e 
-iTTbkz 

S a S c e 

azs = - 2 a i ' C c - 2 ( a j ' - a i ) ( 0 . 4 4 7 ) 2 C + 4 a 4 ( 0 . 5 0 9 ) ^ e 
-iTTbkz 

C a C c 
4Tribyk2 

a26 - 2 i ( a i ' - a i ) ( 0 . 4 4 7 ) ( 0 . 8 9 5 ) S c + 4 i a 4 ( 0 . 5 0 9 ) ( 0 . 7 3 9 ) e 
-iTTbkz' 4mbyk2 

-iTTbkzl 4mbyk2 
e a36 = - Z a j ' C c - 2(0:1' - a i ) ( 0 . 8 9 5 ) 2 C c + 4 c t 4 ( 0 . 7 3 9 ) ^ C a C c e 

w h e r e Sĝ  = sinTTakj; S|j = simTbk2; Sc = s in7rck3; 

C = cosTTakji CT^ = cosTTbkg'i C ^ = cosTTcks . 

I n t h e l i m i t of i n f i n i t e w a v e l e n g t h ( k = O) w e o b t a i n f r o m (3) 
t h r e e r o o t s v^ = 0 ( a c o u s t i c w a v e s ) a n d t h r e e r o o t s of o p t i c a l f r e q u e n c y 
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V = 

V = 

/a i ' + 2a4(0.425)^ 
M 

'%• - ( a j - - ai)(0.447)^ + 2a4(0.509)^ 
M 

ttj' - («•!' - aj)(o.895)^ + 2a4(o.739)^ 
M 

(4) 

where M is the m a s s of the u ran ium atom. These frequencies a r e those 
at which the two single Bravais la t t ices v ibra te with r e spec t to each other 
when each itself is r igid. 

To obtain the e las t ic moduli in t e r m s of the force constant we 
take the double l imit k—* 0, v—^0 in equation (3). The f i rs t of these se lects 
the long wave lengths while the second se lec ts the low frequencies and 
hence the acous t ica l f requencies . Compar ison is then made with a 3 x 3 
secular de terminant for CD which contains the e las t ic moduli cfj and the 
propagation vector k. The values computed thus far a re 

C l l = 

C22 = 

C33 -

2a 
be 

2b 
ac 

c 
ab 

2a2 + (0.438)^03 + ( 0 . 4 2 5 ) X 

(0.899)a3 + (0.509)^a4 
tti' - (0.447)^(ai' - a i ) 

. t t i ' - (0.447)2(ai' -aj) + 2a4(0.509)^ 

a j ' - (0.899)^(ai' - aj) + 2 (.739)^^4 

43 

4. Interact ions of In te rs t i t i a l Solute Atonas with Dislocations 
( D . G . Westlake) 

A p r o g r a m has been init iated to study the effects of solute 
hydrogen on the deformation modes of z i rconium. Rapperpor t and Har t ley 
have found only one sl ip sys tem in pure z i rconium, the (lOlO) [ l210]. It 
s e e m s quite l ikely that this slip is produced, not by a unit dislocation, but 
by two pa r t i a l d is locat ions: 

1/3 [T2T0] - * 1/6 [T2T3] + 1/6 [Tzu] 

Sidhu, Heaton, and Zauberis '** have shown that hydrogen occupies the t e t r a -
hedra l i n t e r s t i ce s of hafnium, t i tanium and z i rconium. Hydrogen in these 
posit ions would not seem to offer g rea t hindrance to the motion of the pa r t i a l 

43 
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dis locat ions; hence solute hydrogen a toms would not be expected to change 
the mode of deformation by s l ip . However, sufficient quantities of hydro
gen concentra ted between the par t ia l dislocations might make measurab le 
changes in the c r i t i ca l reso lved shear s t r e s s of the slip sys tem. 

Twinning has been observed on • |1012| , | 1 1 2 1 | , | 1 1 2 2 | planes, 
and infrequently on |ll'2'3l planes.43 The f i rs t th ree types of planes a r e 
the habit planes of z i rconium hydride.^5 This m.ay indicate that the hydride 
is nucleated at concentra t ions of hydrogen in faulted ma te r i a l between pa r 
t ial dislocations lying in the twin p lanes . Attention will therefore be di rec ted 
toward evaluating the a tom movements and the combinations of par t ia l d i s 
locat ions [according to Cot t re l l and Bilby 's mechan ism of twinning]"*" which 
would produce the obse rved twinning. No information is available on the 
effect of hydrogen on any of the twinning modes . 

There is a l so the possibi l i ty that at low t e m p e r a t u r e s , in the 
p resence of hydrogen, twinning on the aforementioned systeiaas would be 
suppressed to the point that other twin sys t ems could opera te . Should 
sl ip dislocations be unable to c r o s s these new twin boundar ies , e m b r i t t l e -
ment would r e su l t . Biggs and Pratt '* ' have observed that twinning always 
preceded cleavage fai lure in i ron, and B i r n b a u m ' s ^ " work supports their 
theory that sl ip dislocat ions were unable to c r o s s the par t icu lar twin 
boundar ies observed . In z i rconium, this does not seem the mos t l ikely 
mechan i sm of hydrogen embr i t t l ement , since it occurs only when p rec ip i 
ta ted hydride is visible meta l lographical ly .49 n {g m o r e likely that d i s 
location pi le-ups against the hydride init iate the br i t t le fa i lure . 

To date, an appara tus has been designed for charging meta l 
spec imens with hydrogen and for hydrogen ana lys i s . Single c rys t a l s of 
z i rconium will be used in these s tudies . The f i rs t objective is to m e a s 
u re the c r i t i ca l shear s t r e s s e s for the s l ip and twin sys tems between 77 
and 300''K as a function of hydrogen content. 

-̂̂  S. W. Kunz and A. E. Bibb, Habit Plane for Hydride Prec ip i ta te in 
Zi rconium and Uran ium-Zi rcon ium, KAPL-2000-5 , pp. 113-114(1959). 

•*" A. H. Cot t re l l and B. A. Bilby, A Mechanism for the Growth of 
Deformation Twins in C r y s t a l s , Phi l . Mag. 42 573 ( l 95 l ) . 

47 w . D. Biggs and P . L. P ra t t , The Deformation and F r a c t u r e of 
Alpha-Iron at Low T e m p e r a t u r e s , Acta Met. 6 694 (1958). 

4 ° H . K. Birnbaum, On the Conditions Governing the Bri t t le F r a c t u r e 
of Iron Single C r y s t a l s , Acta Met. 7_ 516 (1959). 

^ ^ R . W. Dayton, A, D. Schwope, G. T. Muehlenkamp, H. A. Sai ler , 
R. F . Dicker son, C. M. Schwartz, and M. W. Mallett , Hydrogen 
Embr i t t l ement of Zi rconium, BMI-767 (1952). 



G. C o r r o s i o n R e s e a r c h 

1. P o l a r i z a t i o n in D i s t i l l e d W a t e r ( F . E . D e B o e r and J . E . D r a l e y ) 

A p p a r a t u s : D e t e r m i n a t i o n of the effect of a p p l i e d c u r r e n t on the 
so lu t ion p o t e n t i a l of a m e t a l c o r r o d i n g in d i s t i l l e d w a t e r i s a difficult i n s t r u 
m e n t a t i o n p r o b l e m . In p r i o r y e a r s t h e s e m e a s u r e n a e n t s have b e e n m a d e 
wi thout s e r i o u s e r r o r , excep t for the h igh ca thod ic c u r r e n t p a r t of the c u r v e . 
It i s now b e l i e v e d tha t t h i s w e a k n e s s in the a p p a r a t u s h a s been r e c t i f i e d , and 
tha t it wi l l now be p o s s i b l e to d e t e r m i n e r e l i a b l e c u r v e s on a r o u t i n e b a s i s . 

C o r r o s i o n in Boi l ing W a t e r : In o r d e r to p r o v i d e da ta for c o r r e 
l a t ion wi th p o l a r i z a t i o n b e h a v i o r , the c o r r o s i o n of s i x m e t a l s h a s been 
s tud ied : a luna inum, n i c k e l , t in , m a g n e s i u m , t a n t a l u m , and ch romiuna . It i s 
i n t e r e s t i n g to o b s e r v e the d i f f e r ence in c o r r o s i o n b e h a v i o r , shown in F i g 
u r e 44, b e t w e e n two k inds of "high p u r i t y " a l u m i n u m of the following c o m 
p o s i t i o n s (in p a r t s p e r m i l l i o n ) : 

F e Cu Si Mg 

K a i s e r 10 30 31 12 
Swiss 7 4 12 1 

Th i s t r e n d in c o r r o s i o n b e h a v i o r (above a c e r t a i n t e s t t e m p e r a t u r e ) a s a 
funct ion of p u r i t y i s t y p i c a l for a l u m i n u m . The m o s t i m p o r t a n t i m p u r i t i e s 

A n a l y s i s of I m p u r i t i e s in 
Alunainum: A n a l y s e s s u c h a s t h o s e 
above r e q u i r e r e f i n e d p r o c e d u r e s . 
T h e r e w a s no su i t ab l e p r o c e d u r e 
a v a i l a b l e for m a g n e s i u m . A m e t h o d 
of c o n c e n t r a t i n g it in the m e t a l by 
f r a c t i o n a l d i s t i l l a t i o n to f ac i l i t a t e 
a n a l y s i s h a s been w o r k e d out. The 
m e t h o d h a s been p u b l i s h e d in an 
a r t i c l e in N a t u r e 184 54 ( l959) . 

2. C o r r o s i o n M e c h a n i s m of 
Z i r c o n i u m ( R . D . M i s c h and 
J . E . D r a l e y ) 

T h e r e h a s b e e n l i t t l e p r o g 
r e s s in the effor t to find an a c c e p t a b l e t e c h n i q u e for m e a s u r i n g the e l e c t r i 
c a l r e s i s t a n c e of the g rowing oxide f i lm on z i r c o n i u m and i t s a l l o y s . The 
p r o b l e m is s t i l l to ob ta in r e p r o d u c i b l e v a l u e s for known con tac t a r e a s . 

have not de f in i t e ly b e e n d e t e r m i n e d . 

Figure 44 

High Purity Aluminum in 100°C Water 



Other m e a s u r e m e n t s a r e being used to exanaine the cor ros ion 
mechan i sm of z i rconium from two genera l a spec t s . The first approach is 
to identify the r easons why z i rconium has higher cor ros ion r a t e s in water 
and s team than in dry oxygen. This indicates that hydrogen is able to 
acce l e ra t e scaling by some unidentified m e a n s . The second approach is 
based on the phenomenon of valency control of defects in ionic solids. The 
use of aliovalent addit ives (those which differ in valency from the cations 
of the host lat t ice) has se rved to explain many impur i ty effects on e l ec t r i 
cal conductivity and other p roper t i e s of ionic sol ids. 

The application of these theor ies to z i rconium cor ros ion has 
requ i red a re -eva lua t ion of some of these concepts for the case of scale 
growth. Based on these cons idera t ions , a number of new alloys have been 
p repa red to v a r y the oxide-defect s t ruc tu re while avoiding the complica
tion of introducing effective cathodes. These alloys contain combinations 
of lower and higher valent addit ives designed to stabil ize the ZrOg s t r u c 
ture by eliminating both anion vacancies and conductivity e lec t rons . 

Hydrogen Mechanisms: Hydrogen could have severa l effects 
in the me ta l or oxide, depending on diffusion and recombination. An ex
t r e m e case was found in z i rconium c r y s t a l bar cor roded in 540°C, 600 psi 
s team for 162 hours . The r e s idua l me ta l was br i t t le and contained 
approximate ly 2 w/o Hg. Consequently, i ts composition was close to that 
of ZrH2. Many other alloys t es ted m s t eam also embr i t t led from the 
pickup of hydrogen, but only if co r ros ion 'was severe . Thus far, severe 
cor ros ion in s t eam without embr i t t l ement has not been observed. A 
wider va r ie ty of cor roded spec imens will be analyzed to determine whether 
hydrogen pickup always accompanies a high cor ros ion r a t e . 

The oxide film on z i rconium has the p roper t i e s of an insulator 
at room t e m p e r a t u r e , and this layer would not be expected to act as an 
efficient cathode at higher t enapera tu res . As a resu l t , the presence of 
additional cathodes could i nc rease or d e c r e a s e the cor ros ion r a t e . The 
la t te r effect would support the theory of film damage from cathodic 
hydrogen. 

These poss ib i l i t ies were t es ted in th ree ways. F i r s t , i n e r t 
cathodes were incorpora ted into z i rconium by sintering mix tures of 
foreign oxides and z i rconium hydride . Three oxides of par t icu lar in te res t 
were TiOg, NbjOg and Ta^^g for the r eason that fused buttons of these oxides 
r emained good e lec t ronic conductors after exposure to water at 350°C. The 
appearance of these oxides did not change during water exposure . Mix
t u r e s of z i rconium hydride and oxide powders were p re s sed into T-in. 
d iamete r pel le ts at 75 tons per square inch and s in tered in vacuum at 1200°C 
for 2 hours . Slow heating was n e c e s s a r y to pe rmi t the hydrogen to be 
pumped off. The z i rconium controls p r epa red in this way had inferior co r 
ros ion r e s i s t ance as compared to z i rconium a r c mel ted from Grade I 
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c rys t a l ba r . White oxide appeared on al l the specimens within severa l 
days in water at 350°C. Four composit ions re ta ined black films for 
longer per iods . These contained platinum, molybdenum, NbgOg and TajOs. 
Thus an improvement was obtainable, but it fell far short of a good alloy 
such as Z i rca loy-2 . It was concluded that supplementary cathodes were 
beneficial when the m a t r i x z i rconium had a re la t ive ly high cor ros ion r a t e . 

This conclusion was re inforced by exper iments based on com
par i sons between water and CUSO4 solutions. By using CUSO4, the meta l 
cation should be reduced instead of hydrogen. In the absence of d i sc re te 
microca thodes the copper would be reduced on the oxide surface. If p la t i 
num is p resen t in the me ta l , it should form preferen t ia l cathodes. Com
par i sons were made using pure z i rconium, z i rconium containing 0 . 5 w / o T i 
(to inc rease the cor ros ion ra te) , and z i rconium plus 0.5 w/o Ti, 0.1 w/o Pt. 
Enough copper sulfate was used to insure saturat ion at room t empe ra tu r e 
(5 g CUSO4 • 5H2O/8O m l solution). The average weight loss of z i rconium 
was de termined after removing the br i t t le oxide by bending the meta l disc. 
The r e su l t s for 16-hour exposures at 3 50°C were as follows: 

Alloy Composition 

0.5 w/o Ti 

0.5 w/o Ti + 0.1 w/o Pt 

0.5 w/o Ti 

0.5 w/o Ti + 0.1 w/o Pt 

Medium 

H2O 

H2O 

CUSO4 Solution 

CUSO4 Solution 

Average 
Weight 
Loss , 

m g / d m 

2610 

2025 

1330 

970 

These r e s u l t s were a c lear indication that hydrogen was 
influencing the co r ros ion react ion. On the other hand, pure z i rconium, 
whose film was too thin to be removed by flaking, showed no difference 
in weight gain (approximately 5 m g / d m ) with the addition of CUSO4. 

On the bas i s of this evidence, it is proposed that cathodic 
hydrogen r e q u i r e s the p resence of defects in the ZrOg film (such as p r o 
duced by the p resence of t i tanium) before i ts de le ter ious action becomes 
pronounced. It is possible that hydrogen in the form of protons a s soc ia te s 
with defects in the Zr02 . 

Mechanisms Based on Control of Defects: Substitutional 
valency control as a means of controlling ZrOj formation on z i rconium 
has so far not rece ived detailed considerat ion. The r ea son for th is is 

50 that the application of the Hauffe ru les has not explained the cor ros ion 
r e s u l t s obtained with b inary al loys of z i rconium. For example, to explain 

__ _ -
K. Hauffe, Reaktionen in und an Fes t en Stoffen, Spr inger -Ver lag , 
Ber l in (l955). 
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why iron and nickel a r e beneficial it is n e c e s s a r y to assume that the ions 
of these me ta l s a r e p resen t on in te r s t i t i a l s i tes in ZrOg. Additives such 
as niobium, molybdenum and tungsten, which might el iminate anion vacan
cies by vir tue of forming cations with valencies g r ea t e r than +4, ei ther 
have no effect or cause an inc rease of co r ros ion r a t e . 

One pa r t of the p resen t p r o g r a m is to examine the valency con
t ro l mechan i sm m o r e closely, with due r e g a r d for complicating factors . 
Among these a r e ion s ize , ionization potential , and types of ionic react ions 
to be expected. It is shown below that the usual Hauffe rule for diminish
ing vacancies in Zr02 (anion vacancies) m a y not apply for an additive such 
as tungsten. This complication has not been pointed out previously. 

The effect of an additive is usual ly considered in t e r m s of the 
resu l t when the respec t ive oxides a r e combined. Thus, a nainor constituent 
(e.g., NiO or WO3) will dissolve in ZrOg and change the defect s t ruc ture in 
accordance with the valence of the added cation. In the case of co r ros ion-
r e s i s t an t a l loys, the additive is p resen t in the alloy and is incorporated 
into the growing sca le . It is unlikely that the additive will form its own 
oxide if it is p resen t in solid solution or as an mte rmeta l l i c compound. 
Therefore , the formation of the oxide layer mayno t be analogous to the case 
when the pure oxides combine. Another complicating factor is that the equi
l ibr ia in the oxide will depend on the p resence of oxygen. In the ZrOgcase 
an equi l ibr ium condition will not exist at the meta l -oxide interface where 
oxygen is lacking. 

Another possibi l i ty which mus t be cons idered is that oppositely 
charged impur i ty cen te r s , such as nickel ions and tungsten ions on z i rcon i 
um ion sites,, naay assoc ia te to form stable complexes . This gives r i s e to 
the possibi l i ty that ce r ta in combinations of additives may control the defect 
s t ruc tu re of Zr02 m o r e effectively than any single additive. 

This hypothesis has been used as the bas is for prepar ing a num
ber of al loys with combinations of e lements which should not form cathodes. 
The eleraents se lec ted for study consis ted of scandium and yt t r ium (normal 
valences +3) in combination with other e lements which were potentially 
capable of forming +5 and +6 ions. The b inary alloys of scandium and y t t r i 
um with z i rconium have poor co r ros ion r e s i s t a n c e , but this was not con
s idered sufficient r ea son to avoid these e lements which have favorable ionic 
s izes for replacing Zr in the ZrOgla t t ice . The assunaption was made that 
the effect of addit ives in combination cannot be judged a p r io r i from the 
effect of single addi t ives . 

By analogy with NiW, a 3-5 valence combination should produce 
an e lec t r i ca l ly neu t r a l la t t ice . On the chance that a l l the potentially higher 
valent addit ives (As, Bi, Cr, Mo^ Mn, Nb, Pb, Sb, Ta, W) might not form 
higher valent ions, the r a t io s of +3 to +5 or +6 e lements were chosen a s 1:1, 
1:2 and 1:3, A s e r i e s of al loys were made up containing 0.5 w/o of addi
t ives , balance z i rconium. Alloys were made by a r c melt ing, annealing, and 



furnace cooling or quenching. They were then sc reened by exposure to 
water at 350°C and la ter to s t eam at 540°C, 600 psi . Thus far, two com
binations have shown sufficient p romise to war ran t more detailed study. 
These were 0.1 w/o Sc, 0.4 w/o Mo, and 0.5 w/o Y, 1.0 w/o Nb. These 
composit ions a r e highly specific; for example, analogous y t t r ium alloys 
containing tantalum or molybdenum have low cor ros ion r e s i s t ance by 
compar ison . 

Fu r the r work on these alloys will involve compar ison with 
alloys containing nickel and copper, for which a hydrogen mechan i sm 
may be opera t ive . 

3. The Corros ion of 1100 Aluminum in Water (S. Mori and 
J. E. Draley) 

Effects of Metal Impur i t i es : Our s tandard supply of 1100 a lu-
miurn sheet contains 0.47 w/o Fe , 0.12 w/o Cu and 0,13 w/o Si. To 
examine thei r re la t ive influences on s ome aspec ts of the cor ros ion of 
1100 aluminum^ binary al loys were made of 99.99% Al with the appropr ia te 
anaounts of each of these impur i t i e s . After 30-minute cor ros ion in a i r -
sa tura ted water at 50°C, the i ron alloy had acquired a brown discolorat ion, 
apparent ly identical to that of 1100 aluminum. The copper alloy developed 
a l ighter , different-hued discolorat ion; the silicon alloy and high-pur i ty 
me ta l showed no significant discolorat ion. 

After an additional exposure of 22 hours in oxygen-saturated 
water at 70°C, the same specimens were examined for weight gain (amount 
of cor ros ion) and the nature of the mic roscop ic pitting. The observat ions 
were as follows: 

Composition 

1100 Al 
Kaiser H.P. Al 
Kaiser H.P. Al-0.47 w/o Fe 
Kaiser H.P. Al-0.12 w/o Cu 
Kaiser H.P. Al-0.13 w/o Si 

Weight 
Gain 
(mg) 

5.97 
11.85 

5.71 
7,50 
8.60 

Surface Pit Descr ipt ion 

Numerous smal l shallow pits 
Some la rge and deep pits 
Numerous smal l shallow pits 
Few large deep pits 
Few large deep pits 

The r e su l t s again indicate that the i ron alloy cor rodes ve ry much as does 
1100 Al, and that the o thers do not. 

Kinetics: At 70°C5 the amount of co r ros ion va r i ed as the loga-> 
r i t hm of t ime for about 7 hours . Subsequently, the r a t e i nc reased and finally 
apparent ly dec reased continuously with t ime . The final stage began at less 
than one day 's cor ros ion , although it is by no means ce r ta in that the same 
kinetic equation is in force from that t ime on. 



Dur ing the y e a r , two t e s t s w e r e r u n in o x y g e n - s a t u r a t e d d i s 
t i l l e d w a t e r , u s ing the h i g h - s e n s i t i v i t y " t h i c k n e s s g a u g e " to judge the 
a m o u n t of c o r r o s i o n for e a c h s p e c i m e n a s a function of t i m e . M a t e r i a l 
w a s e x t r u d e d , m a c h i n e d and p o l i s h e d , t hen e t ched . In the f i r s t t e s t , us ing 
u n a n n e a l e d s p e c i m e n s , for 60 d a y s , r e p r o d u c i b l e , s m o o t h c u r v e s w e r e 
ob ta ined . T h e s e could be f i t ted by four r a t e e q u a t i o n s , none of which i s 
c o m m o n l y e n c o u n t e r e d in c o r r o s i o n s t u d i e s . In two of t h e s e equa t ions , 
the r a t e of the r e a c t i o n i s p r o p o r t i o n a l to (a - L)^, w h e r e a i s a cons tan t , 
in the f o r m of an a s y m p t o t i c l i m i t to the a m o u n t of c o r r o s i o n , L. 

The s p e c i m e n s for the s e c o n d t e s t (90 days ) w e r e a n n e a l e d 
be fo re u s e . In t h i s c a s e the c u r v e w a s d i f fe ren t , and could be f i t ted by an 
equa t i on in wh ich the r a t e w a s p r o p o r t i o n a l to (a - L ) ^ . 

At the p r e s e n t t i m e the r e a c t i o n k i n e t i c s s e e m to depend on 
the s t a t e of h e a t t r e a t m e n t of the s p e c i m e n s . Der iv ing c o r r o s i o n m e c h 
a n i s m s on the b a s i s of k i n e t i c s wi l l p r o b a b l y r e q u i r e s o m e choice be tween 
r a t e e q u a t i o n s wh ich so far fit the da ta e q u a l l y wel l . 

C o r r o s i o n in D2O: The r e s u l t s of c o r r o s i o n t e s t s of 1100 Al in 
boi l ing H2O and D2O m a y be s u m m a r i z e d a s fol lows: excep t for the i n i t i a l 
p e r i o d , when m o r e c o r r o s i o n o c c u r r e d in the boi l ing H2O than in boil ing 
D2O, the c o r r o s i o n c u r v e s for the two s y s t e m s w e r e the s a m e ( F i g u r e 45). 

C o r r o s i o n P r o d u c t A n a l y s i s : 
X - r a y and e l e c t r o n d i f f rac t ion 
a n a l y s i s of the c o r r o s i o n p r o d u c t 
f o r m e d in w a t e r a t 50 and 70°C 
showed tha t the f i r s t c l e a r l y c r y s 
t a l l i n e p r o d u c t had the boehmi t e 
( A I O O H ) s t r u c t u r e . After longer 
e x p o s u r e s , and p e r h a p s c o r r e s p o n d 
ing to the t i m e when the r a t e i n 
c r e a s e d (~7 h o u r s a t 70°C), b a y e r i t e 
[ A 1 ( 0 H ) 3 ] was found. M o r e c a r e f u l 
s t u d i e s should m a k e it p o s s i b l e to 
e s t a b l i s h the r e l a t i o n s h i p be tween 
k i n e t i c s and s t r u c t u r e of the 
p r o d u c t . 

C h e m i c a l a n a l y s e s shou ld a l s o be helpful . The w a t e r content of 
the c o r r o s i o n p r o d u c t s e e m s g e n e r a l l y to be be tween tha t e x p e c t e d for 
b o e h m i t e and tha t e x p e c t e d for b a y e r i t e (8 days or longer e x p o s u r e ) . We 
have no t ye t a n a l y z e d p r o d u c t s f r o m qui te s h o r t e x p o s u r e . 

Figure 45 

Corrosion of 1100 Aluminum in Boiling D2O and H2O 
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4, Cor ros ion- f i lm Studies by Elec t ron Microscopy and Diffraction 
( R . K . Hart) 

Siemens E lec t ron Microscope; The ins t rument was put into 
working condition las t September . Since then it has worked sa t is factor i ly 
except for one vacuum leak in the specimen a i r lock chamber . This was 
rect i f ied by replacing a molded gasket . The efficiency of the ins t rument 
has been somewhat impa i red by mechanica l v ibra t ions which originate in 
the fan loft a c r o s s the balcony from the mic roscope room. It is proposed 
to live with this annoyance until we move into the new labora to r i e s (Build
ing 212). E lec t ron optical s tudies to date have been confined to aluminum 
and z i rconium and thei r a l loys . No work on ei ther u ran ium or u ran ium 
al loys has been under taken to date, since a problem has a r i s e n he re in the 
difficulty of roll ing these m a t e r i a l s to a suitable thinness for subsequent 
electrothinning to obtain foils for d i rec t t r a n s m i s s i o n 

Taper Sectioning of Alxuninum Samples after Cor ros ion in 
Water; The outer surface of co r roded samples was f i rs t coated with 
3000 to 5000 A of vacuum-evapora ted gold, which se rved the dual purpose 
of a m a r k e r and helped re ta in the oxide in position during mechanica l 
sect ioning. Samples so far invest igated were as follows: 

a. "Super -pur i ty" a luminum, 3 days in water at 70°C. 

b. "Super -pur i ty" a luminum, 24 hours in water at 100°C. 

c. X8001 alloy, 6.7 days in water at 350°C. 

d. A255 alloy, 6,7 days in water at 350°C. 

The gold-coated spec imens were mounted in Bakeli te before sectioning at 
5°54' (lO:l t aper ) with an end mi l l . Sectioned samples were mechanica l ly 
polished and etched for 5 seconds in 1/2% HF. 

All these exper imen t s were of a p r e l i m i n a r y na tu re , but were 
of in te res t , however , as they did shed some light on the na ture of the m e t a l / 
oxide in terface and to a ce r ta in degree the s t ruc tu re of the oxide. In the 
case of A255 and X8001 al loys , a t tack on the m e t a l surfaces was v e r y un
even and led to cons iderable in t e rg ranu la r attacks as is shown in F igure 46. 
It should a l so be noticed in F igure 46 that " is lands " of m e t a l r e m a i n in the 
oxide. These m e t a l " i s l ands" a r e oxidized to varying degrees of complet ion 
as co r ro s ion p roceeds . No suitable e lec t ron m i c r o g r a p h s have been ob
ta ined to date on t a p e r - s e c t i o n e d sanaples of these a l loys . 

With supe r -pu r i t y aluminum., m e t a l " i s l ands" were not nea r ly 
as evident, though they were not complete ly absent . One in teres t ing e l e c 
t ron mic rog raph , F igure 47, which shows the block s t ruc tu re of the co r ros ion 
product, -was obtained. This type of s t ruc tu re is in ag reemen t with e lec t ron 
diffraction pa t t e rns from cor roded a luminum and exper iments with dr i l led 
discs on which film growth was observed by d i r ec t t r a n s m i s s i o n . 



125 

Figure 46 

A255 Alloy Corroded m Water 
at 350°C for 6.1 Days. 

Taper sectioned at 10:1, 
Mechanically polished and 
etched 10 seconds in 0. Ŝfo HF. 

110,013 500-X 

Figure 47 

Super-pure Aluminum 
Corroded m Water at 
70°C for 3 days. 

Taper sectioned at 10:1. 
Mechanically polished 
and etched 10 seconds 
in 0,5*70 HF. Two-
stage-shadowed carbon 
replica. 
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It is proposed to extend these invest igat ions with t a p e r -
sect ioned samples a s soon as a cathodic etching appara tus is put into 
operat ion. References in the l i t e r a tu re indicate that this method of s u r 
face p repara t ion should be ideally suited for e lec t ron optical s tudies of 
me ta l /ox ide s u r f a c e s . The point in favor of this method over chemica l 
etching is that cathodic a t tack is nonpreferent ia l . 

Optical and E lec t ron Optical Investigation of Par t icu la te 
Mate r i a l in Al-1 w/o Ni Alloys; The following m a t e r i a l s were used in 
these exper iments ; (a) "Super-pur i ty" aluminum, (b) X8001 alloy, 
(c) A255 alloy, and (d) A300 alloy. Super -pur i ty aluminum was inco r 
pora ted into this s e r i e s for use as a control and a lso for comple teness . 
The A300 alloy was a l s o used as a control , and it was made from 99.999% 
aluminum to which was added 1 w/o "Spec P u r e " nickel . It was used in 
the a s - c a s t condition, whereas m a t e r i a l s a, b and c above were in the 
form of-g--in. thick ro l led shee ts . 

Both mechanica l polishing and electropol ishing techniques 
were used to p r e p a r e the sur faces . In the case of e lec t ropol ished s u r 
faces , the ini t ial p repara t ion was to #6 diamond, using hypres oil as lu
br icant . Elect ropol ishing was in a 1:9 p e r c h l o r i c / a c e t i c bath operating 
at 15°C, and polishing was continued for twice the per iod of t ime requ i red 
to r emove the s c r a t ches left by #6 diamond pas te . The polished surfaces 
were f i rs t viewed in the a s -po l i shed condition and then etched. The fol
lowing etchants were used: 

(a) 0.5% HF, 5 seconds and 10 seconds; 
(b) 10% NaOH at 70% for 5 seconds; 
(c) 20% H2SO4 at 70% for 30 seconds. 

These etchants were selected from the l i t e r a tu re a s being suitable for 
etching of const i tuents in a luminum-nicke l a l loys . The etching c h a r a c t e r 
i s t i c s of 0.5% HF a r e s imi la r to the modified Ke l l e r ' s etch (0.5% HF, 
1.5% HCl, 2.5% HNO3), which is a lso commonly used for etching a luminum-
nickel a l loys . 

Repl icas for e lec t ron mic roscop ic examinat ion were p r epa red 
by the following th ree methods: 

(a) two-s tage-shadowed carbon r ep l i ca s ; 
(b) s t r ipped anodic oxide f i lms; 
(c) d i r e c t - s t r i p p e d self-shadowed carbon r e p l i c a s . 

Resu l t s of these th ree methods were compared . As a r e s u l t of this compar 
ison al l future repl ica t ion will be s tandard ized by method (a) which gave 
consis tent ly good r ep l i ca s of g rea t c l a r i ty and had a resolu t ion l imit of l e ss 
than 100 A. 



Both optical and e lect ron micrographs showed that the e l ec t ro 
polishing conditions used in these exper iments brought out the surface 
s t ruc ture of the second phase, namely, NiAls. It was a lso noted from e lec 
tron mic rographs that many a r e a s were etched, the etch pits being ei ther 
square or t r iangular in shape. This observation indicates that etching as 
well as e lectrolyt ic polishing take place, although some etching could have 
occur red between the t ime that the specimens were removed from the bath 
(with the cur ren t on) until washed in water . However, it seems highly un
likely that the amount of etching shown in the mic rographs could have 
occur red in such a short in terval of t ime. 

With electropolished specimens, subsequent etching in 0.5% HF 
for either 5 or 10 seconds did not add appreciably to the relief of p rec ip i 
t a t e s . Etch pits were again observed in this case . These could have r e 
mained from the original polishing. Mechanically polished specimens 
requi re etching to bring out the second phase - 10 seconds in 0.5% HF 
appears to be suitable. 

With sodium hydroxide, etchant at tack of the whole surface is 
rapid and a genera l roughening is quickly noticed. In the A255 alloy the 
second phase is c lea r ly outlined, but detailed s t ruc ture of the prec ip i ta tes 
is genera l ly lacking. The X8001 alloy is a lso severe ly at tacked by sodium 
hydroxide and again no geomet r ica l etch pits were observed. Prec ip i t a tes 
were brought out in relief and a cer ta in amount of detail could be seen 
within individual g ra ins . 

When etched in sulfuric acid, the par t icula te ma t te r was a lmost 
completely obscured in e lectron mic rog raphs by etch p i t s . These pits 
again were ei ther t r iangular or square in shape. A cer ta in amount of s t r u c 
ture can be seen within prec ip i ta tes , but is not near ly as evident as on 
either s t raight e lectropol ished specimens or those that have been subse
quently etched in 0.5% HF. 

In both A255 and X8001 alloys there was m addition to the main 
prec ip i ta tes , which were some 5 to 10 mic rons and l a rge r in s ize, cons ider 
ably smal le r precipi ta tes d i spersed throughout the mat r ix . These par t ic les 
in genera l were between 0.25 and 0.5 micron. 

It was also noted that in the m a t r i x there was a zone, su r round
ing the l a rger prec ip i ta tes , which was devoid of smal le r p rec ip i ta tes . This 
zone was of the o rde r of 5 mic rons wide. 

Another method that has been investigated for the study of 
par t iculate m a t e r i a l in a luminum-nickel alloys is the d i rec t e lectron m i c r o 
scopic examination of electrothinned foils. This method to date has led to 
only l imited success . It has proved ex t remely difficult to thin these alloy 
foils down to some 800-1000 A. This is probably due to preferent ia l a t tack 
of the large second-phase prec ip i ta tes which a r e eventually dissolved away 
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to leave holes in the foil. The thinning p rocess is thus nonuniform. The 
most successful a t tempts to date a r e shown in F igures 48 and 49. Figure 48 
is from supe r -pure aluminum and shows the genera l grain s t ruc tu re . Dis
locations can be seen t r avers ing a number of gra ins while other gra ins 
appear vi r tual ly free of imperfect ions. The broad dark bands which t r a v e r s e 
individual gra ins a r e extinction contours caused by c rys ta l planes along the 
bands being or iented at the right Bragg angle to give diffraction. The da rk
nes s of some gra ins is a lso due to diffraction effects. Pa ra l l e l l ines running 
adjacent to grain boundaries a r e due to low-angle grain boundaries . 

F igure 49 shows a 0 .3-micron d iameter precipi ta te in the A255 
alloy. It will be noticed that there is a dis tor ted a rea in the mat r ix , a lmost 
ent i re ly surrounding the prec ip i ta te . The s t ra ined a r e a does not appear to 
extend v e r y far into the me ta l film so the mi sma tch between precipi ta te and 
me ta l must be smal l . Dislocations appear to run to the boundary and pile up 
there ra ther than remain in the meta l g ra ins . 

It is proposed to extend this investigation with thinned foils and, 
if suitable specimens can be obtained, to corrode them and have a di rect 
observat ion of the p rocess of oxide film growth in the immediate neighbor
hood of p rec ip i ta tes . 

Direct Observation of Corros ion F i lms on Aluminum and 
Zirconium Alloys; Specimens for d i rec t observat ion of cor ros ion film 
exper iments were p repa red by punching out g--in. d iameter d iscs from either 
0.002 or 0.005-in. thick me ta l foils. A centra l ly placed hole, 0.010-in. in . . 
d iameter , was dr i l led and deburred . Finally, the specimens were e l ec t ro 
polished in a 1:9 pe rch lo r i c -ace t i c acid bath before corros ion . Corros ion 
conditions so far investigated were: 

(a) A 255 alloy in water at 248°C for 4 minutes ; 

(b) A255 alloy in water at 350*'C for 5 and 10 m.inutes; 

(c) pure z i rconium in water at 290°C for 2 and 20.5 hours ; 

(d) Z r - 2 w/o Ti alloy in water at 290'*C for 2 and 
20.5 hours ; 

(e) Z r - 8 . 4 w/o Ti alloy in water at 290°C for 2 and 
20.5 hours . 

F i lm growth in the A255 alloy corroded at 248°C for 4 minutes 
advanced outwards from the me ta l surface at a fair ly uniform ra t e . Spaced 
out round the c i rcumference of the hole were occasional outcrops where 
appreciable growth had taken place. Several such outcrops a r e shown 
in Figure 51. These outcrops consisted i ngene ra l of c lus t e r s ofthin oxide 
pla te le ts , many of which showed in te rna l s t ruc tu re . Diffraction pat terns of 
these platelets cor responded to boehmite. Two-stage-shadowed carbon 
rep l icas taken close to the surface of the hole (see F igure 50) indicated that 
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Figure 48 

Super-pure Aluminum 

Electrothinned in 
1:9 perchloric 
acid-acetic acid 
from 0.002" 
sheet. Direct 
transmission. 

^ 

100,117 16 ,000-X 

Figure 49 

A255 Alloy 

Electrothinned in 
1: 9 perchloric 
acid-acetic acid 
from 0. 005" 
sheet. Area show
ing precipitate. 
Direct transmission. 

100,058 160 ,000-X 
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100,135 

Figure 50 

Drilled Disc of 
A255 Alloy 
Corroded in 
Water at 248°C 
for 4 Minutes. 

Two-stage-
shadowed 
carbon replica 
from near 
edge of hole. 

16,000-X 

Figure 51 

Electron Shadow
graph from A255 
Alloy Surface 
after Corrosion 
in Water at 248°C 
for 4 Minutes. 

100,076 16,000-X 



1 

films consis ted of overlapping p la te le ts . Areas of m o r e extended growth 
could also be seen (dark a r e a s ) , but it is not possible to tie these up with 
the underlying me ta l s t r u c t u r e . These a r e a s , however, a r e probably s im
i la r ly placed to the underlying s t ruc tu re as the growth c lus te r s seen grow
ing out from the surface of the hole. 

The oxide growth pat tern on the A255 alloy corroded at 3 50°Cfor 
5 and 10 minutes appeared to be s imi la r for both these t imes , but somewhat 
more advanced at the longer t ime . Selected a r ea e lec t ron diffraction pat
t e rns showed a difference between the shor te r and longer exposures . At 
5 minutes only boehmite was detected, while at 10 minutes both boehmite and 
d i a s p o r e w e r e presen t , although boehmite gave the s t ronger pat tern of the two. 

Over considerable a r e a s the outward growth proceeded on a r e l 
at ively even front and in these a r e a s a predominance of t r i angu la r - shaped 
pla te le ts were observed. The outward angle of these platelets var ied be
tween 63 and 80°. These re la t ive ly smooth a r e a s were separa ted by chunky 
outcrops , s imi la r to those seen in F igure 52. At and around these outcrops 
there was a preponderance of t r i angu la r - shaped pla te le ts . Occasional 
spikes, which va r i ed in length from 0.4 to 0.6 micron , were observed. Closer 
examination of these spikes indicated that they were probably platelets which 
were being viewed end on. In one case a spike was shown to consist of l aye r s . 
Other p la te le ts appeared monoclinic in shape and exhibited considerable 
s t ruc tu re , as shown in F igure 53. The loops and dark c i rc les a r e extinction 
contours which appear to be caused by the sloping walls of cavitie-s lying be
tween l aye r s in the platelet . Fu r the r evidence in this r ega rd a r e the e lect ron 
in ter ference fringes (moire pa t te rns) which can be seen in the a r e a s of dif
fraction cont ras t . The m e a s u r e d spacings of these fringes var ied between 
50 A and 80 A, which would cor respond to a wedge angle from 0.047 to 0.029°. 
This is assuming that double diffraction occurs between planes of the same 
spacing but inclined toward each other . This type of e lectron interference 
will only occur in regions of the e lec t ron image showing diffraction contras t . 
This can be c l ea r ly seen in F igure 53. Also, in order for double diffraction 
to occur (i .e. , m o i r e fr inges), the c ry s t a l s must be ve ry thin so that the 
extension of the r ec ip roca l lat t ice points a r e cut by the sphere of reflection. 

The th ree z i rconium and z i rconium-t i tan ium alloys that were 
cor roded for 2 hours contained a r e a s of considerable l a t e ra l extent which 
were re la t ive ly smooth. Outcrops of excess ive growth occur red around the 
c i rcumference , as shown in F igure 54. Pu re zirconiuin outcrops, on the 
whole, were smal l and consis ted mainly of c lus t e r s of oxide pla te le ts . In the 
two alloys the outcrops became increas ing ly l a rger with increasing t i tanium 
concentrat ion and became chunky, r a the r than consisting of c lus te r s of p la te
le t s . Long, thin oxide "whiskers" (see F igure 57) were par t icu la r ly not ice
able on the two al loys, whereas on pure z i rconium only the occasional short 
spike was observed. F igure 55 shows the occur rence of a platelet with 
spikes and chunky oxide. The chunky oxide is seen he re breaking away 
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Figure 52 

Electron Shadow
graph from A255 
Alloy Surface 
after Corrosion 
m Water at 350°C 
for 10 Minutes. 

100,177 16 ,000-X 

Figure 53 

Electron Shadow
graph from A255 
Alloy Surface 
after Corrosion 
m Water at 350°C 
for 10 Minutes, 

Large oxide 
platelet. 

100,190 120 ,000-X 
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Figure 54 

Electron Shadow
graph from Pure 
Zirconium Sur
face after 
Corrosion lu 
Water at 2;J0^C 
for 2 Hours, 

100.213 16 ,000-X 

Figure 55 

Various Forms of 
Oxide Growth on 
Zirconium-2 
w/o Titanium 
Alloy after Cor
rosion in Water 
a t290°C for 
2 Hours, 

100,221 16 ,000-X 



f r o m the s u r f a c e , p r e s u m a b l y to r e m o v e the s t r e s s a t t h a t point . F i g 
u r e 56 i s a n o t h e r e x a m p l e of " s p i k e " g rowth , only t h i s t i m e on the 
o u t w a r d s u r f a c e of a p l a t e l e t s i m i l a r to t ha t shown in F i g u r e 55. The 
" s p i k e s " a p p e a r to n u c l e a t e f r o m p a r t i c u l a t e m a t t e r s o m e 60 to 120 A i n 
d i a m e t e r . 

P u r e z i r c o n i u m s a m p l e s , c o r r o d e d for 20.5 h o u r s , had l a r g e 
a r e a s of r e l a t i v e l y s m o o t h and u n i f o r m oxide g r o w t h which w e r e b r o k e n 
by chunky o u t c r o p s . N e i t h e r th in p l a t e l e t s n o r " w h i s k e r s " w e r e o b s e r v e d 
u n d e r t h e s e cond i t i ons . The Z r - 2 w / o Ti a l l oy was n e a r l y a l l c o r r o d e d 
away , whi le the Z r - 8 . 4 w / o Ti a l l o y w a s c o m p l e t e l y c o n v e r t e d to oxide 
and d i s i n t e g r a t e d . 

Figure 56 

Secondary Growth of Oxide Spikes from the Outer 
Edge of a Large Zirconium Oxide Platelet. 

100,243 160 ,000-X 
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Figure 57 

Oxide Whisker on the Surface of Zr-8.4 w/o Ti Alloy 
after Corrosion in Water at 290°C for 2 Hours. 

f 

/ 

100,231 16,000-X 



H. I r r a d i a t i o n E f f ec t s 

1. P o w e r D i s t r i b u t i o n in U r a n i u m S p e c i m e n s u n d e r I r r a d i a t i o n 
( F . R . T a r a b a and S. H. P a i n e ) " ~~ ' 

E x p e r i m e n t a l w o r k on t h i s p r o g r a m h a s b e e n c o m p l e t e d d u r i n g 
the p a s t y e a r and the r e s u l t s h a v e b e e n p u b l i s h e d in the fol lowing r e p o r t s : 
" T h e R a d i a l D i s t r i b u t i o n of T h e r m a l N e u t r o n F l u x in C y l i n d r i c a l F u e l 
S p e c i m e n s d u r i n g N e u t r o n I r r a d i a t i o n , " A N L - 5 872; and "The L o n g i t u d i n a l 
D i s t r i b u t i o n of T h e r m a l N e u t r o n F l u x in C y l i n d r i c a l F u e l S p e c i m e n s d u r i n g 
I r r a d i a t i o n , " A N L - 5 9 4 5 , 

The above r e p o r t s d e s c r i b e in d e t a i l n e u t r o n d i s t r i b u t i o n s in 
c y l i n d r i c a l fuel b o d i e s du r ing e x p o s u r e in a t h e r m a l f lux. The e f fec t s of 
the v a r i a b l e c y l i n d e r r a d i u s , a, and t h e m a c r o s c o p i c a b s o r p t i o n c r o s s 
s e c t i o n , S a b s j î ^ the r a n g e 0 < a ) < 2 . 2 , w h e r e (X) - aSabs> w e r e s t u d i e d . The 
e x p e r i m e n t a l l y d e t e r m i n e d r a d i a l d i s t r i b u t i o n s c a n b e e x p r e s s e d by an 
e m p i r i c a l f o r m u l a of the t ype 

3 

k=0 

fo r r _< a, and 0 < OD < 2 , 2 . The fxmctions aî (cJD) a r e g i v e n by 

/ ' 

/ j=o 

w h e r e 

7 = a 3 / ( - 0 . 2 2 8 9 4 0)2 + 0.638120) + 1.2567) 

The n e u t r o n f lux i s s e t e q u a l to un i ty a t t h e s u r f a c e of the c y l i n d e r , i . e . , 
n(a,(D) = 1 for a l l 0). 

The d i s t r i b u t i o n of a v e r a g e c r o s s - s e c t i o n a l f lux a long t h e 
l e n g t h of a c y l i n d r i c a l fuel body m a y b e e x p r e s s e d by an e m p i r i c a l e q u a 
t ion of the type 

0 ( z , T ) = A(T) exp [ - B ( T ) z ] + C ( T ) , (0 < z ^ X) 

w h e r e A ( T ) , B(T) and C(T) a r e p o l y n o m i a l s of the s e c o n d d e g r e e , 
T = 0.91 a ( 2 a b s + ^ s) ^^^ ^ = 0 ,5935 a^ + 6,429 a. The s y m b o l a d e n o t e s 
the r a d i u s of t h e s p e c i m e n , and ẑ  i s t h e a x i a l d i s t a n c e f r o m the end s u r 
f a c e . D i s t r i b u t i o n i s found to be a func t ion of the m a t e r i a l p a r a m e t e r s 



only, except when an absorbing body is near enough to pe r tu rb the flux at 
the cylinder end. In the l a t t e r case , a m o r e complex equation was found 
to exp re s s the distr ibution, evaluation of which depends on knowledge of 
the Wilkins effect p a r a m e t e r . 

2. Effect of I r radia t ion on Phase Transformat ions 
(S. H. Pa ine and K, M. Mylesl 

Extended shutdown of the C P - 5 r e a c t o r cur tai led this inves t i 
gation during the year to approximate ly 100 days of r eac to r operat ion. A 
total of seven uranium-molybdenum wire specimens have been used thus 
far to study the t rans format ion behavior of the 5 and 8 w/o Mo al loys. The 
exper imenta l method cons is t s of holding the wire specimen at a chosen 
t e m p e r a t u r e within the r eac to r fuel la t t ice while making continuous m e a s 
u r e m e n t s of r e s i s t a n c e by means of a special ly const ructed ohmmete r . 

The ins t rumenta l sensi t ivi ty requ i red to detect slight changes 
in e l ec t r i ca l r e s i s t ance has been at tained. However, it is evident from 
re su l t s to date that effects from a number of var iab les a r e being seen and 
that careful work is s t i l l needed before these may be separa ted . Fo r i n 
stance, the magnitude of the r e s i s t a n c e is quite sensi t ive to minor f luctua
tions of t e m p e r a t u r e , such as a r e produced by normal momenta ry changes 
in neutron flux. This does not m a s k l ong - t e rm changes ent i rely, but 
se r ious ly h inders observat ion of s h o r t - t e r m phenomena, such as ini t ial 
d i so rde r effects in the specimen m a t e r i a l s . 

It is an encouragement to note that the long- t e rm changes in 
r e s i s t iv i ty a r e of a significant magnitude and show a consis tent c o r r e l a 
tion with t e m p e r a t u r e and composit ion v a r i a b l e s . For example , continuous 
exposures , one week long, have produced the i n c r e a s e s shownin Table XVII. 

TABLE XVII 

Changes in E l ec t r i ca l Res i s t ance Result ing 
from I r rad ia t ion of Uranium-Molybdenum 

Alloys in C P - 5 for One Week 

Composit ion 
(w/o Mo) 

5 
5 

8 
8 

Average 
T e m p e r a t u r e 

(°c) 

475 
525 

475 
635 

Increase 
in Res is tance 

(%) 1 
10.9 
11.3 

7.0 
9.1 



Changes in r e s i s t a n c e of the 8 w /o Mo alloy did not sa tura te during 2 
weeks of exposure at the lower t e m p e r a t u r e , but in a s imi la r period the 
5 w/o Mo alloy at 525°C suffered a dist inct drop in its r a t e of i n c r e a s e . 
These qualitative indications justify the p r e s e n t exper imenta l a r r a n g e 
ment and support the hope that with it dynamic changes may be studied in 
alloys of as low as 3 w/o Mo content. 

3 . F i s s ion Gas R e s e a r c h (B, A, Loomis and S. H. Paine) 

An immedia te objective of the p r o g r a m of genera l fission gas 
r e s e a r c h , begun las t yea r , has been es tab l i shment of a co r re la t ion b e 
tween swelling of fuel bodies and a number of the respons ib le fac to r s , 
such as t e m p e r a t u r e , t ime , composit ion, r a t e of burnup, total burnup, and 
gas diffusion r a t e . The complex of sensi t ive var iab les is doubtless g r ea t e r 
than th is , but it was hoped that s tandardized m a t e r i a l s , geometry , tes t ing 
technique, and corapar ison with the swelling effects in unalloyed uranium 
could be used in separa t ing major effects from minor . 

As an ini t ial step it was decided to i r r a d i a t e specimens under 
apprec iab le r e s t r a i n t and at t e m p e r a t u r e s low enough to minimize gaseous 
diffusion. Po s t i r radiat ion t r ea tmen t will consis t of an annealing p r o g r a m 
at e levated t e m p e r a t u r e s . Specimens p resen t ly being exposed in the MTR 
and which will be available for study in I960 include unalloyed high-pur i ty 
uran ium and b inary alloys of the same containing 10 a /o each of t i tanium, 
z i rconium, niobium, and molybdenuna. There a r e a lso specimens contain
ing 2.5, 5.0, and 15 a /o molybdenum. Total atom burnups up to 1.0% a re 
scheduled. 

Appara tus for this invest igat ion has been cons t ruc ted and tes ted 
during the yea r as follows; 

1, vacuum annealing furnace for use with i r r a d i a t e d specimens 
up to 1000°C t e m p e r a t u r e ; 

2, appara tus for measu r ing densi ty of spec imens to four s ignif i
cant f igures ; 

3, moni tor ing equipment for de te rmining quantity of krypton and 
xenon evolved during annealing; 

4, appara tus for dissolving i r r a d i a t e d spec imens and collecting 
gas evolved; 

5, appara tus for purifying f iss ion gas and m e a s u r i n g total 
quantity evolved from dissolved spec imens . 

Some exper ience in the pe r fo rmance of this equipment has 
been gained in connection with pu lse -annea l ing opera t ions on 2 a luminum-
clad, aluminum-plutonixim spec imens which had been i r r a d i a t e d in MTR to 



essent ia l ly 100% burnup of fuel, A slight dec rease in volume of these 
specimens was observed as a r esu l t of annealing at t empe ra tu r e s up to 
550°C, followed by only a snaall i nc rease between 550 and 600°C. The gas 
evolved by chemical dissolut ion was purif ied and m e a s u r e d in the appa
ra tus l i s ted above, and was found to consis t ent i re ly of hydrogen and minor 
contaminants . The absence of both xenon and krypton explains the lack of 
appreciable swelling in the a luminum-plutonium specimens "when heated 
to t e m p e r a t u r e s approaching the i r melt ing point. 

The fact that f ission gas may be accommodated in a luminum-
plutonitim "without adverse cha.nges in volume, and held there until total 
burnout of both fuel and gas i s complete , gives some hope that other com
pound sys t ems may be found which have in thei r la t t ices s i tes which can 
t r ap gas a toms and prevent thei r agglomerat ion for bubble formation. It 
is proposed during I960 to invest igate this possibi l i ty . 

4, Effect of Neutron I r radia t ion on the Thermoe lec t r i c emf and 
E lec t r i ca l Res is t iv i ty of Metals and Alloys (F. R. Taraba) 

The p r o g r a m ini t ia ted las t year to study the re la t ive effects 
of cold "work and radiat ion damage upon the the rmoe lec t r i c emf and 
e lec t r i ca l r e s i s t iv i ty of me ta l s and alloys continued throughout 1959. Dur 
ing this period the effects of cold work upon the the rmoe lec t r i c emf and 
e lec t r i ca l r e s i s t i v i ty of s eve ra l pure me ta l s and alloys Avere invest igated. 
The kinet ics of the r e c o v e r y of these p r o p e r t i e s were also invest igated by 
a pulse-anneal ing technique a imed at construct ing a p r o p e r t y - v e r s u s - t i m e 
curve essen t ia l ly under i so the rma l conditions, the assumpt ion being that 
the success ive heatings and coolings produce changes in the p rope r ty which 
a r e insignificant when compared with changes at the elevated t e m p e r a t u r e . 

F r o m a se r i e s of such curves and a method of analysis de 
veloped by Vand,^-'- it is poss ib le to de te rmine an activation energy spec 
t r u m of la t t ice defects , i .e . , a curve showing the re la t ive number of defects 
a s soc ia ted with a pa r t i cu l a r act ivation energy of heal ing. Studying the 
kinet ics of r ecove ry provides a method for investigating the nature of the 
damage and also gives information on the behavior of the var ious types of 
la t t ice d i so rde r . Since different p r o p e r t i e s may not be equally affected in 
the healing of different types of la t t ice defects , additional information may 
be gained by studying two p r o p e r t i e s s imultaneously. The following graphs 
a r e typical of the r e su l t s obtained so far in the invest igation. 

51 V. Vand, A Theory of the I r r e v e r s i b l e E lec t r i ca l Res i s tance 
Changes of Metall ic F i l m s Evapora ted in Vacuum, P r o c . Phys . 
Soc. (London) A55 222 ]T943). ' ~ 
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Figure 58 shows the variat ion of the e lec t r i ca l res i s t iv i ty 
(measured at 20°C) of a nickel wire which has been success ively cold 
worked by swaging. The gradual i nc r ea se in res i s t iv i ty with increas ing 
amount of cold work is typical of pure m e t a l s . However, this is not a l 
ways the case with al loys. F igure 59 is an example of an alloy, 
n ichrome, which shows the e lec t r ica l res i s t iv i ty dec reas ing with in
creas ing amount of cold work. F igure 60 i l lus t r a t e s the dependence of 
the the rmoe lec t r i c emf of n ichrome rela t ive to annealed i ron upon the 
amount of cold work. The t empe ra tu r e differential between the hot and 
cold junctions of the i ron-n ichrome thermocouple was maintained at 
20°C. Similar behavior has been observed in the case of pure me ta l s . 
Metals showing the opposite behavior have also been observed. F igure 6l 
shows the effect of cold work upon the the rmoelec t r i c emf of fully an
nealed and cold-worked n ichrome re la t ive to annealed i ron. The effect of 
the cold work is exhibited as a dec rea se in the the rmoe lec t r i c power of 
n ichrome, i .e . , in the slope of the emf ve r sus t empera tu re curve . 
F igures 62 and 63 show i so the rmal annealing curves for cold-worked 
n ichrome. These curves were obtained by the pulse annealing technique. 
F igure 62 shows the recovery of the the rmoe lec t r i c power at 150°C. 
F igure 63 shows the recovery of the e lec t r ica l r e s i s t iv i ty at 150°C. It 
should be pointed out that this behavior of the res i s t iv i ty during annealing 
is not cha rac t e r i s t i c of all a l loys. In the case of pu re me ta l s the norm.al 
behavior is just the r e v e r s e , i .e . , the res i s t iv i ty d e c r e a s e s during the 
annealing p r o c e s s . 

Figure 58 

The Electrical Resistivity of an Electrolytic Nickel 
Wire Versus Reduction in Cross-sectional Area 

Figure 59 

Electrical Resistivity of a Nichrome Wire Versus Re
duction in Cross-sectional Area 

25 50 

REDUCTION IN AREA,% 
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Figure 64 shows a s e r i e s of i so the rmal annealing curves for 
a cold-worked nickel wi re . The curves show the r ecove ry of the e l e c t r i 
cal r e s i s t ance at severa l t e m p e r a t u r e s ranging between 350 and 700°C. 
The same wire specimen was used in obtaining each of the 6 cu rves . Each 
curve of the s e r i e s was obtained by pulse annealing the specimen at a 
pa r t i cu la r t e m p e r a t u r e , s tar t ing with the lowest t empera tu re , until no fur
ther measu rab l e change occur red in the r e s i s t a n c e . F igu re 65 is the r e 
sult of an application of the Vand analysis to the i so the rma l annealing 
curves shown in F igure 64, Each bel l -shaped curve was derived from a 
pa r t i cu la r annealing curve . The ord ina tes , N(e), and absc i s sae , €, 
r ep re sen t the re la t ive number of la t t ice defects and the activation energy 
of healing, respect ively . 

Figure 64 

The Electrical Resistance of Cold-worked Nickel 
During Isothermal Annealing (RA = 74. &^o) 

Figure 65 

Components of the Activation Energy Spectrum of 
Lattice Defects in Cold-worked Nickel at Room 
Temperature (RA = 74, &^o) 
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According to the Vand analys is , 

dR 
N[ e(t)] t 

kT dt (1) 

and 

e(t) = kT In vt (2) 

The var ious symbols appearing in equations (1) and (2) a re defined as 

follows: -;— i s the t ime ra te of change of the e lec t r ica l res i s tance at 

L ^t Jt 
t ime t, i .e . , the slope of the annealing curve at the t ime t, T is the an 
nealing t empera tu re (°K), v is the latt ice frequency factor (sec~^), k is 
the Boltzmann constant (ev/°K) and t is the annealing t ime (sec). The 

dR 
•was computed fronn the analytical express ion represent ing 

quantity 
L ^ t j t 

the change in the e lec t r ica l r e s i s t ance with t ime, R(t). The analytical 
express ions for R(t) [one for each annealing curve] were derived from a 
leas t squares analysis of the annealing data and are of the forra 

R(t) a i c 
Xjt ->t2t 

^ + a j e 2 (3) 

Figure 66 is the composite of the curves shown in Figure 65. It is a 
curve showing the re la t ive number of defects charac te r ized by a par t icu
la r activation energy of healing. F igures 64, 65, and 66 per ta in to high-
puri ty nickel which was cold worked at room tempera tu re by swaging. 

g 70^ 
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0 -V-
0 

Figure 66 

Activation Energy Spectrum of Lattice De
fects in a Nickel Wire Cold Worked at Room 
Temperature (RA = 74. i 
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I. Ce ramic Mate r ia l s R e s e a r c h 

1. Sintering Mechanisms of AI2O3 Single Crys t a l s 
(G. C, Kuczynski* and J. M, Allan) 

Publ ica t ions : 

1. G. C. Kuczynski, L. L. Abernethy and J. M, Allan, 
"Sintering Mechanisms of Aluminum Oxide," in 
Kinetics of High T e m p e r a t u r e P r o c e s s e s , 
John Wiley and Sons, Inc. (1959) pp. 163-172. 

2. G. C. Kuczynski, L. L. Abernethy and J. M. Allan, 
"The Chemical Aspects of the Sintering of Aluminum 
Oxide," P l ansee Proceed ings , 1958, High-Melting 
Metals , 1-12, Metal lwerk P lansee Ag,, Reu t t e /Tyro l 
(1959). 

The r e su l t s d i scussed in the above pape r s indicated that 
the predominant p r o c e s s respons ib le for welding pa r t i c l e s of a luminum 
oxide together is that of volume diffusion. However, g rea t differences in 
r a t e s were observed when the s i ng l e - c ry s t a l spheres w e r e s in tered in r e 
ducing and oxidizing a t m o s p h e r e s . Moreover , heating in a reducing a t m o s 
phere of dry hydrogen resu l ted in the loss of the m a t e r i a l due to evaporation, 
causing the t rans format ion of the spheres into polyhedra. 

The diffusion coefficient der ived f rom the or iginal s inter ing 
data in oxidizing a tmosphe re s of O2, He, and wet H2, namely, D = 2.5 x 10 
exp(-131,000/RT) c m Y s e c , was not in ag reement with the value obtained by 
Coble,^^ namely, D = lO"̂  exp( - l65 ,000/RT) c m ' / s e c . The s inter ing r a t e s 
w e r e therefore r e m e a s u r e d in wet Hj and Og. The new r e s u l t s yielded a co
efficient ve ry close to that of Coble 's , namely, D = 1.4 x lO'̂  exp(-l60,000/feT) 

Sintering s tudies of aluminura oxide s i ng l e - c ry s t a l sphe res 
in vacuum (<10" m m Hg) indicated that the controll ing p r o c e s s is the vol
ume diffusion, with a coefficient of diffusion D = l O " exp(-213,000/RT) 
cm / s e c . When compared with the diffusivity obtained f rom sinter ing r a t e s 
m e a s u r e d in dry Kg, D = 10^^ exp(-215,000/RT) c m Y s e c , it is evident that 
the activation energ ies a r e p rac t ica l ly identical in both cases , but the values 
of the frequency factor differ by a factor of 10^. This would indicate that 
the concentrat ion of defects (a luminum vacancies or i n t e r s t i t i a l s , oxygen 
vacancies or in te r s t i t i a l s ) i s grea t ly dependent on oxygen p r e s s u r e . In the 
case of heating in Hj, oxygen vacanc ies or a luminum in t e r s t i t i a l s a r e p r o 
duced by the react ion AljO^ + H2 S^^AlgO + 2H2O. In vacuum, s imi la r defects 

•The Univers i ty of Notre Dame, Consultant to ANL Metal lurgy Division. 
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can be produced by AI2O3 decomposit ion: Al203-S^? AI2O + Og, provided that 
the oxygen p r e s s u r e in the surrounding a tmosphere is lower than that cor 
responding to the above react ion. If the p r o c e s s in question is controlled by 
oxygen ion diffusion, it can be shown that D- p "V^ , where p is the oxy-

O2 tJz 
gen p r e s s u r e . If the p r o c e s s r a t e i s controlled by the diffusion of in te r 
st i t ia l a luminum, then D p "V*. Thus, the problem, of which ion diffusion 

O2 
actually controls the r a t e of s inter ing in AI2O3 can be experimental ly r e 
solved by measur ing the s inter ing r a t e s of sphe res at var ious very low 
oxygen p r e s s u r e s . At p re sen t no such data a r e avai lable. 

2. Evaporat ion of AI2O3 Single -c rys ta l Spheres in Dry Hydrogen 
(G, C, Kuczynski and D. W. Readey*) 

It has been observed in the course of s inter ing aluminum oxide 
spher ica l pa r t i c l e s in pure hydrogen that a copious evaporation occurs which 
r e su l t s in a reduction of sphere s ize and in a change in shape from spher ica l 
to polyhedral . Closer observa t ions of this phenomenon revealed that the 
development of the facets is mos t pronounced and fas tes t near the neck b e 
tween two s in tered sphe res , and that at other locations the facets a r e in the 
form of ex t remely fine se ts of s teps (see F igure 67). 

Measuremen t of the evaporat ion ra t e of single spheres or plates 
yielded the following re la t ionsh ips : 

(1) ro - r^ :=: Fi(T) t for sphe re s , 

where TQ is the or iginal rad ius , r the rad ius after t ime t, and Fi(T) some 
function of t e m p e r a t u r e only; 

(2) do - d = F2(T) t for p la tes , 

where do is the or iginal th ickness of the plate and d, that after t ime t, and 
F 2 ( T ) a function of t e m p e r a t u r e only. Both equations a r e consistent with 
the hypothesis that a volat i le suboxide, AI2O o r / a n d AlO, forms on the s u r 
face by reduct ion of AI2O3 with H2. The activation energies for the p r o c e s s 
in both sphe re s and p la tes w e r e found to be a lmos t the same, ranging b e 
tween 100 and 120 kca l /moL This act ivation energy is very close to that 
for nucleation of facets^-^ and polygonization^ of AlgOj c r y s t a l s . 

The fine facets (F igures 67, 68 and 69) a r e essent ia l ly composed 
of s teps formed by basa l p lanes of (0001) type and of p r i s m a t i c planes of 
ei ther (lOFo) or (1120) type (F igure 67), or both (Figure 68). Apparently 

•Student Aide, Summer , 1959. 
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t h e s u r f a c e t e n s i o n s of t h e ( 1 0 1 0 ) a n d ( 1 1 2 0 ) t y p e p l a n e s a r e n e a r l y e q u a l . 

T h e s e t h r e e p l a n e s s e e m t o h a \ e t h e l o w e s t s u r f a c e t e n s i o n . 

Figure 67 

0. 0625-111, Diameter AlgOg Sphere 
Heated m Dry Hg at 1850°C for 
110 minutes. 

M i c r o 2 6 1 9 7 1 2 5 - X 

Figure 68 

0. 030-in. Diameter AlgO^ Sphere 

Heated m Dry Hg at iCUO°C for 

120 Minutes. 

M i c r o 2 6 6 5 2 1 2 5 - X 
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Figure 69 

0. 030-in. Diameter AlgOg Sphere 
Heated m Dry Hg at 1700°C for 
140 Minutes. 

M i c r o 2 6 6 5 1 1 2 5 - X 

3 . S i n t e r i n g M e c h a n i s m s i n N o n s t o i c h i o m e t r i c O x i d e s 
(P. F . Stablein, JT7) 

An a i r g r i n d e r h a s b e e n d e s i g n e d and bui l t to p r o d u c e s p h e r e s 
s u i t a b l e for n e c k - g r o w t h s i n t e r i n g s t u d i e s . The a p p a r a t u s c o n s i s t s of a 
c y l i n d r i c a l cav i ty l ined wi th a s t r i p of a b r a s i v e p a p e r . The p o w d e r e d 
s a m p l e i s i n t r o d u c e d into the c y l i n d r i c a l cav i ty t h r o u g h a t u y e r e l oca t ed 
t a n g e n t i a l l y wi th the i n n e r wa l l . A j e t of c o m p r e s s e d a i r i n t r o d u c e d t h r o u g h 
the t u y e r e s e t s the p a r t i c l e s in t u r b u l e n t m o t i o n a g a i n s t the a b r a s i v e p a p e r . 
The a p p a r a t u s h a s b e e n u s e d s u c c e s s f u l l y to p r o d u c e s p h e r e s of UO2, Th02, 
and MgO. The t i m e r e q u i r e d d e p e n d s on the qual i ty of the p a p e r , the r a d i u s 
of the c y l i n d r i c a l cav i ty , and the h a r d n e s s of the p o w d e r . The s i z e s of 
s p h e r e s p r o d u c e d r a n g e f r o m 10 to about 80 m i l s in d i a m e t e r . S p h e r e s 
h a v e b e e n naade f r o m p e l l e t s p r o d u c e d f r o m p o w d e r s a s we l l a s f r o m fused 
m a t e r i a l ; h o w e v e r , t he s u r f a c e s have b e e n qui te rough . Al though the g round 
s p h e r e s h a v e good s p h e r i c i t y , t h u s far no s a t i s f a c t o r y m e t hod h a s b e e n found 
for po l i sh ing the s u r f a c e s . 

A t t e m p t s to s i n t e r UO2 s p h e r e s in v a c u u m o r in p u r e h y d r o g e n 
a t t e m p e r a t u r e s r ang ing f r o m 1700 to 2500°C have to d a t e b e e n u n s u c c e s s 
ful. The s p h e r e s w e r e p l a c e d in a g r o o v e d t u n g s t e n h e a t e r in a m a n n e r 
such t h a t good c o n t a c t w a s m a i n t a i n e d bet^^een t h e m , ye t no o b s e r v a b l e 
" n e c k s " could be p r o d u c e d . The m a j o r diff icul ty h a s b e e n the e x c e s s i v e 



evaporation which occur s . At tempts to reduce the evaporat ion by using 
tungsten radiat ion shields around and within the slot in the tungsten heater 
have not been successful . 

Considering the low sinter ing r a t e s that have been observed in 
densification studies on s to ichiometr ic UO2, ^ and the diffusion coefficient 
of U in "pure" UOg the lack of growth of necks under the conditions of our 
exper iments i s perhaps not too surpr i s ing (our m a t e r i a l is close to s to i 
chiometr ic UO2). At 2500°K the coefficient is about 10"^° cm^/sec , and for 
an observable neck to form, considering the roughness of the surface, it 
would need to have a rad ius of at leas t 10"^ cm. To grow such a neck would 
r equ i re up to ten hours of hea+ing at these t e m p e r a t u r e s , and the copious 
evaporat ion preven ts such an exper iment . At p resen t , new exper imenta l 
techniques a r e being t r i ed to reduce further the evaporat ion r a t e . 

4. Mechanism of Solid-Gas React ions (M. L, Volpe) 

The objectives of the investigation of the kinet ics of reduction 
of u ran ium oxides between U30g and UO2 by hydrogen have been to d e t e r 
mine how the reac t ion ra t e is affected by reac t ion var iab les such as hydro
gen p r e s s u r e , reac t ion t e m p e r a t u r e , and O/U ra t ios and to at tempt to 
deduce f rom these the mechan i sm of the reac t ion The method selected 
for measur ing the reduct ion r a t e was that of following the dec rea se of 
hydrogen p r e s s u r e with t ime . This method r a the r than the flow method 
at constant p r e s s u r e used by fo rmer i nves t i ga to r s ' ' ' " ' was chosen, because 
it pe rmi t ted obtaining ra t e data at essent ia l ly constant O/U ra t io s . This 
el iminated the occu r r ence of bulk c rys t a l s t ruc tu re changes during r educ 
tion which would occur if the O/U ra t io were to change thus simplifying 
the in te rpre ta t ion of the data In the work repor ted below, reduction r a t e s 
were m e a s u r e d at init ial pressure*^ of about 600 microns Samples weigh
ing m o r e than 1 g r a m were used, with about 50 m i c r o m o l e s of hydrogen, 
so that the O/U ra t io dec reased during a given run by no m o r e than 0.35%, 
The r a t e s were m e a s u r e d at var ious O / u ra t ios between 2„67 and 2 00. 

Two kinds of oxide samples were used. Powder samples of 
U3O8 were obtained by a i r oxidation of highly purified u ran ium meta l Some 
exper iments were also per formed on fused m a t e r i a l of re la t ively l a rge 
pa r t i c l e s ize . High-puri ty gases were used in al l the t e s t s . 

Resul ts- Typical data of a number of reduct ion runs at 600^C 
with powders a r e shown in F igure 70 as plots of p r e s s u r e v e r s u s t ime 
The plots r e p r e s e n t consecutive runs under a lmost ident ical conditions 
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1(1} 28 (1959). 
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of t e m p e r a t u r e , p r e s s u r e , and compos i t i on , 
and show a p r o g r e s s i v e d e c r e a s e in r a t e , 
p a r t i c u l a r l y in the i n i t i a l s t a g e s . The m a g 
ni tude of the d e c r e a s e d i m i n i s h e d with i n 
c r e a s i n g n u m b e r of r u n s , wi th the r a t e 
s o m e t i m e s a p p r o a c h i n g a l imi t ing va lue 
af ter about 5 to 6 r u n s . However , even 
th i s l i m i t did not s e e m to be r e p r o d u c i b l e . 
The d i s c r e p a n c y b e t w e e n s u c c e s s i v e r u n s 
in a g iven s a m p l e w a s g r e a t e r when i t s oxy
gen content w a s a t t a i ned by ox ida t ion r a t h e r 
than by r e d u c t i o n f r o m a h i g h e r s t a t e . 

The following w e r e c o n s i d e r e d a s 
p o s s i b l e c a u s e s for the n o n r e p r o d u c i b i l i t y : 
(a) s u c c e s s i v e r e m o v a l of oxygen a t o m s 
f r o m an o x y g e n - r i c h s u r f a c e l a y e r ; (b) a b 
s o r p t i o n of h y d r o g e n and oxygen by the 
p l a t i n u m a l loy t h e r m o c o u p l e s ; and (c) the 

f o r m a t i o n of a s u r f a c e b a r r i e r for h y d r o g e n by g r a d u a l a d s o r p t i o n of w a t e r 
v a p o r on the sol id ox ide . To t e s t t h e s e p o s s i b i l i t i e s , an e x p e r i m e n t was r u n 
in which the s a m p l e w a s exposed to about 5 m m of w a t e r vapor p r e s s u r e 
p r i o r to the r e d u c t i o n run ; no effect w a s noted. As for a p o s s i b l e r e a c t i o n 
of the h y d r o g e n wi th the plat inuna, a t e s t a t 600®C ind ica ted sonae r e a c t i o n 
to the ex tent c o r r e s p o n d i n g to only 5% of the p r e s s u r e d e c r e a s e ; hence it 
cannot accoun t fully for t h e l ack of r e p r o d u c i b i l i t y . The p o s t u l a t e d p r e s e n c e 
of an o x y g e n - r i c h l a y e r and i t s s u c c e s s i v e r e m o v a l i s ye t to be eva lua ted . 

D i s c u s s i o n : An a t t e m p t w a s m a d e to fit the da ta to the fol low
ing g e n e r a l equat ion , in o r d e r to p r o v i d e a r e l a t i o n s h i p be tween the r a t e 
and the r e a c t i o n v a r i a b l e s which could be u sed in eva lua t ing the m e c h a n i s m : 

- d P / d t = R ' ( O x ) ' ' ( A ) ^ P ) " ' , (1) 

w h e r e (Ox) r e p r e s e n t s the c o n c e n t r a t i o n of r e d u c i b l e oxygen in the oxide, 
A is the s u r f a c e a r e a , and R' is a cons tan t . Since the oxygen c o n c e n t r a t i o n 
r e m a i n e d c o n s t a n t d u r i n g a run , and a s s u m i n g a c o n s t a n t s u r f a c e a r e a , 
equa t ion (1) can be i n t e g r a t e d to g ive: 

(P/Po)^^""^^ = 1 + R ( m - l ) ( O x ) ' ' P o ^ ™ " ^ \ for m / 1 (2) 

and 

ln(Po / P ) = R(Ox)^t for m = 1 . (3) 

k 
H e r e Pg is the p r e s s u r e a t t i m e t = 0 and R = R'(A) . P l o t s of the da ta as 
In ( P o / P ) or (P/PQP "•™'' v s . t i m e t a c c o r d i n g to the above equa t ions 

Figure 70 

Consecutive Reduction Runs of 
U„0- at 600°C, 

700 

UjOj, REDUCTION 
•> RUN NO I 
» RUN NO Z 
" RUN NO 3 
TEMP-600°C 

30 40 
T(min) 
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yielded straight lines for values of m between 0.75 and unity. However, the 
constancy of m and n has not yet been tested. The value of n will be de ter 
mined from the slopes of lines obtained for different 0:U ra t ios . 

In another approach to the problem, a diffusion mechanism was 
postulated in which it was assumed that the diffusion of hydrogen into the 
solid was the ra te -de termining process after a very rapid attainment of 
surface equilibrium. Such a mechanism yields the following two equations: 

PV^ = Po^^ - At i /z for h y d r o g e n a t o m diffusion (a) 

and 

Po - At . / a for h y d r o g e n m o l e c u l e diffusion; (b) 

H e r e A i s a cons t an t . P l o t s of P v s . t / d ev i a t ed a p p r e c i a b l y f r o m l i n e a r i t y , 
w h e r e a s p lo t s of P V ^ v s . t^/^ y i e lded good s t r a i g h t l i n e s excep t for the i n i 
t i a l t i m e i n t e r v a l s ( s e e F i g u r e 71). The in i t i a l c u r v a t u r e migh t be a t t r i b u t e d 
to the a t t a i n m e n t of s u r f a c e e q u i l i b r i u m . The fact t h a t the s l opes of the l in 
e a r p o r t i o n s w e r e n e a r l y the s a m e migh t i nd i ca t e t ha t w h a t e v e r p r o c e s s 
p r o d u c e d the c u r v a t u r e w a s a l s o r e s p o n s i b l e for the n o n r e p r o d u c i b i l i t y . 

Figure 71 

Reduction Data of U O in Hydrogen at 600°C 
O O 

o RUN NO. I 
» RUN NO-2 

T '̂̂ min) 
10 14 
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5. Metal lographic Techniques for Ceramic Mater ia l s (S. J. Rothman) 

An appara tus has been built for etching c e r a m i c s by ion bom
bardment . The sput ter ing chamber cons is t s of a 4-in. ID bell j a r which sea ls 
against an O-r ing in an a luminum base plate The base plate, which is 
grounded, s e r v e s as the anode. The negative e lect rode is a hollow, wa te r -
cooled, t apered a luminum post, which fits into a tapered hole in the base 
plate and is insulated from the base plate by a glass s tandard- taper bushing. 
The gas - in le t tube, vacuum sys tem, and vacuum gauge a r e also attached to 
the base plate . 

Single and polycrys ta l l ine samples of UO2 have been etched in 
this equipment with good r e s u l t s . Single c rys t a l s developed shallow, round 
etch pits s imi la r to those found by Bie r le in et al.,^' ' ' but not at all like the 
ones developed by chemical etching. The r eason for this difference is at 
p r e sen t not unders tood. Similar round etch pits have been developed on 
s t a in less s teel and a luminum samples . Etching of polycrysta l l ine UO2 
samples showed up the g ra in boundar ies quite nicely. 

The equipment a lso has been used successfully to etch samples 
made up of two me ta l s with different etching c h a r a c t e r i s t i c s and to etch 
me ta l s that a r e difficult to etch chemical ly . 

T. K, Bier le in , H. W. Newkirk, J r . , and B. Mastel , Etching of 
Ref rac to r i e s and C e r m e t s by Ion Bombardment , J Am, Cer . Soc. 
41 196 (r958K 
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APPENDIX A 

METALLURGICAL FACILITIES CONSTRUCTION PROJECTS 

The development of ne'w meta l lu rgy facil i t ies for the Metallurgy 
Division continued to occupy a considerable port ion of the t ime of a num
ber of staff m e m b e r s of the Division during 1959s even more so than in 
the previous yea r . The s tatus of these construct ion pro jec ts and severa l 
impor tant equipment design developments a r e d iscussed below, A d e 
scr ipt ion of per t inent building a r e a s and their functions along with a 
d iscuss ion of the design c r i t e r i a a r e contained in the 1958 Annual Report . 

Fue ls Technology Center (Building 212) 

Wings A - E : E s t i m a t e s as of the end of the year indicate the com
pletion date of const ruct ion and occupancy of Wings A-E , the a d m i n i s t r a 
tive and physical meta l lu rgy labora tory a r e a s , will be in the ea r ly spring 
of I960. Occupancy engineering work on Wings C and E has been near ly 
completed and work is cur ren t ly in p r o g r e s s on Wing D. Meanwhile, p r o 
curement of furni ture and new labora tory equipment is being t imed so that 
de l ivery will co r respond with the occupancy per iod, 

A smal l concre te block building (D-40), equivalent to one ful l -s ize 
Wing D plutonium labora tory , was cons t ruc ted to se rve as a mock-up a r e a . 
It has been used to evaluate ce r t a in design fea tures of D-212, such as 
building venti lat ion, glovebox ventilation, and the method of bringing u t i l i 
t ies and se rv i ce s to equipment for use with plutonium. It is also being 
used to evaluate designs of equipment for use with plutonium proper ly en
closed in gloveboxes and to develop efficient plutonium-handling techniques. 
Based on our exper ience to date in this mock-up facility, our f ree-s tanding 
glovebox approach to the p rob lem of handling plutonium has worked out 
ex t r emely well ; in fact so well , that we have recent ly been able to begin 
exper imenta l development work on plutonium c e r a m i c s ma te r i a l s in the 
mock-up a r e a , even though it -was not init ial ly intended to introduce p lu
tonium into this a r e a . Giving to the f ree-s tanding glovebox concept, we 
anticipate no difficulty in re locat ing the equipment, even though con tam
inated, to D-212 when const ruct ion of the new building is completed. The 
mock-up a r e a a lso pe rmi t t ed us to gain valuable working exper ience in 
methods we intend to use in D-212 to cont ro l m a t e r i a l s , secur i ty , health 
phys ics , accountabil i ty, and c r i t i ca l i ty . 

A major development during the pas t year concerns the gas a t m o s 
phere sys t em that we plan to provide for the gloveboxes in which plutoniiim 
will be handled. Extensive t e s t s were made on a fu l l - s ize , r ec i rcu la t ing , 
n i t rogen-pur i f ica t ion sys tem using catalyt ic combination of hydrogen with 
oxygen to form wate r and adsorpt ion drying to remove the water . The 



basic sys tem appeared p romis ing , especia l ly as r e g a r d s cost, when c o m 
pa red with the l ow- t empera tu re adsorpt ion purification sys tem that we 
have been using to purify hel ium in our Plutonium Labora to ry in D-200. 
However, some of the volat i le m a t e r i a l s which a r e used in rae ta l lurg ica l 
opera t ions were found to poison the cata lys t and to appreciably shor ten i ts 
useful l ife. T raps were developed to p ro tec t the cata lys t , and r e g e n e r a 
tion cycles and other operat ing detai ls were de te rmined . Never the less , a 
re -eva lua t ion of the sys tem indicated that it was m o r e expensive and m o r e 
complicated than or iginal ly envisioned. Also, operat ion and maintenance 
would r equ i re cons iderab le attention from special ly t ra ined technical 
pe r sonne l . We have there fore proceeded to develop a much s impler g love
box a tmosphere sys tem which sa t is f ies our plutonium-handling r e q u i r e 
ments even bet ter than the above-desc r ibed sys tem and at a cons iderable 
savings in cost . It cons i s t s of a ve ry low once- through flow of n i t rogen. 
This approach had been cons idered ea r ly in the design of D-212, but it 
was d i sca rded because analys is indicated that flow ra t e s of 2 to 5 cfm per 
glovebox, then cons idered a min imum, would r e su l t in exorbi tant c o s t s . 
However, we have since found that our gloveboxes a r e ex t remely tight 
(<0,005% in l e a k a g e / h r ) , thus permi t t ing us to use ex t remely low flow 
r a t e s , of the o rde r of only 0.1 to 0.2 cfm pe r glovebox. We have tes ted 
this sys t em in our mock-up a r e a and have enhanced i ts feasibi l i ty by d e 
veloping an ex t remely s imple p r e s s u r e - c o n t r o l systein and a s imple high-
insurance exhaust f i l ter ing s y s t e m . Thus, with this sys tem, 20 to 30 cfm 
of n i t rogen will suffice to provide the gas a tmosphere for 100 gloveboxes. 
The syste in r e q u i r e s a min imum of maintenance and can be handled eas i ly 
by building maintenance personne l . 

We also plan to move the he l ium a tmosphere rec i rcu la t ing sys tem 
and pur i f ier f rom our p r e s e n t plutonium labora to ry to D-212, It has worked 
ve ry well for 5-̂  y e a r s and will satisfy our ine r t gas needs in exper iments 
where ni t rogen is not a chemical ly suitable a tmosphe re . 

The extruded a luminum f rame gloveboxes that we developed to 
satisfy our plutonium equ ipment -enc losure r e q u i r e m e n t s have been o r d e r e d 
f rom the Genera l Amer i can Transpor t a t ion Corpora t ion and will be f in
ished before we occupy the new building. 

Wing F : Construct ion of Wing F , the a l p h a - g a m m a cave and hot 
l abo ra to ry fac i l i t ies , was s t a r t ed e a r l y in 1959» At the end of the y e a r , 
cons t ruc t ion was e s t ima ted at 47% complet ion. The building const ruct ion 
con t rac to r is e rec t ing the cave shell s imul taneously with const ruct ion of 
adjacent office and l abo ra to ry a r e a s . Occupancy of th is a r e a is planned 
for mid I960. 

Since i t is e s sen t i a l that the cave be leak- t ight , he l ium l eak - t e s t i ng 
of the en t i re cave is specified.. Approximate ly 3 500 l inear feet of weld 
joints and 1200 shell pene t ra t ions will be inspec ted for he l ium l eak - t e s t i ng . 



Testing of component i t ems was s ta r ted la te in 1959. Numerous leaks 
were found in the f i r s t i t e m s . Enforcement of a requ i rement that the con
t r ac to r f i r s t pe r fo rm soap-bubble leak t e s t s on welded i t ems subsequently 
reduced the incidence of l eaks found in the helium tes t . 

Construct ion of the cave proceeded without in ter rupt ion through the 
la t te r half of 1959. Some difficulties a r e being experienced in obtaining 
n e c e s s a r y f la tness of walls and f loors . The quality of the field welding has 
steadily improved. 

Design of man ipu la to r s , in ternal doors and d r ives , sea ls , and 
s imi la r nonconstruct ion i t ems is under way in the Remote Control Division. 
P rov i s ion has been made in the construct ion of the cave to use ei ther m e 
chanical or e lec t ronic man ipu la to r s , depending upon the state of develop
ment at the t ime p rocu remen t of manipula tors is to s t a r t . 

Wings G and H: The definitive (Title II) design of Wings G and H, 
the engineering meta l lu rgy development fac i l i t ies , was completed in Apri l 
1959. Cont rac t s were awarded and const ruct ion s t a r t ed in June 1959. At 
the end of the year overa l l cons t ruct ion was es t imated as 25% complete . 
The complet ion of both wings is p resen t ly scheduled for July I960. 

Wing G, which will house the Jacketing and Coating, Engineering 
C e r a m i c s , and Engineer ing Cor ros ion Groups , and an X- ray Radiography 
facili ty, was designed bas ica l ly as a two-floor s t ruc ture with a high bay 
a r e a adequate for tal l equipment, ve r t i ca l operat ing space, and high heat 
load. The ground floor has 23,890 square feet of functional a rea , including 
8,140 square feet of high bay a r e a . The second floor has 8,640 square feet 
of functional a r e a out of a net a r e a of 19,920 square feet. The nonfunc
tional a r e a of 11,280 square feet i s used to house heating and ventilating 
equipment and the e l ec t r i ca l switchgear for the wing. The basement in 
Wing G is 5,130 square feet in a r e a and houses the rec i rcu la t ing chi l led-
water sys tem which s e rv i ce s the ent i re building, the re tent ion tanks, and 
the a i r -condi t ioning units for the wing. 

Wing H was designed essen t ia l ly as high bay a r ea with only enough 
second floor space to house the heating and ventilating equipment, e l e c t r i 
cal d is t r ibut ion switchgear , and some s e r v i c e s . The Foundry and F a b r i 
cation Group and the Machine Shop will be housed in this wing. The 
functional a r e a of the ground floor of Wing H amounts to 29,800 square 
feet, of which 23,560 square feet is high bay. The net a r e a of the ground 
floor is 33,270 square feet. The net a r e a of the second floor is 9»710 
square feet, mos t of which (8,900 square feet) will be nonfunctional. The 
basement a r e a of Wing H includes space for the foundry serv ice floor, gen
e r a t o r room, re tent ion tanks , and a i r c o m p r e s s o r s . 



The major por t ion of both Wings G and H will not be a i r -condi t ioned | 
only offices and se lected l abora to r i e s a r e The genera l a r e a will be ven
t i la ted by f i l tered a i r supply units and roof exhaust fans . Dust and fumes 
genera ted within these wings will be exhausted through appropr ia te exhaust 
uni ts . Fume from plating and pickling operat ions will be exhausted through 
sc rubber uni t s . Contaminated par t i cu la te ma t t e r genera ted in the c e r a m i c 
and meta l -work ing a r e a s will be exhausted through bag units of the r e 
v e r s e jet type. Air from the toxic m a t e r i a l s l abora to ry and equipment , in 
which m a t e r i a l such as beryl l ia will be handled, will be exhausted through 
high-efficiency (AEC) f i l t e r s . 

Known contaminated and chemical liquid waste will be removed via 
"Dempste r D u m p s t e r s , " and suspect waste through re tent ion tanks . The 
r ec i r cu la t ing ch i l l ed-wate r sys t em mentioned prev ious ly will be used 
wherever poss ib le . It will g rea t ly reduce the wa te r demand upon the a l 
ready over loaded water supply sys t em. 

Plutonium Fuel Fabr ica t ion Fac i l i ty (Building 350) 

During the pas t yea r , the instal la t ion of p r o c e s s equipment, hoods, 
and se rv i ce s in the Plutonium Fuel Fabr ica t ion Fac i l i ty was completed. 
The equipment, i ne r t a tmosphe re sys tem, venti lat ion equipment, and s e r 
vices were "shaken down," modified where n e c e s s a r y , and placed in ope r 
at ion. F i g u r e s A l and A2 a r e v iews taken from the eas t and wes t ends of 
the fabricat ing a r e a . It cons is t s of 19 heavy equipment glovebox l ines ; 11 
of these a r e connected on ei ther side of a cen t ra l conveyor enc losure 
fornaing a complex which may be vent i la ted totally or in p a r t by a r e c i r 
culating ine r t a tmosphere The conveyor, consis t ing of an e lec t r i ca l ly 
control led, cha in -d r iven ra i lway dolly, allows t r ans f e r of m a t e r i a l s , tools , 
and equipment between operat ing l ines without exposure to the a i r . The 
p r o c e s s l ines enclose mel t ing and cas t ing, centrifugal cas t ing , weighing 
and inspect ion, e l ec t rochemica l , machining, p r e s s i n g , swaging, drawing, 
shear ing , rol l ing and heat t rea t ing equipment for work d i rec t ly upon p lu 
tonium fuel c o r e s . 

Eight additional glovebox l ines enclose welding, liquid m e t a l s 
filling, decontaminat ion, rol l ing, machining and shear ing equipment for 
opera t ions of cladding and bonding jacket m a t e r i a l s to the fuel c o r e s . 
These l ines a r e not in terconnected , and cont ras t ing to the conveyorized 
sys tem, they mus t be kept at low contamination l eve l s . 

F igu re A3 is a flow diagra in of the r ec i r cu la t ion and purif icat ion 
sy s t em for the adsorp t ive purif icat ion for hel ium gas . The he l iu in-
purifying sys t em depends upon the capacity for synthetic zeol i tes to a d 
sorb water and for act ivated carbon to adso rb oxygen to r emove the con
taminants which leak into the hood sys t em. Pur i f ica t ion is done at 11 
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a t m o s p h e r e s to r e d u c e the s i z e of e q u i p m e n t r e q u i r e d and to a l l o w a d 
s o r p t i o n a t t e m p e r a t u r e s ob t a inab l e by m.echan ica l r e f r i g e r a t i o n . A v e r y 
l a r g e p a r t of the w o r k of i n s p e c t i n g t h e i n s t a l l a t i o n c o n s i s t e d of m a s s 
s p e c t r o m e t e r l e a k d e t e c t i o n and l e a k a g e c a l i b r a t i o n of the g l o v e b o x e s , 
v e n t i l a t i o n d u c t w o r k , p ip ing and h e l i u m r e c i r c u l a t i n g and pur i fy ing s y s 
t e m s . 

Figure A3 

Facility 350, Helium Atmospliere System Flow Diagram 
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"Shakedown" Operat ions: A very la rge pa r t of the "shakedown" 
work could not be done until all sys tems had been completed. This in
cluded adjustment and balancing of ventilation and hood p r e s s u r e con
t r o l s , helium, filling of the hoods, the rec i rcula t ing and purifying sys tems, 
and the f i r s t operat ional t e s t s on these sys t ems . Originally a per iod of 
th ree months was p rog rammed for this work. Due to unforeseen diffi
cul t ies , la rge ly from failure of commerc ia l equipment to mee t specified 
per formance , the per iod was extended to six months . The following 
major difficulties were encountered in the equipment as originally in 
stalled. 



Static Hood P r e s s u r e Controls 

After approximately 2 months of work attempting to adjust and 
balance somte 21 static p r e s s u r e con t ro l l e r s , the control ler 
manufac ture r agreed to exchange them for a m o r e e laborate 
indus t r ia l Type R-1051 cont ro l le r . The las t of these new con
t r o l l e r s , operat ing a i r purge va lves , were insta l led in Novem
ber , They have been found re l iab le over a per iod of 2 to 3 
months of operat ion, and it was thought to be safe to proceed 
with the filling of the hoods with hel ium. 

He l ium-rec i r cu la t ing System 

The hel ium systena cons is t s of a rec i rcu la t ing sys tem and a 
purifying sys tem. The rec i rcu la t ing sys tem may be operated 
with all hoods valved off, by pass ing 100% through a bypass 
va lve . The sys t em was opera ted for a per iod of about 2 
months p r i o r to final filling. It functioned wel l . The tu rbo 
blowers were found capable of del ivering 2.3 t imes their ra ted 
capaci ty at 1/2 ps i differential . It was n e c e s s a r y to shift the 
posi t ions of s tat ic p r e s s u r e t ips and to r ev i se the control of 
the gas s a v e r - m a k e - u p tank, after which stable control was 
achieved. No further difficulty was exper ienced as the hoods 
were helixom filled and placed "on l ine ." 

Helium-purifying System 

Considerably m o r e difficulty has been experienced in the 
"shakedown" of the hel ium-purifying sys tem. The sys tem con
s i s t s of a two-s tage c o m p r e s s o r , which c o m p r e s s e s 110 cfm 
of hel ium to 150 ps ig , p a s s e s it through an af tercooler to 
synthetic zeolite drying towers from which it is piped through 
a d i rec t -expans ion freon coil to act ivated carbon towers at 
-60°F(-51°C) to -80°F(-62°C). A liquid ni t rogen heat exchanger 
can be used to chill fur ther the hel ium pass ing through the c a r 
bon towers during the s tar tup per iod or when ve ry dry pure 
hel ium is r equ i r ed . 

To avoid frost ing of the l ow- t empera tu r e s tages , the sys tem 
was opera ted for a per iod of two weeks without re f r igera t ion . 
The carbon towers w e r e p r e s s u r e - v a c u u m cycled while the 
zeolite towers were r egene ra t ed with hot gas from the c o m 
p r e s s o r . Severa l conditions were noticed? (a) the heat of 
compres s ion was not sufficient for the rapid regenera t ion of 
the zeoli te beds by using uncooled gas f rom the c o m p r e s s o r , 
(b) the af tercooler gradual ly los t efficiency, and (c) valves b e 
tween the drying towers s t a r t ed to leak and became difficult to 



close or open. The insulation was s t r ipped and the sys tem 
opened. It was found that the l / l 6 - i n . d iamete r "molecular 
s ieve" m a t e r i a l had en te red the pipes and valves and plugged 
the a f te rcooler . This was apparent ly caused by fluidization of 
the beds during s ta r tup or closedown p r o c e d u r e s . 

Modifications made to c o r r e c t the above situation were (a) i n 
s ta l la t ion of a 4-2-kw boos ter hea te r in the hot gas l ine, (b) r e 
packing the zeolite drying towers with r e s t r a in ing f i l t e rs above 
and below the beds , and (c) instal la t ion of a f i l ter in the chi l led 
gas line to protec t the af tercooler and c o m p r e s s o r . At the 
same time^ a liquid ni t rogen cold t r ap was ins ta l led in the 
vacuum lines f rom the carbon towers to prevent waterlogging 
of vacuum pumps and a hot line was ins ta l led to pe rmi t d e 
frosting of e i ther bank of carbon t o w e r s . The sys tem was 
thoroughly cleaned and r e tu rned to operat ion by November 27. 
After one week of drying operat ion, the mo i s tu r e into the 
purifying towers had been reduced to 7-15 ppm, allowing r e 
f r igera t ion sy s t ems to be operated without danger of f ros t 
plugging the sys t em. 

A continuous superv i sed run was s ta r ted with r e f r ige ra t ion . 
At f i r s t all went smoothly, then there was a gradual i n c r e a s e 
of hel ium consumption. After 21 h o u r s , hel ium consumption 
had reached 600 cfh. Leak detection showed leakage of hel ium 
pas t Teflon gaskets in flanges where t e m p e r a t u r e s were b e 
tween 0°F(-18°C) and -62°F(-52°C), Refr igera t ion was stopped, 
and a s the sys tem rapidly w a r m e d up under the flow of w a r m 
gas the leakage ceased . The opera t ion was closed down pend
ing invest igat ion of this p rob lem. 

Teflon O- r ings were chil led to -60°C in a lcoho l -d ry ice m i x 
t u r e s and to -293°C in liquid ni t rogen. They los t flexibility 
and became ve ry hard at -60°C. After i m m e r s i o n in liquid 
ni t rogen they would chime like a bell when tapped and sha t te r 
when dropped. The l i t e r a t u r e gave the coefficients of t h e r m a l 
expansion of Teflon as 55.0 x 10"^/°F and of the type 304 
s ta in less s teel as 9.6 x 10"*/°F. It was r easoned that due to 
p e r m a n e n t set , ine las t ic i ty at low t e m p e r a t u r e s , and dif feren
t ia l expansion, the O-r ings cont rac ted away from the s ta in less 
s tee l flange sealing surfaces and allowed leakage . 

A pa i r of s ta in less s tee l flanges were made up to allow c o m 
para t ive tes t ing of va r ious gasket iTiaterials, A connection was 
made for p r e s s u r i z i n g with helium^ Mate r i a l s t e s ted w e r e 
Teflon, copper r ing gaske t s , asbes tos - f i l l ed copper gaske t s , 
and si l icone rubbe r gaske t s . The meta l l i c a sbes tos - f i l l ed and 
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Teflon gaskets were found to have s imi la r c h a r a c t e r i s t i c s . 
All would seal at room t e m p e r a t u r e and when heated to 400°F 
(204°C), but would fail when cooled in the a lcohol-dry ice m i x 
t u r e . The sil icone rubbe r s appeared to maintain flexibility 
over a g r e a t e r range of t empera tu re than the other gasket 
m a t e r i a l s . One O-r ing available at the labora tory maintained 
considerable flexibility down to -40°F(-40' 'C). Consultation 
with the manufac ture r indicated that a new sil icone rubber c o m 
pound is available which mainta ins rubbery e las t ic i ty and s e r 
viceabi l i ty between -130°F(-90°C) and +400°F(+204°C). Samples 
of this m a t e r i a l a r e under t e s t . It is expected that once the 
gasket m a t e r i a l has been selected, two weeks will be requ i red 
for replac ing the gaskets and leak detecting the sys tem. An 
additional two weeks will be r equ i red to bring the sys tem back 
into s e rv i ce . 

(4) Ventilation System Changes 

Potent ia l ly dangerous p r e s s u r e excurs ions resu l ted severa l 
t i raes following power outages or emergency shutdown of the 
venti lat ion sy s t em. In one c a s e , a 3 x 6 ft. duct collapsed and 
in s eve ra l ins tances pe r sonne l were t rapped in a r e a s where 
doors were held so tightly against thei r j ams by a i r p r e s s u r e 
that they could not be opened. It was n e c e s s a r y to open all 

* doors between a r e a s and each a r e a to the outdoors to s t a r t or 
stop the sy s t em. This was undes i rab le and to c o r r e c t it a 
p r o g r a m m e d and in ter locked semi -au toma t i c control center 
was designed and was ins ta l led in Basement B by the Plant 
Serv ices Division. This control center will automatical ly 
r e s t a r t the sys tem without se r ious p r e s s u r e excurs ions in 
var ious building zones even after a power outage. 

(5) F i r e Detection Sys tem 

Approximately two man-mionths were requ i red by staff and 
technicians to make the r a t e - o f - r i s e f ire detection sys tem 
operable under hood opera t ing conditions and with the p r e s s u r e 
fluctuations of the building. As it was left by the instal l ing 
subcont rac tor , it would t r i gge r false a l a r m s severa l t imes a 
day and yet would not always respond to a t es t f i re . A new 
method of ca l ib ra t ion was developed, using cal ibrat ion i n 
s t rumen t s for venti lat ion con t ro l s , which allows p r e c i s e 
sett ing of the sensi t iv i ty . Tap valves were ins ta l led to allow 
a t tachment of ca l ibra t ing instrumients and a superv i so ry 
switch was ins ta l led to allow disconnection of the Autocall 

^m while tes t ing and while per forming high t e m p e r a t u r e o p e r a 
tions within the s y s t e m . 



Operat ing Manuals ; Considerable effort has been expended in the 
p repa ra t ion of operat ing manuals for the var ious sys tems and equipment 
l ines . The manual on venti lat ion and p r e s s u r e controls is complete . A 
manual on e l ec t r i ca l sys t ems is in p repa ra t ion and work has beg\m on the 
writ ing of manuals for the p r o c e s s equipment l ines , fire detection s y s t e m s , 
and hel ium a tmosphere s y s t e m s . These will be used in t ra ining of o p e r a t 
ing pe r sonne l . 
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