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1. INTRODUCTION (*) 

Dimensional stabil i ty of fuel e lements during extended r e a c t o r exposure . 

is one of the mos t impor tant and difficult technical p rob lems in nuc lea r 

technology. 
This p roper ty , that i s , high r e s i s t a n c e to growth and swelling, is s e n s i 
tive to the me ta l lu rg ica l s t r u c t u r e of the m a t e r i a l . 

Uranium exis t s in th ree a l lo t ropie f o r m s : alpha (orthorhombic) below 661 C; 
beta (tetragonal) between 661 and 769 C; and gamma (body centered cubic) 
from 769 C to the melt ing point (1130 C) (1). R e s e a r c h on sa t i s fac tory u r a 
nium alloys has been made in two pr inc ipa l d i r ec t ions : 

a) alloy additions in re la t ively low concent ra t ions . Additions a r e normal ly 
designed to yield a s t ruc tu re combining random orientat ion and fine gra in 
s ize . These alloys a r e best suited for the ut i l izat ion of na tu ra l or s l ight
ly enriched uran ium in t h e r m a l r e a c t o r s . 

b) alloy additions in sufficient concentra t ions to s tabi l ize pa r t i a l ly or c o m 
pletely the cubic gamma phase , thereby c i rcumvent ing the in t r ins ic in
stabili ty of the or thorhombic alpha s t r u c t u r e . The resul t ing al loys may 
be r e f e r r ed to as "gamma phase a l loys" ; they a r e mos t suitable for fast 
r e ac to r s since they r equ i re higher contents of alloying addi t ions . 

Considerable effort has been expended on the development of me tas t ab le 
gamma phase uran ium alloys with molybdenum; pa r t i cu l a r ly much work has 
been done on the U-10 wt% ) Mo alloy because of i ts high s t rength , s t ab i l i 
ty, homogeneity and ease of fabricat ion. 

This well known gamma phase u ran ium alloy, in the range 9-10% Mo, was 
chosen as initial fuel m a t e r i a l for SORA (2). This alloy was previous ly s e 
lected for the Dounreay F a s t Reac tor , the En r i co F e r m i F a s t Reac to r , the 

) Composition will be specified as wt% throughout this pape r . 

(*) Manuscript rece ived on May 22, I968 . 
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Hallam Nuclear Power Facil ity and several fast burst reactors (Oak Ridge 

HPRR, White Sands Molly G, Lawrence Laboratory Super Kukla, and Sandia 

APRFR). 

Information on this alloy is s u m m a r i z e d in this paper ; the c h a r a c t e r i s t i c s 

cons idered a r e : 

a) gamma stabi l i ty: t r ans format ion kinet ics of the me tas t ab le gamma phase ; 

b) d imensional stabil i ty under t h e r m a l cycling and under i r rad ia t ion ; 

c) physica l and mechanica l p r o p e r t i e s . 

These a r e the bas ic p r o p e r t i e s which m u s t be cons idered for the select ion 

of the u ran ium alloy bes t  su i t ed for the r equ i r emen t s of SORA r e a c t o r . 

2. TRANSFORMATION KINETICS OF THE METASTABLE GAMMA PHASE 

Dimensional stabil i ty is re la ted to the abil i ty to re ta in the gamma phase in 

me tas t ab le equi l ibr ium: u ran ium molybdenum alloys a r e in te res t ing because 

of the s luggishness with which the i so t ropic gamma phase t r a n s f o r m s at low 

t e m p e r a t u r e s . 

Uranium molybdenum has been the mos t widely studied sys tem of the U a l 

loys . Studies p r i o r to 1958 were summar i zed by ROUGH and BAUER (3): 

the equi l ibr ium d i ag ram is reproduced as fig. 1. The mos t author i ta t ive 

ve r s ion of the d i ag ram up to 900°C is that of DWIGHT (4): fig. 2. 

The uran iummolybdenum sys tem is one of the few uran ium alloy sys t ems 

which have extensive solid solution in the gamma phase : UNb, U  Z r , UTi , 

UMo, UV (5). At 560 C the gamma phase undergoes an eutectoid decom

posi t ion γ * α + γ ' (6) ( γ ' is a lso r e f e r r e d to as Ô or e ). A ce r ta in 

amount of molybdenum (up to about 1%) can be dissolved in the α phase of 

uran ium (7). The γ ' phase , having the approximate composit ion of UM02, 

has a te t ragonal s t ruc tu re (7)(8). The unit cel l of this phase is a ver t i ca l ly 

t r ip led γ u ran ium cell ; the posi t ions of the a toms in the γ 'phase lat t ice 
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cor respond to an o rde red a r r a n g e m e n t of uxanium and molybdenum a t o m s . 

The gamma phase may be re ta ined at room t e m p e r a t u r e by quenching, or 
even slow cooling, from the gamma region for al loys having from 5. 4 to 
approximately 20 wt% Mo, the l imi t of solid solubility of molybdenum in 
gamma uranium (9). Heat t rea t ing in the γ ' p h a s e region r e su l t s in t r a n s 
formation of the gamma phase , but the t r ans fo rmat ion occu r s ve ry slowly. 

Transformat ion kinet ics have been studied ea r ly in an explora tory manner ; 
detailed studies have been pe r fo rmed only in the mos t recen t inves t iga t ions . 

SALLER, ROUGH and BAUER (10) (1954) studied 10-25 wt% Mo alloys in
dicating only the t imes for the init iation of t r ans fo rmat ion . They concluded 
that the t ransformat ion of gamma is sluggish at a l l t e m p e r a t u r e s , the ra te 
d e c r e a s e s rapidly below 440 C and the nose of the C-curve l ies c lose to 
500°C. 

The i so the rma l decomposi t ion of five gamma phase alloys with molybdenum 
content ranging from 7 to 12 w/o was studied by McGEARY (11) (1955); 
t imes for beginning of t rans format ion were de te rmined : fig. 3. 

Transformat ion kinet ics of u r a n i u m - b a s e alloys containing 5.4 , 8, 10 and 
12 wt% molybdenum were investigated by VAN THYNE and McPHERSON 
(12) (1957). The curve of init ial decomposi t ion has been shown on the TTT 
d i a g r a m s , de te rmined by different techniques: fig. 4 and 5. F o r any given 
alloy and t empe ra tu r e the observed t imes for t rans format ion va ry , depend
ing upon the techniques employed (fig. 6); however, using any given t ech 
nique t rends due to alloying a r e s i m i l a r . 

A TTT d iagram for a U-8 % Mo alloy was de termined from d i la tomet ry by 
BELLOT, DOSIERE and HENRY (13) (1958) at higher t e m p e r a t u r e s : fig. 7. 

The mode of t ransformat ion to the stable phase , alpha u ran ium, and to the 
o rdered phase γ ' vary considerably depending on t e m p e r a t u r e of annealing 
and molybdenum content. 



In a study of the decomposi t ion mechan i sm of the gamma phase , DONZE 

and CABANE (14) (I960) have published a TTT d iag ram for the beginning 

of t r ans fo rmat ion in a u ran ium alloy with ~ 8 % Mo: fig. 8. 

MIKHAILOFF (15) has studied (i960) the t r ans fo rmat ion m e c h a n i s m s at 

low t e m p e r a t u r e and at higher t e m p e r a t u r e s in 6 and 10 wt% Mo a l loys . 

F o r the alloy containing 10 wt% molybdenum the r e tu rn to the equi l ibr ium 

s ta te follows two types of reac t ion : 

 pea r l i t e t r ans format ion by nucleation and growth from the gra in bounda

r i e s , p reponderant when the annealing takes place at t e m p e r a t u r e s above 

400°C; 

 t r ans format ion inside the g ra ins of the quenched solid solution; at 400 C 

or below, with formation of sma l l o rde red regions and then a fine α phase 

p rec ip i t a t e . 

No TTT d iag ram with specified t imes of t r ans format ion was published. 

In a study of i so the rma l t rans format ion kinet ics at 550 C of U14 and U16 

w/o Mo a l loys , HOLLAND shows (16) (1961), with data obtained a lso by 

different au thors , that U10 w/o Mo alloys a r e m o r e gamma stable at 550 C 

than other al loys in the range of about 5 to 1 6 % Mo (fig. 9). 

SHOUDY, McHUGH and SILLIMAN (17) (1962) have published a m e t a l l o 

graphical ly de te rmined TTT curve for a U10 w / o Mo fabricated into fuel 

p ins . T imes w e r e indicated for 50% t rans fo rmed ( α + δ + γ ) alloy and 

100% t rans fo rmed ( α + Ô ) al loy: fig. 10. 

A study on the influence of alloying on the i so the rma l TTT c h a r a c t e r i s t i c s 

of u ran ium alloys was published by PETERSON, STEELE and DIGlALLO

NARDO (18) (1964). F o r t e m p e r a t u r e s below 450°C it is only repor ted that 

no evidence is found of gamma phase t rans format ion until the e lapse of con

s iderab le t ime . 

The kinet ics of gamma decomposi t ion in a U10. 8 wt% Mo were studied a l 

so by BAROR et a l . (19) (1964). The two de te rmined TTT curves a r e r e 
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p resen ted in fig. 11 : at 550 C the γ -► α + γ ' t r ans fo rma t ion p roceeds 

d i rec t ly , while at and below 500 C the α + γ ' is p receded by the a p p e a r 

ance of α + Y . 

REPAS, GOODENOW and HEHEMANN (20) (1964) have studied both the 

high and low t e m p e r a t u r e decomposi t ion p r o c e s s e s in two binary g a m m a 

phase u ran ium a l loys : 8 and 10% molybdenum. They p re sen ted complete 

TTT d iag rams based on meta l lographic , d i l a tomet r i e , m i c r o h a r d n e s s and 

X  r a y diffraction data: fig. 12, 13. As i l lus t ra ted in these d i a g r a m s , the 

decomposit ion of the me tas tab le gamma phase is re la t ively complex and 

takes place by seve ra l different m e c h a n i s m s . In the high t e m p e r a t u r e 

range (above approximate ly 375 C) a ce l lu la r type discontinuous p r e c i p i 

tation is observed as well as the prec ip i ta t ion of Widmanstät ten alpha. The 

equi l ibr ium Y1 phase is not p rec ip i ta ted init ially but develops within the 

ce l lu lar s t ruc tu re on continued i so the rma l holding. 

Transformat ion at t e m p e r a t u r e s below approximate ly 375 C involve a dif

ferent m e c h a n i s m or m e c h a n i s m s . Decomposit ion in i t ia tes by prec ip i ta t ion 

of γ 1 which b e a r s a d i s c r e t e la t t ice re la t ionship with the γ ma t r ix ; s u b s e 

quently, α is prec ip i ta ted a l so with a la t t ice re la t ionship to γ . 

Another work published in 1967 by GOLDSTEIN and BAROR (21) indicates 

TTT curves for uran ium alloys with 8 wt% and 10. 8 wt% molybdenum: 

fig. 14. The authors worked with powder, not with m a s s i v e s a m p l e s . Below 

550°C for the U8 wt% Mo (below 500°C for the 10. 8% alloy) a gradual 

t ransformat ion , f i rs t to the ( α + γ ) phase and then to the ( α + γ + γ 1 ) phase , 

occu r r ed . 

No significant effect of impur i t i e s on the TTT curves was found. 

3. THERMAL CYCLING 

During t h e r m a l cycling of polycrys ta l l ine uran ium, changes in s t r uc tu r e 

and dimensions may occur . 

These changes, which depend strongly on both the t h e r m a l mechanica l h i s 

tory of the meta l and the exact t ime  t empe r a t u r e schedule of each t h e r m a l 

cycle , may show as surface roughening, i nc rease or d e c r e a s e in d imens ions , 
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porosity, and changes in microstructure. 

Much work has been published concerning these effects in u ran ium. In g e 

n e r a l , the addition of alloy e lements d e c r e a s e s the magnitude of th is p r o 

blem, but never the les s it should be invest igated for each new uran ium alloy, 

contemplated for r e a c t o r u s e . 

a) T h e r m a l cycling t e s t s on U9 . 36 wt% Mo alloy have been repor ted by 

SALLER et a l . (22) (1956). Specimens in both gamma and the alpha plus 

delta condition, were examined af ter 530 cycles between 150 C and 725 C. 

All the spec imens appeared l i t t le affected and p o s s e s s e d smooth sur faces 

and a good appea rance . The change in length and d i a m e t e r was l e s s than 

0. 1% p e r 100 cyc les . The poss ibi l i ty ex is t s that the spec imens init ial ly 

heat t r ea ted to t r ans fo rm γ to α + δ had r eve r t ed to gamma phase during 

t h e r m a l cycling above the gamma t r ans fo rma t ion t e m p e r a t u r e (575 C). If 

this had occur red , the repor ted r e su l t s would be valid only for gamma U

10 wt% Mo. 

b) In the Enr ico F e r m i (EFFBR) P r o g r a m , exper imen t s have been conducted 

at the Detroi t Edison Engineer ing R e s e a r c h Labora to ry to de t e rmine the 

effect of t h e r m a l cycling on U10 wt% Mo fuel pin samples (23) (24). 

The specimens were placed in vycor capsules which were filled with a 

pa r t i a l p r e s s u r e of argon. The capsu les containing the spec imens were 

placed in a r e s i s t ance heated furnace and cooled by an a i r l ine . 

A tes t was made with a t r ans fo rmed (alpha plus epsilon) fuel pin to d e 

t e rmine whether these spec imens cycled in the alpha plus epsi lon phase 

would exhibit d imensional ins tabi l i ty . 

The fuel pin used in this exper iment was t r ans fo rmed from gamma to a l 

pha plus epsilon by heating to 475 C for 180 hours in vacuum. The spec i 

mens were the rmal ly cycled between room t e m p e r a t u r e and 525 C for 

504 cyc les . Heating requ i red about 15 min, cooling was accompl ished in 

4 min . 

The physical d imensions of a l l the samples were a l te red slightly as a r e 

sult of the t h e r m a l cycle t e s t s . The max imum dimensiotíal changes were 

+ 0. 3% in d i ame te r and  0 . 1 % in length. The meta l lographic changes a lso 
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appear to be of a low o r d e r of magni tude: only a slight coarsen ing of the 

alpha plus epsi lon s t r uc tu r e o c c u r r e d . 

c) In the exper imenta l p r o g r a m for the ORNL Health Phys ics R e s e a r c h R e 

ac tor (HPRR) Design t h e r m a l cycling t e s t s on U10 wt% Mo alloy w e r e 

per formed (25) ( i960). Encapsula ted spec imens were plunged into a 760 C 

furnace and heated to the upper cycle t e m p e r a t u r e s . The spec imens were 

then withdrawn from the furnace and allowed to cool to about 60 C in 15 

or 20 min before repet i t ion of the cyc le . The heating ra te was essent ia l ly 

constant at 215 C /min up to about 500 C and depar ted from a l inear ra te 

above that t e m p e r a t u r e . The ave rage ra te for spec imens heated to 680 C 

was ~ 150 C /min . About 1000 t h e r m a l cycles of the U10 wt% Mo p ins , 

e i ther within the gamma me tas t ab l e range (565 C and 515 C) or into the 

gamma range (680 C), did not cause significant changes in densi ty, length 

or d i ame te r of e i ther re ta ined gamma or par t ia l ly t r ans fo rmed ( ~ 20%) 

p ins . It appears that although t r ans fo rmat ion can be init iated during t h e r 

ma l cycling, as far as d i s tor t ion or growth of fuel is concerned, t he re 

a r e no se r ious consequences even if the fuel should par t ia l ly t r ans fo rm 

to α +Ô . 

The author emphas izes that although r e su l t s a r e ve ry encouraging, the 

l imitat ion in applying them to the ORNL F a s t Burs t Reactor should be 

apparent . The t h e r m a l cycle assoc ia ted with operat ion of the ORNL HPRR 

involves ex t remely rapid ( ~40 microsecond) heating of the fuel, followed 

by re la t ively slow cooling to room t e m p e r a t u r e . Rapid heating produces 

large iner t ia l s t r e s s e s . The poss ibi l i ty of reproducing the rapid heating 

and consequent iner t ia l s t r e s s e s was cons idered but was not pursued b e 

cause of the complexity and cost of the exper iment . 

The t h e r m a l cycle t e s t s that were pe r fo rmed s imulated the total t ime at 

t e m p e r a t u r e for typical por t ions of fuel and provided information on t h e r 

mal cycling dis tor t ion and t r ans fo rmat ion in the absence of iner t ia l 

s t r e s s e s . 
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4 . IRRADIATION STABILITY 

The i r r ad ia t ion pe r fo rmance of a fuel depends upon a complex in t e r re l a t ion 
of s eve ra l v a r i a b l e s , each of which plays a significant ro l e . 

The use of u ran ium alloys is l imi ted by the d imensional changes in the m a 
t e r i a l during r e a c t o r operat ion; the main sources of this d imensional ins ta 
bility a r e f ission event damage and f iss ion product damage . 

F i s s i on event damage: 
The kinetic energy of the f i ss ion-product a toms is d iss ipated by in terac t ions 
and coll ison with both e lec t rons and a t o m s . The col l is ions with the la t t ice 
a toms give r i s e to d i sp lacements of a toms , resul t ing in the formation of 
vacanc ies , in te r s t i t i a l a toms and d i sp lacement sp ikes . Among the pr inc ipa l 
d i sp lacement phenomena observed in f issionable m a t e r i a l s a r e : 

a) anisot ropic growth of u ran ium and u ran ium r ich a lpha-phase a l loys; 

b) phase r e v e r s a l in u ran ium a l loys . 

The t e r m "anisotropic growth" d e s c r i b e s the change in shape -which occurs 
under i r rad ia t ion ; it is not n e c e s s a r i l y accompanied by an i nc r ea se in volume. 
Severa l theore t ica l mechan i sms have been proposed to account for the growth 
of alpha uran ium under i r rad ia t ion (25). 

These a r e of two main types : the f i r s t is based on the anisot ropic diffusion 
of the in te r s t i t i a l s and vacanc ies produced by the f ission f ragments , and the 
second is based on the local expansion produced by the fission spike. 

"Phase r e v e r s a l " r e f e r s to an a tomic -d i sp l acemen t phenomenon that r e su l t s 
in a t rans format ion from a stable to a me tas tab le phase by neutron bombard 
ment . The phenomenon of phase r e v e r s a l was independently repor ted by 
KONOBEEVSKY et a l . (27) (28) and by BLEIBERG et a l . (29) (30) for u r a 
nium-molybdenum and uran ium-niob ium a l loys . In both exper iments it was 
observed that a t r ans fo rmed sample of U-10 wt% Mo consist ing of alpha 
plus epsilon and alpha plus gamma, respec t ive ly , r eve r t ed to the metas tab le 
gamma phase after neutron i r r ad ia t ion . The tendency towards equi l ibr ium, 
alpha plus epsilon, the epsi lon or γ * being the o rde red form of the gamma 
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phase , is opposed by the effect of i r rad ia t ion , which causes a r e v e r s a l 
of the t r ans fo rmat ion reac t ion by local ized t h e r m a l agitat ion of the alloy 
and reforming the high t e m p e r a t u r e epsilon phase . 

F i s s ion product damage : commonly r e f e r r e d to as swell ing. 
This t e r m r e f e r s to that form of d imensional instabi l i ty of m a t e r i a l s 
caused by the formation of f ission "products and, in pa r t i cu l a r , of gas 
bubbles containing the i n e r t - g a s f ission produc ts , xenon and krypton. 

Other sources of d imensional instabi l i ty in r eac to r fue l -e lements a r e 
cracking, void formation, expansion or contract ion due to phase changes, 
t h e r m a l s t r e s s e s , t h e r m a l shock, and c r e e p . 

The phenomena due to i r r ad ia t ion induce two coexistent d imensional effects 
in u ran ium a l loys : 

1) anisot ropic or "p l a s t i c " growth, with l i t t le change in density; 

2) the i n c r e a s e of a l l d imensions concurren t ly , as evidenced by a densi ty 
d e c r e a s e ( re fe r red to as "volume change") . 

a) Ea r ly studies on the i r r ad ia t ion behaviour of u ran ium alloys indicated 
that the alloy which p o s s e s s e d the best compor tement was the U-10 wt% Mo 
alloy: some r e su l t s were repor ted in (31)-+ (34). 

b) The invest igat ions exposed by LEESER et a l . (34) (1958) indicated a 
good radiat ion stabil i ty of gamma t rea ted 10 wt% Mo m a t e r i a l to 2 at % bu rn -
up at fuel t e m p e r a t u r e s below to 600 + 90 C. 

No significant effect of composi t ion var ia t ions between 9 and 11 wt% Mo was 
noted. 

c) In the p r o g r a m of alloy development for the P r e s s u r i z e d Water R e a c 
to r , We stinghouse invest igated radiat ion stabil i ty of s eve ra l b inary uran ium 
a l loys . The r e su l t s have benn s u m m a r i z e d in a WAPD repor t (35) (1957). 
Both z i r ca loy-2 -c l ad and unclad al loys were i r r ad ia t ed in the MTR; the U-Mo 
alloys invest igated were U-9 wt% Mo, U-10. 5 wt% Mo, U-12 wt% Mo, 
U-13 . 5 wt% Mo. 
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The unclad spec imens i r r ad i a t ed in NaK-filled capsules showed no m e a s u r 
able changes in d imensions and densi ty for gamma-quenched U-Mo al loys 
exposed to l e s s than 1200 M W D / T . F o r higher exposure , compar i son of 
the changes in d i ame te r and length indicated no apprec iab le an iso t ropic 
growth, s ince the pe rcen t i n c r e a s e in both was approximate ly equivalent. 
The densi ty d e c r e a s e s of gamma-quenched U-10. 5 - 12 and 13. 5 wt% Mo 
al loys v e r s u s exposure a r e plotted in fig. 15. Because of the s ca t t e r in 
the data , any effects of molybdenum content on densi ty change a r e incon
c lus ive . The surface of the samples did not show any signs of roughening, 
although a slight bow dis tor t ion did occur in the highest exposure s a m p l e s . 
The samples were ve ry b r i t t l e . 

It may be concluded from the data that g a m m a - p h a s e al loys i r r ad i a t ed at 
cen t r a l t e m p e r a t u r e s of l e s s than 400 C d e c r e a s e in densi ty about 0 .5% 
pe r 0. 1 a / o burn-up (1000 MWD/T) for burn-ups to approximate ly 0 .8 a / o . 

Uranium-molybdenum spec imens clad in z i r ca loy -2 a l so inc reased in d i 
mens ions with increas ing exposure . Samples i r r ad ia t ed in the g a m m a -
quenched condition showed no significant changes in d imensions when e x 
posed to 5610 MWD/T or l e s s . This i s to be compared with densi ty d e 
c r e a s e of about 3% for unclad gamma-quenched m a t e r i a l given a s i m i l a r 
exposure . The max imum volume i n c r e a s e of 4. 3% occu r r ed at an exposure 
of 28, 000 MWD/T and caused the cladding to spl i t . 

F ig . l 6 s u m m a r i z e s i r r ad ia t ion data for a s e r i e s of al loys of the West ing-
house exper imen t s (most of them contain molybdenum). 
Use of a cladding marked ly d imin ishes volume changes; it was concluded 
that much of the volume change, in gamma phase a l loys , is probably due 
to formation of voids which may be suppressed , at l eas t at the sur face , by 
cladding. 
Westinghouse data has a l so shown that a t low t e m p e r a t u r e ( less than 250 C) 
and low burn-up , the alpha plus del ta phase r e v e r t s to the gamma phase 
while the gamma phase r ema ins essen t ia l ly unchanged. 

Subsequent to the ea r ly i r r ad ia t ion t e s t s , extensive evaluations of U-10 Mo 
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alloy have shown this alloy to be sensi t ive to. radiat ion and t h e r m a l con
di t ions . Under ce r t a in conditions of fission ra te and t e m p e r a t u r e , this a l 
loy d i s to r t s severe ly . 

d) A complete s u m m a r y of the available data, in I960, on U-10 wt% Mo 
alloy was given by A. BOLTAX (25): the maximum cen t ra l t e m p e r a t u r e , 
m e a s u r e d density d e c r e a s e and total burn-up a r e given in fig. 17. In the 
gamma phase alloys ( > 7. 5 wt% Mo) the i r r ad ia t ion stabil i ty is dependent 
on the p h a s e - r e v e r s a l phenomenon, which would not be expected to be s e n 
sitive to p r e - i r r a d i a t i o n h i s to ry as long as the c r i t i ca l flux n e c e s s a r y to 
mainta in the alloy in the gamma phase were exceeded. 

However, heat t r ea tment can affect the alpha plus epsilon lamel la spacing 
and may cause a change in c r i t i ca l flux. 
The data of fig. 17, replotted in fig. 18 and 19, show the phenomenon of a b 
normal swelling in the n a r r o w t e m p e r a t u r e range of 335-390 C„ This a b 
no rma l swelling is assoc ia ted with the competi t ive p r o c e s s e s of phase r e 
v e r s a l (alpha plus epsilon to gamma) and t h e r m a l decomposi t ion of the gamma 
phase (gamma to alpha plus epsi lon) . At high burn-up r a t e s the gamma phase 
is stable at a l l t e m p e r a t u r e s , but at low burn-up r a t e s t he re may be a n a r 
row t e m p e r a t u r e range wherein t h e r m a l decomposi t ion occurs rapidly enough 
to lead to the abnormal swelling. 

The uranium 10 wt% Mo fuel alloy was selected for the f i r s t core loading 
in the Enr ico F e r m i F a s t B r e e d e r Reac tor in 1956. In the fuel development 
p rog ram, i r rad ia t ions and studies were per formed by Atomic Power Deve
lopment Assoc ia tes (APDA) and Battel le Memor ia l Insti tute (BMI). 

e) A first i r rad ia t ion p r o g r a m was accompl ished in the Mate r i a l s 
Testing Reactor (MTR) at high fission r a t e s . The r e su l t s have been r epor t ed : 
(33) (36) (37) (38). Shown in fig. 20 is the densi ty d e c r e a s e v e r s u s burn-up 
for the U-10 wt% Mo alloy. A solid curve which extends to 2. 0 at % bu rn -
up has been drawn to incorpora te the vas t major i ty of poin ts . The s t ra ight 
lines indicate a swelling ra te of about 3% for at % burn-up . Indicated on 
the curve a r e the i r rad ia t ion t e m p e r a t u r e s that were in excess of 480 C 
(900 F ) . F ig . 21 shows the densi ty change for at % burn-up v e r s u s the 
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c e n t e r l i n e i r r a d i a t i o n t e m p e r a t u r e . C u r v e s showing d i a m e t e r c h a n g e s a s a 

func t ion of b u r n - u p and i r r a d i a t i o n t e m p e r a t u r e a r e shown in f ig . 22 and 2 3 . 

The fol lowing c o n c l u s i o n s m a y be d r a w n f r o m t h e r e s u l t s o b t a i n e d d u r i n g 

t h i s p h a s e of the M T R e x p e r i m e n t s : 

1) T h e c r i t i c a l c e n t e r l i n e i r r a d i a t i o n t e m p e r a t u r e a b o v e w h i c h U - 1 0 wt% Mo 

a l l oy s w e l l e d a b n o r m a l l y w a s in t h e r a n g e of 600 C . T h e r e w a s s o m e i n 

d i c a t i o n t h a t s p e c i m e n s would not s w e l l a b n o r m a l l y a t t e m p e r a t u r e s o v e r 

600 C, but only if t he b u r n - u p w a s be low abou t 0. 5 t o t a l a t %. 

2) The U - 1 0 wt% Mo a l l oy s w e l l s l i n e a r l y wi th i n c r e a s i n g b u r n - u p , a t a r a t e 

of abou t 3 . 0 p e r c e n t p e r a t % b u r n - u p , a t i r r a d i a t i o n t e m p e r a t u r e s be low 

540 C if t r a n s f o r m a t i o n of t h e g a m m a p h a s e d o e s not o c c u r d u r i n g i r r a 

d i a t i o n . T h i s c o r r e s p o n d s to a d i a m e t e r i n c r e a s e of abou t 1. 3 p e r c e n t a t 

% b u r n - u p . It shou ld be no ted tha t t h e r e -was s o m e i n d i c a t i o n t h a t t he r a t e 

of i n c r e a s e in d i a m e t e r m i g h t b e c o m e m o r e r a p i d at b u r n - u p s a b o v e abou t 

1. 8 a t %. 

3) The g a m m a p h a s e of the U - 1 0 wt% Mo a l l o y w a s n o r m a l l y m a i n t a i n e d 

d u r i n g i r r a d i a t i o n a t f i s s i o n r a t e s in the r a n g e of 0. 70 χ 10 f / c m -

at t e m p e r a t u r e s be low 540 C and a t b u r n - u p s u n d e r 2. 7 a t %, 

4) T h e a l l oy e x h i b i t s a c r i t i c a l t e m p e r a t u r e , a b o v e w h i c h a b n o r m a l swe l l i ng 

i s o b s e r v e d . Swe l l ing i s a t t r i b u t e d to i n c r e a s e d m o b i l i t y of f i s s i o n - g a s 

a t o m s and d e c r e a s e d m e c h a n i c a l s t r e n g t h wi th i n c r e a s i n g t e m p e r a t u r e . 

5) M e t a l l o g r a p h i c s t u d i e s i n d i c a t e d t h a t i r r a d i a t i o n d id not a f fec t t he m i c r o -

s t r u c t u r e of t h e a l l o y . 

6) T h e d a t a d id not i n d i c a t e any s ign i f i can t effect of h e a t t r e a t m e n t p r i o r to 

i r r a d i a t i o n on the s t a b i l i t y of t h e a l l oy d u r i n g i r r a d i a t i o n , so long a s t h e 

a l l o y w a s in and r e m a i n e d in the g a m m a p h a s e . 

f) In a s e p a r a t e p h a s e of the s a m e p r o g r a m , fuel p i n s w e r e i r r a d i a t e d in 

t h e C P - 5 r e a c t o r a t f i s s i o n r a t e s and c e n t r a l t e m p e r a t u r e s t h a t would s i m u -
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late those to be expected in the Fermi reacter (38) (39). The MTR and 
C P - 5 data below 600 C were co r r e l a t ed in fig. 24 as a plot of pe rcen t 
d i ame te r i nc r ea se p e r a tom pe rcen t burn-up v e r s u s t e m p e r a t u r e . La rge 
d i spar i ty was found between the C P - 5 r e su l t s and the r e m a i n d e r of the data 
in the range of 400 C to 600 C. An explanation of this difference has been 
d i scussed on the bas i s of th ree hypotheses ( t ransformat ion effect, t h e r m a l 
cycling effects, in terna l defects); the mos t plausible theory was cons idered 
the f i s s ion- ra te effect. 

g) At the "Symposium on Radiation Damage in Solids and Reac tor M a t e 
r i a l s " , Venice 1962, SHOUDY, McHUGH and SILLIMAN (17) p r e sen t ed the 
r e su l t s of an i r r ad ia t ion p r o g r a m init iated to invest igate the effect of f ission 
ra te on the t rans format ion kinet ics and radiat ion stabil i ty of the F e r m i R e a c 
to r production fuel p ins . 

F ig . 25 gives the d i ame t r a l i nc rease as a function of burn-up for the spec i 
mens i r r ad ia ted in MTR, the data is plotted to indicate two separa te fission 
ra t e s and t e m p e r a t u r e r anges . 
The following conclusions have been drawn for U-10 wt% Mo alloy. 

13 3 
- A fission ra te of 3. 6 χ 10 f i s s i o n s / c m - s e c is sufficient to mainta in the 

gamma phase or cause the α + γ ' phases to r eve r t to gamma during i r r a 
diation at t e m p e r a t u r e s up to about 450 C. Under these condit ions, the d i 
mensional stabil i ty of the fuel is good for burn-ups to at leas t 1.0 at %. 

- At t e m p e r a t u r e s between 500 C and 570 C a f ission ra t e of at l eas t 
13 3 

7 x 1 0 f i s s ions / cm - s e c -was requ i red to mainta in the gamma or to cause 
the α + γ ' phases to r e v e r t to the gamma phase during exposures of up to 
~ 1. 0 at % burn-up . 

- At a fission ra te l ess than 6 x 1 0 f i s s i o n s / c m - s e c and i r r ad ia t ion 
t empera tu re of 480 - 565 C, the d i ame te r changes become increas ingly 
l a r g e r for decreas ing fission r a t e s . P o s t - i r r a d i a t i o n examinat ion has shown 
that the loss of d imensional stabil i ty can be re la ted to the t rans format ion 
kinet ics of the fuel alloy while under i r r ad ia t ion . At high f ission r a t e s , the 
metas tab le gamma phase continues to exis t , and the d i ame te r changes a r e 
smal l and re la t ively insensi t ive to burn -up . At p rog re s s ive ly lower f ission 
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r a t e s , the al loy t r a n s f o r m s pa r t i a l ly or completely to the equi l ibr ium alpha 
plus del ta p h a s e s , the degree of t r ans fo rma t ion depending on the absolute 
f ission r a t e and the radiat ion t e m p e r a t u r e . Under these condit ions, d i ame te r 
i n c r e a s e s for burn -ups of about 1 at % range f rom 3 to 14% for f ission r a t e s 

13 13 3 
of 5 χ 10 to 2 χ 10 f i s s i o n s / c m - s e c , respec t ive ly , and a r e highly d e 
pendent on burn -up . In these conditions a l i nea r dependence of swelling on 
f ission ra t e is shown in fig. 26. 
- The swelling c h a r a c t e r i s t i c s during i r r ad ia t ion a r e only slightly influenced 

by the phases p r e s e n t in the al loy p r i o r to i r r ad ia t ion . 

h) Uran ium-molybdenum binary a l loys w e r e studied by Atomics In te rna
tional as p rospec t ive fuel for Advanced Sodium Cooled Reac to r s (40). A s e 
r i e s of expe r imen t s was designed to show the effect of molybdenum and the 
influence of burn-up on the d imens iona l changes taking p lace . The au thors 
emphas ized that , due to the complexi ty of the expe r imen t s and the in t e r 
dependence of the many v a r i a b l e s , g rea t c a r e mus t be taken in t rying to 
i so la te the effect of any p a r t i c u l a r va r i ab l e . Also the common form of p r e 
sentat ion, densi ty change as a function of burn -up , is not as s imple as it 
may s e e m . Not only burn-up , but a l so t e m p e r a t u r e is being taken into account, 
the t e m p e r a t u r e obtained is p ropor t iona l to the total burn-up , and for differ
ent capsules t h e r e is a different co r respondence between burn-up and t e m p e 
r a t u r e . 

It is confirmed that the swelling r e s i s t a n c e of u ran ium is marked ly inc reased 
by molybdenum addi t ions : fig. 27. F o r low bu rn -ups , t he re is l i t t le to be 
gained by fur ther i n c r e a s e s in alloying addit ions above 7 or 8 wt% Mo. At the 
higher level of bu rn -ups , however , t h e r e is a significant improvement gained 
by increas ing the molybdenum content beyond 8%. 

F o r a l l condit ions, the swelling f i rs t i n c r e a s e s slowly with increas ing bu rn -
up, but eventually a point is reached where rapid swelling o c c u r s , for the 
10% alloy it i s at about 9000 MWd/MTU (fig. 28). 

In fig. 29 swelling is plotted agains t t e m p e r a t u r e . The t e m p e r a t u r e effect 
is significant, but it has not been poss ib le to s epa ra t e this unequivocally 
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from the burn-up effect. 
Although some spec imens were in the gamma phase , no difference could be 
seen in the behaviour of these and those in the α + γ * phase . 

i) U-9 wt% Mo alloy fuel e lements have been used in the Dounreay F a s t 
Reactor and the r e su l t s up to 1964 have been repor ted by COTTRELL et a l . 
(41); the fuel had been successfully taken to a burn-up of 1. 2 at %; ( later 
data 2. 2 at % ) . 

Density m e a s u r e m e n t s on uncracked fuel p ieces indicate that t h r ee t e m p e 
r a tu re ranges of swelling exis t . At 1% burn-up when the fuel cen t re t e m p e 
ra tu re is approximately 600 C-650 C the volume change was 6%; at t e m p e 
r a t u r e s below 500 C the change was 2 .5% for 1% burn-up; whilst at i n t e r 
mediate t e m p e r a t u r e s the changes were about 10% for 1% burn-up , fission 
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ra tes above 7 x 1 0 f i s s i o n s / c m - s e c . 

The a s s e s s m e n t of d imensional changes was complicated by the occur rence 
of cracking. This cracking which occur red at quite an ea r ly stage -was not 
expected from the r e su l t s of i r rad ia t ing this type of alloy in a m a t e r i a l s 
test ing r eac to r . There a r e many factors which could cause or contr ibute 
to cracking, such as t h e r m a l s t r e s s e s , notch b r i t t l enese , swelling s t r e s s e s , 
t rans format ion s t r e s s e s . The au thors believed that cracking may be a con
sequence of the fast f ission flux envi ronment . In a t h e r m a l m a t e r i a l s t e s t 
ing r eac to r , the self-shielding effect in f issi le spec imens grea t ly reduces 
the fission flux, and hence the burn-up in the in t e r io r of the fuel beneath the 
sur face . The higher burn-up at the surface leads to swelling which could pro
duce compress ion s t r e s s e s . In a fast r e ac to r , the intensi ty of the f ission 
flux through the fuel c r o s s section is v i r tua l ly una l te red . The cen t ra l fuel 
achieves the same burn-up as that at the surface but is operat ing at a con
s iderable higher t e m p e r a t u r e . Under these condit ions, i n t e r io r fuel swelling 
imposes tens i le t r e s s e s on the ou te rmos t fuel. These s t r e s s e s toge ther with 
the rma l s t r e s s e s , will lead to c rack ing . 

Although cracking has been extensive in many e l emen t s , it has not d i rec t ly 
affected the per formance of the fuel e lements or led to any fa i lure . 
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j) Always on the bas i s of the informat ions obtained in the Dounreay F a s t 
Reac to r , J . L. PHILLIPS (42) p re sen ted l a t e r (1965) an ana lys i s of the 
swelling behaviour of the U-9 wt% Mo fuel. The swelling is shown as a 
function of burn-up (fig. 30) and, a l so in these exper imenta l r e s u l t s , t he re 
a r e seen to be t h r ee apparent ly significant ranges of peak fuel t e m p e r a t u r e , 
namely low t e m p e r a t u r e (up to 500 C), t r ans fo rmat ion range (500 -565 C), 
and high t e m p e r a t u r e (565 -675 C). 

The ana lys i s of the r e su l t s in this way is pe rhaps an over -s impl i f ica t ion 
pa r t i cu l a r ly when it is r e m e m b e r e d that the quoted t e m p e r a t u r e s re fer to 
the peak fuel t e m p e r a t u r e , the surface t e m p e r a t u r e being much lower . 
Each m e a s u r e d resu l t i s , t he re fo re , an in tegra ted effect over a range of 
t e m p e r a t u r e s , and the ac tual swelling is a compromise between that of the 
hot ter cen t r a l m a t e r i a l and that of the res t ra in ing cooler surface l a y e r s . 
A reasonable in te rpre ta t ion of the t e m p e r a t u r e ranges shown is poss ib le , 
however , as follows: 

- Low t e m p e r a t u r e r ange . At low peak fuel t e m p e r a t u r e s i . e . below 425 C, 
the fuel r ema ins completely in the gamma phase . At a t e m p e r a t u r e of 

o 425 C, t r ans fo rmat ion commences and at a peak fuel t e m p e r a t u r e of 
500 C, the fuel surface t e m p e r a t u r e is approaching the t rans format ion 
t e m p e r a t u r e and hence the t r ans fo rmat ion boundary is near ing the fuel 
su r face . It appea r s that although t r ans fo rmat ion has occur red in the 
cen t re of the fuel, r e s t r a i n t by the surface l aye r s of swelling of the t r a n s 
formed m a t e r i a l has been successful , and thus the overa l l swelling c o r 
responds with that expected for low t e m p e r a t u r e gamma phase m a t e r i a l . 

T rans fo rmat ion range . F o r a peak fuel t e m p e r a t u r e in the range 500 -
565 C, complete t r ans fo rmat ion of the fuel sect ion occurs and the swel l 
ing behaviour is then typical of completely t r ans fo rmed m a t e r i a l . This 
range gives r e su l t s in good ag reemen t with APDA data for 10 w/o Mo 
alloy. Extrapola t ion of this line backwards , indicates a reduct ion in vo 
lume at z e ro burn-up indicating the magnitude of the density change upon 
t r ans fo rmat ion . 
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- High temperature range. At a peak fuel temperature of 675 C, the 
t r ans format ion boundary has moved out to the fuel sur face , a l l the fuel 
m a t e r i a l then being in the gamma phase . The swelling behaviour then 
r e p r e s e n t s the combination of swelling of t r ans fo rmed m a t e r i a l v i r t u a l 
ly un res t r a ined at the surface and somewhat r e s t r a ined in the cen t r a l 
reg ions . 

As repor ted in the ea r ly r e su l t s by COTTRELL (41), cracking occu r r ed in 
the fuel, no co r re la t ion was observed between cracking and phase t r ans fo rm
ation. It is believed that, because of the high t e m p e r a t u r e g rad ien t s , the 
cen t re of the fuel will be tending to swell at a g r e a t e r r a t e than the surface 
l a y e r s , thus causing additional tens i le s t r e s s e s in the sur face . 

Some invest igat ions have been c a r r i e d out on the effects of va r ia t ions in the 
molybdenum content: 11.8 wt% Mo alloy exhibited a slightly reduced swel l 
ing ra te but a g r e a t e r tendency to c rack . Fue l containing 7 wt% Mo was 
a t t rac t ive in that it pe rmi t t ed the introduct ion of m o r e exper imenta l i r r a 
diat ions, and the r e su l t s of i r r ad ia t ion of such fuel alloy e lements indicated 
no significant difference in i r r ad ia t ion behaviour as compared with the 
9 wt% alloy over the range of burn-ups so far covered . Consequently, in 
1964 the s tandard fuel in the Dounreay Reactor was changed to U-7% Mo. 

k) Atomics Internat ional c a r r i e d out a fuel i r r ad ia t ion p r o g r a m to inves t i 
gate the behaviour of U-10 wt% Mo fuel for the Hal lam Nuclear Power F a c i 
lity (HNPF) Core I. The range of t e m p e r a t u r e and f iss ion ra te conditions in 
the HNPF a r e indicated in the fig. 31 . The r e su l t s of the NAA 47" Core I 
Evaluation Exper imen t s have been repor ted by A. R. SCHMITT et a l . (43). 
Each of the eight i r r ad ia t ion t e s t s contained nine 0. 5 - in. d i ame te r , 
2. 0-in. long, cas t U-10 Mo fuel spec imens , NaK bonded in a double-walled 
s ta in less s tee l capsule . Init ially the fuel spec imens were e i ther a s cas t , 
par t ia l ly t r ans fo rmed ( α + γ ' + γ ) o r homogenized ( γ ) . The exper imen t s 
were i r r ad ia t ed in the Mate r i a l s Test ing Reac to r . Only the low burn-up 
specimens -were re la t ively s table; mos t of the fuel spec imens swelled, some
t imes excess ive ly . Although many fac tors may have contr ibuted to the ob
served damage, it was a t t r ibuted by the au thors p r i m a r i l y to the effects of 
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in -p l le phase t r ans fo rma t ion at f ission r a t e s insufficient to re ta in the m e t a 
s table gamma p h a s e . The d i s o r d e r e d gamma phase m a t e r i a l constantly r e 
v e r t s to a + γ '; th is continuous t r ans fo rma t ion probably p r o m o t e s f ission 
gas bubble growth a n d / o r r educes the in-p i le s t rength of the fuel to such an 
extent that ex t r eme i r r ad ia t ion instabi l i ty r e s u l t s . 

Although much of the observed swelling was probably due to the nucleation 
and growth of f ission gas bubbles, a significant amount of the observed v o 
lume change resu l ted from in te rna l m ic roc rack ing of the fuel m a t e r i a l . 

Influence of t e m p e r a t u r e , f iss ion ra te and burn-up on the i r r ad ia t ion s tab i l i 
ty was exposed. 

f Average operat ing t e m p e r a t u r e . Since the stabi l i ty of U-10 Mo appea r s to 
be highly sensi t ive to in-pi le phase t rans format ion , t e m p e r a t u r e and t e m p e 
r a t u r e fluctuations mus t be cons idered a s impor tan t va r i ab l e s influencing 
the stabi l i ty of the fuel. Although it would be useful to isola te the effects 
of t e m p e r a t u r e and de sc r i be d imensional i n c r e a s e a s a function of ave rage 
fuel t e m p e r a t u r e , the wide va r ia t ions in operat ing t e m p e r a t u r e s which the 
fuel exper ienced during i r r ad ia t ion reduce the significance of ave rage 
t e m p e r a t u r e a s an independent v a r i a b l e . In addition, it i s difficult to i s o 
late the effects of t e m p e r a t u r e and f iss ion r a t e . However, in evaluating 
the data , some gene ra l t r e n d s a r e evident. 

Below 425 C, the fuel apparent ly behaves in a stable manner , retaining 
or t rans forming to the gamma phase during i r r ad ia t ion . 
At fuel cen t ra l t e m p e r a t u r e s from 425 C to 600 C and at f ission r a t e s 
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< 1 χ 10 f i s s i o n s / c m - s e c , the fuel a p p e a r s to be ve ry ins table , and it 

t r a n s f o r m s to a two-phase s t r uc tu r e during i r r ad ia t ion . 
At fuel c en t r a l t e m p e r a t u r e >600 C, fuel s tabil i ty may be slightly improved. 

- T e m p e r a t u r e va r i a t ions . The NAA 47 fuel spec imens -were subjected to s e 

v e r a l hundred t h e r m a l cyc les , due to MTR power fluctuations or s c r a m s . 
These abrupt t e m p e r a t u r e changes -which w e r e a s g rea t a s 500 C, p r o b a 
bly have a de le te r ious effect on fuel s tabi l i ty . The rapid t h e r m a l s t r e s s e s 
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induced by the cycling may have promoted both the surface and in te rna l 
cracking which contributed to the observed d imensional changes of the 
fuel. 

F i s s ion r a t e . F i s s ion ra t e is an ex t r eme ly c r i t i ca l p a r a m e t e r influenc-
13 3 

ing swelling. All fuel i r r ad ia t ed at f ission r a t e <1 χ 10 f i s s i o n s / c m - s e c 
and t e m p e r a t u r e above ~420 C exhibited s eve re d imensional changes , and 
these changes were a factor of 2 or 3 g r e a t e r than those noted in the p r e 
vious APDA expe r imen t s . In genera l the meta l lography showed that f i s -
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sion ra t e s < 0. 7 χ 10 f i s s i o n s / c m - s e c were insufficient to re ta in the 
gamma phase between 450 C and 560 C. At t e m p e r a t u r e s below 400 C 

13 the gamma phase was maintained or formed at f ission r a t e s > 0. 2 χ 10 
f i s s ions / cm - s e c . 

Burn-up . Although some i r r e g u l a r i t i e s were noted, in genera l , fuel swel l 
ing appeared to i nc r ea se with burn -up . F ig . 32 shows pe rcen t d i ame te r 
change as a function of burn-up , -while fig. 33 gives ave rage pe rcen t d imen
sional change [ 2(% Δ D) + % Δ L ] / 3 as a function of burn -up . The follow
ing conclusions have been drawn: 

- at burn-up levels above 3000 to 4000 MWd/MTU, d imensional change in 
c r e a s e s rapidly with burn-up , at a l inear ra te of about 2. 5 to 3. 0% d i 
mensional i nc rease p e r 1000 MWd/MTU; 

- based on the data avai lable , below 3000 to 4000 MWd/MTU swelling a p 
p e a r s to be l e s s s e v e r e . This second conclusion is drawn from both high 
and low t e m p e r a t u r e i r rad ia t ion data. 

Among the c h a r a c t e r i s t i c s of the i r r ad ia t ion damage , it -was noted that s p e 
cimens -which exper ienced phase t r ans format ions or spec imens -which ex 
per ienced t empe ra tu r e excurs ions , exhibited i r r e g u l a r surface c r a c k s . 
The cracking appeared to be m o r e seve re in spec imens which were given 
a gamma heat t r ea tmen t , p r i o r to i r r ad ia t ion . Metal lographic examina 
tion revealed extensive mic roscop ic poros i ty . Much of the in te rna l p o r o 
sity consisted of i n t e rg ranu la r c r a c k s , -which undoubtedly contr ibuted to 
the observed volume changes of the fuel. 

The p r e - i r r a d i a t i o n m i c r o s t r u c t u r e resul t ing from var ious heat t r e a t m e n t s 
appeared to have no apprec iable effect on the i r r ad ia t ion stabi l i ty of the fuel, 
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th is observat ion i s in ag reemen t with prev ious works . 

Some of these r e s u l t s have been s u m m a r i z e d in the fig. 34 (44). 

1) In the same i r r ad ia t ion program; «f the H N P F , WILLARD and 

SCHMITT (45) d i scussed pa r t i cu l a r ly the phase r eve r s ion . It i s known that 

the re tent ion of gamma U10 Mo in an i r r ad ia t ion environment i s dependent 

on t e m p e r a t u r e and fission r a t e (27) ■* (30). 

At t e m p e r a t u r e s below the eutectoid t r ans fo rmat ion t e m p e r a t u r e of 570 C, 

the re ta ined gamma phase will t r a n s f o r m to the stable eutectoid t r a n s f o r m 

ation products of α and γ 1 , according to the TTT re la t ionship (Pa r . 2). At 

t e m p e r a t u r e s below the nose of this cu rve , the r a t e of t r ans format ion is 

most ly dependent on the diffusion of a toms to nucleation s i t e s . This diffusion 

may be exp re s sed by the c l a s s i ca l equation 

Q 
D = D exp ( ) 

t o R T 

where 

D = t h e r m a l diffusion coefficient 

D = diffusion constant 
o 

Q = act ivat ion energy 

R = gas constant 

T = absolute t e m p e r a t u r e 

During i r rad ia t ion , t h e r m a l diffusion, which is t e m p e r a t u r e dependent, tends 

to t r a n s f o r m the Y phase to 0 + Y ' , 

The fission phenomenon is respons ib le for another type of diffusion, caused 

by the d isp lacement spike formed by the energe t ic p a r t i c l e s after a fission 

event . BLEIBERG (46) has shown a propor t ional i ty between the radiat ion dif

fusion coefficient and the f ission r a t e . The coefficient is expres sed by the 

equation: 

DR = 15^7 x Bu 

where 

D = radia t ion induced diffusion coefficient 
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( D J . = 1.4 χ I O " 1 8 + 0. 6 χ I O " 1 8 c m 2 / s € c (ref . 46) 
xv 1 *■" 

Bu = c r i t i c a l f i s s i o n r a t e 
12 3 

(Bu) . = 5 . 25 χ 10 f i s s i o n s / c m  s e c ( ref . 46) 

T h u s D R = 2 . 67 χ Ι Ο " 3 1 χ Bu ( c m 2 / s e c ) 

When D _ > D , t he t h e r m a l t r a n s f o r m a t i o n p h e n o m e n o n p r e d o m i n a t e s , and 

J. xv 

the m e t a s t a b l e s t r u c t u r e w i l l fo l low t h e e x p e c t e d d e c o m p o s i t i o n to the t h e r 

m a l l y s t a b l e p h a s e s ( α + γ *). H o w e v e r , t he r a t e of t r a n s f o r m a t i o n w i l l d e 

c r e a s e f r o m t h a t g iven on T T T c u r v e by a n a m o u n t w h i c h d e p e n d s on t h e r e 

l a t i v e v a l u e s of D and D . If D > D t h e n t h e r a d i a t i o n effect p r e d o m i n a t e s , 
t XV XV t 

and the m e t a s t a b l e p h a s e wi l l e i t h e r be f o r m e d o r r e t a i n e d , d e p e n d i n g on t h e 

i n i t i a l s t r u c t u r e . An e q u i l i b r i u m c o n d i t i o n e x i s t s b e t w e e n the two m e t h o d s of 

t r a n s f o r m a t i o n w h e n 

P h y s i c a l l y t h i s m e a n s t h a t , fo r any t e m p e r a t u r e , t h e r e i s a f i s s i o n r a t e (Bu, 

c a l l e d t h e c r i t i c a l f i s s i o n r a t e ) a t w h i c h no t r a n s f o r m a t i o n would o c c u r . F r o m 

the w r i t t e n e q u a t i o n s t h i s r a t e i s 

Q 

D o e x p (  X r  ) 3 

Bu = — '——' ' ( f i s s i o n s / c m  s e c ) 

2 . 6 7 χ 10 

With the d a t a of R a i k l e n , W I L L A R D and S C H M I T T (45) h a v e e x p r e s s e d 

τ*  τ. 7K I 24 . 600 . m 2 8 / * · / 3 \ 
Bu = 3 . 75 exp (  * ) χ 10 ( f i s s i o n s / c m  s e c ) 

The c r i t i c a l f i s s i o n r a t e s c a l c u l a t e d u s i n g t h i s e q u a t i o n a r e t h e fo l lowing : 

t e m p e r a t u r e ( C) c r i t i c a l f i s s i o n r a t e ( f i s s i o n s / c m  s e c ) 

.11 

f i s s i o n s / e r r 

371 8 . 8 χ 1 0 J 1 

385 2. 2 χ 1 0 1 2 

399 4 . 8 x l O 1 2 

413 9 . 2 x l 0 1 2 
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A curve representing these data i s presented in fig. 35; several specimens 
of the NAA-47 experiment have been plotted in the same figure. The observed 
metallographic structures are in good agreement with the theoretical curve. 
The only deviation i s the specimen 4 -9 -S: but this may be explained by a low
er ac tual temperature than the calculated t e m p e r a t u r e , due to pene t ra t ion of 
c r a c k s by the NaK. 

The t h e o r e t i c a l curve of the c r i t i ca l f iss ion rate is na tura l ly influenced by 
the values of the t h e r m a l and radia t ion- induced diffusion coefficients. Accu
racy in these data may affect g rea t ly the cu rve : an example is given in Appen
dix B. 
A. l inear re la t ionship of swelling to burn-up in the range of 3000 to 12000 MWd/ 
MTU is confirmed. Deviations a r e re la ted to excess ive ly high cen t ra l t e m p e 
r a t u r e , 700 to 800 C and to i n t e rg ranu la r c rack ing . 
This cracking is a t t r ibuted to : 

- formation of voids along gra in boundar ies as a r e su l t of complex s t r e s s 
s y s t e m s . These s t r e s s e s a r e a t t r ibuted to t e m p e r a t u r e g rad ien t s , t h e r m a l 
cycles and differential expansion due to different s t r u c t u r e s ( γ and α + Y ') 
p r e sen t in the same slug; 

- growth of these voids , probably enhanced by vacancy product ion and mob i 
lity due to lat t ice d is turbance by the f ission p r o c e s s ; 
coa lescence of the voids; c r acks from a gra in boundary join -with c r acks 
from another gra in boundary. 

m) As pa r t of the development p r o g r a m for the HNPF, a pa r t i a l prototype 
of a HALLAM Core I fuel e lement (SU-9) was fabr icated and i r r ad ia t ed in the 
Sodium Reactor Exper iment (SRE). The r e s u l t s have been repor ted by AR
NOLD et a l . (47), 
The fuel e lement a s sembly was i r r ad i a t ed to a max imum burn-up of 5, 300 
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MWd/MTU, at a peak fission ra te of approximate ly 1.5 χ 10 f i s s i o n s / c m - s e c 
and a max imum cen t ra l t e m p e r a t u r e near 650 C. The pos t - i r r ad i a t i on exa
mination of the fuel rods showed a low fission gas r e l e a s e of 0. 1% and fuel 
d imensional changes ranging from - 0 . 2% to +2. 2% with corresponding d e n s i 
ty d e c r e a s e s from 0. 2% to 6 .4%. A plot of the average dimensional change 
v e r s u s burn-up is given in fig. 36. The fuel slugs which had burn-up l e s s 
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than 4000 MWd/MTU were in excellent condition with maximum dimensional 
changes of l e s s than +0. 6%. The l imit ing peak burn-up would probably not 
be reached until at least 6000 MWd/MTU. Fuel slugs with burn-ups greater 
than 4000 MWd/MTU had extensive surface cracking and greater fuel d imen
sional changes . 

Metal lographic examinat ion of the fuel showed that the slugs which had expe
r ienced the extensive surface cracking had mos t of the i r s t ruc tu re t r a n s 
formed to the α + γ * phase . The s t ruc tu re of the fuel which had no surface 
cracking and smal l d imensional changes , was essent ia l ly in the gamma phase . 
It is reconf i rmed that α + γ * phase m a t e r i a l is significantly l e s s s table in an 
i r rad ia t ion environment than the m a t e r i a l remaining in the y p h a s e . The re 
was evidence that the fuel which operated at lower t e m p e r a t u r e s had been 
homogenized to the gamma phase as a resu l t of f ission events , the m e c h a 
n ism being the radiat ion induced phase r eve r s ion . 

n) The r e su l t s of i r r ad ia t ions of u ran ium-molybdenum alloys have been 
repor ted by DMITRLEV et a l . (48) (1967). The samples , contained in s teel 
capsules filled with NaK, -were i r r ad ia t ed in the following condit ions: t e m p e 
r a t u r e between 100 and 200 C, t h e r m a l neutrons density 1 + 2x10 n / c m / s e c , 
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in tegra l flux 0. 5 + 1 χ 10 n e u t r o n s / c m . 
Ex te rna l examinat ion and control m e a s u r e m e n t s showed no surface modif ica
tion and insignificant changes of d imensions for the U-7% and U-9% Mo a l 
loys; the densi ty, within the l imi ts of accuracy of m e a s u r e m e n t s , was not 
changed (sca t te r of the data + 0. 05 g / c m ). 

A finely divided d i spers ion of second phase pa r t i c l e s is effective in reducing 
swelling in a lpha-phase u ran ium al loys (49). Krypton and xenon bubbles, p r o 
duced when uran ium is i r r ad ia t ed , nucleate preferent ia l ly at in terna l su r faces , 
e. g. on inclusions. 

Since these bubbles a r e of submicron s ize , l a rge volume changes do not occur . 
Thei r tendency to agg lomera te is reduced by a high concentrat ion of d i spe r sed 
pa r t i c l e s ; the binding energy between the gas a toms and the pa r t i c l e s immob i 
lize the bubbles. 
This concept was applied by KRAMER et a l . (50) (51) to U-10% Mo alloys with 
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0. 04 wt% Tin. It mus t be noted that i r r ad ia t ion of an alloy containing a p r e 
cipitated phase may resu l t in solution of the p rec ip i t a t e s and in formation of 
addit ional p r ec ip i t a t e s ; the al loys should be hea t - t r ea t ed to yield the m a x i 
mum densi ty of the i r rad ia t ion- induced p r ec ip i t a t e s . The improved swelling 
r e s i s t ance of the samples with fine d i spe r s ions r e su l t s from the data r e p o r t 
ed in Table I. The r e su l t s of i r r ad ia t ions of s i m i l a r m a t e r i a l s a r e s u m m a r i 
zed in fig. 37, which shows the improvement obtained from f ine -pa r t i c l e -
producing addit ives and inc reased molybdenum content. 

5. PHYSICAL AND MECHANICAL PROPERTIES 

5. 1 Density 
The densi ty of gamma-quenched uran ium-molybdenum alloys v e r s u s molyb
denum content, from ref. (11} is repor ted in Table 2. 
The densi ty of gamma-quenched uran ium - 10 wt% molybdenum v e r s u s t e m 
p e r a t u r e is repor ted in Table 3 (ref. 52). 

5, 2 T h e r m a l conductivity 
T h e r m a l conductivity values between I O C and 100 C, repor ted by WESTING-
HOUSE (11), a r e the following: 

for U - 8 wt% Mo 0. 034 + 0. 001 c a l / ( s e c - c m - ° C / c m ) 

for U - 12 wt% Mo 0. 033 + 0. 001 c a l / ( s e c - c m - ° C / c m ) 

T h e r m a l conductivity data v e r s u s t e m p e r a t u r e a r e r ep resen ted in Table 4: 
APDA data from ref. 52 for gamma-quenched U - 1 0 wt% Mo, Russ ian data 
from KONOBEEVSKY (7) for gamma phase of U - 9 wt% Mo alloy annealed 
5 h r at 900 C. Accuracy of the values of re f . (7)may be quest ionable: 
U - 9 Mo data do not show a behaviour with increas ing t e m p e r a t u r e which 
is consis tent with the behaviour of other u ran ium a l loys : fig. 38. 

P o s t - i r r a d i a t i o n physical p r o p e r t i e s have been published in APDA fuel d e 
velopment p r o g r a m s (38). Compared by the t r ans i en t heatwave method, 
i r rad ia t ion affected the t h e r m a l conductivity of U - 10 wt% Mo alloy as 
follows: no changes in t h e r m a l conductivity were observed to burn-ups of 
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0. 35 at %, but a drop of about 15% was observed on specimens irradiated 

between 0. 5 and 1.2 at %. 

5. 3 Specific heat 

The specific heat of U - 10 wt% Mo was es t imated by S TATHOPLOS (53) 

using the Kopp-Neuman Law, f rom the specific heat of gamma uran ium and 

molybdenum. The calculat ion indicates that from room t e m p e r a t u r e to 

1000 C the specific heat of U - 10 wt% Mo is substant ia l ly constant at 

0. 042 Btu / lb -°F(= c a l / g - ° C ) . 

Specific heat as a function of the t e m p e r a t u r e , f rom M . S . FARKAS and 

E . L. ELDRIDGE, is repor ted by ref. (54) Table 5. 

5.4 T h e r m a l expansion 

An average t h e r m a l expansion coefficient of 13. 6 χ 10 / C, from 100 to 

400°C, is repor ted by réf. (il) for a U - 10 wt% Mo al loy. 

Data from SALLER et a l . (22) for U - 9 wt% Mo a r e repor ted in Table 6. 

KONOBEEVSKY et a l . (7) indicate the mean va lues of the t h e r m a l expansion 

coefficient in the ranges 20 - 300 and 20 - 500°C, for the alloy U - 9 wt% Mo: 

12.0 χ 10 and 12. 3 χ 10 / C, r espec t ive ly . The coefficient v a r i e s over 

the range 20 - 500 C according to the equation 

α = 1 1 . 6 x 1 0 " + 0 . 2 8 x l O " 8 T . 

APDA data from ref. (52/)for the ins tantaneous t h e r m a l expansion coefficient 

a r e repor ted in Table 7. 

The following coefficients of t h e r m a l expansion have been repor ted by REPAS 

et a l . (20): 

for U - 10 wt% Mo alloy: 18. 7 χ IO" / ° C in the 500-575°C range 

22, 0 x 1 0 / C in the gamma phase 

region 

for U - 8 wt% Mo al loy: 18. 8 χ IO" / ° C in the 500-575°C range 

20. 7 x 1 0 / C in the gamma phase 

region 
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The coefficients of thermal expansion at gamma temperatures decrease 
with increasing molybdenum content, and are larger than the coefficient 
in the alpha r ange . 

On the p o s t - i r r a d i a t i o n l inear t h e r m a l expansion the following conclusions 
of LEESER et a l . (34) a r e reported. The effect of i r r ad ia t ion on the 
U - 1 0 wt% Mo alloy expansion is summar i zed in fig. 39. The curve for 
the expansion of the un i r r ad ia t ed spec imen r e p r e s e n t s an ave rage for a 
heating and cooling cycle . No significant effect of difference in burn-ups 
between 0. 97 and 2. 0 at % on t h e r m a l expansion between room t e m p e r a t u r e 
and 500 C (932 F) was noted. However, i r r ad ia t ion has apparent ly p r o 
duced an i n c r e a s e in the r a t e of expansion for the alloy when compared with 
the un i r r ad ia t ed control spec imen. Probably of g r e a t e r significance, how
ever , is the overa l l length i n c r e a s e resul t ing from a single cycle to 500 C. 
In addition to the length i n c r e a s e , densi ty and e l ec t r i ca l r e s i s t iv i ty measu re 
ment s showed that the dilat ion t e s t had produced both a density d e c r e a s e 
and a d e c r e a s e in res i s t iv i ty , indicative of the init iation of g a m m a - p h a s e 
decomposi t ion. Consequently, the change in l inear t h e r m a l expansion cha
r a c t e r i s t i c s accompanying i r r ad ia t ion is probably the resu l t of the init iation 
of t r ans fo rmat ion and concomitant swelling in the absence of a neutron flux. 
It should be noted that both of these spec imens had been i r r ad i a t ed p r e v i o u s 
ly at the max imum t e m p e r a t u r e of about 600 ¿ 9 0 C (1112 F) -with densi ty 
changes of 3. 5 and 3. 9% being observed . These changes occur red during a 
min imum of 58 days of i r r ad ia t ion while densi ty changes of 0. 9 and 2. 1% 
accompanied p o s t - i r r a d i a t i o n heating and cooling over a 6 h r per iod . 

A dilation curve for a specimen i r r ad i a t ed to 1.4 at % burn-up and tes ted 
to 800 C is a l so shown in fig. 38. A m a r k e d inc rease in ra te of expansion 
occurs above 550 C, indicative of the onset of swelling in the spec imen. A 
densi ty d e c r e a s e of 3. 2% was found to resu l t from this t e s t . The t e m p e r a 
tu re at which swelling occurs during pos t - i r r ad i a t i on heating cannot be c o r 
re la ted with the t e m p e r a t u r e at which swelling is observed during in-pi le 
i r r ad ia t ion for this al loy. 
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5. 5 Hardness 
The diamond pyramid hardness (DPH) values for U - 1 0 wt% Mo from ref. 
(55) a r e the following: 

gamma-quenched from 800 C : 280 DPH 
i so thermal ly aged 500°C 8 h r : 310 DPH 

A value of about 300 DPH for gamma phase U - 1 0 wt% Mo alloy is indicated 
by LEESER (34). 

Vickers ha rdness values indicated by ref. 56 a r e repor ted in fig. 40 as a 
function of the molybdenum content. 

Hot ha rdnes s values a r e repor ted by SALLER (22): Table 8, and by WAL-

DRON et a l . (57): Table 9. 

In the exper imenta l work of BLEIBERG (35), the ha rdnes s of i r r ad ia t ed 
gamma-quenched uranium-molybdenum alloys inc reased with exposure to 
a sa tura t ion level above which fur ther burn-up produced no additional ha rden 
ing. The total i nc rease was 91 DPH uni ts , produced by about 800 MWd/te; 
values a r e repor ted in Table 10. 

Hardness m e a s u r e m e n t s obtained by LEESER (34) during the course of post«· 
i r rad ia t ion meta l lographic examinat ions showed that only a slight i n c r e a s e 
in ha rdnes s as a resu l t of i r rad ia t ion , an i nc rease in ha rdnes s for the gamma 
phase U - 1 0 wt% Mo alloy, of between 30 to 50 DPH accompanied i r r ad ia t ion 
to burn-ups of 2. 2 at %. 

I r rad ia t ion influence on the ha rdnes s of U - 7% and U - 9% Mo al loys has 
been repor ted by DMITRIEV et a l . (48). The ha rdnes s of the al loys i r r a d i a 
ted in the g a m m a phase was prac t ica l ly not changed; for the alloys i r r a d i a 
ted in the α + γ ' s tate the ha rdnes s d e c r e a s e d : Table 11 . 

5. 6 Tensi le t e s t s 
The mechanica l p rope r t i e s of the uran ium-molybdenum al loys va ry with m o -
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lybdenum content, and above al l with the fabr icat ion h i s to ry and the t h e r m a l 
t r e a t m e n t of the m a t e r i a l . Tens i le p r o p e r t i e s have been studied by s e v e r a l 
l a b o r a t o r i e s . A s t r e s s - s t r a i n curve for U - 1 0 % Mo alloy is shown in 
fig. 41 (58). 
The r e su l t s of the s tudies of WALDRON et a l . (57) a r e repor ted in Table 12. 

APDA data repor ted by ref. 52 (1962) re la t ing to the var ia t ion of tens i le p r o 
p e r t i e s of gamma-quenched and quenched plus aged U - 1 0 % Mo alloy with 
t e s t t e m p e r a t u r e a r e repor ted in Table 13. 

A s u m m a r y of some Russ ian data is repor ted by GITTUS (1) (1963); the data 
re la t ing to al loys with molybdenum content of ze ro - 7. 8 - 10 - 10. 9 % a r e 
indicated in Table 14. 
Mechanical p r o p e r t i e s of U - 10 % Mo alloy, de te rmined by PETERSON and 
VANDERVOORST (55) (1964) a r e repor ted in Table 15. 

Tensi le t e s t s have a l so been pe r fo rmed by HILLS, BUTCHER and HOWLETT 
(59) (1964): the r e su l t s for U - 9. 1 % Mo and U - 10. 5 % Mo a r e repor ted in 
Table 16. 

Ult imate tens i le s t rength data of the above mentioned re fe rences a r e r e p r e 
sented in fig. 42: the data a r e for 10 4· 10. 5 Mo a l loys , in the gamma-quenched 
condition. Mechanical p r o p e r t i e s show an evident and cons iderable spread 
of the va lues ; it is imposs ib le to ra t ional ize these dif ferences , which may be 
a t t r ibuted to differences in s t r a in r a t e , m a t e r i a l pur i ty , g ra in s ize , e x p e r i 
menta l techniques . 

The genera l behaviour of the alloy is not v e r y duct i le . The ducti l i ty of the 
al loys in some invest igat ions was probably affected by non-meta l l ic inclusions 
(57). By compar ing data of different works , HILLS, BUTCHER and.HOWLETT 
(59) suggest that the p rec ip i t a t e s due to the impur i t i e s mus t have a l a rge e m -
br i t t l ement effect on the a l loys . 
It is believed that h i g h e r pur i ty al loys a r e l e s s br i t t le (60). 
Alloys p r e p a r e d -with m o r e recent ame l io ra t ed cast ing techniques a r e m o r e 
duct i le ; a confirmation is given by the data repor ted by PETERSON and VAN-
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DERVOORST (55) : Table 15. The in t e r s t i t i a l impur i t i e s H, N, O, C a r e 

the lowest of a l l the cons idered al loys and the elongations a r e the bes t . 

General ly , u ran iummolybdenum al loys have a g rea t suscept ibi l i ty to s t r e f S 

c racking. 

HILLS, BUTCHER and HOWLETT (59) have studied and d i scussed two fo rms 

of cracking that were found per forming tens i le t e s t s at room t e m p e r a t u r e ; 

spec imens were m e r c u r y  and oilquenched gamma phase a l loys . 

A c i rcumferen t ia l cracking is due to s t r e s s co r ro s ion by a i r . An i n t e r g r a 

nular cracking, in the alloys with m o r e than 9% molybdenum, is difficult 

to explain but it is re la ted to a g ra in boundary br i t t lene s s . 

The high susceptibi l i ty of U  10 Mo alloy to cracking when s t r e s s e d in a i r 

was studied by PETERSON and VANDERVOORST (58); oxygen was d e t e r 

mined to be the embri t t l ing agent . In these alloys the elongation in a s t r e s s 

s t ra in tes t is sensi t ive to s t ra in r a t e , and the maximum ducti l i ty is obtained 

at a ra te of about 0. 05 i n / i n / m i n : fig. 43 . Delayed fai lure was observed at 

a s t r e s s as low as 26 k g / m m (30% of the yield s t r e s s ) . The c r i t i ca l s t r e s s 

appears to be dependent on carbon content, but not on gra in s i ze . 

A m a t e r i a l tes t p r o g r a m was set up at the Lawrence Radiation Labora to ry 

to de te rmine some p rope r t i e s of U  10% Mo, with pa r t i cu l a r re fe rence to 

those p rope r t i e s of i n t e re s t to the p r o m p t  b u r s t r e a c t o r "Super Kukla". An 

exper imenta l investigation was under taken to de te rmine the p r o p e r t i e s of 

this alloy under dynamic condit ions: ref. (61) (62). 

The dynamic tensi le t e s t s were conducted on extruded m a t e r i a l , ho t  ro l led 

m a t e r i a l , a s  c a s t m a t e r i a l having 800 ppm carbon, and a s  c a s t m a t e r i a l 

having 75 ppm carbon. T e m p e r a t u r e s were var ied from 24 to 315 C, and 

s t r a in r a t e s from ze ro to 100 i n / i n / s e c . The r e su l t s a r e summar i zed in 

fig. 44 +■ 47, Peak s t r e s s at a s t r a in ra te of 20 i n / i n / s e c is plotted as a 

function of t e m p e r a t u r e in fig. 48. 

Among the conclusions drawn a r e the following: 

a) dynamic loading i n c r e a s e s tens i le s t rength and lowers ducti l i ty of U  10% 

Mo in both the a s  c a s t and wrought condit ions. High s t r a in r a t e s affect 

the mechanica l p r o p e r t i e s through two m e c h a n i s m s . F i r s t , a s the s t r a in 



 3 5 

rate i s increased, the effect of s t re s s corrosion is mitigated as a r e 

sult of the decrease in time the load is applied. The s tress corrosion 

effect predominates at strain rates l e s s than 1 p e r sec . Further, high 

strain rates tend to delay the yield phenomenon and i nc r ea se the tens i le 

strength. 

b) ho t  ro l led m a t e r i a l is super io r to cas t at t e m p e r a t u r e s around 150 C 

and above. At lower t e m p e r a t u r e s it i s exceedingly notch sens i t ive . 

c) cas t spec imens do not display as consis tent mechanica l p r o p e r t i e s as 

wrought spec imens . Cast spec imens a r e a l so l e s s duct i le . 

d) high carbon content tends to reduce both ducti l i ty and tensi le s t rength 

in ca s t m a t e r i a l . As not yet conclusive observat ion, it is said that the 

carbon content should be kept below 200 ppm. 

P o s t  i r r a d i a t i o n mechanica l p r o p e r t i e s of the U  10% Mo alloy were d e 

te rmined on spec imens i r r ad i a t ed to burnups of 2. 1 total at % (34) (63). 

The effect of burnup on ul t imate s t rength and s t r a in at f rac ture for a 500 C 

tes t t e m p e r a t u r e is shown in fig. 49. A m a r k e d reduction in s t rength and 

ductil i ty is seen to exist af ter i r r ad ia t ion , with the mos t d r a s t i c reduction 

occur r ing p r i o r tò burnup of 1 at %. Clad spec imens were observed to ex

hibit g r e a t e r ductil i ty than ba re spec imens , this is believed to resu l t p r i 

m a r i l y from reduction in effective surface defec ts . It mus t be noted that 

during the course of tes t ing, the spec imens were effectively subjected to 

a pos t  i r r ad i a t i on heat t r ea tmen t , with p a r t i a l decomposi t ion of the gamma 

phase ; this t r ans fo rmat ion affects the mechanica l p r o p e r t i e s . 

P o s t  i r r a d i a t i o n mechanica l p rope r ty data a r e not believed to be d i rec t ly 

applicable to inpi le behaviour when obtained during t e s t s at elevated t e m 

p e r a t u r e s , and the in te rpre ta t ion of p o s t  i r r a d i a t i o n t e m p e r a t u r e ¡effects 

is difficult. 

5. 7 YOUNG'g modulus 
■ — ι l i . ι . , . . . ι - - . — ι ■ . . . . ι . , . - . ι . , . i » , , I I . — ι ^ ■ — - . . . ■ . T 

The t e m p e r a t u r e dependence of the YOUNG's modulus of the U  9% Mo 
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alloy, from KONOBEEVSKY et al. (7) is shown in fig. 50. The elasticity 
modulus was determined by the resonance method with specimens subjected 
to homogenizing annealing in the gamma phase and with spec imens annealed 
below the t e m p e r a t u r e of the eutectoid t r ans format ion . The YOUNG's modu
lus of the gamma phase of this alloy is much lower than that of pu re alpha 
uranium. After prolonged annealing below the t e m p e r a t u r e of the eutectoid 
l ine, the e las t ic i ty modulus of the alloy i n c r e a s e s because of the decompo
sition of the gamma phase , which r e su l t s in the format ion of alpha phase 
g ra ins . 

WALDRON et al.(57) have published a re la t ion between YOUNG's modulus 
and the t e m p e r a t u r e , for U - 7. 8 Mo, U - 10% Mo, U - 10.9% Mo a l loys : 
Table 17. 
Values of YOUNG's modulus for U - 1 0 % Mo alloy, from the APDA data 
published in ref. 52, a r e repor ted in Table 18, as a function of the t e m p e 
r a t u r e . 
A compar ison of the values for the gamma phase alloys a s repor ted by the 
above mentioned au thors , is given in Table 19. 

The elast ic modulus of i r r ad ia t ed U - 10% Mo spec imens was de termined 
by LEESER et a l . (34). The effect of t e m p e r a t u r e on the YOUNG's modulus 
is shown in fig. 51 . YOUNG's modulus is seen to d e c r e a s e with t e s t t e m p e 
ra tu re and with burn-up . The t e m p e r a t u r e of i r r ad ia t ion a p p e a r s to modify 
the amount of reduction exper ienced for a given burn-up . Thus, spec imens 
i r r ad ia ted at higher t e m p e r a t u r e s to comparable burn-ups show a l e s s e r 
reduction in modulus . P r e sumab ly , the annealing action at higher t e m p e r a 
tu res reduces radia t ion-produced changes in the alloy s t r u c t u r e . 

Consequently to the pa r t i a l decomposi t ion of the gamma phase which occurs 
during the course of tes t ing, at the 500 C t e s t t e m p e r a t u r e in pa r t i cu l a r , 
a port ion of the change in mechanica l p r o p e r t i e s is undoubtedly obscured by 
t ransformat ion . F o r this reason , the d i rec t applicat ion of p r o p e r t i e s d e t e r 
mined by pos t - i r r ad ia t ion m e a s u r e m e n t s to in-pi le behaviour is not r ega rded 
as valid. 
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5. 8 C r e e p 
Creep data for u ran ium-molybdenum a l loys , at 815 C, a r e given in 
Table 20 (64). 

5. 9 Impact s t rength 
Impact p r o p e r t i e s a s de te rmined by McGEARY (11) a r e repor ted in 
Table 21 (unnotched Izod spec imens) : t e s t s show br i t t le f rac ture below 
66 C and ducti le above. 
Charpy V-notch impact values have been de te rmined by PETERSON and 
VANDERVOORT (55) for U - 1 0 % Mo a l loys : 

gamma-quenched from 800 C : 7 - 10 ft- lbs 
i so the rmal ly aged 500 C - 8 h r : 6 - 7 f t- lbs 

5. 10 Fat igue 
A curve of total s t r a in v e r s u s cycles to fai lure has been repor ted by K. G. 
HOGE (62), for cas t and wrought spec imens of U - 10% Mo al loy: fig. 52. 
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TABLE 1 
ι II ι I » . » » I 

Total cumulative vol. -% increases during post-irradiation annealing in 
U - 1 0 % Mo alloy (ref. 51). 

Alloy 

After i r r ad ia t ion 
72 h at 550°C 
24 h at 600°C 
24 h at 750°C 
24 h at 850°C 
24 h at 950°C 

A 

10.0 

42 .9 
-

-

-

-

E 

1.4 

2 . 4 

1.7 

3 . 4 

4 . 6 

8 . 5 

F 

0 . 5 

0 . 7 

1.2 

0 . 9 

1.7 

4 . 2 

G 

1.0 

1.0 

1.8 

1.8 

3 . 2 

6 . 5 

Alloy A: Uranium - alpha phase 
heat t r ea t ed 1 day at 600 C, furnace cool 

Alloy E : U - 1 0 . 3% Mo - gamma phase with 10% eutectoid 
heat t r ea ted 1 day at 1000 C, water -quenched , 15 days at 550 C 
a i r cool 

)4 Sn - gamma phase with, t r a c e eutectoid -
10 cm - densi ty 2 x 1 0 p a r t i c l e s / cm 

Alloy F : U- 10. 5% Mo - 0. 04 Si 
pa r t i c l e size 0. 3 χ 10 cm - densi ty 2 x 1 0 p a r t i c l e s / 
heat t r ea ted 53 h at 1100 C, water -quenched , 10 days at 550 C 
a i r cool 

Alloy G: U - 1 0 . 5% Mo - 0. 04 Sn - gamma phase with t r a c e eutectoid 
a s - c a s t 

I r rad ia t ion data: calculated cen t r a l t e m p e r a t u r e : 400 C 
burn-up ana lys i s : 0 . 5 9 , ^ % ? 
t h e r m a l neutron flux: 1.10 n e u t r o n s / c m 



- 3 9 -

TABLE 2 
ί II H 

Varia t ion of densi ty with molybdenum content of gamma-quenched uranium-
molybdenum al loys - ref. 11 . 

Mo content wt % 

0 

2 . 5 

5 

7 . 5 

10 

15 

20 

25 

Density at 20 C g / c m 

1 8 . 7 - 1 9 . 0 
18.3 
18.0 
17 .6 
17.2 
16 .6 
16.0 
15.5 

TABLE 3 

Var ia t ion of densi ty with t e m p e r a t u r e for gamma-quenched U - 1 0 wt% Mo 
alloy - ref. 52. 

_ o_ T e m p e r a t u r e C 

25 
100 

200 

300 

400 

500 

550 

3 
Density g / c m 

17. 13 
17.06 

16.97 
16.88 
16.80 
16.71 
16.66 
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TABLE 4 

Variat ion of thermal conductivity with temperature for gamma phase ura
nium molybdenum a l loys . 

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

25 
i 00 
200 
300 
400 
500 
600 
700 
800 

T h e r m a l conductivity 
c a l / c m - s e c - C 

U-9 Mo (ref. 7) 

0.040 
0. 050 
0. 064 
0.078 
0.092 

U-10 Mo (ref. 52) 

0.029 
0.034 
0.041 
0.048 
0.055 
0.063 
0.072 
0. 081 
0.090 

TABLE 5 

Specific heat of gamma-phase u ran ium - 10% molybdenum (ref. 54) 

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

0 

100 

200 

300 

400 

500 

600 

700 

800 

900 

1000 

Specific heat c a l / g - C 

0. 0322 

0.0339 
0.0357 
0.0375 
0.0393 
0.0410 
0. 0428 
0.0446 
0. 0463 

0.0481 

0.0499 
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TABLE 6 

Average t h e r m a l expansion coefficient for U - 9 wt% Mo alloy - ref. 22. 

T e m p e r a t u r e 
°C 

1 h r 800 C, w a t e r quenched 1 h r 800 C, furnace cooled 
to 500°C, held 200 h r , fur
nace cooled 

heating curve 

20 - 100 

20 - 200 

20 - 300 

20 - 400 

20 - 500 

20 - 600 

20 - 700 

20 - 800 

20 - 900 

20 - ,950 

12.88 
13.42 
14. 11· 
14.68 
15.22 
15.74 
16.07 
16.27 

16.39 
16.36 

cooling curve heating curve 

11.80 
12.09 
12.86 
13.61 
14.08 
14.52 
15.04 
15.71 
16.40 
16.74 

9. 
11. 
12. 
13. 
14. 

16. 
17. 
17. 
17. 

99 
49 
63 
36 
05 

92 
13 
44 
51 

cooling curve 

11.86 
12.57 
13.00 
13.56 
14.08 
14.57 
15.09 
15. 62 
16.26 
16.51 

TABLE 7 
Instantaneous t h e r m a l expansion coefficient for gamma quenched U - 1 0 wt% 
Mo alloy - ref. 52. 

Temperature 
°C 

25 
100 
200 
300 
400 
500 
550 
600 
700 
800 
900 

χ 10" 
long. 

11.5 
12.2 
13.2 
14.2 
15.2 
16.2 
16.6 
16.6 
17.9 
19.2 
20.5 

6/°c 
trans. (±) 

11.9 
13.1 
14.5 
16. 0 
17.5 1 

i 
19.0 
19.8 
19.8 
20.7 
21.8 

6 / o . (±) Es t imated spread + 1. 5 χ IO" / ° C 
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TABLE 8 
Hot ha rdnes s of U - 9% Mo al loy - ref. 22. 

Tempera tu re 

room T 
600 
650 
680 
700 
725 
750 
800 

DPH ( kg /mm 2 ) 

heat t r ea tmen t 
A 

276 
86 
69 
-
51 
-
38 
30 

heat t r e a tmen t 
B 

423 
86.9 ') 
78.3 ') 
65. 3 ') 
58. 2 ') 
48. 3 ') 
41 .1 ') 
27.7 ') 

A : 1 hr 800 C, water quenched 
B : 1 hr 800°C, furnace cooled to 500°C, held 200 h r , furnace cooled 
') : t ransformat ions may have occur red . 

TABLE 9 
Hot ha rdness for U - Mo alloy - ref. 57. 

Test t e m p e r a 
tu re 
°C 

20 
100 
200 
300 
400 
500 
600 
700 
800 

Vickers ha rdnes s 
T rea tmen t s before wa te r quenching 

900UC - 7 days 

7 .8% Mo 

297 
266 
166 
122 
124 
113 

73. 6 
27. 7 
29 .2 

10. 0% Mo 

316 
277 
237 
200 
183 
132 

10.9% Mo 

348 
254 
245 
147 
130 
117 

128 99 .8 
78.5 J 81 .6 
50 1 4 4 . 3 

900°C-7 days 
450°C-14 " 

10. 0% Mo 

541 
446 
216 
138 

74.2 
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TABLE 10 

Mic roha rdness of i r r ad ia t ed gamma quenched U - 10. 5 % Mo samples 
(extruded ma te r i a l ) - ref. 35. 

Exposure 
MWd/Τ 

115 
375 
445 
700 
900 
940 

1050 
1600 
2800 
3000 
5350 
5500 
8500 
8800 

DPH at 5 kg Load 
pos t - i r r ad i a t i on 

299 + 3 
323 + 8 
283 + 9 
305 + 4 
310 + 7 
317 + 4 
318 + 5 
315 + 2 
329 + 2 
330 + 4 
355 + 3 
369 + 4 
360 + 5 
366 + 2 

i n c r e a s e 

24 + 8 
4 8 + 1 3 
10 + 14 
3 1 + 9 
35 + 12 
42 + 9 
43 + 10 
40 + 7 
54 + 7 
5 5 + 9 
80 + 8 
9 4 + 9 
85 + 10 
9 1 + 7 

TABLE 11 

Vickers Hardness of Uranium-Molybdenum alloys - ref. 48. 

Mo content 
wt % 

7.00 
7.00 

8.95 
8.95 

3 

3 

6 
3 

3 

6 

the r m a l 
t r ea tmen t 

daye 950°C 
days 950°C 

and 
days 500°C 
days 950°C 
days 950°C 

and 
days 500°C 

k g / m m 
Before i r r a d . 

266 

417 

276 

432 

After i r r a d . 

254 

360 

277 

371 

X 

± I r rad ia t ion data : t e m p e r a t u r e 100+ 200 C, t h e r m a l neutron densi ty 
13 2 20 2 

1 + 2 χ 10 / u / c m , in tegra l flux 0. 5 + 1 χ 10 yu/cm 
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TABLE 12 

Mechanical p rope r t i e s for U  Mo al loys  ref. 57. 

Mo content 

wt% 

6. 6 

7 . 8 

10. 0 

10.9 

State of 

alloy 

G 

A 

G 

G 

A 

G 

9 
UTS (kg/mm ) over elongation (%) 

20 

89. 1 
8 . 2 

103. 6 
0. 6 

74 
1.2 

70.4 
0 . 1 

33.5 
0. 8 

70. 1 
1.4 

Test t e m p e r a t u r e ( C) 

200 

67.2 
4 

74 
1 

60.4 
6 

58.5 
0 . 5 

34. 6 
0 

400 

68.4 
3 

56 

9 

4 1 . 1 
1 

29.3 
0.5 

34. 1 
0 . 5 

600 

39.3 

5 

20.3 
0 

14.8 
0 . 5 

800 

1.7 

94 

6.4 

69 

6 .4 

30 

10.4 
6 

G = 900 C  7 days before wa te r quenching 

A = 450 C  14 days before wa te r quenching 

TABLE 13 

Variat ion of tensi le p rope r t i e s of gamma quenched and quenched plus 

U  10% Mo alloy with tes t t e m p e r a t u r e  ref. 52. 

aged 

Test t emp. 

°C 

27 

93 

204 

316 

427 

538 

593 

Yield stren&th 

k g / m m 
γ Q aged 

95 .6 

86. 5 

75.2 

64.7 

54. 1 

43 . 6 

38.0 

93 .5 

75.^9 

59.1 

36. 6 

16.9 

Tensi le s t rength 

k g / m m 
γ Q aged 

101. 2 

90.7 

76 .6 

63.3 

53.4 

46 .4 

44 .3 

î i i . i 

106.9 

98.4 

89 .3 

76 .6 

53.4 

28. 1 

Elongation 

r Q 

8 . 8 

8. 7 

8 . 4 

6 . 0 

2 . 4 

2 . 2 

2 . 3 

% 
aged 

~ 1 

~ 1 

1.4 

1.8 

3 . 0 

6 .0 

9 . 3 

Y Q = gamma quenched from 800 C 

aged= gamma quenched plus aged two -weeks at 500 C 
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TABLET4 
The re la t ionship between the mechan ica l p r o p e r t i e s of U - Mo al loys and 
t e m p e r a t u r e - ref. 1. 

Tes t t e m p . 
°C 

200 

400 

600 

700 

800 

2 
UTS (kg /mm ) over re la t ive elongation % 

Mo content (wt %) 
None 

31 .3 
24 .0 

10.8 
28.0 

5.7 
42. 1. 

9 .0 
13.0 

7 . 8 

59.5 
6.0 

55.0 
9 .0 

38.8 
5.0 

6.4 
69.0 

10.0 

59.0 
0.5 

40 .5 
1.0 

19.8 

6.4 
30.0 

10.9 

39 .5 
0.5 

14.5 
0. 5 

16.4 
1.0 

10.2 
6.0 

State of al loy: cas t u ran ium spec imens obtained by rolling with subsequent 
quenching from 900 C in wa te r holding for 7 days at 900 C. 

TABLE 15 
Tensi le p rope r t i e s of U -10% Mo alloys - ref. 55. 

State of 
alloy 

GQ 

GQ 

GQ 

HT 

Test 
t emp. C 

room T 
600°C 

800°C 

room T 

Stra in ra te 
i n / i n / m i n 

0.05 
0. 001 
0.01 
0. 10 
0.001 
0.01 
0. 10 

Yield s t rength 
k g / m m 

85 .8 

86 .5 

UTS 
k g / m m 2 

89.3 
33.0 
38.7 
40 .8 
11 . 2 
21 . 1 
23 .2 
89 .3 

Elongation 
% 

16.0 
11 

3 . 5 

11 

53 

39 

37 

. 15 

GQ = gamma annealed at 800 C for 1 hour and water quenched 
HT = i so the rma l heat t r e a tmen t for 8 hours at 500 C. 
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TABLE 16 
Tensile properties at room temperature of uranium -molybdenum alloys 
ref. 59. 

Mo content 
wt% 

7 . 9 
7 . 9 
9 . 1 

10.5 
10.5 
11.8 

ι ,. 1 

State of alloy 

gamma phase (1) 
gamma phase (2) 
gamma phase (2) 
gamma phase (1) 
gamma phase (2) 
gamma phase (2) 

0 . 1 % 
proof s t r e s s 

k g / m m 

97 .2 
89 .8 
88 .2 

112.6 
113.4 
123.8 

UTS 
2 

k g / m m 

103.9 
101.6 

90 .1 
112.6 
114. 6 
123.8 

Elongation 

% 

6 . 0 
5 . 0 
9 . 0 

11.5 
8 . 0 
7 . 0 

(1) = 950 C for 30 min, m e r c u r y quenched 
(2) = 950 C for 30 min, oil quenched 

TABLE 17 
Varia t ion of E las t i c Modulus of u ran ium-molybdenum alloys with t e m p e r a 
r e i . 57. 

Mo content 
wt% 

7 . 8 

10.0 

10.9 

Trea tment 

GQ 
AQ 

GQ 
AQ 

GQ 

20 

8.0 
13.3 

8 . 9 
12.2 

9 . 6 

Elas t ic 
χ 103 

200 

8 . 0 

7 . 5 
9 . 3 

7. 7 

Modulus 
k g / m m 

400 

7 . 2 

5 . 3 
11. 1 

600 

7 . 7 

3 . 4 

6 . 2 

800 

3.8 

4 . 2 

5 . 2 

GQ = 900 C - 7 days , water quenched 
AQ = 900 C - 7 days , wa te r quenched, 450 C - 14 days , wa te r quenched 

TABLE 18 
Variat ion of e las t ic modulus of U - 10 wt% Mo alloy with tes t t e m p e r a t u r e 
- ref. 52. 

Test Tempera tu re 
°C 

27 
93 

204 
316 
427 
539 
593 

GQ 

10.0 
9 . 4 
8 . 7 
8 . 1 
7 . 4 
6 . 7 
6 . 4 

Elas t ic Modulus 
103 k g / m m 2 

aged 

12.8 
12.2 
10.8 

9 . 4 
8 . 1 
5 . 8 
3 . 0 

GQ = gamma quenched from 800°C 
aged = gamma quenched plus aged two weeks at 500°C. 
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TABLE 19 

Variation of elastic modulus of gammaphase uraniummolybdenum alloy 
with temperature. 

Test temp. 

°C 

room Τ 
200 
400 
600 

9% Mo 
ref. 7 

8 .6 
8.1 
7.7 
7.1 

Elastic modulus 

10% Mo 
ref. 52 

10.0 
8.7 
7.4 
6.4 

TABLE 20 

3 2 
χ 10 k g / m m 

10% Mo 
ref. 56 

8.9 
7.5 J 
5 .3 
3 .4 | 

10.9% Mo 
ref. 56 

9 .6 

7.7 

6.2 

O i L · 

Creep data for U  Mo a l loys , at 815 C in vacuum; s t r e s s 0. 35 k g / m m 
ref. 64. 

wt% Mo 
Composit ion v¿5 ' Λ ' ' 

, wtyo C 
and 
m a t e r i a l condition 

7 . 5 / 0 . 1 3 
A 

7 . 8 / 0 . 13 
A 

1 2 . 3 / 0 . 2 4 
B 

1 3 . 3 / 0 . 2 7 
B 

Time for 1% 

deformation 
h r 

7 

2 

29 

150 

Minimum 

c r e e p ra t e 
% h r 

0.034 

0.052 

0.014 

0.0023 

Tes t 

t ime 
h r 

160 

166 

172 

191 

Total 

elongation 
% 

4 . 5 

7 . 5 

3 . 6 

1.1 

L 

A = induction mel ted and cas t in graphi te , rol led at ÇÛ0 C 
B = induction mel ted and cas t in graphi te , canned and rolled at 1200 C 

TABLE 21 

Impact p r o p e r t i e s of unnotched Izod spec imens of a U  12% Mo alloy 
ref. 11 . 

Condition 

as extruded 
GQ 

GQ 

GQ 

GQ 

Test t emp. 

°c 

25 

25 

66 

66 

71 

Absorbed 

energy 
ft  lb 

■ ■ 

5.7 

2 . 0 

2 . 6 

8 .9 
14.5 

F r a c t u r e 

br i t t l e 
b r i t t l e 
br i t t le 
ducti le 
ducti le 

GQ = 900 C for 24 h r  wa te r quenched. 
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MOLYBDENUM (wt «/.) 
2 5 10 20 30 40 » 6 0 Θ0 

2600 

2400 — 

i-< 
ω 
a. 
2 
UJ 

• 1200 

0 10 20 30 40 50 60 70 80 90 100 
MOLYBDENUM (at */.) 

Fig . 1 - Uranium-molybdenum equi l ibr ium d iag ram from F . A . ROUGH and 
A . A . BAUER (ref. 3). 

8 9 IO II 
wt % Mo 

12 13 14 15 16 17 18 

Fig . 2 - Uranium-molybdenum equi l ibr ium d iag ram to 19 wt% Mo, below 
900°C from A. E . DWIGHT (ref. 4). 
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Fig . 3 - TTT d iag rams for U-Mo a l loys : t imes for beginning 
of t rans format ion as affected by molybdenum content 
from McGEARY (ref. 11). 

700 Γ η 1—Ι Γττττη 1—ι ι ΓΠΤη 1—ι Γττττη 1—ι Γττττη r 

600 

500 

t l 
W 

g 400 

ε 

* 300 

200 

■ 0-5.4 % Mo 
■ - 8 % Mo 
o 10% Mo 
χ 12% Mo 

Solution Annealing Temperature - 1000
 e
C 

lOOLü I ' ι ι ι ι ni Ι ' ι ι ι ι ni 1 ι ι ι ι ι ni ι ι ι ι ι ι ι ι 

0.1 ι 10 100 

Time in Hours 

1000 

Fig . 4 - TTT d iag rams i l lus t ra t ing init ial res i s t iv i ty d e c r e a s e 
for U-Mo al loys . f rom R . J . VAN THYNE and D . J . Mc-
PHERSON (ref. 12). 
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Solution Annealing Temperature = 1000 "C 
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0.1 ι 10 100 
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1000 

Fig . 5 - TTT d i a g r a m s i l lus t ra t ing ini t ia l h a r d n e s s change 
for U-Mo a l loys , from R. J. VAN THYNE and D. J . 

M C P H E R S O N (ref. 12). 

7 0 0 

6 0 0 

5 0 0 

α 
E 

3 0 0 

2 0 0 

π—ι ι ι ι ι ι ι 1 1—I I I I I I I 

o 4 0 0 - Metollogrophy 

" i — ι ι ι ι 1 1 1 1 — 1 — ι ι ι 1 1 1 j 

l O O L l J 1 1 I I I I I I I I 1 1 1 1 1 i l l 1 . 1 . 1 m l ' 1 t ι 1 n I L 

0.1 I 10 100 

Time in Hours 

1000 

F i g . 6 - TTT d i ag ram for a U - 5 . 4 wt% Mo al loy i l lus t ra t ing 
ini t iat ion of t r ans fo rma t ion as de t e rmined by va r ious 
techniques , f r om R. J . VAN THYNE and D. J . M c -
PHERSON (ref. 12). 
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1000 

F i g . 7 - T T T d i a g r a m for a U - 8 wt% Mo a l l oy a s d e t e r m i n e d 
by d i l a t o m e t r y , f r o m J . B E L L O T et a l . ( ref . 13). 

O.S 1 
Temps (h) 

F i g . 8 - T T T d i a g r a m fo r t h e b e g i n n i n g of t r a n s f o r m a t i o n in U - 8 % 
Mo a l l o y , f r o m G. D O N Z E and G. C A B A N E (ref . 14). 

F i g . 9 

V a r i a t i o n of t i m e a t t e m p e 
r a t u r e (550 C) to c o m m e n c e 
t r a n s f o r m a t i o n for v a r i o u s 
m o l y b d e n u m c o n t e n t s in U - M o 
a l l o y s (as d e t e r m i n e d by X-ra-; 
d i f f r ac t i on t e c h n i q u e s ) , f r o m 
W . A . H O L L A N D (ref. 16). 

• · 10 
MOUnOENUM I M « ) 
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Fig . 10  TTT d iag ram for U10 wt% Mo alloy as de te rmined 
meta l lographica l ly , from A. A. SHOUDY et al .(ref. 17), 
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Fig . 11  TTT curves for U  10. 8 wt% Mo alloy, from 
A. BAROR et a l . (ref. 19). 
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Fig . 14 - TTT curves de te rmined by X - r a y powder photography for 
a) U - 8% Mo alloy; b) U - 10.8% Mo alloy, 
from Y. GOLDSTEIN and A. BAR-OR (ref. 21). 
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Fig . 15  Dec rease in densi ty v e r s u s exposure of i r r ad ia t ed gamma 
quenched UMo a l loys , from BLEIBERG et a l . (ref. 35). 
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At . % burn -up 

Fig . 16 - Volume changes as a r e su l t of i r rad ia t ion , from BLEIBERG 
et a l . (ref. 35). 

o yU + 10. 5 wt% Mo 

• YU + 12 wt% Mo 

χ y U + 13. 5 wt% Mo 

O aU + 2 wt% Zr 

■ aU 

Δ yU + 9 wt% Mo 
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? YU + 13. 5 wt% Mo . 
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with 0. 02" Z r - 2 
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Fig . 17  Measured dec rea se . i n densi ty of 
U10 wt% Mo as a function of i r r a 
diation t empe ra tu r e (ref. 25). 

Values opposite points r ep re sen t 
burnup in at %. 

o hot rol led, unclad; APDA 
■ coextruded, unclad; APDA 
Δ coextruded, clad; APDA 
• as cast ; AI 
A gamma; AI 
O t r ans fo rmed (alpha plus 

epsilon); AI 
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Maximum Cuirai Melai Ttmp.ratur«, *C 

Fig . 18  Swelling of U10 wt% Mo as a function 
of total burnup (ref. 26). 

o hot rolled; unclad; APDA 
■ coextruded, unclad; APDA 
à coextruded, clad; APDA 
• as cast ; AI 
A gamma; AI 
D t rans fo rmed (alpha plus 

epsilon); AI 
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Bum-up , Ol. ft 
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function of total burn-up (ref. 26). 
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Fig . 24 - P e r c e n t d i ame te r i nc r ea se normal ized to 1% 
burn-up for spec imens i r r ad ia t ed at center l ine 
t e m p e r a t u r e l e s s than 600 C, from BLESSING 
et a l . (ref. 38). 
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Fig . 25 - D iamete r changes v e r s u s burn-up for two fission 
r a t e s and t e m p e r a t u r e ranges of MTR spec imens , 
from SHOUDY et a l . (ref. 17). 
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APPENDIX A 
■■»■' ■■ ■ — »■■■  ■ » ' " ■■»>■■■ ■ 

CONVERSION UNITS 

1 ps i 

1 k g / c m 

1x10 p s i 

1 kg/: m m 

1 tonn (2240 pound)/ in 

1 k g / m m 

1 k g / m m 

0.07031 

= 14.223 

0.7031 

= 1422. 3 

1.5749 

0. 6349 

9.8066x10 

k g / c m 

ps i 

k g / 

ps i 

k g / 

m m 

m m 

tonn/ in 

dyne s / c m 

1 c a l / ( c m  s e c  C/cm) 

1 B t u / l b  ° F 

0.8060 Btu / ( sq . f o o t  s e c  ° F / i n ) 

1 c a l / g r  ° C = 4. 186 j o u l e s / g r  ° C 

T e m p e r a t u r e convers ion: 

"C 

20 

37.8 

93.3 

100 

148.9 

200 

204.4 

260 

300 

315. 6 

350 

371.1 

"F 

68 

100 

200 

212 

300 

392 

400 

500 

572 

600 

662 

700 

"C 

400 

426.7 

450 

482.2 

500 

537.8 

550 

593.3 

600 

648.9 

700 

760 

800 

"F 

752 

800 

842 

900 

932 

1000 

1022 

1100 

1112 

1200 

1292 

1400 

1472 
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A P P E N D I X Β 

We c o n s i d e r t h e " c r i t i c a l f i s s i o n r a t e " Bu a s def ined by W I L L A R D and 

S C H M I T T (45) and e x p r e s s e d by t h e e q u a t i o n 

(Bu) j 3 
Bu = -TJT—r— D exp ( - Q / R T ) ( f i s s i o n s / c m - s e c ) 

R 1 
(1) 

w h e r e 

D = r a d i a t i o n - i n d u c e d di f fus ion coef f ic ien t is. 
D = t h e r m a l di f fusion c o n s t a n t o 
Q = a c t i v a t i o n e n e r g y for t h e r m a l di f fusion 

R = g a s c o n s t a n t 

T = a b s o l u t e t e m p e r a t u r e 

L e t u s c o n s i d e r Δ χ a s t h e u n c e r t a i n t y of the m e a s u r e d and c a l c u l a t e d v a 

l u e s of the v a r i a b l e x, and ε the v a r i a t i o n of the func t ion f = f(x) a s affect

ed by the u n c e r t a i n t y of t h e v a r i a b l e x; in o u r c a s e ε i s def ined by 

η 

ε = Σ 
1 

"o f ( χ , , x 2 , . . . χ ) 

7> χ Δ x . 
η 

(2) 

and we c o n s i d e r Bu a s f, and ( B u ) , , (D ) , D , Q a s the v a r i a b l e s χ . 
1 K. i ο η 

We c a n w r i t e , f r o m e q u a t i o n s (1) and (2): 

Β Bu . ,_ .. 
^Su)7A(Bu>i + lek'"»'. a Bu 

7>Ό A D . 

"δ Q 

(Βμ) 1 

^ 2 - e x p ( - Q / R T ) · Δ (Bu) 
v R ' l 

(Bu) 1 

+ 

• D o e x p ( - Q / R T ) A ( D R ) 1 T ^ - y - e x p ( - Q / R T ) A D 

(Bu) D 
j^-γ- ^ exp ( - Q / R T ) A Q 

R' 1 

+ 

We m a k e now the c a l c u l a t i o n for t h e t e m p e r a t u r e of 400 C and -with; t he v a 

l u e s i n d i c a t e d by the a b o v e m e n t i o n e d a u t h o r s (45): 

12 3 
(Bu) . = 5. 25 · 10 f s / c m - s e c 
( D D ) . = 1 . 4 + 0 . 6 · 1 0 " 1 8 c m 2 / s e c 
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D = 1 0 c m / s e c 

§ = 2 4 . 600 V 1 

β = 0 . 3 3 6 · Δ (Bu) . + 3 . 6 · 1 0 3 0 Δ ( D D ) . + 4 . 9 * 1 0 1 4 A D + 3 . 7 · ΙΟ9 ΔΩ 
i JK χ o 

We m a k e now the fol lowing a s s u m p t i o n s for the u n c e r t a i n t i e s , b a s e d on the 

p o s s i b l e e r r o r s in the u t i l i zed v a l u e s : 

A(Bu) = 0. 05 · 1 0 1 2 f s / c m 3 - s e c 

Δ ( D J . = 0 . 6 ' I O " 1 8 c m 2 / s e c 
2 2 Δ ϋ = 0. 5 · 10 c m / s e c ο , 

Δ θ = 1 · 1 0 c a l / m o l 

With t h e s e a s s u m p t i o n s , ε i s t h e a d d i t i o n of t h e s e f a c t o r s 

.12 (Bu) » 0 . 0 1 7 «10 

.12 
( D R ) X » 2. 1 6 - 1 0 1 2 

D > 2 . 5 · 10 
° 12 

Q » 3 . 7 - 1 0 1 * 

8 . 4 » I O 1 2 . 

Bu = 4 . 8 * 10 f s / c m - s e c fo r Τ = 400 C; w i th t h e above m e n t i o n e d a s s u m p 

t i o n s , t h e v a r i a t i o n of Bu, c a l c u l a t e d a s ε , i s v e r y h igh . The v a r i a b l e s 

w h i c h have m o r e in f luence on the B u - v a l u e s a r e (D ) , D and Q; t h e c u r v e 
Jbv 1 O 

of t h e c r i t i c a l f i s s i o n r a t e m a y be d e p l a c e d of an o r d e r of m a g n i t u d e by t h e 

e r r o r s in t h e v a l u e s of t h e v a r i a b l e s . A g r a p h i c a l c o m p a r i s o n of t h e c u r v e s 

c a l c u l a t e d w i th d i f f e r en t v a l u e s i s i n d i c a t e d in f ig. 5 3 . 

C o n s e q u e n t l y , when; t h e i r r a d i a t i o n c o n d i t i o n s a r e in the c r i t i c a l r a n g e , i t 

i s v e r y i m p o r t a n t to know t h e u n c e r t a i n t i e s of t h e u t i l i z e d v a l u e s . 
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