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ABSTRACT 

P o t e n t i a l  advazitages of thermal-breeder f u e l s  'having a m e t a l l i c  

thorium mat r ix  wi th  a d i spe r s ion  of e i t h e r  (Th,U)C or  (Th,U)N l e d  t o  an 

i n v e s t i g a t i o n  of t h e  Th-U-C and Th-U-N t e r n a r y  systems. This i nves t iga -  

t i o n  was l imi t ed  t o  the 1000°C. isotherm a t  50 atomic per ceilt carbon or  

n i t rogen  and below. 

techniques while those i n  t h e  Th-U-N system were prepared by powder 

me ta l lu rg ica l  techniques.  Equi l - ibrat ion t imes f o r  c a s t  a l l o y s  i n  t h e  

Th-U-C system were fourid t o  be 240 t o  350 hours a t  1000°C. and g r e s t e r  

than  1000 hours a t  600 and 800°C. 

e q u i l i b r a t i o n  t r ime was found t o  he 80 t o  100 hours. 

across  t h e  UC-ThC pseudobinary showed a s l i g h t  nega-Live de-vj-ation from 

Alloys i n  the Th-U-C system were made by arc-melting 

I n  t h e  Th-U-IT system t h e  1.000"C. 

L a t t i c e  parameters 

Vegard's law and exce l l en t  agreement w i t h  published da ta .  Across the 

UN-ThN pseudobinary l a t t i c e  para;meters obey Vegard' s law. The most 

uranium-rich compounds i n  equili'oi?iim wi th  rneLal1ri.c thorium ve re  found 

t o  be (Tho. gosi,uo. O S ~ ) C O . ~ U  2lld (Tho. 9 4 4 ~ u O .  056)No. 869, r e spec t ive ly .  

A thermodyria,mic a n a l y s i s  was shown t o  be cons i s t en t  v-ith t h e  ex.perimentsl. 

r e s u l t s  and y ie lded  an  est imate  of t h e  1000°C. f r e e  energy of formation 

of ThN. This value was found t o  be minus 51,900 c a l o r i e s  gerr gram-mole. 

i i i  
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INTRODUCTION 

Optimum u t i l - i z a t i o n  of t h e  world 's  nuclear  f u e l  supply deperids on 

using not only urani~un-235, a n a t u r a l l y  occurr ing f i s s i o n a b l e  isotope,  

bu-t a l s o  on using iiranium-233 a.nd plutonium-239, which a r e  f i s s i o m b l e  

i s o t o p e s  formed by thermal neutron capture  (1) . A therrml-breeder fuel. 

having m e t a l l i c  thorium a s  both matrix and f e r t i l e  material, which would 

u t i l i z e  t h e  thorium-232 t o  uranium-233 breeding cycle,  o f f e r s  a. consider- 

ab1.e p o t e n t i a l  i n  t h i s  context .  An Atomic Energy Commission t a s k  f o r c e  

has shown t h a t  f u e l s  of t h i s  kind must be capable of ope ra t ion  a t  temper- 

a t u r e s  i n  the range 800 t o  1000°C. i f  l o w  f u e l  cycle  c o s t s  a r e  t o  be 

realized ( 2 ) .  

* 

A the-me.l-brceder f u e l  must, however, con ta in  a f i s s i o n a b l e  i s o -  

tope of uranium ( 5  t o  20 weight, per c e n t )  s i n c e  thorium w i l l  riot f i s s i o n  

wi th  neutrons having energies  l e s s  t han  one m i l l i o n  e l e c t r o n  v o l t s  ( 3 ) .  

I n  t h e  thorium-waniim b ina ry  system, m e t a l l i c  uranium i s  sub jec t  t o  both 

" i r r a d i a t i o n  growth" and " i r r a d i a t i o n  swelling. '' 
occurs a t  temperatures of 450°C. or below. It r e s u l t s  from t h e  a n i s o t -  

ropy of t h e  m e t a l ,  and it i s  a. funct ion of t h e  number of thermal cyc le s  

and of f u e l  burnu-p. The phenomenon of " i r r a d i a t i o n  swelli.ng" occurs a t  

temperatures of 450°C.  and above. It i s  t h e  r e s u l t  of f i s s i o n  gas 

The f i rs t  oP t h e s e  

* 
Denotes reference.  See psge 69. 
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nuc lea t ion  a.nd migration, and i s  a l s o  a func t ion  of f u e l  burnup (4,5). 

The more i s o t r o p i c  c r y s t a l  sti-ucfJure of m e t a l l i c  thorium would be 

expt2ctt.d t o  be r e s i s t a n t  t o  " i r r a d i a t i o n  growth, ' I  and i r r a d i s i i o n  exse r i -  

ments (6,7) have shown a thorium-base f u e l  t o  be more r e s i s t a n t  t o  

" i r r a d i s t i o n  swelling" than m e t a l l i c  uranium. A fuel. having a f i n e  d . i s -  

pers jon of a compatible second phasc has been shown, by experirreni. ( 5 )  

a i d  according t o  a t h e o r e t i c a l  model ( 8 ) ,  t o  be more r e s i s t a n t  t o  Tuel 

swelling t h a n  t h e  same f u e l  matr ix  without t h e  d i spe r s ion .  

Certzin alloys from t h e  t e r n a r y  systems of thorium pl.us u r i n i m  

plus carbon o r  ni t rogen appear to be promising i n  meeting t h e  f u e l  c r i -  

i e r i a  of having: 

t u r e s  of 800°C.; ( 2 )  3 c r y s t a l  s t r u c t u r e  which i s  not sub jec t  to 

" i r r a d i a t i o n  growth"; 

iauk t o  " i r r a d i s t i o n  swelling"; 2nd ( 4 )  a f i n e l y  dispersed,  s t a b l e  

second phase f o r  f u r t h e r  r e s i s t a n c e  to  "irradia-r,ion swel l ing."  

(1) an operat ing c a p a b i l i t y  a t  c e n t r a l  f u e l  tempera- 

(3) a nonmetallic form of uranium which i s  r e s i s -  

Tn the t h o r i l i m - u r a n i ~ - c a r b o n  (Th-U-C) system Rudy (9) has shown 

i h 3 i ,  a par Licular ly  simple t e r n a r y  i s o t h e m  r e s u l t s .  On t h e  rneial-rich 

s i d e  or t h i s  diagram t h e r e  i s  a three-phase region cons i s t ing  of tlioriuii 

metal ,  uranium metal, and t h e  compound (Th,U)C [ t h e  symbol (Th,U)C i s  

used LO i n d i c a t e  m y  a l l o y  wi th in  t h e  single-phase region bounded by UC 

and ThC]. 

rium with thorium and umniun  metal. may be  estimeted from d a t a  on t h e  

siandai-r3 f r e e  energy of formation of ThC and UC. A nuclear  f u e l  having 

The thorium-to-uranium r a t i o  for t h e  (Th,U)C phasc i n  e q u i l i b -  

a composition located wi th in  t h e  two-phase f i e l d ,  thorium metal p lus  

(Th,TJ)C, mi.ght be expected to s a t i s f y  t h e  f u e l  c r i t e r i a  s e t  down above. 
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A t  t h e  beginning of t h i s  i n v e s t i g a t i o n ,  s u f f i c i e n t  informhtion 

e x i s t e d  on t h e  system Th-U-N t o  i n d i c a t e  t h a t  t h e  phase diagram, a t  

least on t h e  m e t a l - r i c h  s ide ,  could be expected t o  be analogous t o  that 

of t h e  carbon system. 

The o r i g i n a l  ob jec t ive  of t h e s e  i n v e s t i g a t i o n s  w a s  t o  d e f i n e  t h e  

s toichiometry of t he  most uranium-rich compound (Th, U)X i n  thermodynamic 

equi l ibr ium w i t h  m e t a l l i c  thorium, i n  t h e  temperature range 600 t o  

LOOO°C., for bo th  t h e  Th-U-C a.nd t h e  Th-U-N systems. 



c m m  I1 

RLVIEM OF RELEYAUT IjWESTIGATIONS IN TI-LE LITERATURE 

The TJraniun- Carbon System 

A number of € a i r l y  recent  reviews of t h e  e n t i r e  uranium-carbon 

system have beer, pu’olished (10,11,12) so only t h o s e  i n v e s t i g a t i o n s  which 

deal. with t h e  diagram a t  and bel-ow 50 atomic per  cent carbon w i l l  be d i s -  

cussed here. There i s  s t i l ~ l  some unce r t a in ty  about t h e  d e t a i l s  of t h e  

diagram d e s p i t e  t h e  considerable  rmount of work published. The uraniu-m- 

carbon binary diagraul proposed by t h e  In t e rna t iona l -  Atomic Ehergy k e n c y  

( I A E A )  ( 1 2 )  i s  shown as  Figure 1. 

by Magn7.m and Accary (13) based on t h e i r  metallographic and x-ray d i f -  

f r a c t i o n  work. The d.ifferences between t h e s e  two diagrams a r e  based on 

t h e  x-ray work reported by Accary (1 .4 )  concerning t h e  v a r i a t i o n  of t h e  

s o l u b i l i t y  of uranium i n  UC and on t h e  ex i s t ence  o f  t h e  compoumil UC 

as  hypothesized by Magnier and Accary (13). 

The exis tence of -three c rys t a l log raph ic  forms of uranium i s  gener- 

Figure 2 shows the  diagram proposed 

1-x 

a l l y  accepted and Blunenthal (15) has used thermal a n a l y s i s  techniques 

-to determine t h e  t ransf6imation temperatures.  Blumenthal (16) has 

r epor t ed  t h e  maximum s o l u b i l i t y  of carbon i n  s o l i d  uranium t o  be k s s  

than  o r  equal t o  185 p a r t s  pe r  mill-ion, a s  determined metall .ographically.  

Uranium monocarbide has t h e  face-centered cubic (NaCI-type) sti-uc- 

ture and t ias fii-st i d e n t i f i e d  by L i t z  e t  a l .  

t i m e  q u i t e  a number of i n v e s t i g a t o r s  have measured t h e  l a t t i c e  parameter 

(17) i n  1948. Since t h a t  -- 
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London, Macmi 1.l.an (1964 ) . ] 
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of UC (18 through 3 4 ) .  

appears  t o  be t h e  b e s t  value f o r  pure UC1.00 (re?. 35).  Magnier (36) 

has shovn t h a t  UC e x i s t s  as a s i n g l e  phase over t h e  approximate composi- 

t i o n  range 48 t o  50 atomic per  cent  carbon i n  t h e  temperature range 

1600 t o  1800°C. 

A value of 4.959'7 p lus  or  minus O.OOOL+ angstroms 

The Thorium-Carbon Sy-stem 

Pgain concent ra t ing  on t h e  b ina ry  diagram a t  and below 50 atomic 

per  cent  carbon, t h e  reader  i s  r e f e r r e d  t o  t h e  reviews i n  t h e  l i t e r a t u r e  

which cover t h e  e n t i r e  diagram (10,37,38). (38) have pro- Langer e t  a l .  _ -  
posed t h e  diagram shown as Figure 3 using what seemed t o  be t h e  b e s t  of 

t h e i r  own thermal  ana lys i s ,  room- and high-temperature x-ray, and me-tal- 

lographic  d a t a  p lus  d a t a  publ ished i n  t h e  l i t e r a t u r e .  Very r e c e n t l y  

C h i o t t i  e t  a l .  (39) have proposed t h e  diagram shown i n  Figure 4, based 

on e l e c t r i c a l  r e s i s t i v i t y  determinat ions.  A t  carbon contents  of 

50 atomic per cent  and below, t h e  major d i f f e r e n c e s  between t h e s e  two 

I- 

diagrams l j e  i n  t h e  region of 5 t o  35 atomic per cent  carbon a t  

temperatures  of 1570 t o  1700°C. 

Wilson e t  aL. (40) have repor ted  t h a t  t h e  a lpha- to-be ta  t r a n s i -  
-I 

t i o n  f o r  thorium occurs a t  1330 p lus  or minus 20°C. and C h i o t t i  (41) has 

i n v e s t i g a t e d  t h e  c r y s t a l  s t r u c t u r e s  and l a t t i c e  parameters of t h e s e  two 

phases. The s o l u b i l i t y  or  carbon i n  s o l i d  thorium has been detemiined 

by Takeuchi e t  al. ( 4 2 )  using x-ray, e l e c t r i c a l  r e s i s t i v i t y ,  and 

metal lographic  data. 

-- 

Thorium monocarbide has t h e  face-centered  cubic  (NaC1-type) 

s t r u c t u r e  repor ted  by C h i o t t i  ( 4 3 )  and confirmed by d h e r  
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i n v e s t i g a t i o n s  ( 2 9 , 4 4 , 4 5 ) .  Accordi-ng t o  Kempter and Krikorian (37) t h e  

l a t t i c e  paranete-r of ThC,. o o  i s  about 5.346 angstroms and Takeuchi 

e t  al. 

4 9  aLornic per cent  carbon, below 1350°C. 

(42) have shown t h e  s i n g l e  phase t o  exist  over t h e  range 40 t o  - -- 

Binary Sys tem of Nitrogen wi th  Ura.niwn and Thoriun 

Benz and co-workers ( 4 6 , 4 7 )  have surveyed t h e  s ignif icant ;  l i t e r a -  

t u r e  and h a w  combined t h i s  information with t h e i r  own metallographic,  

chemic~l., and thermal a n a l y s i s  d a t a  to produce t h e  b ina ry  diagrams shown 

i.n Figures 5 and 6 .  

The mononitrides of uranium and thorium were i d e n t i f i e d  as f ace -  

centered cubi.c (NaC1-type) by Rundle e t  al. (26,48). Others who have 

used x-ray d i f f r a c t i o n  t o  determine t h e  c r y s t a l  s t r u c t u r e  and l a t t i c e  

parameter of u1- a r e  Dunn (49), W i l - l j - a m s  and Sambell (50),  Kempter e-6 al, 

(51,52), Kel l c r  (53), Olson and Mulford ( 5 4 ) ,  Evans and Davies (55), 

Carrol  (56), and Weber (57) .  These s t u d i e s  i n d i c a t e  t h a t  UN has a l a t -  

t i c e  parameter of about 4.890 angstroms and t h i s  value has been f u r t h e r  

confirmed by t h e  neutron d i f f r a c t i o n  determinat ion of Mueller and Knott 

(58).  A value of about 5.159 angstroms f o r  t h e  l a t t i c e  parameter of Tm 

ha.s been conf'irmed by t h e  x-ray d i f f r a c t i o n  work of S t r e e t  and Waters 

(59), Olson and Mulford (60), and t h a t  of Aronson and Auskern (61). 

-- 

- -- 

The Thorium-Uranium System 

Figure 7 from Ilansen and Anderko (62) and Figure 8 fror!; 

E l l i o t  (63) r ep resen t  t h e  most thorough compilation and review of t h e  

work pub]-ished concerning t h e  Th-U bifia.ry system. O f  payticulai-  
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importance i n  t h i s  i n v e s t i g a t i o n  i s  t h e  very low mutual s o l i d  s o l u b i l i t y  

of uranium and thorium. 

t u r e s  below 1000°C. i s  l e s s  than 2 .5  atomic per  cent  according to inves-  

t i g a t i o n s  using metal lographic ,  x-ray,  2nd r e s i s t i v i t y  da t a  (40,64,65,66). 

Murray e s t ab l i shed?  by metal lographic  examination, t h a t  t h e  s o l u b i l i t y  

of thorium i n  uranium i s  0.3 atomic per cent  a t  900°C. 

The s o l u b i l i t y  of uranium i n  thorium a t  tempera- 

( r e f .  6L+). 

The Thorium-Uranium-Carbon System 

Based on d a t a  generated through x-ray d i f f r a c t i o n  and metal lo-  

graphic  examination Benesovsky and Rudy (67) proposed t h e  1000°C. par-  

t i a l  isotherm of t h e  Th-U-C system a s  shown i n  Figure 9. They have 

co r re l a t ed  t h e  r e s u l t s  wi th  a thermodynamic c a l c u l a t i o n  which p r e d i c t s  

where t h e  three-phese field i n t e r s e c t s  t h e  s ingle-phase (Th,U)C solid 

so lu t ion .  This  c a l c u l a t i o n  and i t s  impl ica t ions  will be discussed i n  a 

l a t e r  sec t ion .  
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Figure 9. The thor iun-ur rn iuq  carbon p a r t i a l  t e r n a r y  isotkierm a t  10CC" C. according t o  
Benesovsky ax3 Rudy. 

[Reference: 
Monatsh. Chem. 92, 1176-83 (l961), AEC-tr-5175, Technical  Informetion Service,  Washingtcn, D. C. ] 

F. E. Benesovsky and E. Rudy, "Studies of t h e  Uranium-Thorium-Carbon System, '' 
- 



SAMPLE PREPARATION AND hXPEBIMEI'JT& PROCEDURE 

t 

Mater ia l s  and Prepara t ion  

The m a t e r i a l s  used i n  preparing t h e  carbon a l l o y s  were spec t ro-  

graphic  grade carbon, uranium and thoriwri shee t .  

g r e a t e r  t han  99.9 weight per  cent  pure and t h e  thorium shee t  was g r e a t e r  

t han  99.6 weight per cent  pure. 

a l s  a r e  given i n  Tables I through I V  i n  Appendix A. The m e t a l l u r g i c a l  

h i s t o r y  of t h e  uranium and thorium shee t  i s  shown i n  t h e  flow diagrams 

of F igures  10 and 11. The uranium used i n  t h i s  i n v e s t i g a t i o n  w a s  

deple ted  i n  uranium-235. 

The uranium shee t  was 

Deta i led  impuri ty  ana lyses  of t h e  met- 

Ternary Th-U-C a l l o y s  were a r c  melted i n  a furnace  s i m i l a r  to t h e  

one shown in Figure 12 using t h e  techniques descr ibed by Bourgette (68) .  

The furnace charge w a s  made up of 100 to 150 grams of f r e s h l y  pickled 

uranium and thorium meta l  shee t ,  sheared i n t o  small  (2 to 5 grsms) 

pieces ,  p lus  spectrographic  carbon. The cr^rbon i n  t h e  charge was 

ad jus t ed  t o  g ive  t h e  des i r ed  carbon content  i n  the f'inished a l l o y ,  

t ak ing  i n t o  account t h e  amount of carbon present  i n  t h e  uranium and tho- 

r i u m  metal. Bourgette (68) demonstrated t h e  extreme s e n s l t i v i t y  of 

t h e s e  a l l o y s  t o  carbon content  and a l s o  showed t h a t  t h i s  charging t ech -  

nique y i e l d s  alloys t h a t  have carbon contents  wl-ich are very close (p lus  

o r  minus 60 parts per m i l l i o n  by weight)  t o  t ha t  des i red .  

17 



PREPARATION OF URANIUM SHEET 

BOMB REDUCTIQN 
TO ld METAL 

CUUM ANNEAL 

ORIGINAL THICKNESS 

PICKLE IN HNQ3 

Figure 1.0. Flow diagi-am showing -the prepara t ion  of uraniim sheet. 
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PREPARATION OF THORIUM SHEET 

DOUBLE ARC MELT 

CAN B I L L E T  IN STEEL 

I ORIGINAL THICKNESS 

I 

STRIP STEEL CAN 1 
1 

I HOT ROLL TO 0.500 in. I 

VACUUM ANNEAL FOR 4 hr 

AT 650°C 

COLD ROLL TO 0.125 in. 

I 
VACUUM ANNEAL FOR 4 h r  

AT 650°C 

I COLD ROLL TO 0.063 in. 

Figure 11. Flow diagram showing the prepara t ion  of thorium si-ieei;. 
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With the charge i n  the  furnace,  a vaciiiuii of approximately 

t o r r  was e s t a b l i s h e d  prior to backfilling with high-pi.irity argon 

(l-ess than 4 parts per m i l l i o n  1;oi;aI. Trnpuri.t,j.es) t o  a pressinre or" approx- 

imateiy 509 rn-illimeters of' rtiercur;y. A 100-grarn zirco!ii.urii but ton,  used 

as a n  oxygen "getterJ9' was rnel.ted prri.or to mel.ting the a l l o y .  

bixtton was melted €ram six t o  ten times, t i n n i n g  t h e  bu t ton  wi-th 'che 

electrode between each remelt, t o  ens11.r~ coinpkte di .ssolxt ion of carbon 

and iiiel-t hormgeneity . 

Each 

li'o3.J.oving 'out'Lon prepara-tion the  4.- 8 wei.ght per cen t  a l loys  were 

drop-csst  in-Lo a g r a p h i t e  thirib3.e supported by a h o l 1 . o ~  copper m o l d .  

T'ne grapht te  thimbles were v~cuixft degassed et  23CO"C. and. stored i n  a 

v-aci~iuii d.esiecator p r i o r  to use.  The al loys containiug 3.0 arid 1. 5 

wei-ght per cent, car'uoii proved t o  he very d i f f i c u l t  to drop-cast and were 

therefcjre remelted i n t c  water-cooied. finger molds. Figure 13 skiDws 

t y p i c a l  d r o p -  and finger-cast: i  rigs. 

The comple-bed ca.sti.ngs were placed in ir idividual s a m p k  bottl-es 

under mine ra l  oil and s tored  iixider VBCLLWLL (I.ess than  IO microns of mer- 

cury ). Preparat ion of ssrnples for cherni.cal a n a l y s i s ,  azli~enLing, x - z ~ y  

nnal.ysi.s, and. metullcgraphy m s  pixf'orined i.a an argon.-fill.ec3 glo-v-e box. 

Nritrogen a l l o y  -pre:parati.ozi began with t h e  arc-melting of master 

a l loys  of urarii_um plus tkoriur:!. These arc-melted but tons wwx reduced 

t o  iiiaclxine chips,  e t c h e d  i n  ni.t,n-ic acid,  and pl.aced i n  -i;-ungsLen c r u c i b l e s .  

These crucLbles were loaded i n t c  t'ne furnace shown in Figure 14.. Thi.s 

furnace uses a. tungsben-mesh hea-ting element, and has both l.righ-vacw.un 

and purge-gas capa.bi.I:i.ty. The s to i ch iomet r i c  mononltrides,  (Th, U)N,  were 
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Figure 13. Typical castings. (a} Dropcasting. (b) Fiwer-casting. 
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Figure 14. High-temperature tungsxen-mesh d a t i n g  element furnace 
used for anneals above 1000°C. and fo r  synthesis of the mononitrides. 



s yilt he s i z ed by sue c e s s i  ve l y liydr i di- ag 

hi.gher r.i.ti-i des,  and^ vacimm decomposition t o  the moponitrides, as shown 

i D t h e  flow dj.agrsn of Flgiire 1~5. The pl*oil.i:ct of the syn thes i s  was a 

T ' a i r l y  coarsc powder which was crushed Lo pass a 325-mesh screen for 

incorporet ion i n t o  two- and thr?z-phase a l l o y  p e l l e t s ,  f o r  x-ray 

ana lys i  s? and f oi- c'ncxi c a l  ana lys i  s . 

d.e7-,yd.r 5. r3.i ng I n i  'G r i di ng to the 

The pi. l le.1;~ uhich weye prepared t o  i -nvest igate  t h e  -two- and three-  

phase reglons of Yne diagram were made ilsfng - 3 2 5 - i ~ e ~ h  powders of -the 

n i t r id -e s  above, ---325-mesh uranium powder from the same stock as used i n  

t h e  carbon a l l o y s ,  and commercially prepared -325-;~flesl.; -i;horiim powder. 

The thorium powder was of grez'cer. t han  9 9 . 1  weight per cent  p u r i t y  as 

can 'ue seen from t h e  impurity a;!i.ilysis given i n  Table V of Appendix A. 

The appropr i a t e  ano1:n-ts of po-der  were weighed out,  blended. f oic 

six-ty minutes i n  i n d i v i d u a l  one-hslf -ounce b o t t l e s  i n  an oblique blender 

and pressed a t  25,000 pounds per  sqaare inch  i n  a one-half-inch diameter 

d . i e  usj-ng s tear jc  a c i d  l u b i - i c m t .  A flow sheet  showing t h e s e  operat lons 

appears as Fj-gure 16. All. operat ions were c a r r i e d  out under an argon 

atmosphere. 

Cheini c a l  Analysi. s 

During 'che i n i t i a l  s t ages  of t k s e  exFeriments tiler? was concern 

that; copper and 1;ungsteri contarnimtion wouSd be sigii.i f i .cant  i n  t h e  cerbon 

r,l.loys. Spectrographic and neutron acti. vati-on a n s l y s i s  of 2 ni.mbcr of 

ca s t ings ,  however, showed the copper content  t o  be I.ess thcri 1.9 p a r t s  

per rniI.li.on and t h e  turrgsteii Level tc be 1.0 to 130 par.Ls per m i l l i o r A  by 

weight. Vacuum fusior? analyses  were performed t o  determine oxygen, 
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SYNTHESIS OF (Th,U) N 

ARC MELT U-Th BUTTON 

MACHINE BUTTON INTO CHIPS 

REPEAT HYORlDlNG AND OEHYDRIDING 

FORM HIGH NITRIDES AT 400-800°C 
UNDER FLOWING NITROGEN 

Figure 15. F l o w  diagram for the synthesis or" (Th,U)N alloys. 
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PROCESS FOR 2-AND 3-PHASE Th-U-N PELLETS 

--- 

SYNTHESIZED 

COLD PRESS 

A HOMOGENIZE 

Figure 16. F l o w  diagram f o r  t h e  preparat ion of t w o -  and t h r e e -  
phase Th-U-1\J alloys. 
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nit rogen,  and hydrogen l e v e l s  I n  t h e  c a s t  (Th,U)C a l loys .  There w a s  a 

wide v a r i a t i o n  i n  t h e  amount of  t hese  spec ies  found i n  var ious cas t ings ;  

t y p i c a l  ranges a r e  l i s t e d  below. 

Range, P a r t s  Per Mi l l ion  
Element by Weight 

Oxygen 500-1500 

Nitrogen 100-1000 

Hydrogen 5-50 

The e f f e c t  of t h e s e  impur i t i e s  on t h e  r e s u l t s  will be discussed i n  a 

l a t e r  s ec t ion .  

I t  became apparent e a r l y  i n  t h e  i n v e s t i g a t i o n  t h a t  t h e  a v a i l a b l e  

techniques f o r  carbon a n a l y s i s  were not  su fP ic i en t ly  accura te  t o  es tab-  

l i s h  t h e  s toichiometry of t h e  (Th,U)C a l loys .  This  observat ion agrees  

wi th  t h a t  o f  Bourgette (68) and t h a t  of C h i o t t i  and White (69) .  It was 

found t h a t  carbon analyses  were lower than  expected by from 0.05 t o  

0.20 weight per cen t .  

sis, which w a s  not t h e  purpose of t h e  inves t iga t ion ,  t h e  techniques of 

Bourgette (68) have been used and t h e  s toichiometry def ined according 

t o  t h e  proport ions charged t o  t h e  arc-melt ing furnace.  There has been 

no evidence, during t h e  course of t h e s e  inves t iga t ions ,  which suggests  

t h a t  t h i s  approach i s  not  va.l id.  

Rather than  develop a technique f o r  carbon analy- 

It was a l s o  found t h a t ,  a s  i n  t h e  case of t h e  carbon a l l o y s ,  t h e  

a v a i l a b l e  chemical a n a l y s i s  techniques did not  g ive  r e s u l t s  which were 

p rec i se  enough t o  de f ine  t h e  s-Loichiomctry o f  t h e  n i t r i d e  a l l o y s .  

niateria.1 balance on t h e  arc-melted Th-U bu-L-Loris shoved, however, 

A 
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t h a t  t h e  d e s i r e d  thorium-to-uranium atom r a t i o  w a s  achieved wi th in  plus 

or ninus 0 .8  per  cent .  Because of t h e  c o n t r o l  of t h e  thorium-to- 

uran.7.m r a t i o  and t h e  f a c t  t h a t  higher n i t r i d e s  of uranium and thorium 

deconpose t o  pure rnononitride during vacuum annealing (26,52,54,60,70,71) 

we a r e  confid-ent t h a t  t h e  nominal compositions of our a l l o y s  a r e  c o r r e c t  

w i th fn  plus o r  minus one atomic per cen t .  The p r i n c i p a l  contaminant i n  

t h e  n i t r i d e  a l l o y s  was oxygen, t h e  ex ten t  and. poss ib l e  e f f e c t s  of which 

w i l l  be  discussed i.n a l a t e r  s ec t ion .  

Annealing 

A3.1 anneals a t  temperatures above 1000°C. were performed i n  vacuum 

i n  t'ne tungsten-mesh heat ing element furnace mentioned e a r l i e r .  The 

tempera-tures i n  t h i s  furnace were measured by use  of  a manually operated 

optri cal. pyrometer and were c o n t r o l l e d  by manual adjustinient of t h e  

furnsce power. 

Those samples annealed a t  temperatures of 1000°C. and below were 

pl-aced i n  res is tance-heated vacuum furnaces .  Temperatures were measured 

by Chronel-&-Alumel thermocouples through time-proportioning c o n t r o l l e r s .  

A l l  anne8ls were performed i n  a vacuum of approximately t o r r ,  i n  

flowing, high-puri ty  argon, o r  i n  a s t a t i c  p a r t i a l  p re s su re  (approxi- 

mately 5 inches of mercury) of high-puri ty  argon. 

X-HEW D i f f r a c t i o n  

Samples f o r  x-ray d i f f r a c t i o n  were crushed i n  a hardened s t e e l  

morbar u n t i l  t h e  e n t i r e  sample passed a 325-mesh screen. The crushed 

m a t e r i a l  w a s  placed i n  a 0.3-mil l imeter- inside diameter l i thium-glass  
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c a p i l l a r y  which w a s  t hen  removed from t h e  a r g o n - f i l l e d  glove box and 

quick ly  sea led  wi th  a match flame. 

X-ray pa-Lterns were obtained wi th  a North American P h i l i p s  114.59- 

m i l l i m e t e r  diameter Debye-Scherrer camera using Straumanis f i l m  mounting 

and copper r a d i a t i o n  (A K = 1.54051 angstroms, A K = 1.54433 angstroms, 

A K = 1.54178 angstroms, A K = 1.39217 a n g s t r m s ) .  The powder p a t t e r n s  

were measured using a convent ional  North h e r i c a n  P h i l i p s  film reade r  and 

a1 a2 

a B 

an a u x i l i a r y  table-mounted 5x magnif ier .  The back- re f l ec t ion  region of 

t h e  f i l m  w a s  measured and where practica.1, i n  t h e  s ingle-phase a l l o y s ,  

u n f i l t e r e d  r a d i a t i o n  w a s  used. 

I n  t h e  i n t e r e s t  of accuracy and speed i n  analyzing t h e s e  f i l m s ,  

use  w a s  made of t h e  computer code developed by Vogel and Kempter (72) as 

modified by Godfrey and Lei tnaker  (73). This  program u t i l i z e s  t h e  

measured diameter of t h e  back- re f l ec t ion  r i n g s ,  and using t h e  ex t rapola-  

t i o n  parameter of Nelson and Ri ley  (74) ,  ca lcu laxes  t h e  b e s t  value or 

t h e  l a t t i c e  parameter, t h e  s tandard  dev ia t ion  of t h e  l a t t i c e  parameter, 

and e r r o r s  i n  t h e  measured r i n g  diameter .  

Metal lographic  Prepara t ion  

To avoid oxida t ion ,  samples were t r a n s f e r r e d  from t h e  a rgon-f i l led  

glove box t o  t h e  metal lographic  specimen p repa ra t ion  a rea  under mineral  

o i l  o r  a lcohol .  The gene ra l  o u t l i n e  of-' t h e  metal lographic  prepara t ion  

was as fo l lows .  

The samples were washed i n  a l coho l  t o  remove a l l  t r a c e s  of the 

minera l  o i l  and then  incorpoyated i n t o  s tandard 1 1/4-inch diameter 

metal lographic  mounts using room-temperature s e t t i n g  epoxy r e s i n .  
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Grinding was done on an  eight- inch diameter gr inding wheel with succes- 

s i v e l y  finer g r i t s  of s i l i c o n  carbide paper (180 t o  600 g r i t )  using s i l i -  

cone o i l  or absolute ,  anhydrous e t h y l  a l coho l  as a vehicle .  The f i n a l  

polish w a s  obtained using a v i b r a t o r y  p o l i s h e r  with nylon c l o t h  and a 

s l u r r y  of 0.3-micron A i 2 0 3  abrasive.  

alloys w a s  made up of 500 cubic cent imeters  of water p lus  10 cubic c e n t i -  

meters of chromic ac5.d p lus  10 cubic cent imeters  of a s a t u r a t e d  sol.ution 

of sodium dichromate. For Th-U-C and Th-U-N a l l o y s  t h e  veh ic l e  was 

s i l i c o n e  o i l .  Various etching s o l u t i o n s  were t r i e d  and t h e  most success- 

f u l  one for (Th,U)C proved t o  be t h i r t y  p a r t s  (by volume) n i t r i c  a c i d  

plus  t h i r t y  p a r t s  acetic.  a c i d  plus t h i r t y  p a r t s  water.  

carbon a l l o y s  were electroetched wi th  a s o l u t i o n  containing f i f t y  parts 

a c e t i c  a c i d  p lus  f i f t y  p a r t s  phosphoric a c i d  a t  t e n  v o l t s  d i r e c t  cu r ren t  

f o r  f i v e  to t e n  seconds using a s t a i n l e s s  s teel  cathode. Thorium- 

uranium-nitrogen a l l o y s  were etched i n  s i x t y  p a r t s  l a c t i c  a c i d  p lus  

t h i r t y  p a r t s  n i t r i c  a c i d  p lus  two p a r t s  hydrofluoric  ac id .  The metal lo-  

graphic sanipl-es were examined using both b r i g h t  f i e l d  and polar ized 

l i g h t  i l l u m i n a t i  on. 

The veh ic l e  i n  t h e  case of (Th,U)C 

Thorium-uranium- 

The as-pol ished and etched a l l o y s  a r e  s u s c e p t i b l e  t o  room- 

temperature oxidat ion and become inc reas ing ly  s e n s i t i v e  t o  t h e  atmosphere 

as t h e  thorium content increases .  It w a s  a lso noted t h a t  (Th,U)C a l l o y s  

which had not been anneal.ed s u f f i c i e n t s y  t o  b r ing  about both homogeniza- 

t i o n  and r e c r y s t a l l i z a t i o n  were extremely suscep t ib l e  t o  r e a c t i o n  w i t h  

t h e  atmosphere. 



EXPERIMENTAL RESULTS APSD DISCUSSION 

Equilibrium Anneals 

As-cast samples of (Th,U)C a l l o y s  were annealed a t  180ll"C. t o  

remove cor ing  and quenching s t r a i n s .  Anneals ranging from 72 t o  

216 hours were necessary i n  order  t o  produce Debye-Scherrer f i lms  of 

good q u a l i t y .  

Or ig ina l ly  it w a s  intended t h a t  t h e  600, 800, and 1000°C. iso- 

therms for t h e  Th-U-C system would be inves t iga t ed .  

equi l ibr ium a t  1000°C. i n  240 t o  350 hours, a s  i nd ica t ed  'oy t h e  value of 

t h e  l a t t i c e  parameter of t h e  (Th,U)C phase. F igure  17 is a p l o t  demon- 

s t r a t i n g  how four  of these  all.oys equ i l ib ra t ed .  

a t  600 and 800°C. f a i l e d ,  however, to produce cquilibriiur.. Tine g o a l  of 

determining t h e s e  isotherms i n  2. reasonable  l eng th  or" t ime was, 

These alloys reached 

Anneals of 1000 hours 

t he re fo re ,  abandoned. 

The vacuum decornposition of t h e  higher  n i t r i d e s  at 1500°C. t o  form 

(Th,U)N a l l o y s  was found t o  produce s t r a i n - f r e e  m a t e r i a l  which d i d  not 

r e q u i r e  f u r t h e r  anneal ing.  

P e l l e t s  which were prepared t o  g ive  a l l o y  corrpositions ac ross  t h e  

Th-U-N isotherm were annealed f o r  100 t o  200 hours a t  1000°C. A s  COP. be 

seen from Figure 1% t h e s e  t imes a r e  s u f f i c i e n t  to produce equi l ibr ium. 
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Lla t t ice  Parameters of (Th,U)C and (Th,U)N 

L a t t i c e  parameters ac ross  t h e  UC-ThC pseudobinary have been 

p l o t t e d  i n  Figure 19. The nominal compositions of t h e s e  alloys, t h e i r  

l a t t i c e  parameters, and t h e  stand8i-d dev ia t ion  of t h e  l a t t i c e  parametei- 

a r e  l i s t e d  i n  Table V I  of Apper1di.x B. 

negative dev ia t ion  fron Vegard's l.av i n  t h e s e  da t a .  The agreement 

between t h e s e  dat. and those of e a r l i e r  i n v e s t i g a t o r s  (67,75,?6) i s  

q u i t e  good a s  can be seen from Figure 20. The d a t a  from t h e  present  

i n v e s t i g a t i o n  show t h e  g r e a t e s t  dev ia t i~on  from Vegard's law. 

Note t h a t  t h e r e  i s  a s l i g h t l y  

As was mentioned e a r l i e r ,  t h e  na jo r  contaminants i n  t h e s e  (Th,U)C 

a l l o y s  were oxygen and nit rogen.  The maximum l e v e l s  found were 1500 

p a r t s  per  m i l l i o n  oxyge:n and 1000 p a r t s  per m i l l i o n  ni t rogen.  

The change i n  -the l a t t i c e  parametel. of UC due t o  oxygen and n i t r o -  

gen substi-Lution f o r  carbon has been i n v e s t i g a t e d  by Stoops and Haime 

(77), by Mag-nicr and eo-workers (35), and by Magnier (36). The l a t t e r  

LWO i n v e s t i g a t i o n s  are  of more i n t e r e s t  here  s ince  they  d e a l  with oxy- 

gen and ni t rogen l e v e l s  of t h e  magni-tude found i n  t h e s e  samples. 

According t o  t h e s e  i n v e s t i g a t o r s  one might expect 1500 p a r t s  per  m i l l i o n  

oxygen contamination t o  inc rease  t h e  l a t t i c e  parameter of (Th,U)C by 

about 0.03 per cent  whi1.e 1.000 p a r t s  pe r  m i l l i o n  ni t rogen may decrease 

t h e  1a t t j . ce  pa.rmeter  by 0.0099 per cent .  Changes of t h e s e  magnitudes 

a r e  of the sane order as t h e  experimenta.1 e r r o r  f o r  t h e  p re sen t  

measurements of t h e  l a t t i c e  parameters and have been negl.ected. 

A p l o t  of l a t t i c e  parameters ac ross  the pseudobinary U?J-ThN is 

shown as Figure 21. The agreement wi th  Vegard's l a w  i s  seen t o  be q u i t e  
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good. Table V I 1  of Appendix B g ives  t h e  nominal compositions cf t h e s e  

alloys, t h e i r  l a t t i c e  parameters and t h e  s tandard dev ia t ion  of t h e  

l a t t i c e  parameters. 

The major contaminant i n  t h e s e  a l l o y s  was found t o  be oxygen. The 

40.60 mole per cent  ThN a l l o y ,  containing t h e  g r e a t e s t  amount of oxygen 

(less than  1 weight per  c e n t )  gave one of t h e  poorest  x-ray p a t t e r n s  and 

showed Tho2 l i n e s .  The remainder of t h e  (Th,U)N a l l o y s  contained less  

than 0 . 5  weight per  cent  oxygen and d i d  not show Tho2 l i n e s .  The l ack  

of CuK -K doublet  s epa ra t ion  i n  some of t h e s e  a l l o y s  accounts f o r  t h e  

l a r g e  standa-rd dev ia t ion  of t h e  l a t t i c e  para.me'cers. 

a1 a2 

The sgreement between t h e  l a t t i c e  parameter measurements f o r  t h e  

UN and ThN of t h i s  i n v e s t i g a t i o n  and val-ues r epor t ed  i n  t h e  1 - i t e r a tu re  

(47,52,54,55,58,60,61) l eads  one t o  conclude t h a t  t h e  l a t t i c e  parameters 

z c r a s s  t h e  UN-ThN pseudobinary a r e  l i t t l e  a f f e c t e d  by less than  1 . 0  

weight per cent  oxygen c ontami riati on. 

P a r t i a l  Ternary Isotherms 

Recal l ing Figure 9, 

U-X l i m i t i n g  b ina ry  ac ross  

page 16, it i s  seen t h a t  i n  moving from t h e  

the  t e r n a r y  isotherm one expects  t o  pass 

through a two-phase region, a three-phase region, and f i n a l l y  a second 

two-phase region. For both t h e  carbon and t h e  n i t rogen  systems two 

s e r i e s  of a l l o y s  were prepared ac ross  t h e  isotherm a t  constant  carbon or 

nit rogen levels. A s  expected, based on Figures  19, page 35, and 21, 

page 37, t h e  l a t t i c e  parameter of t h e  (Th,U)X phase con t inua l ly  inc reases  

ac ross  t h e  uranium plus  (Th,U)X two-phase region. On reaching t h e  th ree -  

phase region, thorium plus uranium plus (Th,U)X, the  l a t t i c e  parameter Qf 
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(Th,U)X remains e s s e n t i a l l y  constant  and then  r ises again as t h e  thorium 

p lus  (Th,U)X two-phase region i s  entered.  The nominal compositions of 

t h e s e  a l l o y s ,  t h e  l a t t i c e  parameter of t h e  (T'n,U)X phase i n  each a l l o y ,  

t h e  standard d e v i a t i o n  of t h e  l a t t i c e  paraneter ,  and the pha.ses observed 

a r e  given i n  Tables VI11 and I X  of Appendix C. The major phases present, 

i n  t h e s e  a l l o y s  were determined using an x-ray d i f f r ac tomete r  on metal- 

lographic  samples, t h e  f r o n t - r e f l e c t i o n  l i n e s  i n  t h e  Debye-Scherrer 

pa t t e rns ,  and metal lographic  examination under an o p t i c a l  microscope. 

The p o s i t i o n  of each a l l o y  on t h e  t e r n a r y  isotherm and t h e  l a t t i c e  

parameter of t h a t  a l l o y ' s  (Th,U)C phase are p l o t t e d  i n  Figure 22 f o r  -the 

Th-U-C system. S imi l a r ly ,  Figure 23 indica.tes t h e  major phases identj .  - 

f i ed  i n  t h e s e  a l l o y s .  I n  add i t ion ,  most of t h e s e  a l l o y s  showed weak 

Tho2 l i n e s  i n  t h e i r  x-ray p a t t e r n s j  however, Tho2 w a s  not i d e n t i f i e d  by 

o p t i c a l  metallography . 
The phase boundaries i n  t h e s e  f i g u r e s ,  r ep resen t ing  t h e  e q u i l i b -  

rium 1.00O"C. p a r t i a l  t e r n a r y  isotherm f o r  t h e  Th-U-C system, were e s t sb -  

l i s h e d  using t h e  present  da t a  and da ta  previously c i t e d  Yron t h e  

1. i terature  concerning composition ranges and s o l i d  s o l u b i l i t i e s .  I n  

a d d i t i o n  t o  t h i s  information a point-count a n a l y s i s  f o r  phase d i s t r i b u -  

t i o n  w a s  made on the nominal 69.55 atomic per  cen t  thorium, 7.66 atomic 

per  cen t  u ran iu r ,  22.79 a t o n i c  pe r  cent  carbon a l l o y .  An ex t r apo la t ion  

of a constant  l a t t i c e  parameter value of 5.267 angstroms [ t h e  average 

value f o r  (Th,U)C i n  t h e  three-phase r eg ion ]  arid the point-count a n a l y s i s  

of t h e  a l l o y  mentioned e s t a b l i s h e d  t h e  t e r m i n a l  po in t  of t h e  three-phase 

region a t  t h e  UC-ThC single-phase boundary a t  52 .3  atomic per  cent  thori.w:i, 



- - M @ J a ) C J & a l a - M  
* c n -  

40 20 30 40 50 60 70 80 90 Th U 

ATOMIC PERCENT THORIUM 

Figure 22. The e q u i i i b r i m  i0GO"C. partial isotherm of the Th-U-C system showing alloys 
exarr,ined and t h e  l a t t i c e  paraneter  of t h e i r  (Th,U)C phase. 
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Figure 23. The e q u i l i b r i m  1000°C. partial isotherm of t h e  Th-U-C system shoving a l l o y s  
t h e  nunber of major phases. i den t iP ied  by x-ray and metallographic examination. 

Th 

examined 
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5.5 atoiiiic per  cent  uranium, and 41.6 atomic per  cent  carbon. The corre-  

sponding compound i n  t h e  single-phase region i s  (Tho. go6,U0.  o g 4 ) C 0 .  712. 

T h i s  same a n a l y s i s  e s t ab l i shed  t h e  point  a t  96.63 atomic per  cen t  tho-  

r i u m ,  2.67 atomic pe r  cent  uranium, and 0.71 atomic pe r  cent  carbon a s  

the t e rmina l  po in t  of t h e  three-phase region a t  t h e  t h o r i m  single-phase 

boundary. 

q u i t e  Low, as can be seen from t h e  f i g u r e s ,  and t h e  composition 

0 . 6  atomic per cent  thorium, 99.0  atomic per  cent  uranium, and 0.4 atomic 

per  cent  carbon w a s  assumed t o  be t h e  t h i r d  corner  of t h e  three-phase 

region. 

S o l u b i l i t i e s  a t  t h e  pure uranium corner  of t h e  diagram a r e  

Figures 24 and 25 show Th-U-N system a l l o y  compositions, t h e i r  

( T h , U ) N  phase l a t t i c e  parameters, and t h e  major phases present  as d e t e r -  

mined by metall-ographic and x-ray examination. The phase boundaries 

shown a r e  based on previously c i t e d  s o l u b i l i t y  data and t h e  information 

presented i n  the f i g u r e s .  I n  % h i s  case, t h e  t e r m i n a l  po in t  of t h e  t h r e e -  

phase region occurs a t  50.5 atomic per cen t  thorium, 3.0 atomic per cen t  

uraniun, and 4 6 . 5  atomic per cen t  nitrogen. The corresponding compound 

i s  (Tho. 9 4 4 , ~ o .  0 5 6 ) ~ o .  8 6 9 .  

even when t h e  p e l l e t s  were wrapped wi th  tantalum f o i l  and subsequently 

vacuum (approximately t o r r )  sealed i n  qua r t z  f o r  homogenization. 

Oxfdes were not i d e n t i f i e d  by o p t i c a l  microscopy though most ssmples 

showed weak Tho2 l i n e s  i n  t h e i r  x-ray pa t t e rns .  Chemical a n a l y s i s  i n d i -  

cated t h a t  t h e  oxygen contents  were of t h e  o rde r  of one weight per  cent .  

Oxidation of t h e s e  samples w a s  a problem 
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F i g c e  24. The equilibrium 1000°C. p a r t i a l  iso’6herKi of t h e  Th-U-N system shoving a l loys  
examined and the lattice paramter  of theix- (Th,U)BJ phase. 

Th 
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Figure 25. The e q u i l i b r i m  1000°C. p a r t i a l  isotherm of the Th-U-N system showing a l l o y s  
exsmined and t h e  number of major phases i d e n t i f i e d  by x-ray and metallographic examination. 
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The-rmodynamic Calculat ions 

A s  w a s  mentioned i n  t h e  in t roduc t ion ,  Rudy (9)  has given a thermo- 

dynamic a n a l y s i s  of t e r n a r y  isotherms of t h e  kind found i n  t h i s  

i n v e s t i g a t i o n .  The t reatment  i s  as follows. 

- 
By d e f i n i t i o n ,  t h e  p a r t i a l  molal  free energy of component i, Gi, 

a t  a p a r t i c u l a r  temperature,  pressure,  and composition i s  

where G’ i s  t h e  f r e e  energy of t h e  s o l u t i o n  containing n 

ponent A, % moles of component B, e t  c e t e r a .  

t h a t  

moles of coni- A 
It i s  e a s i l y  shown (78) 

- - 
G’ = G n + GBnB 3- ... . A A  

The f r e e  energy of t h e  s o l u t i o n  pe r  mole, G, i s  given by 

GI G Z  
n 4- n -+ . . .  A B  

and, hence, 

G = G X  + G X  + . . . ,  A A  B B  

where X .  is t h e  mole f r a c t i o n  of component i i n  the so lu t ion .  We may 
1 

a l s o  w r i t e  (78) 

(5 1 
- 
G. = RT I n  ai + G. 
1 1 
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where G.  i s  t h e  f ree  energy per  gram-atom of t h e  pure component i and 

a .  i s  t h e  a c t i v i t y  of component i i n  t h e  so lu t ion .  Combining t h e  l a t t e r  

1 

1. 

t w o  expressions one ob ta ins  

G = X A (RT In aL4 + GA) + $(RT In aB 3. GB) + . .  . . (6 1 

Assuming i d e a l  s o l u t i o n  condi t ions f o r  a b ina ry  system equation 6 becomes 

By amalogy, i n  the BC-AC pseudobinary we may w r i t e  

i s  the  f r e e  energy per  gram-atom of a BC-AC s o l i d  so lu t ion ,  
( A , B N  

where G 

AGAC 

and BC and XAc and X 

and AGBc are f r e e  energies  of formation of t h e  pure compcunds AC 

are  mole f r a c t i o n s  of t hose  compounds. 
BC 

D i f f e r e n t i a t i n g  equation 7 with r e spec t  t o  X and equat ion 8 wi th  
B 

respect to X g ives  equation 9 and 10 below. 
BC 

(A, B)  xB 
xA 

4 G  '7 = (GB -- GA) + RT In - . 
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Rudy (79) has shown t h a t  i n  t h e  r a t h e r  s p e c i a l  case  of equi l ibr ium 

between A, B, and t h e  compound ( A , B ) C  

This being t h e  case equation. 9 i s  subt rac ted  from equation 10 t o  give,  

on rear ranging  terms, 

The two systems Th-U-C and Th-U-N show very s m a l l  s o l i d  s o l u b i l i t i e s  of 

t h e  meta ls  i n  one another  while  t h e  monocarbides and mononitrides e x h i b i t  

complete solid s o l u b i l i t y .  

This  being t h e  case, equat ion 7 may be w r i t t e n  a s  

= GA + XB(GB - GA) . 
G(A, €3) 

B.' D i f f e r e n t i a t i n g  wi th  r e spec t  to X 

6G * = (iB - G*) . 

Equations 10, 11, and 14- now g ive  

XBC 
'AC AC 

RT I n  - = (GB - GA) - @GBC - AG ) ~ 
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Using s p e c i f i c  he2t d a t a  from t h e  l i t e r a t u r e  Rudy (9 )  has ca lcu la t ed  

G l o o 0  = -21,490 calories/grarn-a-kom, and 

G ~ O O O  = -21,558 calories/gram-atom. 

Th 

These values are e s s e n t i a l l y  equal, consider ing t h e  unce r t a in ty  i n  t h i s  

kind of data ,  and t h u s  t h e  q u a n t i t y  ( b  - ku) i n  equation 15 can be 
Th 

neglected.  

The r e l a t i o n s h i p  which r e s u l t s ,  

al lows one t o  estimate t h e  composition of t h e  (Th,U)C phase i n  equ i l ib -  

r ium wi th  thorium and uranium. If w e  now d e f i n e  t h e  quan t i ty  

where $hc and Xuc are mole f r a c t i o n s  i n  t h e  UC-ThC s o l i d  s o l u t i o n  it 

fol lows t h a t  

where %, and Xu are atom f r a c t i o n s  i n  t h e  t e rmina l  compound (Tnx,U 

This compound has been determined t o  be (Tho. 906,Uo.  094)Co .  712 as 

previously discussed.  

> C  1-x Y' 

Equation 16 can be r e w r i t t e n  as 

RT In @, = (AGuc - AGmc) 
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and by substituting f3 = 9.64 at 1000°C. we find c 

McIver (80) has determined, using a galvanic cell, the free ertergy of 

formation of UC as a function of temperature and Larger (81) gives an 

estimate of the same quantity for ThC. Using these data one obtains 

A G ~ ~ O O  = -22,000 calories/gram-mole, 

ACT,, = -25,290 calories/gram-mole, 

(&;Eoo - A$;:') = 3290 calories/gram-mole. 

The agreement between the two independently determined values for 

(AGhEoo --AG$$') is considered to be good and offers evidence of consis- 

tency between the experiments and the thermodynamic analysis. 

Since AG'"' has not been experirneiitally determined, equation 1.6 ThN 

can now be used to estimate its value. The calculation requires 

RT In /3, 

C 
where equation 20 is analogous bo equation 19 and p 

defined above. 

given by Rand and Kubaschewski (82), 

is analogous to f3 
N 

The value for A G g o o  can be obtained from the expression 

AGm = -70,000 +- 20.5 T"K so that 

AG"O~O = 43,900 calori es/gram-mole. 
UN 



50 

Substi . tuting t h i s  Val-ue i n t o  equation 20 along with a value of 16.85 

f o r  B z t  1000°C., N '  

AG$io -- -51,990 calories/gram-mole . 

The var ious u n c e r t a i n t i e s  a s soc ia t ed  wi th  t h e  value for AGloo0 and t h e  

approximaLions a s soc ia t ed  wi th  t h e  thermodynamic a n a l y s i s  make t h e  e r r o r  

i n  t h e  estimated value of AGloo0 d i f r i c u l t  t o  assess .  PlN 
however, tha t  t h e  estimated v a l . 1 ~  i s  w i t h i n  p1.u~ o r  minus 5000 c a l o r i e s  

per grain-mole of t h e  t r u e  value.  

UN 

We bel ieve,  

-- Metallography 

Photonicrographs of a number of t h e  a l l o y s  examined i n  t h i s  inves-  

t i g a t i o n  are  presented as Figures 26 through 36 and while  most are self- 

expl.ana.tory a f e w  of t h e  s t r u c t u r e s  need amplif icat ion.  Note t h a t  i n  

order  t o  properly shox t h e  s t r u c t u r e ,  niagnificati-ons of 500 and lOOClx 

have been used. Consequently t h e  r e l a t i v e  phase d i s t r i b u t i o n  seen i n  

tile photomicrogrephs rriust not be taken as t y p i c a l  of t h e  e n t i r e  sample. 

During quenching from t h e  m e l t  f r e e  uranium i s  o f t e n  formed i n  t h e  

g r a i n  boundaries 0.f UC. Figure 26 i l - l u s t r a t e s  t h e  d i s s o l u t i o n  of t h e  

f r e e  uranium durir-g an 1800°C. homogenization. 

A p a r t i c u l a r l y  s t r i k i n g  d i f f e r e n c e  i n  a l l o y  ap-pearance can be 

seen by comparing Figures  26(b), 27(b), and 28(b) w i t h  Figilres 27(a) 

and 28(a ) .  

(Th,U)C a l loys .  

response ac ross  a given g ra in .  These a l l o y s  a r e  q u i t e  b e a u t i f u l l y  

The l a t t e r  photomicrographs i l l u s t r a t e  cor ing i n  t h e  a s -cas t  

T h i s  cor ing i s  revealed by t h e  v a r i a t i o n  i n  e tching 
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Figure 26. Alloy containing 50 a t d c  per cent uranium and 
Note the small mount of 50 atomic per cent c (a) As cast. 

uranium in the  gra i  ariea.  lJW3x. (b) Annealed a$ l&Oo"C. 
72 hours. SOOX. Ebcbhlllt: 30 parta-E@&t, 30 PaJ-ts acet ic  acid, and 
30 p a r t s  H20. 
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Figure 27. Alloy containing 2.80 a t m i c  per cent thorium, 
47.24 atomic per cent uranium, and 49.96 atomic per cent carbon. (a) As 
cast. IOOOx. (b) Annealed a t  1800°C.. far 72 hours. 50OX. Etchant: 
30 parts €IN@, 30 parts acet ic '  acid, and 30 parts H20. 
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f 

P 

Figure 28. 

(b) Annealed a t  1800"C. fo r  216 hours. 

Alloy containing 29.52 atomic per cent thorium, 
20.86 a t d c  per cent uranium, and 49.63 a t d c  per cent carbon. 
cast. 
30 parts ace t ic  acid, and 30 parts H2O. 

(a)  As 
Etchant: 30 p a r t s  mO3, 

lOOOX 
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I 

I 

Figure 29. Alloy containing 43.44 atomic per cent thorium, 
18.95 atomic per cent uranium, and 37.61 atomic per cent carbon. 
cast. Gray phase i s  (Th,U)C and w h i t e  phase i s  uranium. 
a t  1000°C. fo r  350 hours. 
(Th, U)C. Electroetched. 1OOOX. 

(a) As 
(b) Annealed 

Darkest phase i s  uranium and matrix phase i s  
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i 

Figure 30. 

Matrix phase i s  (Th,U)CJ white phase is uranium, and dark phase i n  

Alloy containing 49.84 atomic per cent thorium, 
12.61 atomic per cent uranium, and 37.54 atomic per cent carbon. 
cast. 
grain boundaries i s  thorium. (b) Annealed a t  1000°C. fo r  350 hours. 
Matrix phase i s  (Th,U)C, l i gh t  gray dispersant i s  uranium, and w h i t e  
phase i n  grain boundaries i s  thorium. Electroetched. 1oooX. 

(a) As 
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1 e I 

Figure 31. 

Gray matrix i s  (Th,U)C, dark gray par t ic les  a re  uranium, and white 
Gray matrix 

Alloy containing 52.39 atomic per cent thorium, 
10.09 atcPnic per cent uranium, and 37.52 a t m i c  per cent carbon. 
cast. 
material i s  thorium. 
i s  (Th,U)C, dark gray par t ic les  are uranium, and w h i t e  par t ic les  a re  
thorium. Electroetched. 1OOOX. 

[ a )  As 

(b) Annealed at  1000°C. f o r  350 hours. 
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Flgure 32. 
62.15 atomic per cent uraniulp, and 23.U. a t m i c  per cent carbon. 
cast. (b) Annealed a t  1OOO"C. for 350 hours. 
matrix i s  uranium. Electroetched. 1OOOX. 

Alloy containing 14.74 a t d c  per cent thorium, 
(a) As 

Gray phase is (Th,U)C and 

! 
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Figure 33. Differences between as-cast and annealed structures 
of two alloys within the three-phase region uranium plus thorium plus 
(Th,U)C. (a) Alloy containing 46.28 atomic per cent thorium, . 
30.81 a t m i c  per cent uranium, and 22.91 a t d c  per cent carbon. 
Dark phase i s  (Th,U)C and l igh t  phase i s  uranium. 
annealed at  1000°C. f o r  350 hours. 
phase i s  uranium, and white phase i s  thorium. 
69.55 atomic per cent thorium, 7.66 atomic per cent uranium, and 
22.79 a t m i c  per cent carbon. As cast. Matrix i s  thorium, gray phase i n  
grain boundaries i s  uranium, and the  very f ine ly  dispersed phase i s  
(Th,U)C. (d) Same al loy a s  (c) annealed a t  1000°C. fo r  350 hours. White 
phase i s  thorium, l igh t  gray phase i s  (Th,U)C, and dark gray phase i s  
uranium. Electr oetched. lOOOX. 

As cast. 
(b) Same alloy as (a) 

Light gray phase i s  (Th,U)C, dark 
(c)  Alloy containing 
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Figure  34. Representa t ive  a l l o y s  i n  t h e  Th-U-N system. (a) Alloy 
conta in ing  22 atomic per cent  thorium, 53 atomic per cent  uranium, and 
25 atomic per  cent  ni t rogen.  (b) Alloy conta in ing  30 atomic per  cent  
thorium, 30 atamic per  cent  uranium, and 40 atomic per  cent  ni t rogen.  
Annealed a t  1000°C. for 100 hours. Dark phase i s  (Th,U)N, l i gh t  phase 
i s  uranium, and b lack  reg ions  are voids. 
30 parts HN03, and 2 parts HF. 1OOOX. 

Etchant: 60 parts l a c t i c  acid,  
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Figure 35. Representat ive alloys i n  t h e  Th-U-N system. (a) Alloy 
containing 54 atomic per cent  thorium, 6 atomic per cent  uranium, and 
40 atomic per  cent  ni t rogen.  (b)  Alloy conta in ing  50 atomic per  cen t  
thorium, 25 a t m i c  per  cent  uranium, and 25 atomic per  cent  ni t rogen.  
Annealed a t  1000°C. f o r  100 hours. Dark phase i s  (Th,U)N, l i g h t  phase 
i s  uranium, mott led phase i s  thorium, and b lack  a r e a s  are voids. 
Etchant: 60 parts l a c t i c  acid,  30 parts "03, and 2 parts HF'. 1OOOX. 



Figure 36. Alloy containing 73 atoleic per cent thorium, 2 a t d c  
per cent uranium, and 25 at&c per cent dtxogen. 
for 100 hours. 
black areas are voids. Etchant: 60 parts lact ic  acid, 30 parts EtK)3, 
and2partsHF.  1QOW. 

Annealed at 1OOO"C. 
Dark pwse is (%%,U)€?a m a t t l e d  phaee is thorium, and 
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colored when observed on t h e  metallograph but  unfortunately color photo- 

graphs could not be reproduced here. 

unequilibrated alloy serves as an exce l len t  gage of whether t h e  s t r u c t u r e  

The varied etching response of ar, 

has been fully homogenized. 

Figures 26 (b) ,  27 (b) ,  and 28 (b)  a r e  examples of fully hornogenized 

(Th,U)C alloys where t h e  lack  o f  f r e e  metal  i n  t h e  g r a i n  boundaries o r  

of d icarb ide  needles within t h e  g ra ins  gives excelleni; testimony t o  t h e  

s t o i c h i m e t r i c  composition (68). 

The s t r u c t u r e s  shown i n  Figure 29 show t h e  t y p i c a l  as -eas t  arid 

annealed s t r u c t u r e s  of a l loys  r i c h  i n  (Th,U)C located i n  t h e  uranium plus 

(Th,U)C two-phase region of the Th-U-C system. Note t h e  somewhat cleaner 

s t r u c t u r e  a f t e r  equi l ibra t ion .  The very f i n e  s t ruc tu re  seen i n  these  

and other photomicrographs was not i den t i f i ed ;  however, it i s probably 

made up of t h e  major dispersed phases with scme Tho2 p a r t i c l e s  s ince  

Thoz was knovn t o  e x i s t  i n  most of t h e  samples. The darker :Appearance 

of uranium i n  Figure 29(b) i s  due t o  s t a in ing  during t h e  time between 

etching and  photographing t h e  samples. 

w a s  found t o  be var iab le  and i t s  seve r i ty  qu i t e  mpredictable.  

T h i s  s t a in ing  o r  "air  etching" 

Although t h e  same phases a r e  present i n  the a s -cas t  arid annealed 

conditions of t h e  alloy of Figure 30, note t h e  rearrangement of the 

srnall metal  inc lus ions  within t h e  (Th,U)C mstrix apon annealing. 

S t r ik ing  d i f f e rences  between as-cast  and homogenized s t r u c t u r e s  

a r e  evident i n  Figure 31. The meta l l i c  phases are located almost 

exclusively in t h e  g ra in  boundaries of t h e  as -cas t  material.. The pa t t e rn  

around t h e  g ra in  boundaries suggpsts t h a t  d i f fus ion  has been taking place 
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during cooling. By c o n t r a s t  t h e  homogenized a l l o y  d i s t i n c t l y  shows 

agglomeration of thorium and uranium meta l  i n t o  d i s t i n c t  p r a t i c l e s .  

Alloys r i c h  i n  uranium loca ted  wi th in  t h e  uranium p lus  (Th,U)C 

two-phase f i e l d  do not change t h e i r  apparent s t r u c t u r e  s i g n i f i c a n t l y  on 

annealing, as can be  seen from Figure 32, page 57. 

Figure 33, page 58, presents  two a l l o y s  wi th in  t h e  three-phase 

reg ion  uranium plus  thorium p lus  (Th,U)C and shows s t r i k i n g  d i f f e r e n c e s  

between a s -cas t  and annealed s t r u c t u r e s .  

f r e e  thorium w a s  i d e n t i f i e d  i n  t h e  a s -cas t  condi t ion.  Figure 33c does 

show a l l  t h r e e  phases i n  t h e  a s -cas t  condition; however, Figure 33d 

shows t h a t  both uranium and (Th,U)C have migrated and agglomerated t o  

form a much coa r se r  s t r u c t u r e .  

Note t h a t  i n  Figure 33a no 

Figures  34 through 36, pages 59 through 61, a r e  r ep resen ta t ive  of 

Since t h e s e  samples were prepared by a l l o y s  i n  t h e  Th-U-N system. 

powder me ta l lu rg ica l  techniques no metallography w a s  done before  

annealing. 



CHAPTER v 

CONCLUSIONS AND RECOMMENDATIONS 

This i n v e s t i g a t i o n  was concerned with t h e  determinat ion of t h e  

p a r t i a l  t e r n a r y  isotherms of t h e  Th-U-C and Th-U-N systems i n  t h e  range 

600 t o  1000°C. During t h e  course of t h e  experimental work c e r t a i n  con- 

c lus ions  have been a r r i v e d  a t  concerning t h i s  and o t h e r  i n v e s t i g a t i o n s .  

Concurrently it became c l e a r  t h a t  information i s  lacking i n  c e r t a i n  

a r e a s .  A summation of t h e  more important conclusions and recommendations 

f o r  r e l a t e d  i n v e s t i g a t i o n s  follows. 

There w a s  no evidence, i n  t h e  many samples examined by x-ray and 

metallographic techniques,  t h a t  t h e  compound UCl-x e x i s t s  and t h u s  t h e  

U-C b ina ry  diagram of Figure 1, page 5 ,  as proposed by IAEA (12),  i s  

more nea r ly  c o r r e c t .  A t  t h e  same t i m e ,  because of t h e  temperature range 

over which t h e s e  experiments were performed, w e  were unable t o  choose 

between t h e  Th-C b ina ry  diagram as proposed by e i t h e r  Langer -- e t  a l .  

o r  by C h i o t t i  e t  a l .  (39). 

( 3 8 )  

-- 
The success i n  making s to i ch iomet r i c  (Th,U)C, as evidenced by 

metal lographic  examination, f u r t h e r  v e r i f i e s  t h e  value of t h e  arc-melting 

technique developed by Bourgette (68). 

me t r i c  (Th,U)C could be drop c a s t ,  a l l o y s  containing s i g n i f i c a n t l y  less 

than  t h e  s to i ch iomet r i c  amount of carbon could not  be c a s t  s i iccessful ly  

by t h i s  technique; t he re fo re ,  f i n g e r  c a s t i n g s  were made. The use  of 

f i n g e r  c a s t i n g s  d i d  not hamper t h e s e  experiments; however, t h i s  l ack  of 

It w a s  found t h a t ,  while  s to i ch io -  
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c a s t a b i l i t y  could. be troublesome i f  f u e l  elerneiits i n  l a r g e  qu -an t i t i e s  

were needed. 

The technique of hydride, dehydride, n i t r i d e ,  and thermal decorn- 

p o s i t i o n  t o  s to i ch iomet r i c  (Th,U)N from master alloys of U-Th has been 

demonstrated t o  be successful .  I n  making Th-TJ-N a l l o y s  containing l.ess 

than  50 atomic pe r  cent  n i t rogen  it has been demonstrated t h a t  powder 

m e t a l l u r g i c z l  techniques are s a t i s f a c t o r y .  

No new metal lographic  techniques have been developed b u t  it was 

observed t h a t  Th-U-C al-loys which had been c a s t  and not f u l l y  homogenized 

a r e  very d i f f i c u l t  -to properly e t c h  and photograph. 

T i m e  t o  r each  equi l ibr ium a t  1.OOO"C. w a s  found t o  be  240 t o  350 

hours i n  t h e  Th-U-C system a t  less than 50 atomic per  cent  carbon. A t  

600 and 800°C. e q u i l i b r a t i o n  t i m e s  a r e  i n  excess of 1000 hours. 

Th-U-N system, a t  l e s s  t han  50 atomic per  cen t  nitrogen, t h e  1000°C. 

e q u i l i b r a t i o n  time i s  80 t o  100 hours. 

I n  t h e  

Oxidation of a l l  samples during annealiiig w a s  a problem t o  which 

no s a t i s f a c t o r y  s o l u t i o n  was found. I n  .the case of powder me ta i lu rg i -  

c a l l y  prepared Th-U-N alloys i - L  was hoped t h a t  wrappi-ng the  p e l l e t s  wi~th 

0.003-inch-thick tantalum f o i l  and siibsequ.eiit s e a l i n g  i n  qua r t z  under 

vacuum (approximately t o r r )  would prevent oxidat ion.  Although t h e r e  

may have been some improvei-cent, specimen oxidat ion was not prevented. 

The e f f e c t  of t h i s  oxygen contamination. on t h e  phase r e l a t i o n s h i p s  i s  

unknown. 

The la-LLice parameters OF (Th, U ) C  ac ross  t h e  TJC-ThC pseudobinary, 

as dcteminec? i n  t h i s  i n v e s t i g a t i o n ,  show a s l i g h t  negat ive deviat-ion 
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from Vegzrd's law and agree q u i t e  favorably with t h e  data of e a r l i e r  

i n v e s t i g a t o r s  (67,75,76). I n  t h e  UN-ThN system Vegard' s law has been 

seen t o  f i t  t h e  l a t t i c e  parameters of (Th,U)N a l l o y s .  

The IOOO'C. t e r n a r y  isotherm below 50 atomic per cent  carbon o r  

ni t rogen has been determined f o r  both t h e  Tn-U-C system and t h e  Th-U-N 

system. The most uranium-rich compounds i n  equilibrium wi th  m e t a l l i c  

thorium were found t o  be (Tho. 906,UO. 094)Co.  712 and 

(Tino, 944,uo.  o56)N0 .  869 i n  t h e  Th-U-C and Th-U-N systems, r e spec t ive ly .  

A thermodynamic a n a l y s i s  of t h e s e  t e r n a r y  diagrams, as proposed 

by Rudy ( 9 ) ,  has given good agreement with t h e  experiments and has 

allowed a value of -51,900 c a l o r i e s  pe r  gram-mole t o  be estima.ted as t h e  

f r e e  energy of formation of ThN a t  1000°C. 

Cer ta in ly  not a l l  t h e s e  r e s u l t s  'nave been p o s i t i v e  and during t h e  

course of t h e  i n v e s t i g a t i o n  c e r t a i n  problems have erne t o  l i g h t  which 

need. c l a r i f i c a t i o n .  Perhaps t h e  t h e  most vexing problem i s  t h e  l a c k  of 

p rec i s ion  chemical a i ia lysis  techniques f o r  t h e  carbides  and n i t r i d e s  of 

thorium and uranium. Here i s  an area which seems r i p e  f o r  i n v e s t i g a t i o n  

by chemists i n  t h e  tiuclear industry.  

A second a rea ,  which sould be  explored, concernes t h e  l ack  of 

information on t h e  e f f e c t  of oxygen contamination, a t  l e v e l s  up t o  

a.pproximately two weight per cent ,  on t h e  l a t t i c e  parameter of (Th, U ) N  

and on t h e  phase r e l a t i o n s h i p s  i n  t h e  Th-U-N and Th-U-C systems. 

F ina l ly ,  due t o  t i m e  l i m i t a t i o n s ,  t h i s  i n v e s t i g a t i o n  covers only 

t h e  1.00O"C. isotherms f o r  t h e  Th-U-C and Th-U-N systems. A s  w a s  pointed 

out  i n  t h e  introduct ion,  t h e s e  m a t e r i a l s  are  p o t e n t i a l  thermal-breeder 
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f u e l s  t o  operate  a t  800 t o  1000°C. and t h e r e f o r e  it i s  recommended t h a t  

t h e  600 and 800°C. isotherms below 50 stoniic per cent  carbon o r  ni t rogen 

be d.etermined. 

systems, a t  temperatures of 600 t o  8 O O 0 C . ,  should be determined. 

A% t h e  very l e a s t  t h e  e q u i l i b r a t i o n  k i n e t i c s  i n  t hese  
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AF’PErJDIX A 

CHXMICAL ANALYSES OF STARTING MATERIALS 

TABLE I 

IMPURITY ANALYSIS OF LOT NmBER 1 
URA.NIUM STfiiiTING STOCK 

Element 
P a r t s  Per Mllli.on 

by Weight 

A l i m i  nim 
Bar ium 
B e r y l l i u m  
B i  smut11 
Boron 
Cadmium 
Cal.ciim 
Carbon 
C e r i urn 
C oba It 
Copper 
Hydrogen 
I r o n  
Mag ne s i urn 
Manganese 
Nickel 
Nitrogen 

Paosphorus 
S i l i c o n  
S i l v e r  
Thorium 
T i n  
Tungsten 
zinc 

Oxygen 

3 
< 0.02 
1 

< 0.03 
0.05 

< 0.05 
2 
90 

< 0.02 
0.7 
1 
12 
2 
4 
0.7 
4 

27 
14 0 

< 10 
10 

< 0.03 
< 0.03 
< 0.05 
< 0.6 
2 

77 
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TABLE I1 

IMPURITY ANALYSIS OF LOT NUM€BR 2 
URANIUM STARTING STOCK 

Element P a r t s  Per Mil l ion 
by Weight 

Aluminum 30 
Bar ium < 0.08 
Beryllium 0 .1  
B i  smuth < 0 . 1  
Boron 0 .1  
Cadmium < 0.2  
Calcium 0.5 
Carbon 80 
Cerium < 0.06 
Copper 1 
Wdrogen 13 
I ron  25 
Magnesium 3 
Manganese 3 
Nickel 1 
Nitrogen 36 
Oxygen 160 
Phosphorus 20 
Si l i con  90 
S i l v e r  0 .1  
Thorium 40 
T i n  < 0.2 
Tungs t en < 0.3 
Zinc 2 
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TABLE 111 

IMPURITY ANALYSIS OF LOT NUMBER 1 
THORIUM STARTING STOCK 

Element P a r t s  Per Mi l l ion  
by Weight 

A l m i  num 
Barium 
Beryllium 
Bismuth 
Boron 
Cadmiuni 
Calcium 
Carbon 
Cerium 
Copper 
Hydrogen 
I r o n  
Magne siim 
Manganese 
Nickel 
Nitrogen 
Oxygen 
Pho sphorirs 
S i l i c o n  
S i l v e r  
Tin 
Tung s t en 
Uranium 
Zinc 

100 

4 

0.6 

20 
320 

4 
24 
25 
3 
2 
30 
73 

1800 
121 

< 250 
< 0.1 
< 0.2 

4 
3 
0.6 
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TABLE I V  

IMPURITY ANALYSIS OF LOT NWBER 2 
THORIUM STARTING STOCK 

Element P a r t s  Per Mi l l ion  
by Weight 

Aluminum 
Ba.r ium 
Beryllium 
Bismuth 
Boron 
Cadmium 
C a  IC i urn 
Carbon 
Cerium 
Chrorfiium 
Copper 
Wdr og en 
I ron  
Magn e s ium 
Manganese 
Nickel 
Nitrogen 
Oyygen 
Phosphorus 
S i l i c o n  
S i l v e r  
TTn 
Tungsten 
Uranium 
Zinc 
Zirconium 

35 
< 0.08 
100 
0.09 
0 . 5  

< 0 .2  
5 

1330 
20 
8 

10 
16 
70 
4 
2 

100 
53 

1700 
20 
50 

< 0.1 
< 0 . 2  

2 
17 

< 0.1 
2 



TABLE V 

IMPURITY ANALYSIS OF THORIUM METAL POWDEB 

Parts Per MiUion 
by Weight Element 

Aluminum 35 
Boron 1.5 
Barim < 5  
Beryllium < 0 .1  
B i  smut h < 1  

Cadmium < 0 . 1  
Carbon 220 
Cobalt < 5  
Chr orni um 15 
Copper 4 
Iron 40 
Lead < I  
I,i thium < 50 
Magnesium 10 
Manganese 5 
Molybdenum < 1  

Calcium 1500 

Nickel 91  
Nitrogen 29 
w g  en 810 
P0ta.s sium < 2  
Phosphorus < 10 
Silicon 8 
Silver < 0.1  
Sodium < 40 
T i n  < 1  
Titanium 1 . 5  
Vanadium < 2.5 
Zinc < 25 
Zirconium 10 
Thoz ( in  per cent) 0.64 



APPENDIX B 

DATA ON TEB UC-ThC AND UN-ThN PSRTDOBINARIES 

TABLE VI 

NOMINAL COMPOSITIONS AND LATTICE PARAMETERS OF ALLOYS 
ACROSS THE UC-ThC PSEUDOBINARY 

Thorium Latt i c e 
Monocarbide Parameter 

(mole %) of (Th,U)C 

Thorim Uranium Carbon Standard 
(at. %) (at. % )  (at. $)  Deviat ion 

2.80 
8.17 
13.53 
7.8.87 
24.20 
29.52 
34.82 
40.11 
45.38 
50.64- 

50.00 
4.7.24 
41.94 
36.64 
31.36 
26.10 
20.86 
1.5.62 
LO. 39 
5.19 

50.00 
49.96 
49.89 
49.83 
49.76 
49. 70 
49.63 
49.56 
49.50 
49.43 
49.36 

5.6 
16.4 
27.2 
37.6 
48.4 
59.0 
69.6 
80.4 
90.6 
100.0 

~ ~~ -~ 

4.95865 
4.97'757 
5.01115 
5.05313 
5.09185 
5.12838 
5.16220 
5.20686 
5.24809 
5.29619 
5.34253 

__ 

0.00021 
0.00022 
0.00027 
0.0004 1 
0.00010 
0.00037 
0.00022 
0.00053 
0.00025 
0.00020 
0.00020 

82 
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TABLE VI1 

NOMIrJAL COMPOSITIONS AND LMJTICE PARAMmERS OF ALLOYS 
ACROSS TKF UN-TfnN PSaEUDOBINAEY 

Standard 
Devia.tion 

Thorium 
Mononitride Parameter Thorium Uraniuii 

(at. $1 (at. 9) (at. %) (mole 9) of (Th,U)N 

5.12 
10.20 
15.27 
20.30 
25.00 
30.32 
35.28 
40.19 
45.12 
50.00 

50.00 
44.88 
39.80 
34.73 
29.70 
25.00 
19.68 
14. '72 
9.81 
4.88 

50.00 
50.00 
50.00 
50.00 
50.00 
50.00 
50.00 
50.00 
50.00 
50.00 
so. 00 

10.24 
20. 40 
30.54 
40.60 
50.00 
GO. 64 
70.56 
80.38 
90.24 
lOO.00 

4.39034 
4.91561 
4. '35712 
4.9'7434 
5.00608 
5.03219 
5.06339 
5.0853 1 
5.10826 

5.16190 
5.13461 

0.00025 
0.00015 
0.00086 
0.00079 
0.00105 
0.00043 
0.00115 
0.00080 
0.00019 
0.0004.6 
0.000 15 



APPEMIIX C 

DATA ON TWO- AMI THREE-PHASE ( T h , U ) X  ALLOYS 

TABLE VI11 

NOMINAL CObTPOSITIONS OF Th-U-C ALLOYS WITH THE RESULTS 

APTEX? EQUILIBRATION AT 1000°C. 
OF X-RAY ANE METALLOGRAPHIC EXAMINATION 

La tti e:: Major Ph- aSF3.S Thorium U r a n i u m  C a r b o n  Standard 
Paranet el. Identified 

as Presenta  
Deviat i on 

17.62 
24.11 
30. 57 
33.79 
35.09 
36.37 
17.66 
38.93 
40. 22 
4.3. &!+ 
48.57 
49.84 
51.12 
52.39 
6.78 
li,. 74 
18. 71 
20.2'31 
21.. 87 
23.4.6 
25.04 
26.62 
45.28 
6A. 91 
66.46 
68.00 
69.55 

A 4 .  53 
38.10 
31.70 
28.51 
27.23 
25.96 
24.69 
23.41 
22.14 
18.95 
I?. 88 
12.61 
11.35 
10. c9 
70.06 
62.15 
59.20 
56.63 
55.06 
53.18 
51.91 
50.34 
30.81 
12.27 
10.73 
9.13 
7.66 

37.85 
37.79 
37.72 
37.70 
37.68 
37.67 
37.66 
37.64 
37.63 
37.61 
37.55 
37.54 
37.53 
37.52 
23.16 
23.11 
23.09 
23.08 
23.07 
23.06 
23.05 
23.04 
22.91. 
22.82 
22.81 
22.80 
22.79 

5.09605 
5.11981 
5.18373 
5.20859 
5.20067 
5.22154 
5.22459 
5.23306 
5.25074 
5.25560 
5.261,02 
5.26317- 
5.26848 
5.26802 
5.03857 

5.16433 

5.22195 
5.23 157 
5.25052 
5.25655 
5.25698 
5.26684 
5.27699 
5.274 90 
5.26502 

5.14L~74 

5.19342 

0. 0004.5 
0.00103 
0.00391 
0.00058 
0.00250 
0.00026 
0.00188 
0.00045 
0.00037 
0.00037 
0.00069 
0.00045 
0.00046 
0.00076 
0.00782 
0.00120 
0.00200 
0. 00707 
0.00160 
0.00195 
0.00049 
0.00066 
0.00105 
0.00055 
0.00024 
0. 00067 
0.00030 

U, Th, ( T h , U ) C  
U, Th, ( T h , U ) C  
U, Th, ( T h , U ) C  
U, ( T h , U ) C  
u, ( T h , U ) C  
u, ( T h , U ) C  

u, ( T h , U ) C  

u, ( T h , W  

U, ( T h , U ) C  

U, ( T h , I J ) C  
U, ( T h , U ) C  

U, T h ,  ( T h , U ) C  
U, Th, ( T h , U ) C  
U, Th, ( T h , U ) C  
U, Th, ( T h , U ) C  
U, Th, ( T h , U ) C  

M a n y  of these alloys showed a weak set of Tho2 1.ines in their a 

x-ray pa t te rns .  



TABLE I X  

NOMINAL COMPOSITIONS OF Th-U-N ALLOYS WITH THE RESUTLCS 
OF X-RAY AND METALLOGRAPKIC jExA_dINATION 

AFTER EQUTLIBRPLTION AT 1000°C. 

L a t t i c e  Major Phases Standard 
De v i  a t  i on I d e n t i f i e d  

Thorium Uranium Nitrogen Parameter 
(at* $) (a.t* %) (at* %) of (Th,U)N as Presenta  

46 
20 
25 
30 
34 
36 
38 
40 
45 
52 
54 
56 
58 
10 
15 
20 
22 
24 
26 
50 
73 

6 
40 
35 
30 
26 
24 
22 
20 
15 
8 
6 
4 
2 
65 
60 
55 
53 
51 
49 
25 
2 

48 
40 
40 
40 
40 
40 
40 
40 
4 0 
40 
40 
40 
40 
25 
25 
25 
25 
25 
25 
25 
25 

5. I4705 
4.92308 
5.03349 
5.09227 
5.12285 
5. I4174 

5.1431'3 
5.15174 
5.15201 
5.151.84 
5.15265 
5.15577 

5.03577 
5.093 1-4 

5.14360 
5.14 252 
5. 1552'7 
5. 1.6068 

5.14607 

L+. 97301 

5.11741 

0.00076 
0.00771 
0.00085 
0.00058 
0.00085 
0.00052 
0.00042 
0.00049 
0.00105 
0. 000.36 
0.00042 
0.00031 
0.0006s 
0.00185 
0.00137 
0.00175 
0.00202 
0.00090 
0.00066 

0.00076 
0.00049 

aMany of t h e s e  a l l o y s  showed a weak set of Thoz lines i n  t h e i r  
x-ray p a t t e r n s .  
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