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and A. W. Mi t che l l 

A B S T R A C T 

The U - P u - C t e r n a r y p h a s e d i a g r a m for the c o m p o s i t i o n r a n g e f rom 
0 to 50 a / o c a r b o n and for t e m p e r a t u r e s below 635°C has been c o n s t r u c t e d 
f r o m m e t a l l o g r a p h i c , X - r a y d i f f rac t ion , and m e l t i n g - r a n g e da ta . I s o t h e r ­
m a l s e c t i o n s a t 400°C, 570°C, and 635°C a r e p r e s e n t e d , and c e r t a i n f o u r -
p h a s e r e a c t i o n s a r e ou t l ined . 

U r a n i u m m o n o c a r b i d e f o r m s a c o m p l e t e s e r i e s of sol id so lu t ions 
wi th p l u t o n i u m m o n o c a r b i d e . All p h a s e b o u n d a r i e s o t h e r than those of the 
m o n o c a r b i d e p h a s e r e p r e s e n t the s i d e s of t h r e e - p h a s e t i e - t r i a n g l e s which 
have one s ide co inc iden t wi th e i t h e r the U - P u or the P u - C side and have 
the oppos i t e a p e x touch ing the p h a s e b o u n d a r y of the m o n o c a r b i d e sol id 
so lu t ion , (U ,Pu )C . 

The m e t a l : c a r b o n s t o i c h i o m e t r y of the m o n o c a r b i d e is inf luenced 
by the u r a n i u m : p l u t o n i u m r a t i o . The m o n o c a r b i d e p h a s e is s t o i c h i o m e t r i c 
a s r e g a r d s i t s c a r b o n con ten t in a c o m p o s i t i o n r a n g e f rom 0 to 35 a / o p lu ­
ton ium. With a f u r t h e r i n c r e a s e in p lu ton ium content it d e v i a t e s f r o m idea l 
s t o i c h i o m e t r y t o w a r d g r e a t e r m e t a l - t o - c a r b o n r a t i o s , f o rming the defect 
(U ,Pu)C p h a s e . P l u t o n i u m e x p a n d s the uni t ce l l of the m o n o c a r b i d e over 
the c o m p o s i t i o n r a n g e in w h i c h it r e t a i n s i t s s t o i c h i o m e t r i c c h a r a c t e r . In 
the r e g i o n of the defec t s t r u c t u r e the l a t t i c e p a r a m e t e r d e c r e a s e s wi th in­
c r e a s i n g p l u t o n i u m con ten t , the ex ten t of the d e c r e a s e being dependen t up ­
on the c a r b o n con ten t . 

The v a r i a t i o n of l a t t i c e p a r a m e t e r wi th c o m p o s i t i o n for b i n a r y 
p l u t o n i u m - c a r b o n a l l o y s has b e e n d e t e r m i n e d and has been u sed to d e ­
fine p o r t i o n s of the l o w - c a r b o n b o u n d a r y of the P u C p h a s e f ield. 

M e t a l l o g r a p h i c o b s e r v a t i o n s of c a s t a l loys show that a t r a n s i t i o n 
in the m i c r o s t r u c t u r e s o c c u r s b e t w e e n u r a n i u m - r i c h a l l o y s , wh ich show 
a h o m o g e n e o u s c a r b i d e p h a s e , and p l u t o n i u m - r i c h a l l o y s , which show a 
c o r e d c a r b i d e p h a s e . C o m p o s i t i o n a l v a r i a t i o n s in t h e s e a l loys have been 
c o n s i d e r e d . 

Unique m i c r o s t r u c t u r a l c h a r a c t e r i s t i c s a r e a s s o c i a t e d w i t h the pref­
e r e n c e of the PU3C2 p h a s e to g row a s p l a t e l e t s in i ts p e r i t e c t o i d a l f o r m a ­
t ion, r a t h e r t han a s an i n t e r f a c i a l enve lope s u r r o u n d i n g the P u C r e a c t a n t . 





I. INTRODUCTION 

Uran ium-plu ton ium-carbon alloys containing around 50 a /o carbon 
a r e of i n t e re s t as potential fuel-bearing m a t e r i a l s for r e a c t o r s . For this 
reason, an investigation of the U - P u - C phase d iagram was undertaken. The 
determinat ion of the phase d iagram was a lso recognized as an important 
p re l imina ry step in a study of the e lec t ronic s t ruc tu re of the alloys of the 
actinide me ta l s with carbon. 

In pas t work, carbon additions to uranium and plutonium were 
studied only in connection with the binary sys t ems . More recent investiga­
tions of t e rna ry alloys have been l imited to carbon concentrat ions around 
50 a /o , the composit ions which have potential as reac to r fuel al loys. Infor­
mation concerning low-carbon t e rna ry alloys has not been available. The 
p re sen t study, l imi ted to the m e t a l - r i c h port ion of the U - P u - C d iagram, 
the port ion below 50 a /o carbon, has determined the essen t ia l features of 
the 400 and 570°C i so the rma l sect ions , which a r e below the solidus, and the 
635°C section, which in t e r sec t s the liquidus and solidus sur faces . Por t ions 
of the U-Pu and P u - C binary d i ag rams were also investigated. 



II. REVIEW OF PRIOR WORK 

The U-Pu d iagram determined by Ell inger et ali^^) (see F igure 1), 
contains the three a l lot ropic forms of uranium, the six al lotropic modifica­
tions of plutonium, and two in termedia te phases , (T]) eta and (C) zeta, having 

wide homogeneity ranges . The eta 
phase is stable only at elevated 
t e m p e r a t u r e s . The body-centered 
cubic epsilon phase of plutonium, 
the only plutonium allotrope in which 
uran ium is appreciably soluble, forms 
a complete s e r i e s of solid solutions 
with gamma uranium. A minimum 
exists in the liquidus at about 
10 a /o uranium. 

1200 

1000 

9 0 0 

800 -

6 0 0 

4 0 0 

2 0 0 

40 50 60 
URANIUM,a/o 

100 

106-6428 

Figure 1. Pu-U Phase Diagram (Los Alamos) 

Crysta l lographic data for the 
uranium and plutonium al lotropes 
a r e p resen ted in Table I. Zeta has 
been indexed on the bas i s of a p r i m ­
itive cubic unit cell.'-'^^) The lat t ice 

o 

constant dec rease s from 10.692 A 
/

o 
o uran ium to 10.651 A at 

70 a /o uraniuna. The approximate 
number of a toms in the unit cell 
was found to be 58, as calculated 
from the observed densi t ies of 18.5 
to 18.8 gm/cm^. Although mass ive regions of eta phase could not be 

retained upon quenching, a capil lary quenching method enabled Ell inger to 
index the complex pa t te rn on the bas i s of a te t ragonal unit cell . F o r a 
25 a /o u ran ium alloy quenched from 500°C, ag = 10.57 A and Cg = 10.76 A. 
The density of the eta phase deduced from di la tometr ic data, 17.3 gm/cm^, 
indicates that the unit cell contains approximately 52 a toms pe r cell . 

The U-Pu phase d iagram has a lso been determined at Harwell(9) 
and by Bochvar et_al. (4) The Los Alamos and Br i t i sh ve r s ions agree in 
their essent ia l fea tures ; the Russian vers ion differs considerably from 
these in phase-boundary deta i ls . The resu l t s of this investigation co r rob ­
ora te the Los Alamos vers ion and, hence, this d iagram is r e f e r r ed to in 
the p re sen t work. 

The U-C phase d iagram, given in F igure 2,(30) shows only the 
monocarbide up to 50 a /o carbon; the re is no appreciable carbon solubility 
in the te rmina l u ran ium phases.v^) The Pu-C diagram, F igure 3, has been 
es tabl ished by Mulford et al.(26) in the region that is per t inent to the 
p resen t work there is a monocarbide, which exis ts as a phase deficient in 
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c a r b o n , and a n o t h e r i n t e r m e d i a t e p h a s e , ^, having the f o r m u l a PU3C2. 
C a r b o n is no t a p p r e c i a b l y so lub le in any of the p l u t o n i u m a l l o t r o p i c modi ­
f i c a t i o n s . The UC and P u C p h a s e s have the N a C l - t y p e s t r u c t u r e . 

Table I 

CRYSTAL STRUCTURES OF THE PLUTONIUM 

Allot rope 

P lu tonium: 

Alpha 

Beta 

Gamma 

Delta 

D e l t a - P r i m e 

Eps i lon 

AND URANIUM ALLOTROPES 

Temp 
Range, °C 

Below 
122 

122-206 

206-319 

319-452 

452-480 

480-640 

Space La t t i ce 

Monoclinic 

Monoclinic 

Or tho rhombic 

Cubic f ace -
c e n t e r e d 

Te t ragona l 
b o d y - c e n t e r e d 

Cubic body-
c e n t e r e d 

Unit Cell D imens ions , 

a 
b 
c 

(a 

a 
b 
c 

(a 

a 
b 
c 

a 

a 
c 

a 

= 

= 

= 

= 

~ 

= 

A 

(21°C) 
6.1835 ± 0.0005 
4.8244 ± 0.0005 
10.973 + 0.001 
101.80 + 0.02°) 

(190°C) 
9.284 ± 0.003 
10.463 ± 0.004 
7.859 + 0.003 
92.13 ± 0.03°) 

(235°C) 
3.1587 ± 0.0004 
3.7682 ± 0.0004 
10.162 ± 0.002 

(320°C) 
4.6371 ± 0.0004 

(465°C) 
3.327 ± 0.003 
4.482 ± 0.007 

(490°C) 
3.6361 ± 0.004 

X - r a y 
Density, 

g/cm^ 

19.82 

17.70 

17.4 

15.92 

16.00 

16.51 

Uran ium: 

Alpha 

Beta 

Gamma 

Below 
668 

668-775 

775-1132 

Or thorhombic 

Te t ragona l 

Cubic body-
c e n t e r e d 

a 
b 
c 

a 
c 

a 

= 
= 
= 

— 

=: 

= 

2.852 
5.865 
4.952 

10.744 
5.652 

3.532 

(25°C) 

(668°C) 

(775°C) 

19.07 

18.17 

17.94 
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Figure 2. U-C Phase Diagram (BMI) 
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Figure 3. Pu-C Diagram (Los Alamos) 
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The l a t t i c e p a r a m e t e r of UC p r e p a r e d by r e a c t i n g c a r b o n wi th 
u r a n i u m o r u r a n i u m oxide h a s b e e n r e p o r t e d to be 4 .961 ± 0.001 A by 
Rundle e t a l . , ( 3 l ) and 4 .955 A by L i t z e t a l . l ^ U F o r the fused c a r b i d e the 
p a r a m e t e r h a s b e e n g iven a s 4 .951 A,v23y^nd 4 .962 A.(6) B o e t t c h e r ( 5 ) 

O 

quo ted a v a l u e of 4 .961 ± 0.004 A for m o n o c a r b i d e p r e p a r e d by c a r b o n r e ­
duc t ion of the oxide and s i n t e r e d a t 1800°C. The s o l i d - s t a t e r e a c t i o n of 
u r a n i u m and g r a p h i t e y i e l d e d a c a r b i d e wi th the p a r a m e t e r 4 .963 ± 
0.001 A,(39) and m o r e r e c e n t l y A u s t i n ( l ) h a s g iven 4 .9598 ± 0.0003 A for 
a p r e p a r a t i o n m a d e by a r c m e l t i n g u n d e r h e l i u m . F i n a l l y , W i l l i a m s 
et a l . , ( '* l ) r e p o r t e d tha t the ce l l edge in a r c - m e l t e d u r a n i u m - c a r b o n a l loys 
v a r i e d b e t w e e n 4 .9600 ± 0.0005 A and 4 .9520 ± 0.0002 A in a s y s t e m a t i c 
m a n n e r w i t h c a r b o n con ten t . Annea l ing a t 1300°C in v a c u o c a u s e d a l l c e l l 
e d g e s to a p p r o a c h the f o r m e r v a l u e s lowly . 

The v a l u e s for the edge of the un i t ce l l of P u C a v a i l a b l e a t p r e s e n t 
a r e t h o s e r e p o r t e d by Mul ford et a l . , ( 2^ ) Chikalla.V^) and Kruger .V^^) 
Us ing a r c - m e l t e d a n d c a s t a l l o y s Mul fo rd ob t a ined a v a r i a t i o n of the un i t 
ce l l d i m e n s i o n f r o m 4 .9582 ± 0 .0003 A for the c a r b o n - p o o r p h a s e to 
4 .9737 ± 0.0003 A for the c a r b o n - r i c h p h a s e . Ch ika l l a found 4 .960 A for 
a P u - 4 3 a / o C a l l o y , a n d 4 .972 A for a P u - 4 8 a / o C a l loy . K r u g e r h a s r e ­
p o r t e d 4 .954 A for the c a r b o n - p o o r p h a s e and 4 .9730 A for the c a r b o n - r i c h 
m o n o c a r b i d e . 



III . D E S C R I P T I O N O F A P P A R A T U S AND 
E X P E R I M E N T A L M E T H O D 

The p r i n c i p a l m e t h o d u s e d to d e t e r m i n e the p h a s e d i a g r a m w a s 
m e t a l l o g r a p h i c e x a m i n a t i o n of i s o t h e r m a l l y a n n e a l e d and quenched s p e c i ­
m e n s . X - r a y d i f f r ac t i on a n a l y s i s -was u s e d in conjunc t ion with m e t a l l o g ­
r a p h y a s an aid in p h a s e i den t i f i c a t i on . O b s e r v a t i o n s of inc ip ien t and 
c o m p l e t e m e l t i n g w e r e a l s o e m p l o y e d in e s t a b l i s h i n g the l i q u i d - s o l i d 
r e a c t i o n s . T h e r m a l a n a l y s i s -was not c o n s i d e r e d p r a c t i c a b l e b e c a u s e of 
the h igh m e l t i n g r a n g e and the r e a c t i v i t y of the u r a n i u m - p l u t o n i u m - c a r b o n 
a l l o y s . D i l a t o m e t r i c m e t h o d s w e r e c o n t e m p l a t e d for s tudying the s o l i d -
s t a t e r e a c t i o n s , but t h e e q u i p m e n t on h a n d l a c k e d a u t o m a t i c f e a t u r e s and 
could not be r e a d i l y a d a p t e d for the p r e c i s i o n n a e a s u r e m e n t s tha t w^ould 
h a v e b e e n n e c e s s a r y for s tudying the s l u g g i s h p l u t o n i u m - r i c h a l l o y s . 

A. G lovebox F a c i l i t i e s 

E x c e p t for the X - r a y d i f f r ac t i on a p p a r a t u s , a l l equ ipmen t was con ­
t a i n e d and a l l w o r k w^as p e r f o r m e d -within g lovebox e n c l o s u r e s . T h i s -was 
n e c e s s i t a t e d by the v e r y h igh t ox i c i t y of p l u t o n i u m , the p e r m i s s i b l e t o t a l 
b o d y - b u r d e n be ing a p p r o x i m a t e l y 0.6 /ig.^-^ ' An i n e r t h e l i u m a t m o s p h e r e 
w a s p r o v i d e d in the g l o v e b o x t r a i n u s e d for a l loy p r e p a r a t i o n ; a n i t r o g e n 
a t m o s p h e r e was m a i n t a i n e d in the m e t a l l o g r a p h i c t r a i n and in the g lovebox 
con ta in ing m o s t of the h e a t - t r e a t i n g f u r n a c e s . Oxygen , which -was by far 
the l a r g e s t i m p u r i t y in e i t h e r a t m o s p h e r e , u s u a l l y was p r e s e n t in c o n c e n ­
t r a t i o n s b e t w e e n 100 and 300 p p m (as m e a s u r e d by a B e c k m a n Mode l G2 
oxygen a n a l y z e r ) . T o r c h s e a l i n g of g l a s s c a p s u l e s and c a p i l l a r i e s v/as 
p e r f o r m e d in an a i r box by m e t h o d s -which a r e d e s c r i b e d l a t e r . The g l o v e ­
box t r a i n s and the p r o c e d u r e s u s e d in hand l ing p l u t o n i u m at the A r g o n n e 
N a t i o n a l L a b o r a t o r y h a v e b e e n d i s c u s s e d in de t a i l by L. R. Kelman.^ •^"'' 

B . Al loy P r e p a r a t i o n 

1. M a t e r i a l s 

The p r e s e n t s tudy -was p e r f o r m e d with p l u t o n i u m ob ta ined in 
the f o r m of r o d s hav ing a d i a m e t e r of abou t 3.2 m m and a l eng th of about 
5.1 c m f r o m L o s A l a m o s Sc ien t i f i c L a b o r a t o r y ; the c o n c e n t r a t i o n of a n a ­
l y z e d i m p u r i t i e s -was l e s s t h a n 550 p p m . U r a n i u m of 99.96 w / o p u r i t y , 
p r e p a r e d at A r g o n n e N a t i o n a l L a b o r a t o r y , and s p e c t r o s c o p i c c a r b o n rod 
•were the o t h e r s t a r t i n g m a t e r i a l s . The a n a l y s e s of the u r a n i u m and p l u t o ­
n i u m a r e p r e s e n t e d in T a b l e I I . 

F i g u r e 4 shows a m i c r o g r a p h of a s e c t i o n of one of the p l u t o ­
n i u m r o d s . The m a j o r i m p u r i t y i s c a r b o n , so the s p h e r o i d a l i n c l u s i o n s 
m a y be P u C . I n c l u s i o n s s i m i l a r to the a c i c u l a r p h a s e have been ident i f ied 



as PU2O3 at Los Alamos.^ ^ The high-puri ty u ran ium ingot -was received 
as a cylindrical casting, 27.94 cm long x 2.54 cm in d iameter . Metal lo­
graphic examination showed no inclusions in ei ther the as-pol ished or etched 
condition. 

Table II 

IMPURITIES IN STARTING MATERIALS 

Concentration, ppm 

Element Pu (Ingot No. l) Pu (ingot No. 2) U 

A g 
A l 

A s 
B 

B e 

B i 
C 
C a 
Co 
C r 

Cu 
F 
F e 
K 
L a 

L i 
M g 

M n 
M o 
N 

N a 
N i 
0 
P 
P b 

Sb 
Si 
Sn 
T a 
T i 
Z n 

T o t a l 

< 1 
10 

< 0 . 5 
< 0 . 2 

< 1 
35 

5 
< 5 

< 2 0 

2 
< 2 
70 

<io 
<0.2 
30 
60 

164 

<10 
<20 

3 5 

<1 

<10 

< 1 

<10 

<503 

25 

<0 .5 
< 0 . 2 

<1 
215 
< 5 
< 5 
20 

5 
< 2 
60 

<10 

<0 .2 
< 5 

5 

<10 
4 0 
30 

<10 
1 

25 

< 1 
< 6 0 

10 

<546 

< 1 
< 5 

<10 
0 

< 0 

< 1 
25 

< 5 0 
< 5 

1 

1 

< 2 
< 5 0 

< 1 
1 

< 1 
< 2 0 

13 

<10 
< 5 

19 
< 5 0 

< 1 

1 
10 

< 5 

< 5 0 
< 5 0 

<389 
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G 
Figure 4 

Photomicrograph of As-received Plutonium 
Ingot No. 2; D, 500, BF; Pu + Inclusions 

I, 

Micro 30624 

2. C h a r g e P r e p a r a t i o n 

P r e p a r a t o r y to m e l t i n g , t h e p l u t o n i u m rod was c l e a n e d with a 
w i r e b r u s h to p r o d u c e a b r i g h t m e t a l l i c l u s t e r and cut to the c o r r e c t s i z e 
by g r i n d i n g on a l a the with a s i l i con c a r b i d e w h e e l . The p i e c e s w e r e t h e n 
r e p o l i s h e d and s t o r e d u n d e r v a c u u m p r i o r to m e l t i n g . 

A p o r t i o n of the u r a n i u m ingot w^as r o l l e d to s h e e t 0.38 m m t h i c k , 
which could e a s i l y be cut with a p a i r of s c i s s o r s . It w a s c l e a n e d by e l e c -
t r o p o l i s h i n g at about 100 m A / c m ^ for one m i n u t e in E t c h a n t A, d e s c r i b e d 
on p a g e 24. 

3 . A r c - m e l t i n g ' 

A l l o y s w e r e p r e p a r e d by a r c - m e l t i n g in an a r g o n - h e l i u m a t m o s ­
p h e r e the p lu ton ium, u r a n i u m , and g r a p h i t e on a w a t e r - c o o l e d c o p p e r h e a r t h 
in a f u r n a c e with a t u n g s t e n e l e c t r o d e . In o r d e r to m i n i m i z e the v o l a t i l i z a t i o n 
of p l u t o n i u m and the s u b l i m a t i o n of c a r b o n , the c h a r g e w a s p l a c e d in the 
h e a r t h wi th the u r a n i u m s h e e t u p p e r m o s t . Ten 3 0 - g c h a r g e s w e r e p r e p a r e d 
i n i t i a l l y , but m e t a l l o g r a p h i c e x a m i n a t i o n i n d i c a t e d g r o s s i n h o m o g e n e i t i e s , 
e s p e c i a l l y for u r a n i u m - r i c h , h i g h - c a r b o n a l l o y s . C h a r g e s weigh ing a p p r o x i ­
m a t e l y 5 g w e r e p r e p a r e d for the r e m a i n i n g 106 a l l o y s . Al though i n h o m o ­
g e n e i t i e s w e r e o c c a s i o n a l l y found in the 5-g a l l o y s , they w e r e e s t i m a t e d to 
r e p r e s e n t c o m p o s i t i o n a l v a r i a t i o n s a m o u n t i n g to a few a / o c a r b o n a t m o s t . 
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A c o p p e r h e a r t h con t a in ing t h r e e d e p r e s s i o n s w a s u s e d . One 
d e p r e s s i o n c o n t a i n e d a z i r c o n i u m bu t ton which was u s e d a s a g e t t e r for the 
f u r n a c e a t m o s p h e r e p r i o r to the m e l t i n g of the c h a r g e s in the o t h e r two d e ­
p r e s s i o n s . E a c h ingot was m e l t e d for a t l e a s t t h r e e 6 0 - s e c p e r i o d s , be ing 
i n v e r t e d b e t w e e n m e l t i n g s . Al loy ing w a s r a p i d , o c c u r r i n g in l e s s than 5 s e c . 
A w a t e r - c o o l e d t u n g s t e n e l e c t r o d e w a s u s e d in a l l but a few in i t i a l e x p e r i ­
m e n t s . A s e r i e s of a l l o y s , wh ich w e r e c a s t to d e t e r m i n e the su i t ab i l i t y of 
a g r a p h i t e e l e c t r o d e , showed tha t th i s type of e l e c t r o d e could a l s o be used , 
bu t v a p o r i z a t i o n of c a r b o n qu ick ly c o v e r e d the v iewing window wi th a l a y e r 
of soot . 

A l l o y s conta in ing l e s s t han 30 a / o c a r b o n w e r e a l w a y s h o m o ­
g e n e o u s a f t e r t h r e e o n e - m i n u t e m e l t s when p o w e r w a s supp l i ed a t about 
200 A m p and 40 V. F o r c o m p o s i t i o n s above 3 0 a / o c a r b o n , the bu t t ons 
sho-wed a s m a l l d e g r e e of i n h o m o g e n e i t y a f t e r t h r e e m e l t s ; i t w a s n e c ­
e s s a r y to m e l t t h e s e a l l oys at 300 A m p (the capac i t y of the equ ipmen t ) for 
p e r i o d s of 6 m i n to e n s u r e h o m o g e n e i t y . Some s p a t t e r i n g and v a p o r i z a t i o n 
o c c u r r e d u n d e r t h e s e c o n d i t i o n s , r e s u l t i n g in weight l o s s e s . It w a s o b ­
s e r v e d , ho-wever, t ha t l o s s e s could be e l i m i n a t e d in m o s t c a s e s if suff ic ient 
c a r e w a s t a k e n to c o n t r o l t he i n i t i a l m e l t i n g r a t e . Weight l o s s e s w e r e 
u s u a l l y of t h e o r d e r of 0.1 to 1.0 w / o . 

C o n t a m i n a t i o n r e s u l t i n g f r o m a l loy ing was c o n s i d e r e d n e g l i ­
g ib le on the b a s i s of s p e c t r o s c o p i c and c h e m i c a l a n a l y s e s . T a b l e III shows 
r e p r e s e n t a t i v e a n a l y t i c a l r e s u l t s . The t u n g s t e n c o n t a m i n a t i o n found in the 
u r a n i u m - 3 3 a / o p l u t o n i u m - 4 5 a / o c a r b o n a l loy o c c u r r e d when the e l e c t r o d e 
c a m e in con t ac t -with the m e l t . C o n t a c t could be o b s e r v e d qu i te e a s i l y e i t h e r 
d u r i n g m e l t i n g o r by o b s e r v i n g the b r i g h t a p p e a r a n c e of the t u n g s t e n t ip 
a f t e r m e l t i n g . The r e l a t i v e l y h igh oxygen v a l u e s shown in T a b l e III a r e 
p r o b a b l y the r e s u l t of s u r f a c e c o n t a m i n a t i o n , a s d i s c u s s e d in A p p e n d i x I. 

B e c a u s e a h i g h - t e m p e r a t u r e annea l ing f u r n a c e -was not a v a i l ­
ab le for long h e a t t r e a t m e n t s , it was diff icult to r e m o v e the i n h o m o g e n e o u s 
r e m n a n t s of the c a s t s t r u c t u r e in h i g h - c a r b o n a l l o y s . In an a t t e m p t to i m ­
p r o v e the s i t ua t i on , t he m e l t i n g a r c was m a i n t a i n e d at about 60 A m p for 
a p p r o x i m a t e l y 60 s ec af ter the l a s t r e m e l t i n g o p e r a t i o n . In m o s t c a s e s , 
t h i s p r o c e d u r e kep t the a l loy be low i t s m e l t i n g poin t , a s i n d i c a t e d by the 
so l id a p p e a r a n c e of the bu t ton . Al though a l l oys c a s t in t h i s m a n n e r s t i l l 
con ta ined m i c r o s c o p i c i n h o m o g e n e i t i e s , t he p r o c e d u r e w a s not abandoned ; 
for it h e l p e d to r e d u c e s h a t t e r i n g in c a s t a l l oys conta in ing about 50 a / ) c a r ­
bon . T h e s e h i g h - c a r b o n a l l oys w e r e s e n s i t i v e to t h e r m a l shock and often 
s h a t t e r e d into m a n y p i e c e s upon cool ing , m a k i n g it difficult to p r e p a r e d e ­
s i r e d c o m p o s i t i o n s . Ma in ta in ing a l o w - c u r r e n t a r c for a p e r i o d of one m i n ­
u te and t h e n e v a c u a t i n g the a r c - m e l t c h a m b e r a t the i n s t a n t the a r c w a s 
d i s c o n t i n u e d s u c c e s s f u l l y e l i m i n a t e d c r a c k i n g , p r e s u m a b l y b e c a u s e of the 
r e d u c e d cool ing r a t e . 



T a b l e III 

C O N C E N T R A T I O N S O F CONTAMINANTS IN THE CAST A L L O Y S 

Al loy C o m p o s i t i o n , a / o I m p u r i t i e s A n a l y z e d , p p m * 

U Pu C O2 N2 Cu W 

95 
82 
50 
45 
16 

12 
10 
8 

19 
4 

0 
1 

34.5 
17 
6 

0 
28 
22 
41 
25 

8 
32.5 
6.5 

20 
43.5 

5 
18 
50 
55 
84 

88 
90 
92 
80 
95 

98 

79 
30.5 
48 
52 

56 
27 
33 
13 
28 

44 

19 
45 
31 
6 

0 
0 
0 
0 
0 

0 
0 
0 
1 
1 

2 
20 
35 
35 
42 

44 • 
45 
45 
46 
47 

48 
48.5 
48.5 

49 
50.5 

360 
151 
590 

290 
243 

488 
24 

15 

39 
203 

8 
5 

156 

<5 

<5 

<5 

<10 
8 

<2 
<5 

350 
10 

<5 

5 
15 
30 

70 

30 
60 
30 

50 
50 

1000 
100 

*By we igh t . 

C. H e a t T r e a t m e n t 

S p e c i m e n s for h o m o g e n i z a t i o n and i s o t h e r m a l annea l ing t r e a t m e n t s 
w e r e p r e p a r e d f r o m the a r c - m e l t e d b u t t o n s . Sui table s p e c i m e n s of about 
0.25 to 1 g ( a p p r o x i m a t e l y a 3 - m m cube) -were ob ta ined by c r a c k i n g the c a s t 
ingot wi th a h a m m e r . Al though a cold--working t r e a t m e n t would h a v e been 
d e s i r a b l e to a c c e l e r a t e the diffusion p r o c e s s du r ing annea l i ng , a l l the a l l o y s 
excep t u r a n i u m - r i c h and p l u t o n i u m - r i c h lo-w-carbon a l l oys w e r e too b r i t t l e 
to be w o r k e d . 



B e f o r e e n c a p s u l a t i n g , an a l loy s a m p l e w a s w r a p p e d in t a n t a l u m foil , 
hav ing a t h i c k n e s s of 0.025 m m , to p r e v e n t con tac t with the c a p s u l e m a t e ­
r i a l o r o t h e r s p e c i m e n s . The t a n t a l u m a l s o s e r v e d a s a g e t t e r for oxygen 
t h a t was not r e m o v e d in the e v a c u a t i n g p r o c e s s . The -wrapped s p e c i m e n s 
w e r e p l a c e d in a 9 - m m - O D V y c o r t u b e , s e a l e d a t one end. The o the r end 
-was a t t a c h e d by a r u b b e r tube to a m e c h a n i c a l v a c u u m p u m p , and the tube 
w a s e v a c u a t e d . A t h e r m o c o u p l e gage i n d i c a t e d an e q u i l i b r i u m p r e s s u r e of 
about 25 jJ.. Af ter about— h r , the r u b b e r tube -was c l o s e d with a p inch c l a m p 
and the V y c o r tube conta in ing the s a m p l e s d i s c o n n e c t e d f r o m the v a c u u m 
s y s t e m by cut t ing the r u b b e r tubing on the v a c u u m p u m p s ide of the p inch 
c l a m p . The V y c o r tube con ta in ing the s p e c i m e n s -was t r a n s f e r r e d t h r o u g h 
an a i r lock into an i n t e r c o n n e c t e d a i r box, w h e r e the p o r t i o n of the tube 
con ta in ing the s p e c i m e n s -was s e a l e d with a n a t u r a l g a s - o x y g e n t o r c h about 
5 to 7.6 c m f r o m the c l o s e d end. 

In m o s t c a s e s the s p e c i m e n s r e t a i n e d t h e i r b r i g h t s u r f a c e a p p e a r ­
a n c e a f te r h e a t t r e a t m e n t . The a p p e a r a n c e of the t a n t a l u m wrapp ing w a s 
al-ways c o n s i s t e n t with the a p p e a r a n c e of the h e a t - t r e a t e d s p e c i m e n s . A 
p o o r e n c a p s u l a t i o n a l w a y s r e s u l t e d in p a r t i a l ox ida t ion of the t a n t a l u m 
s u r f a c e , and t h i s ox id i zed a p p e a r a n c e s e r v e d a s a b a s i s for r e j e c t i o n of the 
s p e c i m e n s . Only about 2 p e r c e n t of the s p e c i m e n s e n c a p s u l a t e d w e r e r e ­
j e c t e d . U s u a l l y s i x to t e n s p e c i m e n s w e r e con ta ined in each V y c o r c a p s u l e . 

The s p e c i m e n s -were a n n e a l e d by suspend ing the c a p s u l e in one of 
s i x Kanthal--wound v e r t i c a l tube f u r n a c e s . They con ta ined n i cke l hea t s i n k s , 
7.6 c m long, which p r o v i d e d a zone of the s a m e length in which the t e m p e r ­
a t u r e was c o n s t a n t to wi th in 1°C b e t w e e n 400 and 63 5°C. At 1100°C, the 
m a x i m u m t e m p e r a t u r e a t -which the f u r n a c e was o p e r a t e d , the t e m p e r a t u r e 
v a r i a t i o n along the zone w a s l e s s t han 2°C. T e m p e r a t u r e s w e r e m e a s u r e d 
by m e a n s of P t / P t - 1 0 % Rh t h e r m o c o u p l e s and -were m a i n t a i n e d cons t an t to 
-within 3°C o r b e t t e r by c o n t r o l l e r s equ ipped -with s a t u r a b l e c o r e r e a c t o r s . 
At about one mon th i n t e r v a l s a P t / P t - 1 0 % Rh t h e r m o c o u p l e c a l i b r a t e d by 
the Na t iona l B u r e a u of S t a n d a r d s was u s e d to check the a c c u r a c y of the t e m ­
p e r a t u r e m e a s u r e m e n t s . 

A quench w a s ob ta ined by a l lowing the c a p s u l e to fall into a can , 
-where it was c r u s h e d u n d e r Oc to i l h igh v a c u u m p u m p oi l . T h i s o p e r a t i o n 
r e q u i r e d about one s e c o n d . No a p p r e c i a b l e s u r f a c e c o n t a m i n a t i o n r e s u l t e d 
f r o m r e a c t i o n of the s a m p l e s with the quench ing ba th . In i t i a l ly a NaK 
quench w a s u s e d , but it -was b e l i e v e d tha t the m o r e r a p i d quench a v a i l a b l e 
wi th the NaK ba th did not jus t i fy the d a n g e r i n h e r e n t in i t s u s e . W a t e r q u e n c h ­
ing r e s u l t e d in e x t e n s i v e s u r f a c e c o n t a m i n a t i o n and d e c a r b u r i z a t i o n of a 
s e r i e s of a l l o y s , and was r e j e c t e d for t h i s r e a s o n . 

A h o r i z o n t a l t a n t a l u m - t u b e r e s i s t a n c e f u r n a c e was o c c a s i o n a l l y 
a v a i l a b l e for annea l ing t r e a t m e n t s at 1400 or 1500°C for p e r i o d s of t i m e 
up to one day . The f u r n a c e was c o n n e c t e d to a v a c u u m s y s t e m , equ ipped 
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with a diffusion p u m p , which a l l owed a d y n a m i c v a c u u m of about 10" m m Hg 
to be m a i n t a i n e d . S p e c i m e n s r e q u i r e d no e n c a p s u l a t i o n , and w e r e s i m p l y 
w r a p p e d in t a n t a l u m foil , p l a c e d in a t a n t a l u m boa t , and i n s e r t e d into the 
c e n t e r of the f u r n a c e . The f u r n a c e had a s m a l l h e a t capac i ty ; a m o d e r a t e l y 
r a p i d quench w a s ob t a ined by t u r n i n g off t he p o w e r . 

A s u m m a r y of the t y p i c a l p r e l i m i n a r y h o m o g e n i z a t i o n s and the equ i l ­
i b r a t i n g h e a t t r e a t m e n t s at 400 , 5 70, and 63 5°C i s g iven in T a b l e IV. 

T a b l e IV 

TYPICAL HEAT TREATMENTS FOR TERNARY ALLOYS 

Annea l ing T i m e 
H o m o g e n i z a t i o n at 400 , 570, o r 

T r e a t m e n t ( ^ ) 635°C (days) 

U - r i c h 
L o w - c a r b o n (0-40 a / o C) 
H i g h - c a r b o n (40-50 a / o C) 

I n t e r m e d i a t e 
L o w - c a r b o n (0-45 a / o C) 
H i g h - c a r b o n (45-50 a / o C) 

P u - r i c h 
L o w - c a r b o n (0-45 a / o C) 
H i g h - c a r b o n (45-50 a / o C) 

^ 'A p r e l i m i n a r y t h r e e - d a y h o m o g e n i z a t i o n h e a t t r e a t m e n t at 600°C 
was g iven a l l a l l o y s a n n e a l e d at t e m p e r a t u r e s be low 400°C. 

D. Inc ip ien t Mel t ing T e c h n i q u e 

The da t a for d e t e r m i n i n g the p l u t o n i u m - r i c h b o u n d a r i e s of the 63 5°C 
i s o t h e r m ( see F i g u r e 7 on p . 50) w e r e ob ta ined by both an i nc ip i en t -me l t i ng 
t e c h n i q u e and a m e t a l l o g r a p h i c e x a m i n a t i o n of i s o t h e r m a l l y a n n e a l e d and 
quenched a l l o y s . 

The i n c i p i e n t - m e l t i n g t e chn ique c o n s i s t e d of looking for v i s u a l s igns 
of m e l t i n g on r o d - s h a p e d s p e c i m e n s tha t had been i s o t h e r m a l l y a n n e a l e d 
for p e r i o d s of t i m e not l e s s t h a n o n e - h a l f h o u r . The s p e c i m e n s w e r e i n ­
d iv idua l ly s e a l e d in e v a c u a t e d V y c o r c a p s u l e s and he ld in an u p r i g h t p o s i ­
t ion in a t a n t a l u m cup. Inc ip ien t m e l t i n g was a s s o c i a t e d with round ing of 
c o r n e r s ; t o t a l m e l t i n g was a s s u m e d when the s p e c i m e n c o l l a p s e d comple t e ly . 

The f u r n a c e t e m p e r a t u r e w a s r e g u l a t e d by a Whee lco Model 407 
c o n t r o l l e r . F i n e t e m p e r a t u r e c o n t r o l and a d j u s t m e n t was p r o v i d e d for by 

600°C - 3 days 
1050°C - 3 days 

None 
1050°C - 3 days 

None 
1050°C - 3 days 

4-10 
7-20 

4-10 
7-15 

4-10 
7-15 



a Wheelco Model 404-S241 adjustable ex terna l r e s i s t o r attached to the con­
t r o l l e r . F o r the short per iods of t ime requi red for these anneals , no dif­
ficulty was encountered in keeping the t e m p e r a t u r e constant to within ±1°C. 
T e m p e r a t u r e m e a s u r e m e n t s were made at 10-min in te rva l s , by means of 
a P t - P t 10% Rh thermocouple placed adjacent to the Vycor capsule. The 
accuracy of the t e m p e r a t u r e m e a s u r e m e n t s was investigated by observing 
the melt ing point of cyl inders of pure cadmium and pure aluminum. Melt­
ing points usually agreed with the l i t e r a tu re values to within 1°C. 

In some ca se s , -when poor vacuums -were obtained in the encapsu­
lating p r o c e s s , the fornaation of an oxide shell prevented the specimen 
from collapsing although it -was kno-wn that the melting point had been ex­
ceeded. This was especial ly t rue for some of the pure a luminum cyl inders 
used in the t e m p e r a t u r e cal ibrat ion. 

Alloys which showed excess ive darkening were re jec ted . The t e r ­
nary alloys were usually too br i t t le to be formed into rods , so that in most 
cases chips of suitable shape were taken from the cast buttons. Obse rva ­
tions were usually made over t e m p e r a t u r e in te rva l s of severa l deg ree s . 

E. X- ray Diffraction 

X - r a y diffraction pa t te rns were used in the identification of phases 
and in determining the lat t ice p a r a m e t e r s of the carbide phases . The pat­
t e r n s were obtained -with f i l tered Cu-Kcx radiat ion by the use of a Debye-
Sche r re r po-wder c a m e r a , 114.6 m m in d iamete r , \vhich -was located outside 
the glovebox sys tem. Exposures v^ere usually for 4 hr at 50 kV and 16 mA 
on a Norelco X- r ay diffraction unit. Ambient t e m p e r a t u r e during exposure 
ranged from 21 to 26°C. 

Needle -shaped spec imens , -which -were abraded -with a file, -were 
p repa red from the ductile low-carbon alloys in the composition region 
near pure plutonium and that near pure u ran ium. The other alloys -were 
sufficiently br i t t l e for the p repara t ion of po-wder specimens by crushing 
with a m o r t a r and pest le until the m a t e r i a l passed through a fine silk 
sc reen . The po-wder -was then loaded into a 0 .3-mm quartz capillary,-which 
had previously been introduced into the sys tem inside a 13-mm-OD x 
100-mm tes t tube -with only the open end extending through a rubber stopper 
inse r t ed into the top of the tube. In this way, the outside of the capi l lary 
remained uncontaminated during the loading operat ion. The tes t tube -was 
then brought to the a i r box where the rubber stopper holding the capi l lary 
was gently removed. The loaded end of the capi l lary was grasped firmly 
but gently with uncontaminated rubber - t ipped t w e e z e r s , which -were brought 
into the sys tem for this purpose , and the capi l lary -was manually held 
over a na tura l gas-oxygen flame and sealed. 

It -was n e c e s s a r y to set up p rocedure s for removing the X-ray spec i ­
mens f rom -within the glovebox sys tem and t r a n s f e r r i n g them to the X- r ay 

file:///vhich


m a c h i n e , which w a s o u t s i d e t h e box s y s t e m . The s e a l e d c a p i l l a r y o r n e e d l e 
s p e c i m e n w a s p l a c e d in to an u n c o n t a m i n a t e d v i a l , which w a s i m m e d i a t e l y 
c l o s e d and p l a c e d in to a v inyl pouch for r e m o v a l f r o m the g lovebox s y s t e m 
a c c o r d i n g to the p r o c e d u r e d e s c r i b e d by K e l m a n . ^ ^ ^ 

T h e r e m a i n i n g o p e r a t i o n s of load ing the c a m e r a with t h e s p e c i m e n 
and f i lm w e r e p e r f o r m e d in e x h a u s t h o o d s . The v iny l pouch w a s s l i t and 
the c a p i l l a r y r e m o v e d . The c a p i l l a r y w a s p i c k e d up with the r u b b e r - t i p p e d 
t w e e z e r s a g a i n , c o a t e d with co l lod ion , and p l a c e d into a b r a s s i n s e r t for 
load ing in to the D e b y e - S c h e r r e r po-wder d i f f r ac t i on c a m e r a . The co l lod ion 
w a s u s e d to fix any l o o s e r a d i o a c t i v e m a t e r i a l t ha t m a y h a v e a c c i d e n t a l l y 
a d h e r e d to t h e o u t s i d e of the c a p i l l a r y d u r i n g the s ea l i ng o p e r a t i o n wi th in 
the a i r box. N e e d l e s p e c i m e n s w e r e c o a t e d both b e f o r e and a f te r r e m o v a l 
f r o m the p r o t e c t i v e a t m o s p h e r e ; t h e i n i t i a l coa t s e r v i n g a s a b a r r i e r 
a g a i n s t s u r f a c e c o n t a m i n a t i o n . 

Su i t ab le d i f f r ac t ion p a t t e r n s for p h a s e i den t i f i c a t i on w e r e o b t a i n e d 
by t h i s p r o c e d u r e . The p a t t e r n of t h e b r i t t l e c a r b i d e p h a s e tha t was p r e s e n t 
in h i g h - c a r b o n a l l o y s a l w a y s c o n t a i n e d s h a r p l i n e s tha t could be u s e d for 
p a r a m e t e r m e a s u r e m e n t s . In the c a s e of the l o w - c a r b o n a l l o y s , r e a n n e a l -
ing of the X - r a y s p e c i m e n s w a s r e q u i r e d to s h a r p e n t h e b r o a d and diffuse 
l i n e s t y p i c a l of p l u t o n i u m - a l l o y po-wder p a t t e r n s . The d i f f r ac t ion da ta 
shown in T a b l e s X ( s ee p . 55) and XI ( s e e p . 74), for the z e t a and PU3C2 
p h a s e s , r e s p e c t i v e l y , w e r e o b t a i n e d f r o m p o w d e r s t ha t w e r e a n n e a l e d a f t e r 
p r e p a r a t i o n but p r i o r to load ing in to the X - r a y c a p i l l a r i e s . Al though a 
n o t i c e a b l e i m p r o v e m e n t in t h e r e s o l u t i o n of h i g h - a n g l e d o u b l e t s was o b ­
t a i n e d , t h e p a t t e r n s s t i l l c o n t a i n e d m a n y diffuse l i n e s , a s i n d i c a t e d in 
T a b l e XI. 

L a t t i c e p a r a m e t e r s -were o b t a i n e d with the a id of an I B M - 7 0 4 c o m ­
p u t e r in a c c o r d a n c e wi th a p r o g r a m d e v i s e d by M u e l l e r and H e a t o n ( see 
A p p e n d i x III) . 

F . M e t a l l o g r a p h y 

The m e t a l l o g r a p h i c p r e p a r a t i o n and e x a m i n a t i o n of the a l l oys was 
p e r f o r m e d in a g l o v e b o x t r a i n con ta in ing a n i t r o g e n a t m o s p h e r e . The s p e c ­
i m e n s -were m o u n t e d in a c a t a l y z e d l iqu id c a s t i n g r e s i n ( P o l y l i t e No. 8173 
p r o p r i e t a r y r e s i n supp l i ed by R e i c h h o l d C h e m i c a l I n c . , A r g o , I l l i n o i s ) . The 
m o u n t s w e r e u s u a l l y c a s t l a t e in t h e day a n d w e r e c u r e d by s t and ing o v e r ­
n ight a t r o o m t e m p e r a t u r e . T h i s m e t h o d p r o d u c e d a h a r d m o u n t , and the 
t e m p e r a t u r e r i s e on c u r i n g -was i n su f f i c i en t to a l t e r t he s t r u c t u r e s . Rough 
p o l i s h i n g w a s p e r f o r m e d wi th an A u t o m e t p o l i s h e r , which a l lowed s ix s p e c ­
i m e n s to be p o l i s h e d at one t i m e . The s p e c i m e n s w e r e g r o u n d on a s e q u e n c e 
of 3 2 0 - , 4 0 0 - , and 6 0 0 - g r i t s i l i c o n c a r b i d e p a p e r s for p e r i o d s of about 
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one minute . Hyprez (Buehler Ltd., Chicago, Illinois) was used as a lub r i ­
cant through the grinding and polishing opera t ions . Absolute alcohol was 
used as the washing agent. Polishing was per formed for per iods of 2 min 
-with diamond paste on Buehler Metcloth. 

An A m e r i c a l Optical Company Model 2400P r e s e a r c h meta l lograph 
was employed for mic roscop ic examination and for photographing the spec­
imen sur faces . 

The following etching reagents and p rocedures were found to be 
sa t i s fac tory: 

U r a n i u m - r i c h Alloys 

Elec t ropol i sh : Etchant "A" 

Orthophosphoric acid, 85 w/o , C.P. 
Ethylene glycol 
Ethyl alcohol, 95 w/o 

Elec t roe tch : Etchant "B" 

Ci t r ic acid, C.P. 
Ni t r ic acid, 70 w / o , C .P . 
Dist i l led water 

5 pa r t s by volume 
5 pa r t s by volume 
8 pa r t s by volume 

10.0 gm 
2.5 ml 

490.0 ml 

Elec t ropol i sh for po la r ized light at about 40 mA/cm^ for 2 min. 
Etch for bright field at about 15 mA/cm^ for one minute . 

P lu ton ium-r i ch Alloys 

E lec t roe tch and e lec t ropol ish: Etchant "C" 

Orthophosphor ic acid, 85 w / o , C.P. 
2-Ethoxyethanol 

Dist i l led water 

Chemical etch: Etchant "D" 

(same as Etchant "C") 

3 2 p a r t s by volume 
59 p a r t s by volume 

9 p a r t s by volume 

When e l ec t ro lys i s was pe r fo rmed at low cu r ren t density (10 to 
15 mA/cm^) etching occu r r ed ; when the cu r ren t density was r a i s ed (3 0 to 
40 mA/cm^) polishing o c c u r r e d . E l ec t ro ly s i s t ime was between 3 0 and 
60 sec . F o r many alloys a 5-sec swab produced a suitably etched surface . 

Ca rbon - r i ch Alloys 

Chemical etch: Etchant "E" 

Ni t r ic acid, 70 w/o C.P . 
Acet ic acid 
Dist i l led -water 

1 pa r t by volume 
1 pa r t by volume 
1 pa r t by volume 



C h e m i c a l e tch : E t c h a n t " F " 

S i l v e r n i t r a t e 0.25 g m 
H y d r o g e n f luo r ide 0.10 m l 
D i s t i l l e d w a t e r 99.70 m l 

E t c h i n g t i m e for r e a g e n t " E " w a s about 15 s e c . E t c h a n t " F " r e ­
q u i r e d m u c h s h o r t e r p e r i o d s of t i m e , 1 to 3 s e c . 

The cho ice of e t c h a n t for m a n y a l l o y s , e s p e c i a l l y t h o s e of i n t e r ­
m e d i a t e c o m p o s i t i o n , -was m a d e by a p r o c e s s of e l i m i n a t i o n . In i n s t a n c e s 
when none of t h e e t c h a n t s d e s c r i b e d above -was s a t i s f a c t o r y , d i f fe ren t m i x ­
t u r e s of H F , HNO3, H A c , and H2O w e r e p r e p a r e d to p r o d u c e a s u i t a b l e s u r ­
f ace . A m i x t u r e c o m m o n l y e m p l o y e d i s l i s t e d be low: 

C h e m i c a l e tch : E t c h a n t " G " 

N i t r i c ac id , 70 w / o , C . P . 
D i s t i l l e d w a t e r 

Swabbing for 1 to 5 s e c w a s u s u a l l y suf f ic ien t . 

S o m e r e v e l a t i o n of m i c r o s t r u c t u r e could be a c h i e v e d in h i g h - c a r b o n 
a l l o y s by allo-wing the p o l i s h e d s p e c i m e n to s t a n d in the g l o v e b o x a t m o s ­
p h e r e for 3 to 5 m i n . T h r o u g h o u t t h e b a l a n c e of the r e p o r t t h i s cond i t ion 
wi l l be d e n o t e d a s the " a s p o l i s h e d " (AP) cond i t ion . E x c e p t for t h e PU3C2 
p h a s e , t h i s p r o c e d u r e did not u s u a l l y d i s c l o s e the m i c r o s t r u c t u r e a s we l l 
a s did the e t ch ing r e a g e n t s , n o r -was it e n t i r e l y r e p r o d u c i b l e . 

G. C h e m i c a l A n a l y s i s 

• The a n a l y t i c a l w o r k w a s p e r f o r m e d by the C h e m i s t r y D iv i s ion of 
A r g o n n e N a t i o n a l L a b o r a t o r y . The p r o c e d u r e s u s e d a r e ou t l ined in A p ­
p e n d i x I. 

A l l of t h e 116 a l l o y s -were a n a l y z e d for c a r b o n conten t ; 12 a l l oys 
w e r e a l s o a n a l y z e d for u r a n i u m and p l u t o n i u m c o n t e n t s , and the s u m of the 
u r a n i u m , p l u t o n i u m , and c a r b o n a n a l y s e s for a g iven al loy t o t a l e d 100 ± 1 a /o . 
An a d d i t i o n a l 70 a l l o y s -were a n a l y z e d for e i t h e r u r a n i u m o r p l u t o n i u m . In 
m o s t c a s e s the c h e m i c a l a n a l y s e s a g r e e d to wi th in 1 a / o with the i n t ended 
c o m p o s i t i o n s , so the l a t t e r h a v e b e e n u s e d in r e p o r t i n g the r e s u l t s . 

1 p a r t by v o l u m e 
1 p a r t by v o l u m e 



IV. RESULTS AND CONCLUSIONS 

One hundred and sixteen alloys were used in establishing the i s o ­
t h e r m a l sec t ions , and 439 meta l lographic specimens were p repa red from 
these alloys in both the a s - c a s t and annealed conditions. The annealing 
t r e a t m e n t s and resul t ing m i c r o s t r u c t u r e s a r e tabulated in Table V. In­
cipient melt ing observat ions a r e recorded in Table VI. 

Table V 

SUMMARY OF METALLOGRAPHIC OBSERVATIONS 

Alloy 
Composit ion, a /o 

U 

100 
95 

75 

72 

70 

50 

45 

Pu 

0 
5 

18 

25 

28 

30 

50 

55 

C 

0 
0 

Anneal] Lng 
Conditions* 

Temp 
(°c) 

R 
C 

400 
570 

C 
400 
545 
553 
562 
570 

704 
710 
714 
721 

598 
604 
610 

C 
400 
570 

C 
400 
570 

C 
737 

Time 
(days) 

7 
7 

7 
9 

10 
5 
7 

5 
5 
4 

13 

5 
11 

9 

7 
7 

7 
7 

1/8 

Structure** 

alpha U 
alpha U 
alpha U 
alpha U 

beta U 
alpha U + zeta (c) 
alpha U + zeta 
alpha U + zeta (c) 
beta U + t r a c e zeta 
beta U 

t r eta (c) 
beta U + t r gamma U 
beta U + t r gamma U 
t r eta (c) 

zeta (c) 
zeta (c) 
beta U + t r eta (c) 

zeta (c) 
zeta (c) 
zeta (c) 

zeta 
zeta 
t r eta 

zeta + den inclusions 
zeta + den inclusions 
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C o 

U 

23 

16 

15 

12 

10 

8 

0 

Alloy 
m p o s i t i o n , 

P u 

77 

8 4 

85 

88 

90 

92 

100 

a / o 

C 

0 

0 

0 

0 

0 

0 

0 

A n n e a l i n g 
Condi t 

T e m p 

(°c) 
278 
4 0 0 
5 7 0 
620 

C 
570 

288 
295 
6 3 5 

628 
6 3 1 

C 
4 0 0 
570 

C 

R 
R - l t 

i o n s * 

T i m e 
(days) 

29 
22 

7 
13 

4 

29 
22 

6 

3 
l / 4 8 

7 
7 

S t r u c t u r e * * 

z e t a + t r e ta 
z e t a + t r e t a 
t r e ta + t r e p s i l o n Pu 
t r e p s i l o n P u 

t r e p s i l o n P u 
t r e p s i l o n P u 

z e t a + t r e ta 
z e t a + t r e ta 
t r e p s i l o n P u ( s p e c i m e n m e l t e d ) 

t r e p s i l o n P u 
t r e p s i l o n P u ( s p e c i m e n m e l t e d ) 

t r e p s i l o n P u 
t r de l t a P u 
t r e p s i l o n P u 

t r e p s i l o n P u 

P u + den i n c l u s i o n s 
P u + a c i c u l a r and s p h e r o i d a l 

82 

74.5 

71 

58 

17 

24.5 

28 

4 1 

i n c l u s i o n s 
R - 2 t P u + a c i c u l a r and s p h e r o i d a l i n ­

c l u s i o n s ( see F i g u r e 4, page 17) 
C - 2 t P u + s p h e r o i d a l i n c l u s i o n s 

545 9 a l p h a U + z e t a 
553 10 a l p h a U + z e t a 
562 5 b e t a U + t r a c e z e t a 

704 5 t r e ta (c) 
710 5 b e t a U + t r e ta (c) 
714 4 b e t a U + t r g a m m a U 
721 13 b e t a U + t r g a m m a U 

598 5 b e t a U + t r e ta (c) 
604 11 b e t a U + t r e t a (c) 
610 9 b e t a U + t r e ta (c) 

570 4 z e t a + t r e ta 
638 6 t r e ta (c) 

40 59 400 z e t a + t r e ta 
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Table V (Contd.) 

C o m 

U 

40 

4 0 

19 

14.5 

4 

94 

92 

0 

8 1 

73 

73 

70 

Alloy 
Dosition, 

P u 

80 

59 

8 0 

84 .5 

95 

4 

6 

98 

16 

24 

24 

27 

a / o 

C 

1 

1 

1 

1 

1 

2 

2 

2 

3 

3 

3 

3 

Anne a 
Condi t 

T e m p 
(°c) 
c 

628 

635 

635 

288 
295 
635 

C 
628 
635 

635 
8 0 0 

635 

C 

629 

545 
553 
562 
570 
635 

570 
635 
7 0 4 

710 
7 1 4 

7 2 1 

4 0 0 
598 
6 0 4 
610 
635 
8 0 0 

l ing 
i o n s * 

T i m e 
(days) 

3 

6 

7 

29 
22 

6 

3 
7 

4 
4 

4 

l / 4 8 

9 
10 

5 
4 

3 

4 
3 
5 

5 
4 

13 

5 
5 

11 

9 
3 
4 

S t r u c t u r e * * 

t r e p s i l o n P u 
t r e p s i l o n P u 

t r e ta + t r e p s i l o n P u 

t r e p s i l o n P u + t r l iqu id + eut 
(U ,Pu)C 

z e t a + t r e ta + eut (U,Pu)C 
z e t a + t r e ta + eut (U,Pu)C 
t r e p s i l o n P u ( s p e c i m e n m e l t e d ) 

t r e p s i l o n P u + eut (U,Pu)C 
t r e p s i l o n P u + eut (U,Pu)C 
t r e p s i l o n P u + t r l iqu id + eut 

(U ,Pu)C 

a lpha U 
t r g a m m a U 

a l p h a U + b e t a U 

t r e p s i l o n P u 
t r e p s i l o n P u 

a l p h a U + z e t a 
b e t a U + t r a c e z e t a 
b e t a U + t r a c e z e t a 
b e t a U 
b e t a U 

b e t a U + t r a c e z e t a 
b e t a U + t r e t a (c) 
t r e t a (c) 

b e t a U + t r e t a (c) 
b e t a U + t r g a m m a U 
b e t a U + t r g a m m a U 

z e t a (c) 
b e t a U + t r e t a 
b e t a U + t r e t a 
b e t a U + t r e t a 
t r e ta (c) 
t r g a m m a U +, g r a i n b o u n d a r y 

p h a s e 
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Co 

U 

14 

5 

82 

79 

75 

70 

58 

52 

36 

Alloy 
m p o s i t i o n , 

P u 

83 

90 

11 

14 

18 

23 

3 5 

4 1 

57 

a / o 

C 

3 

5 

7 

7 

7 

7 

7 

7 

7 

Anneal -
Condit io 

T e m p 

(°c) 
288 
298 
570 

635 

C 

635 
635 

4 0 0 
5 7 0 
635 

4 0 0 
570 
635 

4 0 0 
560 
570 
620 
635 

4 0 0 
5 7 0 
5 9 0 
635 
7 0 4 

4 0 0 
570 

6 3 5 

4 0 0 
570 

4 0 0 
570 
620 
635 

Lng 
)ns* 

T i m e 
(days) 

29 
22 

4 

6 

l / 4 8 
7 

5 
5 
5 

5 
5 
5 

5 
4 
5 

11 

5 

5 
4 

11 
5 

11 

5 
5 
7 

5 
4 

4 
4 

11 
5 

S t r u c t u r e * * 

z e t a + t r e ta 
z e t a + t r e ta 
t r e p s i l o n P u 
t r e p s i l o n P u + t r l iqu id + eut 

(U,Pu)C 

t r e p s i l o n Pu -f eut and den 
(U,Pu)C 

t r e p s i l o n Pu + eut (U,Pu)C 
t r e p s i l o n P u + eut and den 

(U,Pu)C 

a lpha U + z e t a 
a lpha U + b e t a U 
b e t a U 

a lpha U + z e t a 
b e t a U + a lpha U 
b e t a U 

a lpha U + z e t a 
b e t a U + z e t a 
b e t a U -f z e t a 
b e t a U + t r e t a 
b e t a U -f t r e t a 

z e t a (c) + a lpha U 
z e t a (c) 
z e t a (c) 
t r e t a (c) + b e t a U 
t r e t a (c) 

z e t a (c) 
z e t a (c) 
t r e t a (c) 

z e t a 
t r e t a (c) 

t r e t a + z e t a 
t r e t a 
t r e t a (c) + t r e p s i l o n Pu 
t r e t a -f t r e p s i l o n P u 



Table V (Contd.) 

1 

,a/o 

C 

7 

7 

7 

Annealing 
Conditions* 

Temp 
(°c) 
400 
570 
620 

400 
400 
570 
620 
635 

C 
400 
570 

Time 
(days) 

4 
5 
11 

4 
21 
4 
11 
7 

4 
4 

620 

635 

668 

C 

400 

400 

570 

622 

631 

635 

6 

l/48 

4 

21 

5 

2 

l/48 

6 

Structure** 

400 
400 
400 

4 
21 
34 

t r eta + zeta 
t r eta + t r epsilon Pu 
t r epsilon Pu 

t r eta (c) 
t r eta 
t r eta + t r epsilon Pu 
t r epsilon Pu 
t r epsilon Pu 

t r epsilon Pu 
t r eta 
t r epsi lon Pu + eut and den 

(U,Pu)C 
t r epsilon Pu + eut and den 

(U,Pu)C 
t r epsilon Pu + t r liquid + eut 

and den (U,Pu)C 
t r epsi lon Pu + eut and den 

(U,Pu)C (specimen melted) 

t r epsilon Pu + eut and den 
(U,Pu)C 

t r eta + t r delta Pu + eut and 
den (U,Pu)C 

t r eta + t r delta Pu + eut and 
den (U,Pu)C 

t r epsilon Pu + eut and den 
(U,Pu)C 

t r epsi lon Pu + eut and den 
(U,Pu)C 

t r epsilon Pu + eut and den 
(U,Pu)C 

t r epsilon Pu + eut and den 
(U,Pu)C (specimen melted) 

t r epsi lon Pu + eut and den 
(U,Pu)C 

t r delta Pu + eut and den(U,Pu)C 
t r delta Pu + eut and den(U,Pu)C 
t r del ta Pu + eut and den(U,Pu)C 
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Al loy 
C o m p o s i t i o n , a / o 

A n n e a l i n g 
C o n d i t i o n s * 

U 

78 

55.5 

39 

10 

64 

29.5 

23 

15 

10 

P u 

91 

C 

27.5 

44 

73 

16 

50.5 

57 

65 

70 

17 

17 

17 

17 

20 

20 

20 

20 

20 

T e m p 
(°C) 

570 
620 
63 5 

C 
400 
570 

C 
400 
570 

C 
400 
570 

C 
400 
570 

C 
400 

63 5 

570 

107 
225 
311 
336 
400 
440 
470 
500 
570 
635 

107 
225 
311 
336 
400 
440 
470 

T i m e 
(days) 

4 
11 

6 

4 
10 

4 
10 

4 
10 

4 
10 

9 

6 

75 
75 
22 
17 
12 
14 
11 

7 
12 

7 

75 
75 
22 
17 
12 
14 
11 

S t r u c t u r e * * 

t r e p s i l o n P u + eut and den (U,Pu)C 
t r e p s i l o n P u + eut and den (U,Pu)C 
t r e p s i l o n P u + eut and den (U,Pu)C 

a l p h a U 
a l p h a U 
a l p h a U 

z e t a (c) 
z e t a (c) 
z e t a (c) 

z e t a (c) 
z e t a + t r e ta 
t r e t a 

t r e p s i l o n P u 
t r e t a + t r de l t a P u 
t r e p s i l o n P u 

z e t a (c) 

z e t a (c) -f a lpha U 

t r e p s i l o n P u + t r e ta 

t r e t a + t r e p s i l o n Pu 

z e t a 
z e t a 
t r e t a 
t r e t a 
t r e ta 
t r e t a 
t r e t a 
t r e t a 
t r e p s i l o n P u 
t r e p s i l o n P u 
z e t a 
z e t a 
t r g a m m a P u 
t r e t a + t r de l t a P u 
t r d e l t a P u + t r e t a 
t r d e l t a P u 
t r P u 
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Anne ialifig 

Conditions* 

/° Temp 
C (°C) 

20 500 

570 
63 5 

20 C 
107 
225 
311 
336 
400 
400 
440 
470 
500 
570 
628 
63 5 

20 107 

225 
311 
336 
400 
440 
470 
500 
570 
63 5 

20 C 
195 
300 
400 
400 
645 
545 
554 
560 
580 
500 
then 
600 
622 
643 

Time 
(dkys) 

7 
12 
7 

75 
75 
22 
17 
8 
34 
14 
11 
7 
12 
3 
6 

75 
75 
22 
17 
12 
14 
11 
7 
4 
6 

34 
21 
11 
34 
7 
28 
21 
11 
9 

33 
then 
21 
2 

l/48 

S t r u c t u r e * * 

t r e p s i l o n P u 
t r e p s i l o n P u 
t r e p s i l o n P u ( s p e c i m e n m e l t e d ) 

t r e p s i l o n P u 
a l p h a P u 
t r P u 
t r g a m m a P u + PU3C2 
t r d e l t a P u -f PU3C2 
t r d e l t a P u + PU3C2 
t r d e l t a P u -f PU3C2 
t r d e l t a P u + PU3C2 
t r P u + PU3C2 
t r e p s i l o n Pu + PU3C2 
t r e p s i l o n P u 
t r e p s i l o n P u 
t r e p s i l o n P u + eut and den (U,Pu)C 

a l p h a P u + PU3C2 
t r P u + PU3C2 
t r g a m m a P u + PU3C2 
t r d e l t a P u + PU3C2 
t r d e l t a P u + PU3C2 
t r d e l t a Pu + PU3C2 
t r P u + PU3C2 + t r a c e (U ,Pu)C 
t r e p s i l o n P u + PU3C2 
t r e p s i l o n P u 
t r e p s i l o n P u 

t r e p s i l o n P u 
t r b e t a P u -f PU3C2 
t r g a m m a P u + PU3C2 
t r d e l t a P u + PU3C2 
t r d e l t a P u + PU3C2 
t r d e l t a P r i m e P u + PU3C2 
t r e p s i l o n P u + PU3C2 
t r e p s i l o n P u + PU3C2 
t r e p s i l o n P u 
t r e p s i l o n P u 

t r e p s i l o n P u + s p h e r o i d a l and den P u C 
t r e p s i l o n P u 
t r e p s i l o n P u ( s p e c i m e n m e l t e d ) 
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Table V (Contd.) 

Alloy 

C o m p o s i t i o n , 

U P u 

9.5 62.5 

64 6 

53 17 

43 27 

28 39 

61 4 

59.5 5.5 

58 7 

56.5 8.5 

55 10 

53.5 11.5 

a / o 

C 

28 

3 0 

30 

3 0 

33 

3 5 

3 5 

3 5 

35 

3 5 

3 5 

A n r 
C o n 

T e m p 

(°c) 
400 
5 7 0 
7 5 0 

4 0 0 
5 7 0 

1000 

4 0 0 
5 7 0 

1000 

4 0 0 

5 7 0 
1000 

4 0 0 
5 7 0 
7 5 0 

4 0 0 
5 7 0 
6 2 0 
6 3 5 

4 0 0 
5 7 0 
6 3 5 

4 0 0 
5 7 0 
6 3 5 

4 0 0 
5 7 0 
63 5 

4 0 0 
5 7 0 
63 5 

4 0 0 
5 7 0 
6 2 0 
6 3 5 

l ea l ing 
d i t i ons* 

T i m e 
(days) 

6 
4 

1/12 

6 
4 

1/12 

6 
4 

1/12 

6 
4 

l / l 2 

6 
4 

1/12 

8 
7 

11 

5 

8 
7 
5 

8 
7 
5 

8 
7 
5 

8 
12 

3 

8 
7 

11 
3 

S t r u c t u r e * * 

t r d e l t a P u + PU3C2 
t r e p s i l o n P u + t r e ta 
t r e p s i l o n P u 

a lpha U 
a lpha U 
t r g a m m a U 

z e t a (c) 
z e t a (c) 
t r g a m m a U 

z e t a 
z e t a (c) 
t r g a m m a U 

t r e t a 
s l igh t ly c o r e d (U,Pu)C + t r 
t r e p s i l o n P u 

a l p h a U 
a lpha U 
a lpha U 
a lpha U 

a lpha U + z e t a 
a lpha U + b e t a U 
b e t a U 

a lpha U + z e t a (c) 
b e t a U 
be t a U 

a lpha U + z e t a (c) 
b e t a U + z e t a 
be t a U + t r e t a 

a lpha U + z e t a (c) 
z e t a (c) 
b e t a U -f t r e ta 

z e t a (c) 
z e t a (c) 
t r e t a (c) 
t r e t a (c) 

e t a 
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, a / o 

A n n e a l i n g 
C o n d i t i o n s * 

Teoap T i m e 
C (°C) (days) S t r u c t u r e * * 

3 5 400 11 z e t a + t r e ta 
570 7 z e t a (c) 
675 7 t r e t a (c) 

35 400 11 z e t a + t r e ta 
570 7 z e t a (c) 

35 400 11 t r e t a + z e t a 
570 18 t r e t a + z e t a 

35 400 11 t r e t a + z e t a + c o r e d (U ,Pu)C 
570 18 t r e t a (c) 

35 400 22 t r e t a + c o r e d (U ,Pu)C 
570 17 t r e t a + c o r e d (U ,Pu)C 

35 400 11 t r e t a 
570 17 t r e t a + c o r e d (U ,Pu )C 
620 13 t r e ta 
635 3 t r e t a 

35 107 78 z e t a 
225 75 z e t a 
311 22 t r e t a 
336 17 t r e t a 
400 22 t r d e l t a P u 
440 14 t r e t a 
470 11 t r e t a 
500 7 t r e p s i l o n P u 
570 12 t r e t a + t r e p s i l o n P u + c o r e d (U,Pu)C 
620 13 t r e p s i l o n P u 
635 6 t r e p s i l o n P u 

35 107 75 z e t a 
225 75 t r P u 
311 22 t r g a m m a P u 
33 6 7 t r d e l t a P u + t r e t a 
400 12 t r d e l t a P u + PU3C2 
440 14 t r d e l t a P u 
470 11 t r e t a 
500 7 t r e p s i l o n P u + c o r e d (U,Pu)C 
570 12 t r e p s i l o n P u + t r a c e t r e t a 
635 7 t r e p s i l o n P u + c o r e d (U,Pu)C 



T a b l e V (Contd.) 

35 

Alloy 

Composition, 

U Pu 

11 54 

9 56 

0 65 

0 62.5 

5 57 

a/o 

C 

35 

35 

35 

37.5 

38 

Annealing 
Conditions* 

Temp 

(°c) 
107 
225 
311 
336 
400 
440 
470 
500 
570 
620 
635 

107 
225 
311 
336 
400 
440 
470 
500 
570 
620 
635 

400 
570 
595 
620 
635 

400 
500 
570 
595 
635 

400 
400 

570 
620 
635 

Time 
(days) 

75 
78 
22 
17 
22 
14 
11 
7 
17 
13 
6 

75 
75 
22 
17 
22 
14 
11 
7 
17 
13 
6 

11 
12 
10 
11 
7 

11 
M F C 
12 
10 
7 

8 
34 

7 
11 
6 

S t r u c t u r e * * 

z e t a 
t r P u + PU3C2 
t r g a m m a P u + PU3C2 
t r de l t a P u + PU3C2 
t r de l t a P u + PU3C2 
t r de l t a P u + PU3C2 
t r P u -f PU3C2 
t r e p s i l o n P u + PU3C2 
t r e p s i l o n P u + c o r e d (U,Pu)C 
t r e p s i l o n P u 
t r e p s i l o n P u ( s p e c i m e n m e l t e d ) 

a lpha Pu + PU3C2 
t r P u + PU3C2 
t r g a m m a P u + PU3C2 
t r de l t a P u + PU3C2 
t r de l t a P u •+ PU3C2 
t r de l t a P u + PU3C2 
t r P u + PU3C2 
t r e p s i l o n P u + PU3C2 
t r e p s i l o n P u + c o r e d (U,Pu)C 
t r e p s i l o n Pu -t c o r e d (U,Pu)C 
t r e p s i l o n P u ( s p e c i m e n m e l t e d ) 

t r de l t a P u -f- PU3C2 
t r e p s i l o n P u 
t r e p s i l o n Pu 
t r e p s i l o n P u 
t r e p s i l o n P u 

t r de l t a P u i PU3C2 
t r e p s i l o n P u + PU3C2 (no PuC) 
t r e p s i l o n P u 
t r e p s i l o n P u 
t r e p s i l o n P u 

PU3C2 + equ iaxed (U,Pu)C 
PU3C2 + t r de l t a P u + equ i axed 

(U,Pu)C 
t r e p s i l o n + c o r e d (U,Pu)C 
t r e p s i l o n + c o r e d (U,Pu)C 
t r e p s i l o n Pu + c o r e d (U,Pu)C 



Table V (Contd.) 

i / o 

39 

40 

40 

41 

42 

42.5 

44 

A n r leal ing 
C o n d i t i o n s * 

T e m p 

(°c) 
4 0 0 
500 
530 
570 
5 9 5 
6 2 5 
635 

4 0 0 
5 0 0 
5 0 0 
5 7 0 
635 

5 0 0 

4 0 0 
5 0 0 
5 3 0 
5 7 0 
595 
620 
625 

4 0 0 
570 
620 

635 

C 
4 0 0 
4 0 0 
500 

530 
5 7 0 
5 9 5 
620 
635 

4 0 0 
570 
6 3 5 

T i m e 
(days) 

11 
14FC 
17 

4 
10 

4 
7 

12 
3 

M F C 
12 

6 

M F C 

22 

M F C 
17 

7 
10 
13 

4 

22 
18 
13 

6 

8 
3 4 

M F C 
17 

4 
10 
11 

4 

11 
8 
7 

S t r u c t u r e * * 

PU3C2 
PU3C2 (no PuC) 
PU3C2 (no PuC) 
t r e p s i l o n P u 
t r e p s i l o n P u 
t r e p s i l o n P u 
t r e p s i l o n P u 

PU3C2 
PU3C2 [no ( U , P u ) C ] 
PU3C2 [no ( U , P u ) C ] 
t r e p s i l o n P u 
t r e p s i l o n P u + c o r e d (U,Pu)C 

PU3C2 (no P u C ) 

PU3C2 
PU3C2 
PU3C2 
t r e p s i l o n P u 
t r e p s i l o n P u 
t r e p s i l o n P u 
t r e p s i l o n P u 

PU3C2 + e q u i a x e d (U,Pu)C 
t r e p s i l o n P u 
t r e p s i l o n P u + c o r e d (U,Pu)C 
t r e p s i l o n P u -f c o r e d (U,Pu)C 

t r e p s i l o n P u + e q u i a x e d P u C 
PU3C2 + e q u i a x e d P u C 
PU3C2 + e q u i a x e d P u C 
PU3C2 + e q u i a x e d P u C 
PU3C2 + e q u i a x e d P u C 
t r e p s i l o n P u + e q u i a x e d P u C 
t r e p s i l o n P u + e q u i a x e d P u C 
t r e p s i l o n P u + e q u i a x e d P u C 
t r e p s i l o n P u + e q u i a x e d P u C 

PU3C2 + e q u i a x e d (U,Pu)C 
t r e p s i l o n P u + equ i axed (U,Pu)C 
t r e p s i l o n P u + e q u i a x e d (U,Pu)C 
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T a b l e V (Contd.) 

Al loy 
C o m p o s i t i o n , a / o 

A n n e a l i n g 
C o n d i t i o n s * 

U 

0 

28 

22 

10 

41 

25 

20 

3.7 

P u 

56 

27 

33 

45 

13 

54 

28 

33 

49.3 

52.5 

C 

44 

45 

45 

45 

46 

46 

47 

47 

47 

47.5 

T e m p 
(°C) 

400 
570 
63 5 

1500 

400 
570 
63 5 

400 
570 
63 5 

400 
570 
63 5 

400 
570 
625 
63 5 

400 
570 
620 

1400 
1500 

400 
570 
63 5 

400 
570 
63 5 

400 
570 
63 5 

1500 

C 
570 

1400 
1500 

T i m e 
(days) 

11 
18 

7 

1/2 

11 
18 

7 

11 
18 

7 

11 
8 
7 

11 
18 
4 
7 

22 
17 
13 

1/24 

lA 
7 
7 
6 

7 
7 
6 

11 
8 
7 

1/2 

7 
1/24 
1/2 

S t r u c t u r e * * 

c o r e d equ i axed P u C 
c o r e d equ iaxed P u C 
c o r e d equ i axed P u C 
equ i axed P u C + t r l iqu id 

tr eta 

tr eta 

tr eta 

tr eta 

tr eta 

tr eta 

PU3C2 + equ iaxed (U,Pu)C 
t r e p s i l o n Pu + equ iaxed (U,Pu)C 
t r e p s i l o n Pu + t r l iquid + equ iaxed 

(U,Pu)C 

z e t a + t r e ta 
z e t a 
t r e t a 
t r e t a 

c o r e d e q u i a x e d P u C 
c o r e d equ i axed P u C 
c o r e d e q u i a x e d P u C 
e q u i a x e d P u C + t r l iqu id 
e q u i a x e d P u C + t r l iqu id 

tr eta 

tr eta 

tr eta 

t r d e l t a P u 
t r e t a 
t r e p s i l o n Pu 

c o r e d (U,Pu)C 
c o r e d (U,Pu)C 
c o r e d (U,Pu)C 
e q u i a x e d (U,Pu)C 

c o r e d e q u i a x e d P u C 
c o r e d e q u i a x e d P u C 
e q u i a x e d P u C 
e q u i a x e d P u C or t r l iquid 
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Table V (Contd.) 

C o m 

U 

40 .5 

8 

4 5 

32.5 

6.5 

51 

23 

20 

15 

2 

0 

Al loy 
pos i t i on . 

P u 

11.5 

4 4 

6.5 

19 

4 5 

0 

28 

3 1 

3 6 

4 9 

5 1 

a / o 

C 

4 8 

4 8 

48 .5 

48 .5 

48 .5 

4 9 

4 9 

4 9 

4 9 

4 9 

4 9 

Anne< aling 
C o n d i t i o n s * 

T e m p 
(°C) 

400 
5 7 0 
63 5 

4 0 0 
5 7 0 
63 5 

400 
570 
63 5 

400 
570 
63 5 

4 0 0 
5 7 0 
63 5 

1500 

C 
5 7 0 

400 
570 
63 5 

4 0 0 
570 
63 5 

C 
4 0 0 
570 
63 5 

1500 

C 
5 7 0 

1500 

C 
5 7 0 

1400 
1500 

T i m e 
(days) 

11 
8 
7 

11 

8 
7 

7 
7 
6 

7 
7 
6 

7 
7 
6 

lA 

2 1 

7 
7 
6 

7 
7 

6 

21 
21 

7 
1/2 

21 
1/2 

7 
1/24 
1/8 

t r e t a 
z e t a 
t r e t a 

c o r e d 
c o r e d 
c o r e d 

z e t a 
z e t a 
t r e t a 

c o r e d 
z e t a 
t r e t a 

c o r e d 
c o r e d 
c o r e d 

S t r u c t u r e * * 

(U,Pu)C 
(U ,Pu)C 
(U,Pu)C 

(U,Pu)C + t r e ta 

(U .Pu)C 
(U,Pu)C 
(U ,Pu )C 

e q u i a x e d (U,Pu)C + (U,Pu)2C3 

t r g a m m a U 
a l p h a 

t r e t a 
t r e t a 
t r e t a 

U 

+ c o r e d (U,Pu)C 

t r d e l t a P u + c o r e d (U,Pu)C 
t r e t a + c o r e d (U,Pu)C 
t r e p s i l o n P u + c o r e d (U,Pu)C 

t r e p s i lon P u + c o r e d (U,Pu)C 
un iden t i f i ed p h a s e + c o r e d (U,Pu)C 
t r e t a 
t r e p s 

-f c o r e d (U,Pu)C 
i lon P u + c o r e d (U ,Pu)C 

t r l iqu id -f c o r e d (U,Pu)C 

c o r e d 
c o r e d 

(U,Pu)C 
(U,Pu)C 

e q u i a x e d (U,Pu)C + (U,Pu)2C3 

PU2C3 
PU2C3 

+ c o r e d P u C 
+ c o r e d P u C 

e q u i a x e d P u C + PU2C3 
e q u i a x e d P u C -f PU2C3 



T a b l e V (Contd.) 

Alloy 
Composition, a/o 

U 

6 

43.5 

39.5 

49 

34 

29 

25 

20 

15 

10 

0 

Pu 

44 

6 

10 

0 

15 

20 

24 

29 

34 

39 

48 

C 

50 

50.5 

50.5 

51 

51 

51 

51 

51 

51 

51 

52 

Anne a 
Condit 

Temp 

(°c) 
400 
570 
635 
1500 

400 
570 
63 5 

C 
400 
570 
635 
1500 

C 
570 

C 
570 

C 
570 

C 
570 
1500 

400 
570 
635 

C 
570 
1500 

C 
570 
1500 

C 
570 
1500 

Lling 
ions* 

Time 
(days) 

7 
7 
6 

7 
7 
6 

11 
8 
7 

1/2 

21 

21 

21 

21 

lA 
7 

21 
6 

21 

21 
1/2 

7 
1/8 

S t r u c t u r e * * 

c o r e d (U,Pu)C 
c o r e d (U,Pu)C 
c o r e d (U,Pu)C 
(U,Pu)C + (U,Pu)2C3 

(U,Pu)C + (U,Pu)2C3 (W) 
(U ,Pu)C + (U,Pu)2C3 (W) 
(U,Pu)C + (U,Pu)2C3 (W) 

s l igh t ly c o r e d (U,Pu)C + (U,Pu)2C3(W) 
s l i gh t ly c o r e d (U,Pu)C + (U,Pu)2C3(W) 
(U,Pu)C + (U,Pu)2C3 (W) 
c o r e d (U,Pu)C + (U,Pu)2C3 (W) 
c o r e d (U,Pu)C + (U,Pu)2C3 (W) 

UC + U2C3 (W) 
UC + U2C3 (W) 

(U,Pu)2C3 (W) 
(U,Pu)2C3 (W) 

c o r e d (U,Pu)C 
c o r e d (U,Pu)C 

c o r e d (U,Pu)C 
c o r e d (U,Pu)C 

c o r e d (U,Pu)C + eut (U,Pu)2C3 
c o r e d (U,Pu)C + eut (U,Pu)2C3 
c o r e d (U,Pu)C 4 eut (U,Pu)2C3 

c o r e d (U,Pu)C + eut (U,Pu)2C3 
c o r e d (U,Pu)C + eut (U,Pu)2C3 
c o r e d (U,Pu)C + eut (U,Pu)2C3 

c o r e d (U,Pu)C + eut (U,Pu)2C3 
c o r e d (U,Pu)C + eut (U,Pu)2C3 
c o r e d (U,Pu)C + eut (U,Pu)2C3 

c o r e d (U,Pu)C 
c o r e d (U,Pu)C 
c o r e d (U,Pu)C + (U,Pu)2C3 

c o r e d P u C + PU2C3 
c o r e d P u C + PU2C3 
P u C + PU2C3 

*Al loys -were h o m o g e n i z e d a s shown in T a b l e IV. 

* * D e n d r i t i c (U ,Pu)C a p p e a r e d in a l l c a r b o n a l l o y s excep t w h e r e no ted . 
See N o m e n c l a t u r e , p a g e 10, for e x p l a n a t i o n of a b b r e v i a t i o n s . 

4-

' N u m b e r suff ixes r e f e r to p l u t o n i u m ingo t s whose c h e m i c a l a n a l y s e s 
a r e g iven in T a b l e II , page 16. 



Table VI 

MELTING DATA FOR THE PLUTONIUM-RICH CORNER OF 
THE 635°C ISOTHERMAL SECTION 

Alloy 

u 
0 
0 
8 

12 
16 
23 

4 
19 

0 

14 

5 

6 
15 
23 

0 
1 

10 
15 
23 

0 
14 
17 

0 

5 

1 

Composition, a 

P u 

100 
100 
92 
88 
84 
77 

95 
80 

98 

83 

90 

87 
78 
70 

80 
79 
70 
65 
57 

65 
51 
48 

62.5 

57 

59 

(l)lngot 1. 
(2)lngot 2. 

One hundred and thir ty X- ray diffraction pa t te rns -were also exam­
ined (see Tables VII and VIII). The r o o m - t e m p e r a t u r e lat t ice p a r a m e t e r s 
for the (U,Pu)C phase -were de termined from 70 of these pa t te rns by the 
method outlined in Appendix III. 

A 
c 
o(i) 
0(2) 
0 
0 
0 
0 

1 
1 

2 

3 

5 

7 
7 
7 

20 
20 
20 
20 
20 

35 
35 
35 

37.5 

38 

40 

Temp Range 
(°c) 

639-641 
641-643 
622-626 
626-631 
628-630 
634-642 

627-632 
630-636 

637-639 

626 

634-639 

636 
630 
635 

636-641 
635 
635 
626 
649 

635 
635 
635 

635 

635 

635 

Observat ion 

Specimen collapsed 
Specimen collapsed 
Specimen collapsed 
Specimen collapsed 
Specimen collapsed 
Specimen collapsed 

Specimen collapsed 
Specimen collapsed 

Specimen collapsed 

Incipient melt ing 

Incipient melt ing 

Specimen collapsed 
Specimen collapsed 
Not mel ted 

Specimen collapsed 
Not mel ted 
Specimen collapsed 
Incipient melt ing 
Specimen collapsed 

Not mel ted 
Not mel ted 
Not mel ted 

Not mel ted 

Not mel ted 

Not mel ted 



Table VII 

IDENTIFICATION OF PHASES BY X-RAY DIFFRACTION 

u 

95 

82 

75 

72 

50 

23 

10 

0 

74. 

71 

58 

94 

92 

81 

70 

82 

79 

75 

26 

15 

Alloy 
Composition, a/o 

Pu 

5 

18 

25 

28 

50 

77 

90 

100 

5 24.5 

28 

41 

4 

6 

16 

27 

11 

14 

17 

67 

78 

C 

0 

0 

0 

0 

0 

0 

0 

0 

1 

1 

1 

2 

2 

3 

3 

7 

7 

7 

7 

7 

Annealing 
Temp (°C) 

C 
570 

C 
570 

714 

598 

C 
570 

278 

C 
570 

570 

714 

598 

C 
275 
400 
400(l) 

635 
800 

635 

553 

800 

570 

570 

570 

570 

400 

P h a s e s Identified 

alpha U + zeta 
alpha U + zeta 

beta U 
beta U 

beta U -f zeta + PuO 

zeta 

zeta 
zeta 

zeta 

zeta 
zeta 

alpha Pu 

zeta + alpha U 

zeta + beta U + PuO 

zeta 
zeta 
zeta 
zeta 

alpha U 
alpha U 

alpha U + beta U 

beta U + zeta 

zeta 

alpha U + zeta + (U,Pu)C 

beta U + (U,Pu)C 

beta U + (U,Pu)C 

zeta + (U,Pu)C 

zeta + (U,Pu)C 
alpha Pu -f zeta + (U,Pu)C 
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Table VII (Contd.) 

c 

u 

2 

78 

55.5 

39 

64 

10 

1 

0 

64 

61 

59.5 

58 

56.5 

17 

14 

9 

0 

0 

Alloy 
omposition. 

Pu 

91 

5 

27.5 

44 

16 

70 

79 

80 

6 

4 

5.5 

7 

8.5 

48 

51 

56 

65 

62.5 

a/o 

C 

7 

17 

17 

17 

20 

20 

20 

20 

30 

35 

35 

35 

35 

35 

35 

35 

35 

37.5 

Annealing 
Temp(°C) 

400 

C 
570 
300 
400 

C 
400 
300(1) 
570 

400 
300(1) 
570 

300(1) 

336 

225 

C 
400 
465 
570 

570 

635 

635 

570 
635 

400 

570 

570 

570 

570 
595 

570 
595 

Phases Identified 

alpha Pu + (U,Pu)C 

(U,Pu)C + PuO 
alpha U + (U,Pu)C 
(U,Pu)C + zeta 
alpha U + (U,Pu)C 

zeta + (U,Pu)C 
zeta + (U,Pu)C 
zeta + (U,Pu)C 
zeta + (U,Pu)C 

zeta + (U,Pu)C 
zeta + (U,Pu)C 
zeta -f (U,Pu)C 

zeta + (U,Pu)C 

alpha Pu + (U,Pu)C 

alpha Pu + PU3C2 + (U,Pu)C 

alpha Pu + PuC 
alpha Pu + PuC 
alpha Pu + PU3C2 + PuC 
alpha Pu + PuC 

alpha U + (U,Pu)C 

alpha U + (U,Pu)C 

beta U + (U,Pu)C 

beta U + (U,Pu)C 
alpha U + (U,Pu)C 

alpha U + (U,Pu)C 

zeta + (U,Pu)C 

alpha Pu + (U,Pu)C 

alpha Pu + (U,Pu)C 

alpha Pu + PuC 
alpha Pu -f PuC 

alpha Pu + PuC 
alpha Pu + PuC 

57 38 400 alpha Pu + PU3C2 + (U,Pu)C 



Table VII (Contd.) 

u 
0 

1 

0 

0 

6 

0 

3 . ' 

0 

28 

22 

10 

4 1 

0 

25 

20 

Alloy 
C o m p o s i t i o n , 

P u 

61 

59 

60 

59 

52 

57.5 

52.3 

56 

27 

33 

4 5 

13 

54 

28 

33 

a / o 

C 

39 

4 0 

4 0 

4 1 

4 2 

42 .5 

4 4 

4 4 

4 5 

4 5 

4 5 

4 6 

4 6 

4 7 

4 7 

A n n e a l i n g 
T e m p ( ° C ) 

400 
530 
595 
635 

570 

500 

400 
570 
595 
620 

400 
570 
620 

C 
400 
595 
620 

570 

400 
570 

1500 

400 
570 

400 
570 

570 

400 
570 

400 
570 
620 

1500 

570 

570 

P h a s e s Ident i f ied 

a lpha P u + PU3C2 + P u C 
a lpha P u + PU3C2 + P u C 
a lpha P u + P u C 
a lpha P u + P u C 

a lpha P u + (U,Pu)C 

PU3C2 

PU3C2 
PU3C2 
P u C 
P u C 

PU3C2 + ( U , P u ) C 
(U,Pu)C 
(U,Pu)C 

P u C 
PU3C2 + P u C 
P u C 
P u C 

(U,Pu)C 

P u C 
P u C 
P u C 

a lpha P u + (U,Pu)C 
a lpha P u + (U,Pu)C 

z e t a + (U,Pu)C 
z e t a + (U,Pu)C 

a lpha Pu + (U,Pu)C 

z e t a + (U,Pu)C 
(U,Pu)C 

P u C 
P u C 
P u C 
P u C 

(U,Pu)C 

(U,Pu)C 



T a b l e VII (Contd.) 

Alloy 
Composition, 

U 

3.7 

0 

40.5 

8 

45 

32.5 

6.5 

51 

23 

20 

15 

2 

0 

6 

43.5 

39.5 

49 

25 

15 

Pu 

49.3 

52.5 

11.5 

44 

6.5 

19 

45 

0 

28 

31 

36 

49 

51 

44 

6 

10 

0 

24 

34 

a/o 

C 

47 

47.5 

48 

48 

48.5 

48.5 

48.5 

49 

49 

49 

49 

49 

49 

50 

50.5 

50.5 

51 

51 

51 

Annealing 
Temp (°C) 

570 
1500 

C 
570 
1500 

570 

400 
570 

570 

570 
635 

570 
1500 

570 

570 

570 

1500 

1500 

C 
570 
1500 

C 
570 
1500 

570 

570 
1500 

570 

1500 

C 
1500 

P h a s e s Iden t i f ied 

c o r e d (U,Pu)C 
c o r e d (U,Pu)C 

P u C + PU2C3 
P u C 
P u C + PU2C3 

(U ,Pu)C 

(U ,Pu)C + (U,Pu)2C3 
c o r e d (U,Pu)C 

(U,Pu)C 

(U ,Pu)C 
z e t a + (U,Pu)C 

c o r e d (U,Pu)C + (U,Pu)2C3 
(U,Pu)C 

UC 

c o r e d (U,Pu)C 

c o r e d (U,Pu)C 

(U,Pu)C 

(U ,Pu)C 

P u C + PU2C3 
P u C + PU2C3 
P u C 

(U,Pu)C + (U,Pu)2C3 
(U,Pu)C + (U,Pu)2C3 
(U,Pu)C + (U,Pu)2C3 

(U,Pu)C + (U,Pu)2C3 

(U ,Pu)C + (U,Pu)2C3 
(U ,Pu)C 

UC 

(U,Pu)C + (U,Pu)2C3 

(U ,Pu)C + (U,Pu)2C3 
(U ,Pu)C + (U,Pu)2C3 



Table VII (Contd.) 

Al loy 
C o m p o s i t i o n , 

U P u 

10 39 

0 48 

aA > 

C 

51 

52 

A n n e a l i n g 
T e m p (°C) 

1500 

C 
570 

1500 

P h a s e s Ident i f ied 

(U,Pu)C + (U,Pu)2C3 

P u C + PU2C3 
P u C + PU2C3 
P u C + PU2C3 

v^/Po-wder annealed for 4 hr and furnace cooled. 

Table VIII 

LATTICE PARAMETER OF THE (U,Pu)C PHASE 

u 

Alloy 
C o m p o s i t i o n , 

P u 

P u C 

0 

0 

0 

0 

0 

0 

0 

0 

80 

65 

62.5 

61 

59 

57.5 

56 

54 

a / o 

C 

20 

35 

37.5 

39 

4 1 

42 .5 

4 4 

4 6 

T e m p 
(°c) 

c 
570 
5 9 5 

5 7 0 
5 9 5 

570 
5 9 5 
635 

570 
5 9 5 
620 

C 
5 9 5 
620 

4 0 0 
570 

1500 

4 0 0 
570 
620 

1500 

P r o b a b l e 
E r r o r 

(x 10"^A) 

2 .0 

0 .9 
0 .7 

0 .8 

0 .9 

1.0 
100 

10.0 

3.0 
1.0 
0 .7 

10.0 
0.8 
2 .0 

2 .0 
3 .0 

0 .7 

1.0 
1.0 
3.0 
1.0 

Pa r a m e t e r 
A 

4.9520 

4 .9549 
4 .9545 

4.9557 
4 .9556 

4 .9530 
4 .9535 
4 .9487 

4 .9549 
4 .9545 
4 .9526 

4 .9549 
4 .9572 
4.9538 

4 .9560 
4.9567 
4 .9672 

4 .9635 
4 .9640 
4 .9642 
4 .9681 



T a b l e VIII (Contd.) 

Al loy 
C o m p o s i t i o n , 

U 

P u C 

0 

0 

0 

0 

(U ,Pu)C 

55.5 

61 

56.5 

14 

5 

1 

6 

3.7 

28 

22 

10 

41 

25 

20 

3.7 

P u 

52.5 

51 

51 

48 

27.5 

4 

8.5 

51 

57 

59 

52 

52.3 

27 

33 

45 

13 

28 

33 

49 .3 

a / o 

C 

47 .5 

49 

49 

52 

17 

35 

35 

35 

38 

40 

42 

44 

45 

45 

45 

46 

47 

47 

47 

T e m p 
(°c) 

570 
1500 

C 

570 

C 
570 

570 

400 

400 

570 

4 0 0 - 8 day 
4 0 0 - 3 4 day 

570 

400 
570 
620 

570 

400 
570 

400 
570 

570 

400 
570 

570 

570 

570 
1500 

P r o b a b l e 
E r r o r 

(x 10"^ A) 

2.0 
2.0 

20.0 

3.0 

5.0 
1.0 

2.0 

4.0 

3.0 

3.0 

10.0 
2.0 

1.0 

5.0 
1.0 
0.9 

1.0 

1.0 
4.0 

1.0 
1.0 

1.0 

1.0 
1.0 

0.8 

0.7 

1.3 
2.0 

P a r a m e t e r , 
A 

4 .9705 
4 .9721 

4.9246(1) 

4 .9725 

4 .9630 
4 .9729 

4 .9610 

4 .9546 

4 .9546 

4 .9717 

4 .9724 
4 .9737 

4 .9537 

4 .9678 
4 .9627 
4 .9618 

4 .9589 

4 .9620 
4 .9663 

4 .9621 
4 .9675 

4 .9674 

4.9545(1) 

4 .9583 

4 .9711 

4 .9728 

4 .9695 ; 4.9792(2) 
4 .9707 ; 4.9711(2) 

40.5 11.5 48 570 1.0 4.9603 



T a b l e VIII (Contd.) 

c 
u 

(U, P u 

8 

45 

32.5 

6.5 

51 

23 

20 

15 

2 

6 

43 .5 

39.5 

49 

25 

15 

10 

Al loy 
o m p o s i t i o n . 

)c 
Pu 

44 

6.5 

19 

45 

0 

28 

31 

36 

49 

44 

6 

10 

0 

24 

34 

39 

a / o 

C 

48 

48 .5 

48 .5 

48 .5 

49 

49 

49 

49 

49 

50 

50.5 

50.5 

51 

51 

51 

51 

T e m p 
(°c) 

570 

570 

570 

570 
1500 

570 

570 

570 

1500 

1500 

570 
1500 

570 

570 
1500 

570 

570 
1500 

1500 

1500 

P r o b a b l e 
E r r o r 

(x 10"^ A) 

2.0 

0.7 

0.5 

11.2 
1.0 

1.0 

1.5 

2.0 

1.0 

3.0 

1.0 
1.5 

2.0 

1.0 
1.0 

1.0 

1.0 
2.0 

1.0 

2.0 

P a r a m e t e r , 
0 

A 

4 . 9 6 7 1 ; 4.9786(2) 

4.9597 

4.9588 

4 .9800; 4.9820(2) 
4 .9760 

4.9577 

4 .9715 ; 4.9825(2) 

4 .9710; 4.9825(2) 

4 .9641 

4.9784 

4 .9756 
4 .9689; 4 .981 l (2 ) 

4 .9582 

4.9462(1) 
4.9438(1) 

4.9580 

4 .9673 ; 4.970o(2) 
4 .9681 

4.9778 

4 .9812 

^ "^Anomalously lo-w v a l u e . 

^ ' F i l m sho-wing t-wo s e t s of c a r b i d e l i n e s , 

A r e p r e s e n t a t i v e g r o u p of m i c r o s t r u c t u r e s f rom a to t a l of 
1224 p h o t o m i c r o g r a p h s have b e e n s e l e c t e d and a r e p r e s e n t e d a s ev idence 
for the p l a c e m e n t of the p h a s e b o u n d a r i e s . V o l u m e - f r a c t i o n a n a l y s i s w a s 
p e r f o r m e d on a n u m b e r of m i c r o g r a p h s and the r e s u l t s a r e p r e s e n t e d in 
T a b l e IX. 
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Table IX 

ANALYSIS OF U - P u - C AND Pu-C ALLOYS BY 
QUANTITATIVE METALLOGRAPHY 

Alloy 
Composit ion, 

U Pu 

U- r i c 

82 

79 

52 

36 

59.5 

42 

34.5 

28 

P u - r i 

6 

5 

5 

6 

Pu-C 

h 

11 

14 

41 

57 

5.5 

23 

30.5 

27 

ch 

87 

75 

57 

52 

a /o 

C 

7 

7 

7 

7 

35 

35 

35 

45 

7 

20 

38 

42 

Temp 
(°c) 

400 
570 

400 

570 

400 

570 

400 

570 

570 

620 
635 

628 

620 
635 

620 

Microgr 
Count 

2 
2 

2 

2 

2 

5 

3 

3 

3 

1 
2 

3 

1 
2 

5 

aphs 
ed 

v/o Carbide 
(measured) 

14.7 
8.7 

11.5 

9.0 

9.1 

58.7 

66.6 

68.2 

88.5 

11.4 
10.2 

38.6 

78.5 
80.0 

88.4 

w/o 
(ca 

Carbide 
Lculated) 

11.4 
6.5 

9.0 

6.7 

6.6 

50.1 

58.8 

57.3 

84.2 

8.9 
7.7 

31.2 

72.2 
74.0 

84.1 

0 

0 

0 

0 

0 

0 

80 

65 

62.5 

61 

59 

57.5 

20 

35 

37.5 

39 

4 1 

42.5 

560 
580 
600 
622 
643 

595 

595 

595 

595 

595 

2 
2 
2 
2 
2 

3 

2 

3 

1 

4 

46.3 

39 .1 
45.8 
42 .2 

40.9 

74 .1 

80 .1 

85.8 

92.5 

99.4 

38.0 
31.8 
37.6 
34.6 
33 .1 

67.0 

74 .1 

81 .2 

89.5 

99 .1 
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The spac ing of t h e a l l oys a l lowed m o s t b o u n d a r i e s to be b r a c k e t e d 
wi th in ±1 a / o . In the few c a s e s w h e r e t h i s w a s not p o s s i b l e , pos i t ion ing of 
the b o u n d a r i e s w a s a ided by q u a n t i t a t i v e m e t a l l o g r a p h y . 

A. E x p e r i m e n t a l R e s u l t s and I n t e r p r e t a t i o n 

I s o t h e r m a l s e c t i o n s at 400 , 570, and 635°C w e r e d e t e r m i n e d , and 
a r e shown in F i g u r e s 5, 6, and 7. Along wi th the four i n v a r i a n t t e r n a r y r e ­
ac t ion p l a n e s , a l s o d e t e r m i n e d , they def ine the e s s e n t i a l p h a s e r e l a t i o n s h i p s 
be low the so l i dus excep t for c e r t a i n d e t a i l s in the p lu ton ium c o r n e r tha t a r e 
a s s o c i a t e d wi th the a l l o t r o p y of t h i s m e t a l . 

SPu + Pu, C, + (U,Pu)C-

Figure 5 

U-Pu-C Isothermal 
Section at 400°C* 

106-6250 Rev. 

)3U + (U,Pu)C 

Figure 6 

U-Pu-C Isothermal 
Section at 570°C 

40 50 60 
a/o Pu 

106-6249 Rev. 

N o a m b i g u i t y a r i s e s in e m p l o y i n g t h e s a m e n o t a t i o n s f o r t h e t e r n a r y 
p h a s e s a s a p p e a r i n t h e b i n a r y d i a g r a m s , e x c e p t in t h e u s e of z e t a c a r -
b i d e v 2 6 j £QJ. t h e PU3C2 p h a s e . T o a v o i d c o n f u s i o n w i t h t h e z e t a p h a s e of t h e 
P u - U s y s t e m t h e f o r m u l a PU3C2 -will b e u s e d to d e s i g n a t e t h i s p h a s e . T h e 
G r e e k - l e t t e r d e s i g n a t i o n s a s s o c i a t e d -with t h e a l l o t r o p i e s of t h e e l e m e n t s 
-will b e u s e d a s p r e f i x e s t o t h e c h e m i c a l s y m b o l s . T h e i s o m o r p h o u s p h a s e 
e x t e n d i n g f r o m p u r e e p s i l o n p l u t o n i u m t o p u r e g a m m a u r a n i u m h a s b e e n 
d e s i g n a t e d e p s i l o n P u i n p l u t o n i u m - r i c h a l l o y s a n d g a m m a U i n u r a n i u m -
r i c h a l l o y s . 

-'See Nomenclature for explanation of symbols. 



Figure 7 

U-Pu-C Isothermal 
Section at 635°C 

T w o g e n e r a l f e a t u r e s of t h e t e r n a r y s y s t e m a r e a p p a r e n t i n F i g ­
u r e s 5, 6, a n d 7: n e g l i g i b l e c a r b o n s o l u b i l i t y i n t h e m e t a l l i c p h a s e s , a n d 
t h e a b s e n c e of t e r n a r y p h a s e s . T h e t i e - t r i a n g l e [ e p s i l o n P u / g a m m a U + 
l i q u i d + ( U , P u ) C ] s w e e p s o u t a t h r e e - c o r n e r e d , t u b e - l i k e r e g i o n a s i t 
p a s s e s t h r o u g h t h e t e r n a r y s y s t e m f r o m t h e U - C t o t h e P u - C s i d e b e l o w 
t h e p h a s e s p a c e of p r i m a r y c r y s t a l l i z a t i o n of ( U , P u ) C . S o l i d i f i c a t i o n of 
a l l t e r n a r y a l l o y s b e g i n s w i t h t h e p r i i n a r y c r y s t a l l i z a t i o n of ( U , P u ) C 
f o l l o w e d b y e u t e c t i c f r e e z i n g of t h e r e m a i n i n g m e l t , r e s u l t i n g i n a t w o -
p h a s e ( U , P u ) C g a m m a U / e p s i l o n P u a l l o y i m m e d i a t e l y a f t e r s o l i d i f i c a ­
t i o n . E x c e p t i n a s m a l l p o r t i o n of t h e p l u t o n i u m - r i c h c o r n e r , w h i c h w i l l 
b e d i s c u s s e d l a t e r , t h e p r i m a r y c r y s t a l l i z a t i o n of c a r b i d e o c c u r s o v e r a 
t e m p e r a t u r e r a n g e , w i t h g r o w t h i n t h e f o r m of d e n d r i t e s . 

F o r c o n v e n i e n c e i n p r e s e n t a t i o n , t h e foUo-wing t w ^ o - p h a s e f i e l d s a n d 
t h e i r a s s o c i a t e d t h r e e - p h a s e f i e l d s -will b e d i s c u s s e d : [ a l p h a U + ( U , P u ) C ] , 
[ b e t a U + ( U , P u ) C ] , [ g a m m a u / e p s i l o n P u + ( U , P u ) C ] , [ e t a + ( U , P u ) C ] a n d 
[ z e t a + ( U , P u ) C ] . F o l l o w i n g t h i s -will b e a d i s c u s s i o n of t h e ( U , P u ) C p h a s e 
f i e l d , t h e s o l i d u s a n d l i q u i d u s a t t h e 6 3 5 ° C i s o t h e r m a l s e c t i o n , PU3C2 a n d 
i t s a s s o c i a t e d p h a s e f i e l d s , t h e t e r n a r y f o u r - p h a s e e q u i l i b r i u m r e a c t i o n s , 
t h e l o w - t e m p e r a t u r e p l u t o n i u m p h a s e s , a n d t h e p o r t i o n of t h e P u - C d i a g r a m 
w h i c h w a s i n v e s t i g a t e d . 

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

1. T h e [ a l p h a U + ( U , P u ) C ] P h a s e F i e l d 

T h i s t - w o - p h a s e f i e l d e n t e r s t h e t e r n a r y f r o m t h e U - C s i d e a t 
6 6 8 ° C a n d i s s t a b l e dow^n t o r o o m t e m p e r a t u r e . T h e a l p h a - U p h a s e c o u l d 
b e e a s i l y i d e n t i f i e d b y X - r a y d i f f r a c t i o n p a t t e r n s a n d b y i t s c h a r a c t e r i s t i c 
t w i n n e d m i c r o s t r u c t u r e , s h o w n i n F i g u r e 8 . T h e a r e a s of d a r k m a t e r i a l 
a r e t h e c a r b i d e p h a s e . 

Macro 34175 
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Figure 8 

Photomicrograph of U-5 a/o Pu-17 a/o C Alloy; 
400, 4, Q; A, 500, PL; alpha U+ (U,Pu)C (b) 

Micro 27776 

A l t h o u g h t h e p l u t o n i u m s o l u b i l i t y i n t h e a l p h a - U s o l i d s o l u t i o n 
v a r i e s f r o m 6 a / o p l u t o n i u m a t 635°C t o 11 a / o p l u t o n i u m a t 4 0 0 ° C , t h e 
m o n o c a r b i d e w i t h w h i c h i t c o m e s i n t o e q u i l i b r i u m c o n t a i n s l e s s t h a n 4 a / o 
p l u t o n i u m r e g a r d l e s s of t e m p e r a t u r e . 

2 . T h e [ a l p h a U + b e t a U + ( U , P u ) C ] P h a s e F i e l d 

O r i g i n a t i n g o n t h e U - C d i a g r a m a t t h e 6 6 8 ° C h o r i z o n t a l , t h i s 
t h r e e - p h a s e f i e l d e x i s t s d o w n t o 5 4 9 ° C , a t w h i c h i t i s o n e of t h e r e a c t a n t s 
i n t h e e u t e c t o i d a l d e c o m p o s i t i o n of b e t a U I n t e r n a r y s p a c e , i t l i e s a b o v e 
t h e [ a l p h a U + (U, P u ) C ] f i e l d , i t s b o t t o m s u r f a c e b e i n g c o n t i g u o u s w i t h t h e 
t o p of t h e l a t t e r . F i g u r e 9 s h o w s t h e p h o t o m i c r o g r a p h of a n a l l o y , q u e n c h e d 
f r o m 5 7 0 ° C , c o n t a i n i n g b e t a U a n d c a r b i d e m a m a t r i x of a l p h a U. 

«*^ ^ K-t" i% ^ 

Figure 9 

Photomicrograph of U-11 a/o Pu-7 a/o CAlloy ; 
570, 5, Q; G, 500, BF ; beta U + (U,Pu)C (den) 
in alpha U matrix 

Micro 28047 

j H ^ ° " * ~ ^ 



Since the field is na r row at 63 5°C, only one alloy was located within 
it. The [alpha U + beta U + (U,Pu)C]/[beta U + (U,Pu)C] boundary was l o ­
cated by X- ray diffraction between the composit ions U-4 a /o Pu-35 a /o C 
and U-5.5 a /o Pu-35 a/o C. The la t ter alloy showed beta U reflections 
while the fo rmer did not. 

3. The [beta U + (U,Pu)C] Phase Fie ld 

The field has i ts or igin on the U-C binary d iagram at 775°C. Its 
las t remaining t ie line vanishes in the eutectoidal decomposit ion of the be ta -
U phase at 549°C. The 570°C and 635°C i so the rma l sections show that only 
a na r row range of monocarbide composit ions come into equi l ibr ium with the 
beta-U phase . 

Gra in-boundary etching of beta U, when it was the ma t r ix 
phase , could not be accomplished. Its re tent ion at elevated t empe ra tu r e 
was confirmed by X- ray diffraction. 

4. The [beta U + eta + (U,Pu)C and the [beta U-+ zeta + 
(U,Pu)C] Phase F ie lds 

The [beta U + eta + (U,Pu)C] phase field forms from the e t a p e r i -
tectoid at 712°Cand t e r m i n a t e s by a c lass II react ion,* beta U + eta=^ zeta + 
(U,Pu)C,at 594°C(see F igure 63). The [beta U + zeta + (U,Pu)C] phase field 
r e su l t s from this reac t ion and exis ts down to 549°C, where it is involved 
in the eutectoidal decomposi t ion of the beta-U phase . The two-phase fields 
a re d i scussed together because alloys quenched from ei ther phase field 
yield identical X- ray diffraction pa t t e rns and have s imi la r mic roscop ic ap­
pea rances because the eta phase cannot be re ta ined on quenching. 

F igure 10 shows the s t ruc tu re of an alloy that was three-phase 
[eta + beta U + (U,Pu)C] at 620°C; F igu re 11 shows a photomicrograph of 
the same alloy quenched from the [zeta + beta U + (U,Pu)C] region at 570°C. 

5. The [alpha U + zeta + (U,Pu)C] Phase Field 

This t h r e e - p h a s e field is formed from the eutectoidal decom­
posit ion of beta U at 549°C and is stable to room t e m p e r a t u r e . F igures 12, 
13, and 14 show photomicrographs of alloys quenched from this region. In 
F igure 12, zeta occurs preferent ia l ly at the boundaries of veined alpha 
g r a i n s . In F igure 13 zeta occurs within the a lpha-phase network. The 
s t r u c t u r e s a r e typical of those used for phase-boundary bracket ing. F i g ­
u re 14 sho-ws an alloy containing about equal amounts of alpha U and zeta. 

*A classif icat ion of four-phase invar iant reac t ions is given 
on page 82 . 



Micro 29608 

Figure 10. Photomicrograph of U-18 a/o Pu-7 a/o C 
Alloy; 620, 11, Q; C, 500, BF; beta U + 
(U,Pu)C (den) in tr eta matrix 

Micro 27813 

Figure 12. Photomicrograph of U-11 a/o Pu-7 a/o C 
Alloy; 400, 5, Q; A, 500, BF; zeta + 
(U,Pu)C (den) in alpha U matrix 

Micro 28044 

Figure 11. Photomicrograph of U-18a/o Pu-7 a/o C 
Alloy; 570, 5, Q; A, 500, BF; zeta + 
(U,Pu)C (den) in beta U matrix 

Micro 29641 

Figure 13. Photomicrograph of U-5.5 a/o Pu-
35 a/o C Alloy; 400. 8, Q; A, 500, BF; 
zeta (w) + (U,Pu)C (g) in alpha U 
network 
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Micro 27815 

Figure 14 

Photomicrograph of U-18 a/o Pu-7 a/o C Alloy; 
400, 5, Q; G, 500, BF; alpha U + (U,Pu)C (den) 
in zeta matrix 

6 . T h e [ z e t a + ( U , P u ) C ] a n d [ e t a + ( U , P u ) C ] P h a s e F i e l d s 

T h e e t a p h a s e i s s t a b l e o n l y a t e l e v a t e d t e m p e r a t u r e s . I t f o r m s 
p e r i t e c t o i d a l l y a t 7 1 2 ° C a n d d e c o m p o s e s b y a c l a s s I I r e a c t i o n a t 2 8 3 ° C , 
e t a + ( U , P u ) C ^^ b e t a P u + z e t a , a s s h o w n i n F i g u r e 6 3 . T h e z e t a p h a s e 
f o r m s a t 594°C b y a c l a s s I I r e a c t i o n , b e t a U + e t a =^ z e t a + ( U , P u ) C . 

A l t h o u g h t h e e t a p h a s e d e c o m p o s e s t o z e t a o n q u e n c h i n g a n d 
t h e r e f o r e c a n n o t b e o b s e r v e d a t r o o m t e m p e r a t u r e , t h e i d e n t i t y a n d l o c a t i o n 
of t h e s e d i f f e r e n t t w o - p h a s e f i e l d s i n t e r n a r y s p a c e m a y b e e s t a b l i s h e d p o s i ­
t i v e l y by t h e f o l l o w i n g a n a l y s i s , b a s e d o n t h e p h a s e r u l e . R e f e r r i n g t o t h e 
4 0 0 , 5 7 0 , a n d 6 3 5 ° C i s o t h e r m a l s e c t i o n s ( s e e F i g u r e s 5 , 6, a n d 7 ) , o n e m a y 
s e e t h a t t h e tw^o t w ^ o - p h a s e f i e l d s u n d e r c o n s i d e r a t i o n m u s t b e b o u n d e d o n 
o n e s i d e by t h e s i n g l e - p h a s e m o n o c a r b i d e s o l i d s o l u t i o n a n d o n a n o t h e r s i d e , 
o w i n g t o t h e n e g l i g i b l e c a r b o n s o l u b i l i t y , b y t h e s i n g l e - p h a s e a r e a s a s s o ­
c i a t e d w^ith t h e U - P u b i n a r y s y s t e m . O n t h e r e m a i n i n g s u r f a c e s t h e r e m u s t 
b e t h e a p p r o p r i a t e o n e - o r t h r e e - p h a s e f i e l d s . S i n c e o n e - p h a s e f i e l d s w i t h i n 
t e r n a r y p h a s e s p a c e a r e c o n t r a r y t o e x p e r i m e n t a l e v i d e n c e , i t m a y b e c o n ­
c l u d e d t h a t t h e r e m a i n i n g b o u n d i n g s u r f a c e s a r e t h r e e - p h a s e f i e l d s . I t f o l ­
l o w s t h a t t h e t o p a n d b o t t o m s u r f a c e s of t h e [ e t a + ( U , P u ) C ] f i e l d w i l l b e 
c o n t i g u o u s w i t h t h e [ e t a + e p s i l o n P u + ( U , P u ) C ] a n d [ e t a -I- z e t a + ( U , P u ) C ] 
t h r e e - p h a s e f i e l d s , r e s p e c t i v e l y . C o r r e s p o n d i n g l y , t h e t o p s u r f a c e of t h e 
[ z e t a + ( U , P u ) C ] f i e l d w i l l a d j o i n t h e [ e t a + z e t a + ( U , P u ) C ] f i e l d , w h i l e t h e 
b o t t o m s u r f a c e w^ill b e c o n t i g u o u s w i t h t h e b a s e of t h e c o n c e n t r a t i o n t r i ­
a n g l e , o n t h e o n e h a n d , a n d t h e [ a l p h a U + z e t a + ( U , P u ) C ] f i e l d , o n t h e o t h e r 
h a n d . It r e m a i n s t o e s t a b l i s h t h e e x t e n t of t h e s e t h r e e - p h a s e f i e l d s a n d 
t h e r e b y t o l o c a t e t h e i n t e r v e n i n g t w o - p h a s e f i e l d s . T h e [ a l p h a U + z e t a + 
( U , P u ) C ] p h a s e r e g i o n h a s a l r e a d y b e e n e s t a b l i s h e d . T h e r e m a i n i n g t h r e e -
p h a s e f i e l d s w i l l b e d i s c u s s e d s h o r t l y . 



The room t e m p e r a t u r e diffraction pat tern for the zeta phase of 
composition U-41 a/o P u - 1 a/o C is given in Table X. The indexing of the 
ze ta -phase pa t t e rn is in reasonable agreement with the simple cubic s t r u c -

(12) tu re der ived by Ellinger.^ ' The lat t ice pa rame te r as determined from 
this investigation is 10.659 A; Ell inger found that the pa rame te r decreased 

Table Z 

X-RAY POWDER DATA FOR ZETA PHASE (U-41 a/o Pu-1 a/o C ALLOY) AT ROOM TEMPERATURE 

Line 

1 
2 
3 
4 
5 

6 
7 
8 
9 

10 

11 
12 
13 
14 
15 

16 
17 
18 
19 
20 

21 
22 
23 
24 
25 

26 
27 
28 
29 
30 

31 
32 
33 
34 
35 

36 
37 
38 
39 
40 

41 
42 
43 

m 
45 

46 
47 
48 
49 
50 

Id) 
VW 

w 
VW 

w 
VW 

MW 

s 
w 
w 
MW 

VW 
MW 
W 
W 
VW 

VW 
VW 
VW 
VW 
VW 

VW 
VW 
VW 
VW 
MW 

VW 
VW 
VW 
VW 

w 
w 
w 
w 
w 
M 

VW 
MW 
VW 
VW 
VW 

VW 
VW 
MW 
VW 
w 
w 
w 
w 
w 
VW 

d,̂  

3.303 
3.145 
3.033 
2.827 
2.722 

2.549 
2.481 
2.417 
2.300 
2.245 

2.148 
2.107 
2.066 
2.029 
1.958 

1.933 
1.874 
1.84 
1.81 
1.79 

1.761 
1.738 
1.712 
1.676 
1.648 

1.625 
1.601 
1.573 
1.56 
1.526 

1.511 
1.496 
1.482 
1.454 
1.441 

1.416 
1.403 
1.380 
1.355 
1.315 

1.305 
1.285 
1.251 
1.244 
1 225 

1.210 
1.181 
1.172 
1.164 
1.151 

Sin2e 
0.0545 
0.0601 
0.0646 
0.0747 
0.0802 

0.0914 
0.0965 
0.1018 
0.1123 
0.1179 

0.1288 
0.1338 
0.1392 
0.1444 
0.1550 

0.1591 
0.1692 
0.176 
0.181 
0.186 

0.1917 
0.1969 
0.2028 
0.2116 
0.2188 

0.2250 
0.2320 
0.2401 
0.244 
0.2552 

0.2602 
0.2656 
0.2706 
0.2812 
0.2863 

0.2966 
0.3018 
0.3119 
0.3237 
0.3439 

0.3489 
0.3597 
0.3800 
0.3838 
0.3962 

0.4060 
0.4258 
0.4323 
0.4384 
0.4488 

m(2' 
10 

12 
14 

17 
18 
19 
21 
22 

24 
25 
26 
27 
29 

30 
32 
33 
34 
35 

36 
37 
38 
40 
41 

42 or 43 
44 
45 
46 
48 

49 
50 
51 
53 
54 

57 
59 
61 
65 

66 
68 
72 
73 
75 

77 
81 
82 
83 
85 

Line 
51 
52 
53 
54 
55 

56 
57 
58 
59 
60 

61 
62 
63 
64 
65 

66 
67 
68 
69 
70 

71 
72 
73 
74 
75 

76 
77 
78 
79 
80 

81 
82 
83 
84 
85 

86 
87 
88 
89 
90 

91 
92 
93 
94 
95 

96 
97 
98 

1(1) 

w 
MW 
MW 
W 
W 

W 
W 
VW 
VW 
W 

VW 
W 
W 
VW 
VW 

VW 

w 
w 
w 
VW 

VW 

w 
VW 
VW 

w 
w 
w 
MW 

w 
w 
VW 

w 
w 
w 
VW 

w 
w 
w 
VW 
W 

MW 

w 
w 
VW 
W 

w 
MW 
MW 

d,A 

1.145 
1.125 
1.078 
1.063 
1.037 

1.027 
1.018 
1.010 
0.9994 
0.9951 

0.9906 
0.9833 
0.9786 
0.9710 
0.9627 

0.9583 
0.9516 
0.9472 
0.9365 
0.9290 

0.9212 
0.9178 
0.9018 
0.8957 
0.8831 

0.8801 
0.8714 
0.8678 
0.8602 
0.8576 

0.8497 
0.8383 
0.8309 
0.8263 
0.8165 

0.8135 
0.8095 
0.8091 
0.7979 
0.7920 

0.7891 
0.7893 
0.7856 
0.7854 
0.7814 

0.7810 
0.7748 
0.7749 

Sin^e 
0.4536 
0.469 
0.511 
0.526 
0.5531 

0.5635 
0.5730 
0.5829 
0.5950 
0.6001 

0.6057 
0.6146 
0.6206 
0.6303 
0.6412 

0.6471 
0.6592 
0.6624 
0.6777 
0.6874 

0.6991 
0.7043 
0.7295 
0.7895 
0.7607 

0.7659 
0.7813 
0.7877 
0.8018 
0.8067 

0.8217 
0.8442 
0.8594 
0.8689 
0.8900 

0.8965 
0.9053 
0.9109 
0.9318 
0.9458 

0.9527 
0.9571 
0.9612 
0.9666 
0.9716 

0.9776 
0.9882 
0.9930 

m<21 

86 
89 
97 

100 
105 

107 
109 

113 
114 

115 
117 
118 
120 
122 

123 
125 
126 
129 
131 

133 
134 
199 
141 
145 

146 
149 
150 
153 
154 

157 
161 
164 
166 
170 

171 
173 
173 
178 
181 

182 
182 
184 
184 
186 

186 
189 
189 

'^ ' intensity Scale: S = strong; M = medium; W = wealc; VW = verywealc. 

®m(h + k + i ) values are not given for lines believed to be due to PuO or PU2O3. 
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f r o m 10.692 A a t P u - 3 5 a / o U to 10.651 A at P u - 7 0 a / o U. A c a p i l l a r y 
quench ing t e c h n i q u e e n a b l e d E l l i n g e r to i ndex the connplex e t a p a t t e r n on 
the b a s i s of a t e t r a g o n a l un i t ce l l wi th ao = 10.57 A and CQ = 10.76 A for 
a P u - 2 5 a / o U a l loy q u e n c h e d f r o m 500°C. In t h i s i n v e s t i g a t i o n , an X - r a y 
p o w d e r p a t t e r n of a U - 4 4 a / o P u - 1 7 a / o C a l loy q u e n c h e d f r o m the tw^o-
p h a s e [eta + (U ,Pu)C] r e g i o n a t 570°C showed z e t a p h a s e in add i t i on to 
(U ,Pu)C r e f l e c t i o n s . 

On s t and ing at r o o m t e m p e r a t u r e , z e t a shows e x t e n s i v e g r a i n -
b o u n d a r y c r a c k i n g and o v e r long p e r i o d s of t i m e in the g lovebox a t m o s ­
p h e r e of ten d i s i n t e g r a t e s to a b l a c k ox id i zed pow^der. C r a c k i n g i s nnost 
p r o n o u n c e d in the r e g i o n of u r a n i u m / p l u t o n i u m r a t i o g r e a t e r t h a n un i ty . 
F i g u r e 15 s h o w s a p h o t o m i c r o g r a p h of c a s t U - 2 7 . 5 a / o P u - 1 7 a / o C a l loy 
in the a s - p o l i s h e d condi t ion about 45 m i n a f t e r the l a s t p o l i s h i n g s t e p . The 
c a r b i d e p a r t i c l e s h a v e b e e n l igh t ly a t t a c k e d by the a t m o s p h e r e , wh i l e the 
a n g u l a r , g r a i n - b o u n d a r y c o r r o s i o n of t h e z e t a p h a s e i s ev iden t . A p h o t o ­
m i c r o g r a p h of a p o r t i o n of an a l loy of c o m p o s i t i o n U - 1 6 a / o P u - 2 0 a / o C, 
quenched f r o m 400°C, i s shown in F i g u r e 16. The iden t i f i ca t i on of the 
m a t r i x i s qu i te e a s y due to the p r e s e n c e of c r a c k i n g . The U - 7 8 a / o P u -
7 a / o C a l loy ( u r a n i u m / p l u t o n i u m r a t i o , 0.19) q u e n c h e d f r o m a t w o - p h a s e 
[eta + (U ,Pu)C] r e g i o n at 400°C, wi th s t r u c t u r e shown in F i g u r e 17, shows 
no c r a c k i n g . The i n t e r - and t r a n s - g r a n u l a r c r a c k i n g of the z e t a p h a s e 
( t r a n s f o r m e d eta) in a U - 4 1 a / o P u - 1 a / o C a l loy ( u r a n i u m / p l u t o n i u m 
r a t i o , 1.4) q u e n c h e d f r o m 570°C i s a p p a r e n t in F i g u r e 18. 

Micro 27326 

Figure 15. Photomicrograph of U-27.5 a/o Pu-
17 a/o C Alloy; C; E, 500, BF; 
zeta (w) + (U,Pu)C (g), (barely 
visible). The dark lines are cracks. 

Micro 27339 

Figure 16. Photomicrograph of U-16 a/o Pu-
20 a/o C Alloy; 400, 4. Q; A, 500, 
BF; alpha U+ (U,Pu)C(b) in zeta(w) 
matrix 
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Micro 28024 

Figure 17. Photomicrograph of U-78 a/o Pu-7 a/o C 
Alloy; 400, 4, Q; C. 500, PL; tr eta + 
(U, Pu)C (den) 

Micro 32719 

Figure 18. Photomicrograph of U-41 a/o Pu-1 a/o C 
Alloy; 570, 4, Q; A. 200, PL; tr eta + 
(U,Pu)C(very small dendrites). The dark 
lines are cracks. 

7. The [ze ta + e ta + (U ,Pu)C] P h a s e F i e l d 

The c l a s s II r e a c t i o n at 594°C, be t a U + e ta ^ z e t a + (U ,Pu)C , 
p r o d u c e s t h i s t h r e e - p h a s e f ie ld, "which t e r m i n a t e s at 283°C in the c l a s s II 
f o u r - p h a s e r e a c t i o n , b e t a P u + z e t a =^ e ta + ( U , P u ) C . The ex ten t of t h i s 
t h r e e - p h a s e f ie ld a t 400 and at 570°C h a s b e e n d e t e r m i n e d . 

The d i s t i n g u i s h i n g of e q u i l i b r i u m z e t a f r o m z e t a o c c u r r i n g a s a 
t r a n s f o r m a t i o n p r o d u c t m a y be i l l u s t r a t e d by F i g u r e s 19 and 20, w h e r e two 
a l l o y s , both quenched f r o m the [eta + z e t a + (U ,Pu)C] p h a s e f ield at 400°C, 
a r e shown. 

A poin t of i n t e r e s t in c o n n e c t i o n wi th t h e [ ze ta + e t a + ( U , P u ) C ] 
p h a s e f ield i s t he l a r g e shift in the l oca t i on of i t s m o n o c a r b i d e a p e x on 
d e s c e n d i n g f r o m 570 to 400°C. A s w i l l be s e e n , t h i s i s a s s o c i a t e d wi th the 
adven t of the PU3C2 p h a s e . 

8. The F o u r [eta -I- P u + (U,Pu)C] T h r e e - p h a s e F i e l d s 

It m a y be i n f e r r e d tha t the g a m m a , de l t a , de l t a p r i m e , and 
e p s i l o n a l l o t r o p e s of p l u t o n i u m , each of w^hich e n t e r s into a t w o - p h a s e 
e q u i l i b r i u m wi th t h e e ta p h a s e in the P u - U s y s t e m ( s e e F i g u r e l ) , f o r m 
t h r e e - p h a s e f ie lds in t e r n a r y s p a c e wi th the e t a and (U,Pu)C p h a s e s . With 
d e c r e a s i n g t e m p e r a t u r e , t h e [e ta + e p s i l o n P u + (U ,Pu)C] t i e - t r i a n g l e i s t he 
f i r s t to a p p e a r in the t e r n a r y d i a g r a m , f o r m i n g f r o m the e ta p e r i t e c t o i d at 
712°Cand be ing r e m o v e d by p r o c e s s e s involving the PU3C2 p h a s e at about 558°C. 
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Micro 28022 

Figure 19. Photomicrograph of U-57 a/o Pu-7 a/o C 
Alloy; 400, 4, Q; D, 500, BF; treta(g) + 
zeta (w) + (U,Pu)C (b) 

Micro 27825 

Figure 20. Photomicrograph of U-67 a/o Pu-7 a/o C 
Alloy; 400. 4, 0; D. 500, BF; zeta + 
(U,Pu)C (den) in tr eta matrix 

y 

T h e e p s i l o n p h a s e of p l u t o n i u m c a n n o t b e r e t a i n e d a t r o o m t e m ­
p e r a t u r e . X - r a y d i f f r a c t i o n h a s show^n t h a t t h e d e c o m p o s i t i o n p r o d u c t of a 
U - 5 1 a / o P u - 3 5 a / o C a l l o y q u e n c h e d f r o m t h e e p s i l o n p l u t o n i u m f i e l d a t 
570°C i s a l p h a p l u t o n i u m , w h e r e a s t h a t of a U - 2 7 a / o P u - 3 a / o C a l l o y 
q u e n c h e d f r o m t h e i s . o m o r p h o u s g a m m a u r a n i u m f i e l d a t 8 0 0 ° C i s z e t a . 
A U - 4 a / o P u - 2 a / o C a l l o y q u e n c h e d f r o m t h e g a m m a - u r a n i u m r e g i o n a t 

8 0 0 ° C w a s f o u n d t o c o n t a i n a l p h a 
u r a n i u m . T h u s , t h e q u e n c h i n g b e ­
h a v i o r of t h e e p s i l o n P u / g a m m a U 
p h a s e i s s e e n t o v a r y w^ith c o m p o s i ­
t i o n . T h e d e c o m p o s i t i o n p r o d u c t of 
t h e p l u t o n i u m - r i c h p h a s e i s r e a d i l y 
i d e n t i f i e d b y i t s m a r t e n s i t i c a p p e a r ­
a n c e . F i g u r e 21 s h o w s a p h o t o m i c r o ­
g r a p h of a b i n a r y a l l o y q u e n c h e d f r o m 
t h e e p s i l o n p l u t o n i u m p h a s e f i e l d a t 
6 2 0 ° C a f t e r a n e q u i l i b r a t i n g a n n e a l 
of 13 d a y s . 

F i g u r e 22 s h o w s a p h o t o m i ­
c r o g r a p h of a n a l l o y q u e n c h e d f r o m 
t h e t h r e e - p h a s e [ e t a + e p s i l o n P u + 
( U , P u ) C ] f i e l d a t t h e s a m e t e m p e r a ­
t u r e , 6 2 0 ° C , a f t e r a n e q u i l i b r a t i n g 
a n n e a l of 11 d a y s . T h e p l u t o n i u m 
p l a t e s i n t h e l a t t e r f i g u r e a r e v e r y 
m u c h f i n e r t h a n t h o s e i n t h e p r e v i o u s 

mx. ^ iji^ismsxt 
Micro 29664 

Figure 21. Photomicrograph of U-77 a/o Pu Alloy; 
620, 13, Q; B, 200, BF; tr epsilon Pu(m) 
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o n e , a l though the m a g n i f i c a t i o n h a s b e e n i n c r e a s e d Zj t i m e s . F i g u r e 23 
shows a p h o t o m i c r o g r a p h of a s p e c i m e n f r o m the a l loy shown in F i g u r e 2 1 , 
but q u e n c h e d f r o m 570°C. E t a and e p s i l o n p l u t o n i u m w e r e the s t ab l e p h a s e s 
at the e q u i l i b r a t i n g t e m p e r a t u r e . F i g u r e 24 i s a m i c r o g r a p h of an a l loy 
con ta in ing e p s i l o n p lu ton ium a s the nna t r ix p h a s e a t 570°C. 

Micro 29605 

Figure 22. Photomicrograph of U-57 a/o Pu-7 a/o C 
Alloy; 620, 11, Q; A, 500, BF; tr epsilon 
Pu+ (U,Pu)C (den) in tr eta matrix 
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Micro 30013 

* j j # 

Figure 23. Photomicrograph of U-77 a/o Pu Alloy; 
570, 7, Q; B, 500, BF; tr epsilon Pu(m) 
in tr eta matrix 

Figure 24 

Photomicrograph of U-73 a/o Pu-17 a/o C Alloy; 
570, 10. 0 ; E, 500, BF; tr epsilon Pu (m) + 
(U,Pu)C (den) 

Micro 27331 
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T h e m i c r o s t r u c t u r e s of t w o a l l o y s q u e n c h e d f r o m t h e [ e t a + 
d e l t a P u + ( U , P u ) C ] f i e l d m a y b e s e e n m F i g u r e s 25 a n d 2 6 . T h e d e c o m p o ­
s i t i o n p r o d u c t s c o n s i s t of n e a r l y p a r a l l e l p l a t e s . H o w ^ e v e r , o t h e r a l l o y s 
q u e n c h e d f r o m 4 0 0 ° C h a d m i c r o s t r u c t u r e s s i m i l a r t o t h o s e of F i g u r e s 22 
t h r o u g h 2 4 . 

ft. W^ 

Micro 27324 

Figure 25. Photomicrograph of U-73 a/o Pu-17 a/o C 
Alloy, 400, 4, Q, E, 500, BF; tr delta 
Pu (m) + (U,Pu)C (den) in tr eta matrix 

j " ^ -ik^'rx 

Micro 32592 

Figure 26. Photomicrograph of U-70 a/o Pu-20a/o C 
Alloy, 336, 17. Q, E, 500, BF, tr delta 
Pu (m) + (U,Pu)C (den) in tr eta matrix 

F i g u r e 27 h a s b e e n i n t r o d u c e d t o s h o w t h e q u e n c h i n g c h a r a c ­
t e r i s t i c s of a U - 6 7 a / o P u - 7 a / o C a l l o y q u e n c h e d f r o m t h e t w o p h a s e 
[ e p s i l o n P u + ( U , P u ) C ] p h a s e f i e l d a t 6 2 0 ° C T h e d a r k r e g i o n s c o n t a i n e d 

Figure 27 

Photomicrograph of U-67 a/o Pu-7 a/o C Alloy, 
620. 11, Q; A, 500, BF; tr epsiIon Pu (mostly m) + 
(U,Pu)C (b) 

Micro 28844 
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the c a r b i d e p h a s e p r i o r to e t ch ing , A p a r t i a l t r a n s f o r m a t i o n to e t a h a s 
b e e n i n t e r r u p t e d by the m a r t e n s i t i c t r a n s f o r m a t i o n . 

The r e m a i n i n g [e ta + P u + ( U , P u ) C j t h r e e - p h a s e f ie lds a r e d i s -
c u s s e d i n a l a t e r s ec t i on , beg inn ing on page 86, which d e a l s with the low-
t e m p e r a t u r e p l u t o n i u m p h a s e s , 

9. The Six [Pu + (U .Pu)C] P h a s e F i e l d s 

The [ eps i lon P u + (U ,Pu)C] p h a s e f ield e n t e r s the t e r n a r y f r o m 
the U - C b i n a r y s ide a t the l iqu id =^ g a m m a U + UC e u t e c t i c h o r i z o n t a l a t 
1132°C. With d e c r e a s i n g t e m p e r a t u r e i t m o v e s to the p l u t o n i u m - r i c h c o r ­
n e r , w h e r e i t i s the f i r s t of the s ix [Pu + (U ,Pu)C] p h a s e f ie lds to d i s a p ­
p e a r . A r e p r e s e n t a t i v e m i c r o g r a p h h a s a l r e a d y b e e n shown in F i g u r e 24. 

The r e m a i n i n g five p h a s e f i e lds wil l be d i s c u s s e d l a t e r , 

10. The (U ,Pu)C P h a s e F i e l d 

The (U ,Pu)C p h a s e b o u n d a r i e s a r e b a s e d upon ev idence ob ta ined 
f r o m m e t a l l o g r a p h i c e x a m i n a t i o n of q u e n c h e d s p e c i m e n s con ta in ing a r o u n d 
50 a / o c a r b o n , q u a n t i t a t i v e m e t a l l o g r a p h i c a n a l y s i s of a l l oys con ta in ing b e ­
t w e e n 7 and 4 5 a / o c a r b o n , and X - r a y a n a l y s i s . 

E x c e p t in a l l o y s c o n t a i n i n g l e s s than 10 a / o p lu ton ium, the 
so l i d i f i c a t i on p r o c e s s r e s u l t s in c a s t m i c r o s t r u c t u r e s whose c a r b i d e p h a s e 
shows " d e n d r i t i c ghos t s - ' t ha t m a y be r e l a t e d to an e x t e n s i o n into the t e r n a r y 
s y s t e m of the p e r i t e c t i c r e a c t i o n , l iqu id + PU2C3 ^ P u C a t l654' 'C.^ '' In 
m a n y a l l o y s the i n h o m o g e n e i t y r e s e m b l e s the c o r i n g tha t i s s o m e t i m e s ob­
s e r v e d in d e n d r i t i c s o l i d - s o l u t i o n c r y s t a l s . The r a n g e of c o m p o s i t i o n s in 
which c a s t m i c r o s t r u c t u r e s show the effect is i n d i c a t e d in F i g u r e 28. In 
m a n y of the a l l o y s " c o r i n g " could not be r e m o v e d with the a v a i l a b l e h igh -
t e m p e r a t u r e h o m o g e n i z a t i o n t r e a t m e n t (12 h r a t a m a x i m u m t e m p e r a t u r e 
of 1500°C). The only p o r t i o n of the p h a s e b o u n d a r y t h a t i s b a s e d p r i n c i p a l l y 
upon o b s e r v a t i o n s of t h e s e n o n e q u i l i b r i u m s t r u c t u r e s is the h i g h - c a r b o n 
s ide of the (U ,Pu )C p h a s e b o u n d a r y in the r e g i o n w h e r e the d e v i a t i o n s f r o m 
s t o i c h i o m e t r y o c c u r , and for t h i s r e a s o n the b o u n d a r y h a s b e e n i n d i c a t e d 
by a d a s h e d l ine on the i s o t h e r m a l s e c t i o n . The l o w - c a r b o n b o u n d a r y of 
the s a m e p h a s e f ie ld can be p l a c e d with m o r e conf idence and i s g iven a s a 
so l id l ine , s i n c e an i n d e p e n d e n t d e t e r m i n a t i o n of i t s l oca t ion w a s m a d e by 
app ly ing the m e t h o d of q u a n t i t a t i v e m e t a l l o g r a p h y to the m i c r o s t r u c t u r e of 
a l l o y s con t a in ing b e t w e e n 7 and 35 a / o c a r b o n . Th i s t e chn ique wil l be d i s ­
c u s s e d l a t e r . 
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Concentration Triangle Showing 
Presence of "Coring" or "Dendritic 
Ghosts" in Cast Alloys 

T h e ( U , P u ) C p h a s e i s s t o i c h i o m e t r i c f r o m 0 t o a b o u t 3 5 a / o p l u 
t o n i u m . a t w h i c h p o i n t t h e d e f e c t ( U , P u ) C s t r u c t u r e b e g i n s . H e r e t h e p h a s e 
f i e l d b r o a d e n s a n d a l s o d e v i a t e s t o w a r d a g r e a t e r m e t a l - t o - c a r b o n r a t i o . 

T h e m i c r o s t r u c t u r e s of a l l o y s w h o s e c a r b o n c o n c e n t r a t i o n s 
p l a c e d t h e m o n t h e l o w - c a r b o n s i d e of t h e ( U , P u ) C p h a s e f i e l d a l w a y s 
s h o w e d a s e c o n d p h a s e w h i c h c o u l d b e i d e n t i f i e d b y X - r a y d i f f r a c t i o n a s a 
b i n a r y U - P u p h a s e o r t h e PU3C2 p h a s e . F o r e x a m p l e , F i g u r e 29 s h o w s t h e 
z e t a p h a s e d i s p o s e d i n t e r d e n d r i t i c a l l y i n t h e m o n o c a r b i d e s t r u c t u r e of a 
U - 1 3 a / o P u - 4 6 a / o C a l l o y q u e n c h e d f r o m 5 7 0 ° C . A l l o y s c o n t a i n i n g m o r e 
t h a n 32 a / o u r a n i u m a n d m o r e t h a n 50 a / o c a r b o n w e r e e a s i l y i d e n t i f i e d by 
t h e W i d m a n s t a t t e n p r e c i p i t a t e of t h e ( U , P u ) 2 C 3 p h a s e , a s s h o w n i n F i g ­
u r e 3 0 . T h e m i c r o s t r u c t u r e s of m a n y a l l o y s c o n t a i n e d a " c o r e d " c a r b i d e 
c o n s t i t u e n t , a s m a y b e s e e n i n t h e e t c h e d a p p e a r a n c e of t h e d e n d r i t e s 
s h o w n i n t h e m i c r o s t r u c t u r e of t h e U - 2 4 a / o P u - 5 1 a / o C a l l o y ( s e e F i g ­
u r e 3 1 ) . T h e o c c u r r e n c e of ( U , P u ) 2 C 3 l i n e s i n t h e d i f f r a c t i o n p a t t e r n of 
t h i s a l l o y s u g g e s t s t h a t t h e f i n e i n t e r d e n d r i t i c c o n s t i t u e n t i s t h e ( U , P u ) 2 C 3 
p h a s e , p r o b a b l y r e s u l t i n g f r o m a C l a s s II t e r n a r y r e a c t i o n , l i q u i d + 
( U , P u ) C 2 =^ ( U , P u ) 2 C 3 + ( U , P u ) C . T h e d e n d r i t e s a p p e a r t o b e r e i n n a n t s of 
p r i m a r y c r y s t a l l i z a t i o n . A l l o y s w h o s e m i c r o s t r u c t u r e s w e r e s i m i l a r t o 
t h a t s h o w n in F i g u r e 32 w e r e c o n s i d e r e d o n e p h a s e if X - r a y d i f f r a c t i o n 
s h o w e d o n l y m o n o c a r b i d e r e f l e c t i o n s ; t w o p h a s e if ( U , P u ) 2 C 3 r e f l e c t i o n s 
w e r e a l s o p r e s e n t . 

T h e i n h o m o g e n e i t y i n t h e c a r b i d e p h a s e c o u l d b e s u c c e s s f u l l y 
r e m o v e d i n p l u t o n i u m - r i c h a l l o y s b y a n n e a l i n g i n a t a n t a l u m - t u b e r e s i s t ­
a n c e f u r n a c e f o r 12 h r a t 1 5 0 0 ° C . T h e h i g h e r - m e l t i n g u r a n i u m - r i c h a l l o y s , 
h o w e v e r , w e r e e s s e n t i a l l y u n a f f e c t e d b y t h i s t r e a t m e n t . F i g u r e 33 s h o w s 
t h e m i c r o s t r u c t u r e of a U - 4 4 a / o P u - 5 0 a / o a l l o y a f t e r a n n e a l i n g a t 1 5 0 0 ° C . 
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Micro 29945 

Figure 29. Photomicrograph of U-13 a/o Pu-46a/o C 
Alloy; 570, 11, Q; A, 500, BF; (U,Pu)C 
(major phase) + interdendritic zeta 
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Micro 31683 

Figure 30. Photomicrograph of U-6 a/o Pu-50.5a/oC 
Alloy; 570, 7, Q; D. 500, BF; (U,Pu)C + 
(U.Pu)2C3 (W) 

m^~ 

Micro 32574 

Figure 31. Photomicrograph of U-24a/o Pu-51 a/o C 
Alloy, C; F, 500, BF; cored (U,PuX: 
(g-w)+ (U,Pu)2C3Ppt 
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Micro 31521 

Figure 32. Photomicrograph of U-44 a/o Pu-48a/o C 
Alloy; 400. 11, Q; E, 200, BF; cored 
(U.Pu)C 
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Micro 32652 

Figure 33. Photomicrograph of U-44a/o Pu-50a/o C 
Alloy; 1500, 1/2, FC; F, 100, BF; 
(U,Pu)C + (U.Pu)2C3 (b) 

T h e d a r k - e t c h i n g c o n s t i t u e n t s a r e 
p r o b a b l y t h e r e n n a i n s of ( U , P u ) 2 C 3 
d e n d r i t e s . T h i s m i c r o s t r u c t u r e 
s h o u l d b e c o m p a r e d w i t h t h a t of 
a n a l l o y w^hich w a s n o t a n n e a l e d a t 
1 5 0 0 ° C , s h o w n i n F i g u r e 3 2 , V e r y 
f a i n t ( U , P u ) 2 C 3 l i n e s w e r e o b s e r v e d 
i n t h e d i f f r a c t i o n p a t t e r n s of b o t h 
a l l o y s . 

A n i n d e p e n d e n t d e t e r m i n a t i o n 
of t h e l o w - c a r b o n ( U , P u ) C p h a s e 
b o u n d a r y w a s m a d e b y q u a n t i t a t i v e 
m e t a l l o g r a p h y b a s e d o n m i c r o s t r u c -
t u r a l o b s e r v a t i o n s of a l l o y s c o n t a i n ­
i n g b e t w e e n 7 a n d 35 a / o c a r b o n . T h e 
m e t h o d c o n s i s t e d of a p o i n t - c o u n t i n g 
p r o c e d u r e a p p l i e d t o 4 - x 4 - i n . s e c ­
t i o n s of p h o t o m i c r o g r a p h p r i n t s . T h e 
p r o c e d u r e i s i l l u s t r a t e d i n F i g u r e 3 4 , 
i n w h i c h a p o i n t - c o u n t g r i d h a s b e e n 

p l a c e d u p o n a p h o t o m i c r o g r a p h of a P u - 4 1 a / o C a l l o y . T h e n u m b e r of g r i d 
p o i n t s t o u c h i n g t h e p h a s e t o b e d e t e r m i n e d d i v i d e d b y t h e t o t a l n u m b e r of g r i d 
p o i n t s g i v e s a m e a s u r e of t h e f r a c ­
t i o n a l a r e a o c c u p i e d . T h i s q u a n t i t y 
c a n b e r e l a t e d to t h e c o n c e n t r a t i o n s 
of t h e p h a s e s p r e s e n t ( s e e A p p e n ­
d i x I I ) . In a n a l o g y t o t h e u s e of t h e 
l e v e r r u l e i n a b i n a r y s y s t e m , t h e 
w e i g h t p e r c e n t of ( U , P u ) C i n a l l o y s 
l y i n g a l o n g a g i v e n t i e - l i n e m a y b e 
p l o t t e d a g a i n s t t h e c a r b o n c o n c e n ­
t r a t i o n i n w e i g h t p e r c e n t . T h e p r o ­
c e d u r e w a s a p p l i e d t o m a n y a l l o y s 
a n d t h e r e s u l t s a r e t a b u l a t e d in T a ­
b l e IX , a n d p r e s e n t e d g r a p h i c a l l y i n 
F i g u r e 35 a n d F i g u r e 6 8 . T h e d i ­
m e n s i o n s of t h e r e c t a n g u l a r b l o c k s 
i n d i c a t e t h e e s t i m a t e d e r r o r s . T h e 
p o i n t - c o u n t m e t h o d i s d i s c u s s e d i n 
m o r e d e t a i l i n A p p e n d i x I I . T h e 
m e t h o d a l w a y s y i e l d e d a c o m p o s i t i o n 
f o r t h e p h a s e b o u n d a r y w h i c h w h e n 
c o n v e r t e d t o a t o m i c p e r c e n t a g r e e d 
t o w i t h i n 1.5 a / o c a r b o n w i t h t h a t 
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Micro 33288 

Figure 34. Photomicrograph of Pu-41 a/o C Alloy; 
570, 4, Q; E, 500, BF; tr epsilon Pu (w) 
in matrix of (U,Pu)C with superimposed 
point-count grid 

b a s e d u p o n t h e m e t a l l o g r a p h i c o b s e r v a t i o n s of a l l o y s i n a n d n e a r t h e ( U , P u ) C 
p h a s e f i e l d . T h i s s u g g e s t s t h a t t h e r e i s a c l o s e r a p p r o a c h t o e q u i l i b r i u m i n 



m a n y of the a l l o y s t han m i g h t be infei 

of t h e i r c a r b i d e . F i g u r e s 36, 37, and 

c a s t a l l o y s . 

CARBON,a/o 
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CARBON, w/o 

106-6425 

Micro 30581 

Figure 36. Photomicrographof U-30.5 a/o Pu-
35 a/o C Alloy; 570, 17, Q; A, 500, BF; 
tr eta (w) + cored (U,Pu)C 

r e d f r o m t h e m i c r o s c o p i c a p p e a r a n c e 
38 s h o w t y p i c a l c a r b i d e s t r u c t u r e s i n 

Figure 35 

Point-count Analysis for (U.PuXi: Alloys 

Micro 29674 

Figure 37. Photomicrographof U-56a/o Pu-35a/o C 
Alloy; 620, 13, Q; C, 500, BF; tr epsilon 
Pu (w) + cored {U,Pu)C 



lOOX Micro 32697 (b) 500X 

Photomicrograph of U-15 a/o Pu-51 a/o C Alloy; C; D, BF; 
cored (U,Pu)C (den) + (U,Pu)2C3 (W) 

Metallographic observat ions of cas t alloys containing more than 
50 a /o carbon showed the following sequential changes in m i c r o s t r u c t u r e with 
increas ing p lu tonium/uranium ra t io . Between 0 and 18 a /o plutonium, there 
is a Widmanstat ten reject ion of higher carbide (see F igure 30). Between 18 
and 37 a / o plutonium, a eutect ic- type separat ion of the higher carbide is ob­
served (see F igure 31). Beyond 37 a /o plutonium there a r e apparent r e m ­
nants of (U,Pu)2C3 dendr i tes in a (U,Pu)C ma t r ix (see F igure 32). 

11. Measurements of Lat t ice P a r a m e t e r for the (U,Pu)C Phase 

Although it would have been des i rab le to choose only the dif­
fraction pa t te rns of s ingle-phase alloys for the determinat ion of lat t ice 
p a r a m e t e r s , the selection was in fact dictated by the quality of the pa t te rns 
that could be obtained. It was found that the s ingle-phase carbide alloys 
having low^ plutoniunn concentrat ions alw^ays yielded good pa t t e rns . On the 
other hand, at plutonium concentrat ions of 1 0 a /o and g rea t e r , s ingle-phase 
alloys gave pa t te rns that had poorly resolved high-angle doublets and some­
t imes showed two sets of carbide l ines having different cell d imensions , (it 
should be noted that this is the composition region where Figure 28 indicates 
that "dendri t ic ghosts" occur.) In such cases be t ter pa t te rns could be ob­
tained from alloys of lower carbon composition, containing up to 10 w/o of a 
second phase. The var ious types of diffraction pa t te rns a r e shown in 
F igure 39. 

The composition of the monocarbide phase in the two-phase al­
loys •was es t imated from the i so the rmal sec t ions . Cer ta in genera l ru les 
emerged for minimizing the exper imenta l difficulties connected with 
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d i f f r a c t i o n - p a t t e r n q u a l i t y b y t h e s e l e c t i o n of a l l o y c o m p o s i t i o n s : ( a ) F o r 
p l u t o n i u m c o n c e n t r a t i o n s u p t o 10 a / o , a l l o y s c o n t a i n i n g 50 ± 1 a / o c a r b o n 
w e r e s e l e c t e d , (b) A t p l u t o n i u m c o n c e n t r a t i o n s b e t w e e n 10 a n d 37 a / o , u s e 
w a s m a d e of a l l o y s c o n t a i n i n g b e t w e e n 45 a n d 4 8 a / o c a r b o n , (c) B e y o n d 
37 a / o p l u t o n i u m a l l o y s c o n t a i n i n g b e t w e e n 38 a n d 4 5 a / o c a r b o n w e r e e m ­
p l o y e d , A s m i g h t b e e x p e c t e d , t h e r e w e r e a f e w e x c e p t i o n s t o t h e r u l e s . 

(a) Pu-44 a/o C. Quenched, 570°C, 18 days 
(Microstructure showed coring) 

r i 

I » 

Micro 33350 

(b) U-44 a/o Pu-48 a/o C. Quenched, 570°C, 8 days 
(Microstructure showed coring) 

Figure 39. Powder Diffraction Patterns of Carbides 

F i g u r e 4 0 s h o w s t h e r e l a t i o n s h i p b e t w e e n l a t t i c e p a r a m e t e r 
a n d p l u t o n i u m c o n c e n t r a t i o n . O p e n a n d f i l l e d c i r c l e s r e f e r t o t h e l a t t i c e 
p a r a m e t e r s , m e a s u r e d a t r o o m t e m p e r a t u r e , of a l l o y s q u e n c h e d f r o m 4 0 0 

4 990 

4 980 

4 960 

4 950 

• 570 °C 
O 400 °C 
D CORED 
A THREE PHASE 

-STOICHIOMETRIC-

J I 

DEFECT 
STRUCTURE 

J I 

EXTRAPOLATED 
STOICHIOMETRIC 

PuC 

HIGH CARBON 
BOUNDARY 

Figure 40 

Lattice Parameter vs. Composi­
tion for the (U,Pu)C Phase 

10 20 30 4 0 
PLUTONIUM, a/o 

50 60 

Micro 33636 



68 

and 570°C, respec t ive ly . The probable e r r o r for ao is about -Z x 10" A. 
The p a r a m e t e r s in the composit ion range from 0 to about 35 a /o plutonium 
a re for monocarb ides of ideal s to ichiometry . At higher plutonium concen­
t ra t ions the values a r e for carbides which lie on the high- and lo-w-carbon 
boundar ies of the phase field of the defect s t ruc tu re . The plutonium con­
centrat ion scale has been extended beyond 50 a/o so that the plot may in­
clude data for the defect (U,Pu)C phase and for the binary monocarbide of 
plutonium, -which at the t e m p e r a t u r e s of i n t e re s t occurs in the composition 
range 43 to 48 a /o carbon. 

A l inear extrapolat ion of the binary monocarbide data to 50 a/o 
plutonium yields a lat t ice p a r a m e t e r for PuC of ideal s to ichiometry which 
is l a r g e r than the m e a s u r e d va lues , and -which can be joined by a s t ra ight 
line to the lat t ice p a r a m e t e r of UC to sho-w that large deviations from 
Vegard ' s la-w cha rac t e r i ze the solid solution. The shape of the curve over 
the region of ideal s toichiometry suggests that the negative deviations -which 
cha rac t e r i ze this region might give way to posit ive deviations at higher plu­
tonium concentra t ions -were it not for the appearance of the defect s t ruc tu re . 
This hypothetical extension of the s to ichiometr ic curve is sho-wn by the dot-
dash l ine. 

The t rans i t ion from s to ichiometry to nonstoichiometry at the 
approximate composit ion U0.3Puo.7C may have i ts origin in an e lec t ron con­
centra t ion effect proposed by Robbins^^9) in his d iscuss ion of nonstoichiom­
etry in t e r n a r y monocarbides of t rans i t ion m e t a l s . Carbon is r egarded as 
an e lec t ron donor, and the max imum bonding energy is a s sumed to occur 
when t h e r e is an optimum number of bonding e lec t rons in re la t ion to the 
face -cen te red cubic coordination of the meta l a toms , the number being 
slightly l e s s than five. When the me ta l a toms forming the carbide have 
m o r e than the optimum number of bonding e lec t rons per atom, the favor­
able ra t io of e lec t rons to me ta l a toms can be attained only if the s t ruc tu re 
forms -with a deficiency of carbon a toms . As applied to the p resen t case in 
which nonstoichiometry begins close to the Pu-C binary s ide, Robbins ' 
postulate seems to r equ i re that u ran ium has a valence of four and plutonium 
a some-what higher valence . The t-wo e lements normal ly have valences of 
th ree through six in their var ious solutions and compounds. There is need 
for a sys temat ic study of the effect of valence on the change from stoichio­
m e t r i c carbide to defect carbide in a number of pseudo-binary sys tems of 
the monocarb ides of the t rans i t ion me ta l s and the actinide m e t a l s . 

The t r i angula r data points sho-wn in F igure 40 a r e the cell d i ­
mens ions of the carbide phases in t-wo alloys having t h r e e - p h a s e s t ruc tu res 
and lo-wer carbon contents (a U-28 a /o Pu-15 a /o C alloy quenched from 
570°C and a U-51 a /o Pu-35 a /o C alloy quenched from 525°C). Most of the 
diffraction pa t te rns of three-phase alloys contained diffuse high-angle l ines 
and were unsuitable for p a r a m e t e r de terminat ions . 

http://U0.3Puo.7C


69 

T h e l a t t i c e p a r a m e t e r s of a few a l loys w h o s e d i f f rac t ion p a t ­
t e r n s exh ib i t ed two s e t s of c a r b i d e l i n e s a r e p lo t t ed a s s q u a r e da ta p o i n t s . 
E a c h poin t r e p r e s e n t s the w e i g h t e d a v e r a g e of the p a r a m e t e r s d e r i v e d f r o m 
both s e t s of l i n e s , the we igh t ing be ing b a s e d upon r e l a t i v e l ine i n t e n s i t i e s . 
A l loys lying w i th in 1 a / o c a r b o n of the h i g h - c a r b o n (U,Pu)C p h a s e b o u n d a r y 
showed only v e r y faint (U,Pu)2C3 d i f f r ac t ion l i ne s in addi t ion to the (U,Pu)C 
r e f l e c t i o n s , and in m a n y i n s t a n c e s the p a t t e r n s which showed two s e t s of 
m o n o c a r b i d e l i n e s did not show any (U,Pu)2C3 l i ne s ( see F i g u r e 39). 

The po in t at wh ich the (U,Pu)C p h a s e field beg ins to dev ia t e 
f r o m s t o i c h i o m e t r y m a y be e s t i m a t e d f r o m m i c r o s t r u c t u r a l o b s e r v a t i o n s 
and f r o m the c h a n g e in c u r v a t u r e of the l a t t i c e spac ing v e r s u s c o m p o s i t i o n 
c u r v e ; 35 ± 2 a / o p l u t o n i u m h a s b e e n c h o s e n a s the point w h e r e the defec t 
(U,Pu)C s t r u c t u r e f o r m s . 

12. The L i q u i d u s and Sol idus B o u n d a r i e s of the 635°C I s o t h e r m a l 
Sec t ion 

The da ta for d e t e r m i n i n g the p l u t o n i u m - r i c h b o u n d a r i e s of the 
635°C i s o t h e r m a l s e c t i o n w e r e o b t a i n e d by m e t a l l o g r a p h i c e x a m i n a t i o n of 
i s o t h e r m a l l y a n n e a l e d and q u e n c h e d a l l o y s . The m i c r o s c o p i c a p p e a r a n c e 
of c a s t m i c r o s t r u c t u r e s -was u s e d a s an a u x i l i a r y a id . The spac ing of the 
po in t s d o e s not p e r m i t b r a c k e t i n g of the p h a s e b o u n d a r i e s a s c l o s e l y h e r e 

a s e l s e w h e r e in the t e r n a r y d i a g r a m ; 
,,60 the f inal r e s u l t , shown in F i g u r e 4 1 , 

i s an e s t i m a t e b a s e d upon an a n a l y s i s 
of the combined da ta . 

Al though a l l oys tha t con ta ined 
a l iquid p h a s e a t the annea l ing t e m p e r ­
a t u r e w e r e welded to the t a n t a l u m 
w r a p , t h e r e w a s no m e t a l l o g r a p h i c 
e v i d e n c e of a b r o a d diffusion l a y e r 
b e t w e e n the t a n t a l u m and the m o l t e n 
a l loy . It was t h e r e f o r e a s s u m e d t h a t 
c o n t a m i n a t i o n r e s u l t i n g f rom the con ­
t a c t of a m o l t e n a l loy with i t s t a n t a l u m 
w r a p had no a p p r e c i a b l e effect on the 
p h a s e r e l a t i o n s o b s e r v e d . 

Macro 38031 

Figure 41. Datum Points Used to Establish the 
Plutonium-rich Phase Boundaries at 
635°C 

The [ l iquid + e p s i l o n P u + 
(U,Pu)C] t h r e e - p h a s e field tha t o r i g ­
i n a t e s on the P u - C b i n a r y s y s t e m 
m o v e s v e r y r a p i d l y with t e m p e r a t u r e , 
and i t s pos i t i on was difficult to d e t e r ­

m i n e . The annea l ing f u r n a c e s w e r e r e g u l a t e d with a h i g h - l i m i t c o n t r o l l e r 
which p r e v e n t e d t h e t e m p e r a t u r e f r o m exceed ing 635°C. E v e n with th i s 
p r e c a u t i o n , two s p e c i m e n s f r o m the s a m e U-90 a / o P u - 5 a / o a l loy 
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h e a t t r e a t e d on d i f f e ren t o c c a s i o n s gave d i f fe ren t c o m p o s i t i o n s for the t w o -
p h a s e / t h r e e - p h a s e b o u n d a r y . The l ine w a s d r a w n t h r o u g h the a v e r a g e of 
the two c o m p o s i t i o n s . 

S ince it i s kno-wn t h a t a l l b i n a r y p h a s e s c o m e in to e q u i l i b r i u m 
wi th the (U,Pu)C p h a s e and t h a t t he g a m m a - U and e p s i l o n - P u p h a s e s p o s s e s s 
u n l i m i t e d m u t u a l so lub i l i t y , i t m a y be conc luded tha t i m m e d i a t e l y be low the 
p h a s e s p a c e of p r i m a r y c r y s t a l l i z a t i o n of (U ,Pu)C, a t h r e e - c o r n e r e d , t u b e ­
l ike [eps i lon P u / g a m m a U + l iqu id + (U ,Pu)C] p h a s e s p a c e ex t ends t h r o u g h 
the t e r n a r y s y s t e m f r o m t h e U - C to the P u - C s i d e . The p r e s e n c e of the 
m i n i m u m in the l i q u i d u s - s o l i d u s b o u n d a r y on the U - P u b i n a r y d i a g r a m at 
about 9 a / o p l u t o n i u m m a y r e q u i r e the t ube to m o v e into t e r n a r y s p a c e s i ­
m u l t a n e o u s l y f r o m both b i n a r y m e t a l - c a r b o n d i a g r a m s , uni t ing in s o m e 
m a n n e r at o r n e a r the t e m p e r a t u r e of the m i n i m u m . A n o t h e r p o s s i b i l i t y i s 
t h a t t he l iqu id "pudd le" c r e a t e d f r o m the U - P u b i n a r y does not ex tend v e r y 
far into t e r n a r y s p a c e and the tube i s unaf fec ted by the p r e s e n c e of the m i n i ­
m u m , d e s c e n d i n g con t inuous ly f r o m the U - C b i n a r y wi th d e c r e a s i n g t e m p e r ­
a t u r e , un t i l it e x i t s a s a P u - C e u t e c t i c . The two l iquid r e g i o n s m u s t uni te 
s o m e h o w n e a r the e u t e c t i c t e m p e r a t u r e . Both c o n s t r u c t i o n s w e r e c o n s i d ­
e r e d in the i n v e s t i g a t i o n . 

A s e r i e s of l o w - c a r b o n p l u t o n i u m - r i c h t e r n a r y a l l o y s w a s a n ­
n e a l e d a t 620°C to p r o b e for the s o l i d u s . No m e t a l l o g r a p h i c ev idence of 
m e l t i n g w a s o b s e r v e d , a l though E l l i n g e r et al.,(-^^) r e p o r t e d the m i n i m u m 
in the U - P u s y s t e m to be a t 6lO°C and 12 a / o U. A p r e l i m i n a r y i n v e s t i g a ­
t ion of the U - P u m i n i m u m point w a s t h e r e f o r e u n d e r t a k e n . O b s e r v a t i o n s 
of i n c i p i e n t m e l t i n g in a s e r i e s of P u - 8 , -12 and - 1 5 . 5 a / o U a l l o y s a n ­
n e a l e d a t t e m p e r a t u r e s c o v e r i n g in i n c r e m e n t s of 2°C the r a n g e f r o m 
600 to 630°C p l a c e d the m i n i m u m po in t in the l iqu idus a t P u - 9 a / o U and 
624°C. 

Some of the a l l oys involved in the m e t a l l o g r a p h i c s tudy and a 
g r o u p of a d d i t i o n a l a l l oys (the l a t t e r sho-wn on F i g u r e 41 by c r o s s e s ) -were 
i n v e s t i g a t e d for i nc ip i en t m e l t i n g . The t e m p e r a t u r e s g iven on F i g u r e 41 
a r e t h o s e at wh ich the f i r s t s igns of m e l t i n g w e r e d e t e c t e d . T h e s e da ta a r e 
t a k e n f r o m T a b l e VI, p . 40. 

The r e s u l t s e s t a b l i s h e d the e x i s t e n c e of a shallo-w t r o u g h or v a l l e y 
in the l i qu idus s u r f a c e lying rough ly p a r a l l e l to the [liquid + (U ,Pu)C] p h a s e 
f ie ld. At a lo-wer t e m p e r a t u r e the [ l iquid + P u + (U ,Pu)C] t i e - t r i a n g l e s shown 
in F i g u r e 41 m u s t fold t o g e t h e r to f o r m a t i e - l i n e , but t h e r e is not suff ic ient 
i n f o r m a t i o n to dec ide -whether the l i q u i d - p h a s e f ield v a n i s h e s in t e r n a r y 
s p a c e o r at the U - P u l iqu idus m i n i m u m poin t . The fact t h a t no t e r n a r y a l ­
loy -was o b s e r v e d to m e l t be low 624°C s u p p o r t s the l a t t e r c o n s t r u c t i o n , but 
the p o s s i b i l i t y of a t e r n a r y l i q u i d - p h a s e field d i s a p p e a r i n g v e r y c l o s e to 
the U - P u b i n a r y s ide h a s not been e l i m i n a t e d . 

The p l u t o n i u m - r i c h a l l oys shown in F i g u r e s 42 , 43 , and 44 con ­
t a i n in add i t ion to the t y p i c a l d e n d r i t i c c a r b i d e , a fine s p h e r o i d a l of c a r b i d e 
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s u g g e s t i v e of a e u t e c t i c - l i k e s e p a r a t i o n . F i g u r e s 43 and 44 show e s s e n t i a l l y 
the s a m e s t r u c t u r e , but in F i g u r e 44 it m a y be no ted tha t the e t ch ing r e a g e n t 
h a s c o r r o d e d the c a r b i d e p a r t i c l e s whi le d e l i n e a t i n g the d e c o m p o s e d p lu -
t o n i u m p h a s e . The m i c r o s t r u c t u r e s of t h e s e a l l o y s a r e c o n s i s t e n t with a 
c o n s t r u c t i o n ( ca l l i ng for s o m e i s o t h e r m a l r e j e c t i o n of the c a r b i d e p h a s e ) . 

I * 

•S . / ' . - i - > ' 

Micro 29696 

Figure 42. Photomicrograph of U-95a/o Pu-1 a/o C 
Alloy; C; A, 100, BF; tr epsilon Pu + 
(U,Pu)C (b) 
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Figure 43. Photomicrograph of U-87a/o Pu-7a/o C 
Alloy; 570. 5, 0; A, 200 BF; (U.PuX^ 
in tr epsilon Pu (w) matrix 

iXf^ 

Figure 44 

Photomicrograph of U-87 a/o Pu-7 a/o C Alloy; 
631, 1/48, Q; B, 200, BF; U epsilon Pu (m) + 
(U.Pu)C (b) 
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The p h o t o m i c r o g r a p h shown in F i g u r e 45 i s t ha t of a U-90 a/o P u -
5 a / o C a l loy q u e n c h e d f r o m t h e t w o - p h a s e l iquid p lus p l u t o n i u m r e g i o n at 
635°C. The l iquid p h a s e o c c u r r e d a s a g r a i n - b o u n d a r y n e t w o r k at the a n ­
nea l i ng t e m p e r a t u r e , and t h e c a r b i d e w a s r e j e c t e d in n o n d e n d r i t i c f o r m d u r ­
ing r e s o l i d i f i c a t i o n . The a p p e a r a n c e of the c a r b i d e in F i g u r e 46 i n d i c a t e s 
tha t t he c o m p o s i t i o n U - 7 5 a / o P u - 2 0 a / o C i s w e l l w i th in one of t h r e e - p h a s e 
f ie lds a t 63 5°C. The l iqu id a p p a r e n t l y n u c l e a t e d a t the c a r b i d e d e n d r i t e 
i n t e r f a c e s . The a m o u n t of d a r k - e t c h i n g c a r b i d e i s t ha t to be e x p e c t e d in 
a 20 a / o c a r b o n a l loy . F i g u r e 47 shows the t r a n s f o r m e d l iquid p h a s e in a 

Figure 45 

Photomicrograph of U-90 a/o Pu-5 a/o C Alloy; 
635, 7, Q; D, 500, BF; tr epsilon Pu (w) + 
eutectic (U,Pu)C at grain boundaries 
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Micro 31645 

Figure 46. Photomicrograph of U-75 a/o Pu-20 a/o C Alloy; 635, 6, Q; F, 500, BF; 
tr epsilon Pu (w) + eutectic (g) and dendritic (U,Pu)C 
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Figure 47. Photomicrograph of U-78 a/o Pu-7 a/o C Alloy; 635, 6, Q; G, BF; tr liquid (g, cusped) + 
(U,Pu)C (b) remnants in tr epsilon Pu matrix 

U - 7 8 a / o P u - 7 a / o C al loy quenched f r o m w^ithin t h e [ l iquid + e p s i l o n P u + 
(U ,Pu)C] t r i a n g l e away f r o m the p l u t o n i u m c o r n e r . The s h a r p - e d g e d g r a i n s 
w e r e l iqu id tha t f o r m e d at the e p s i l o n - p l u t o n i u m g r a i n b o u n d a r i e s at 635°C; 
the l i g h t - e t c h i n g c o n s t i t u e n t i s t r a n s f o r m e d e p s i l o n p l u t o n i u m ; the d a r k e s t 
e t ch ing c o n s t i t u e n t i s a r e m n a n t of the (U ,Pu)C p h a s e . 

The d a r k - e t c h i n g p a r t i c l e s shown in the m i c r o g r a p h of the 
U - 9 5 a / o P u - 1 a / o C a l loy in F i g u r e 48 a r e the c a r b i d e p a r t i c l e s t ha t h a v e 
n u c l e a t e d a l m o s t e n t i r e l y f r o m w^ithin a g r a m - b o u n d a r y netw^ork of l iquid . 
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Figure 48 

Photomicrograph of U-95 a/o Pu-1 a/o C Alloy; 
635, 7, 0; C, 100, BF; tr epsilon Pu + (U,Pu)C (b) 
at grain boundaries 
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The a p p e a r a n c e of t h i s 1 a / o c a r b o n a l loy i s i n d i c a t i v e of the v e r y l i m ­
i t ed so lub i l i ty of c a r b o n in p l u t o n i u m . 

13. The Compound PU3C2 

T h e i n v e s t i g a t i o n of the P u - C d i a g r a m by Mul fo rd et a l . , ' ' '' 
r e v e a l e d the i n t e r m e d i a t e p h a s e PU3C2, -which h a s been v e r i f i e d by the 
p r e s e n t i n v e s t i g a t i o n . T h i s compound , the s ix [Pu + PU3C2 + (U ,Pu)C] p h a s e 
f i e l d s , and t h e [PU3C2 + (U ,Pu )C] f ield a r e d i s c u s s e d be low. 

Al though the e a r l i e r -workers e x p e r i e n c e d d i f f icu l t ies in e tch ing 
PU3C2, m o s t of the e t c h a n t s l i s t e d on p a g e s 24 and 25 w e r e s a t i s f a c t o r y in 
the n i t r o g e n a t m o s p h e r e of the g lovebox . 

It w a s found tha t t h e p e r i t e c t o i d r e a c t i o n , e p s i l o n P u + 
P u C =̂̂  PU3C2, o c c u r s at 558 ± 2°C r a t h e r than at 575°C, a s r e p o r t e d by 
Mul fo rd and c o w o r k e r s . M i c r o s t r u c t u r a l ev idence -will be p r e s e n t e d to 
show tha t t he PU3C2 p h a s e b o u n d a r y i s of neg l ig ib l e width and is l o c a t e d at 
the s t o i c h i o m e t r i c c o m p o s i t i o n . 

The X - r a y d i f f r ac t ion p a t t e r n of a P u - 4 0 a / o C a l loy , a n n e a l e d 
at 500°C for 14 days and then f u r n a c e coo led , is c h a r a c t e r i z e d by a m i x ­
t u r e of s h a r p and diffuse l i n e s . The po-wder da ta a r e g iven in T a b l e XI. The 

Table XI 

X-RAY POWDER DATA F O R PujCj PHASE 

Line 

1 
2 

3 
4 

5 

6 

7 

8 

9 
10 

11 

12 
13 
14 

15 

16 
17 

18 

19 
20 

21 

22 
23 
24 

2 5 

l ( l ) 

v-w 
v-w 
VW 

V W 

s 
DMW 
M 

S 

-w 
•w 
s 
D-W 

DW 
W 

S 

D-W 

M 

v-w 
VW 

M W 

D W 
D W 

M 

M 
M 

0 

d,A 

6.134 5.328 
3.986 
2.987 
2.826 

2.690 
2.577 
2.454 
1.939 
1.879 

1.746 
1.713 
1.695 
1.556 
1.490 

1.436 
1.426 
1.358 
1.300 
1.238 

1.230 
1.183 
1.137 
1.108 
1.013 

Sm^e 

0.0157 
0.0209 
0.0374 
0.0666 
0.0744 

0.0822 
0.0895 
0.0986 
0.1580 
0.1683 

0.1949 
0.2024 
0.2067 
0.2454 
0.2678 

0.2881 
0.2921 
0.3222 
0.3515 
0.3876 

0.3928 
0.4249 
0.4600 
0.484 
0.5781 

Line 

26 

27 

28 

29 
30 

31 

32 

33 
34 

3 5 

36 

37 

38 

39 
4 0 

4 1 

4 2 
4 3 
4 4 

4 5 

4 6 

4 7 
4 8 

4 9 

l ( l ) 

D W 

D V W 

D V W 
M 
W 

D V W 

D W 
D V W 

MW 

D V W 

D V W 
D V W 

D V W 
D V W 

S 

M 

M 
MW 
D W 

DWM 

DWM 
D V W 

M 
D W 

0 

d,A 

1.103 0.9891 
0.9766 
0.9552 
0.9525 

0.9448 
0.9268 
0.9137 
0.8783 
0.8780 

0.8652 
0.8621 
0.8516 
0.8516 
0.8402 

0.8399 
0.8384 
0.8279 
0.8206 
0.8206 

0.8125 
0.8119 
0.7858 
0.7856 

Sm^e 

0.5811 
0.6064 
0.6221 
0.6502 
0.6539 

0.6647 
0.6907 
0.7107 
0.7691 
0.7735 

0.7925 
0.7982 
0.8181 
0.8218 
0.8404 

0.8451 
0.8645 
0.8698 
0.8810 
0.8855 

0.8987 
0.9045 
0.9609 
0.9661 

In tens i ty Sca le : S = s t rong ; M = m e d i u m , W 
D = diffuse. 

= weak; VW = v e r y weak, 



l i n e s c o u l d n o t b e i n d e x e d o n t h e b a s i s of a c u b i c s t r u c t u r e , a n d e f f o r t s t o 
i n d e x t h e m a s t e t r a g o n a l o r o r t h o r h o m b i c w e r e a l s o u n s u c c e s s f u l . T h e 
c l o s e c o r r e s p o n d e n c e of t h e s t r o n g l i n e s w^ith t h o s e of t h e P u C p h a s e s e e m s 
t o i n d i c a t e t h a t t h e s t r u c t u r e i s r e l a t e d t o t h e N a C l t y p e . 

T h e d e n s i t y of a s a m p l e of PU3C2 w e i g h i n g 1.7 g m w a s o b t a i n e d 
b y a l i q u i d - d i s p l a c e m e n t m e t h o d w i t h c a r b o n t e t r a c h l o r i d e a s t h e l i q u i d ; 
t h r e e d e t e r m i n a t i o n s w^ere m a d e w^ith t h e s a m e s a m p l e . O n t h e b a s i s of t h e 
a v e r a g e v a l u e a n d a n e s t i m a t e of t h e r a n d o m e r r o r a s s o c i a t e d w^ith t h e 
m e t h o d , t h e d e n s i t y of t h e p h a s e i s 14 .6 ± 0 . 0 2 g m / c m ^ . 

A l t h o u g h i t m i g h t b e e x p e c t e d t h a t p e r i t e c t o i d r i m m i n g w o u l d 
b e o b s e r v e d in t h e f o r m a t i o n of PU3C2, m e t a l l o g r a p h i c o b s e r v a t i o n s h o w s 
t h a t PU3C2 n u c l e a t e s a s p l a t e - s h a p e d p a r t i c l e s a t p r e f e r r e d s i t e s o n t h e 
c a r b i d e - p l u t o n i u m i n t e r f a c e , a n d t h a t t h e p l a t e s grow^ i n t o t h e p l u t o n i u m 
p h a s e . F i g u r e 4 9 , a p h o t o m i c r o g r a p h of a P u - 2 0 a / o C a l l o y a n n e a l e d a t 
4 0 0 ° C f o r 11 d a y s , s h o w s t h e i n c o m p l e t e t r a n s f o r m a t i o n of P u C ( d a r k ) a n d 
d e l t a P u (w^hite m a t r i x w h i c h t r a n s f o r m e d t o a l p h a o n q u e n c h i n g ) t o PU3C2 
( b l a d e s ) . T h e m i c r o s t r u c t u r e of a s p e c i m e n f r o m t h e sa ime a l l o y a n n e a l e d 
a t t h e s a m e t e m p e r a t u r e f o r 3 4 d a y s i s s h o w n i n F i g u r e 5 0 . T h e p r e s e n c e 
of s o m e u n t r a n s f o r m e d m o n o c a r b i d e s h o w s t h a t e q u i l i b r i u m h a s s t i l l n o t 
b e e n r e a c h e d . 

Micro 28757 Micro 29610 

Figure 49. Photomicrograph of Pu-20 a/oC Alloy; Figure 50. Photomicrograph of Pu-20 a/o C Alloy; 
400, 11, Q; A, 500, BF; PU3C2 blades + 400, 34, Q; B, 500, BF; PU3C2 blades + 
tr delta Pu (w) + PuC (den) tr delta Pu (w) + PuC (den) 

C r y s t a l l o g r a p h i c f a c t o r s a r e p r o b a b l y r e s p o n s i b l e f o r t h e 
m o r p h o l o g y of PU3C2. N a b a r r o v 2 7 ) \^^g d e m o n s t r a t e d t h a t t h e s t r a i n - e n e r g y 
f a c t o r f a v o r s t h e f o r m a t i o n of p l a t e - s h a p e d p r e c i p i t a t e s i n c r y s t a l l i n e s o l i d s ; 
t h i s f a c t o r i s p a r t i c u l a r l y i m p o r t a n t a t l o w t e m p e r a t u r e s , a t w h i c h t h e l a t t i c e 



of the m a t r i x i s m o r e r i g i d . The r e l a t i v e e a s e of l a t t i c e diffusion and 
g r a i n - b o u n d a r y diffusion a t low t e m p e r a t u r e m a y a l s o in f luence the m o d e 
of the r e a c t i o n . If p e r i t e c t o i d r i m m i n g o c c u r s , t he r e a c t i o n can p r o c e e d 
only by bulk diffusion of p l u t o n i u m or c a r b o n t h r o u g h the PU3C2 l a t t i c e , and 
t h i s diffusion wi l l p r o b a b l y be the r a t e - c o n t r o l l i n g s t e p . On the o t h e r hand , 
if the p r o d u c t i s f o r m e d a s n a r r o w p l a t e l e t s o r i g i n a t i n g cit the i n t e r f a c e , 
the r e a c t a n t s r e m a i n in con t inuous con t ac t . F u r t h e r m o r e , c a r b o n a t o m s , 
which a r e i n s o l u b l e in the p l u t o n i u m p h a s e , can be con t inuous ly supp l i ed 
for the r e a c t i o n by g r a i n - b o u n d a r y diffusion along the s u r f a c e s of the 
p l a t e s . A s c a r b o n i s c o n s u m e d in the f o r m a t i o n of the new^ p h a s e , t he m o n o -
c a r b i d e d e n d r i t e s d e c r e a s e in s i z e and even tua l ly d i s a p p e a r . The e x p e r i ­
m e n t a l o b s e r v a t i o n of t h i s effect i s sho'wn in F i g u r e s 49 , 50, 5 1 , and 52. 

Micro 28829 Micro 32534 

Figure 51. Photomicrograph of Pu-20 a/o C Alloy; Figure 52. Photomicrograph of U-79 a/o Pu-20 a /oC 
300, 21 , Q; AP, 500, BF; PU3C2blades + Alloy; 440, 14, Q; AP, 500, BF; PU3C2 
tr gamma Pu (w) + PuC (den) blades + tr delta Pu (w) + PuC (den) 

In a s u r v e y of the b i n a r y d i a g r a m s in Hansen'^"^^ only one re f ­
e r e n c e w a s found to a p e r i t e c t o i d r e a c t i o n tha t p r o c e e d e d in a s o m e w h a t 
s i m i l a r m a n n e r . While s tudying the N i - M o d i a g r a m , F H. E l l i n g e r found 
the Ni + NiMo j= NijMo r e a c t i o n at 890°C p r o c e e d e d wi th the f o r m a t i o n of 
banded g r a i n s . ' ' ' ' 

P r e c i p i t a t i o n of PU3C2 wi th in the m o n o c a r b i d e g r a i n s w a s only 
o b s e r v e d in a l loys which a r e h y p e r s t o i c h i o n a e t r i c wi th r e s p e c t to PU3C2 F o r 
e x a m p l e . F i g u r e 53 shows the W i d m a n s t a t t e n r e j e c t i o n of PU3C2 wi th in the 
m o n o c a r b i d e in a P u - 4 2 . 5 a / o C al loy a n n e a l e d at 500°C. 

In an e x p e r i m e n t d e s i g n e d to b r a c k e t the PU3C2 b o u n d a r i e s m 
the P u - C s y s t e m , a s e r i e s of a l loys conta in ing 39, 4 1 , and 42.5 a / o c a r b o n 
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w^ere h e a t t r e a t e d a t a t e m p e r a t u r e of a b o u t 5 3 0 ° C f o r 17 d a y s . ( B e c a u s e of 
a t h e r m o c o u p l e m a l f u n c t i o n t h e e x a c t t e m p e r a t u r e i s u n k n o w n . ) T h e c o a r s e 
b l a d e s of PU3C2 s h o w n i n F i g u r e s 54 a n d 55 i n d i c a t e t h a t e q u i l i b r i u m c o n ­
d i t i o n s w e r e c l o s e l y a p p r o a c h e d . O n t h e b a s i s of t h e r e l a t i v e a m o u n t s of 
PU3C2 a n d P u C p r e s e n t i n t h e m i c r o s t r u c t u r e s s h o w n i n F i g u r e s 5 4 , 5 5 , a n d 
5 6 , t h e PU3C2 p h a s e b o u n d a r y w a s p l a c e d a t 4 0 a / o c a r b o n , a n d t h e [PU3C2 + 
P u C j / P u C b o u n d a r y b e t w e e n 4 3 a n d 4 4 a / o c a r b o n . I t w i l l b e s h o w n t h a t t h e 
l a t t e r b o u n d a r y i s p l a c e d a t 4 3 . 5 a / o c a r b o n b y t h e X - r a y r e s u l t s . 

Micro 32686 (a) Micro 32685 (b) 

Figure 53. Photomicrograph of Pu-42.5 a/o C Alloy; 500, 14, FC; D, 500. BF; PU3C2 (W) + PuC 

Figure 54 

Photomicrograph of Pu-39 a/o C Alloy; 
530, 17, 0; E, 500, BF; PU3C2 blades 
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Micro 30551 (a) 500X Micro 30016 (b) 200X 

Figure 55. Photomicrograph of Pu-41 a/o C Alloy; 530, 17, Q; E, BF; PU3C2 blades + PuC 

^•nr igig" ** 

Micro 28758 (a) 200X Micro 28769 (l>) 500X 

Figure 56. Photomicrograph of Pu-42.5 a/o C Alloy; 530, 17, Q; A, BF; PU3C2 blades + PuC 

A ca re fu l s tudy of p h o t o m i c r o g r a p h s of b i n a r y and t e r n a r y a l ­
loys (138 m i c r o g r a p h s of 46 d i f fe ren t s p e c i m e n s ) h a s y i e l d e d s o m e i n f o r ­
m a t i o n c o n c e r n i n g the m o r p h o l o g i c a l r e l a t i o n s . T h e r e a r e u s u a l l y only 
t h r e e o r four d i r e c t i o n s m which the new p h a s e g r o w s when n u c l e a t i n g at 
the c a r b i d e - p l u t o n i u m i n t e r f a c e ( see e s p e c i a l l y F i g u r e 57), and u s u a l l y no 
m o r e than four d i r e c t i o n s when s e c o n d a r y b r a n c h e s grov^ f r o m the ex i s t i ng 
PU3C2 p l a t e s ( see F i g u r e 62c) 



Micro 29611 (a) 500X Micro 29613 (b) 

Figure 57. Photomicrograph of Pu-20 a/o C Alloy; 545. 28. Q; AP, BF; 
PU3C2 blades + tr epsilon Pu (w) + PuC (den) 

14 . T h e [ P u + PU3C2 + ( U , P u ) C ] P h a s e F i e l d s 

A l t h o u g h n o t r o u b l e w a s e x p e c t e d i n f i x i n g t h e e x t e n t of t h e s e 
p h a s e f i e l d s a t t e m p e r a t u r e s a b o v e 5 0 0 ° C , i t w a s b e l i e v e d t h a t p r o h i b i t i v e l y 
l o n g a n n e a l s m i g h t b e r e q u i r e d t o o b t a i n e q u i l i b r i u m m i c r o s t r u c t u r e s a t 
4 0 0 ° C ( s e e F i g u r e s 5 1 a n d 5 2 , i n w^hich 1 1 - a n d 3 4 - d a y a n n e a l s a r e c o n n -
p a r e d ) . H o w e v e r , t h e s l u g g i s h n e s s t h a t c h a r a c t e r i z e s t h e f o r m a t i o n of 
PU3C2 i n P u - C a l l o y s i s n o t o b s e r v e d i n t h e t e r n a r y a l l o y s . T h e p r o p o r ­
t i o n s of p h a s e s s h o w n i n F i g u r e 58 f o r a U - 7 5 a / o P u - 2 0 a / o C a l l o y a n n e a l e d 

Micro 28782 
Figure 58. Photomicrograph of U-75 a/o Pu-20 a/o C Alloy; 400, 8, Q; AP. 500, BF; 

PU3C2 blades + tr delta Pu (w) + PuC (den) 



f o r 8 d a y s a t 4 0 0 C w e r e u n c h a n g e d a f t e r a 3 4 - d a y a n n e a l a t t h e s a m e t e m ­
p e r a t u r e . T h e u r a n i u m a d d i t i o n m a y i n c r e a s e t h e r a t e of d i f f u s i o n of c a r b o n 
o r m a y s e r v e a s a s o u r c e of s t r a i n e n e r g y w h i c h i s e x p e n d e d i n n u c l e a t i o n 
a n d gro^wth. T w o p h o t o m i c r o g r a p h s of c o m p l e t e l y t r a n s f o r m e d U - 7 9 a / o P u -
20 a / o C a l l o y s a r e s h o w n i n F i g u r e s 59 a n d 6 0 . 

Micro 32613 Micro 32537 

Figure 59. Photomicrograph of U-79 a/o Pu-20 a/o C Figure60. Photomicrograph of U-79 a/o Pu-20 a/o C 
Alloy; 470, 11, Q; E, 500, BF; PU3C2 Alloy; 500, 7, Q; AP, 500, BF; PU3C2 
blades in tr delta prime matrix blades + tr epsi]on Pu(w) + trace(U,Pu)C 

(den remnants) 

F i g u r e 61 s h o w s a U - 5 7 a / o P u - 3 8 a / o C a l l o y a n n e a l e d a t 4 0 0 ° C 
f o r 8 d a y s , a n d p r e p a r e d f o r m e t a l l o g r a p h i c e x a m i n a t i o n w i t h tw^o d i f f e r e n t 

:!3 

Micro 28806 
#1 

(a) "G" etch Micro 28808 (b) "B" etch 

Figure 61. Photomicrograph of U-57 a/o Pu-38 a/o C Alloy; 400, 8, Q; 
500, BF; PU3C2 blades + (U,Pu)C (g) 



etching reagen t s . F igure 61a dist inguishes the res idual monocarbide 
phase whereas F igure 6 lb shows the blades of PU3C2 m o r e c lear ly . The 
smal l amount of plutonium expected in this alloy is not vis ible; how^ever, 
faint alpha-plutonium lines were observed on the powder diffraction pat tern . 

Two nnicrographs of a port ion of an incompletely t r ans fo rmed 
U-79 a /o Pu-20 a /o C alloy quenched from 3 11°C after 22 days is shown in 
F igure 62. Unusually la rge blades of the new phase have developed. Ap­
parently in this case , a reduction in free energy could more easily be a t ­
tained by a continued growth on existing c r y s t a l s . F igure 62b shows 

Micro 32625 (a) Micro 32626 (b) 

Micro 32627 (c) 

Figure 62. Photomicrograph of U-79 a/o Pu-20 a/o C Alloy; 311. 22, Q; AP, 500, BF; 
PU3C2 blades + tr gamma Pu (w) + PuC (den) 
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a mic rog raph at 500X of the l a rges t PU3C2 blades . F igure 62c has been in­
t roduced to sho-w the different d i rec t ions of gro-wth of the PU3C2 phase . 

15, The [PU3C2 + (U,Pu)C] Phase Fie ld 

This phase field is c rea ted when the [epsilon Pu + PU3C2 + 
(U,Pu)C] per i tec to id t i e - t r i ang le en te r s the binary at 558°C. It r emains 
essent ia l ly unchanged in the in te rva l to roorri t e m p e r a t u r e . 

Establ ishing the boundar ies of the adjacent t h r e e - p h a s e field 
and the s ingle-phase monocarbide solid solution fixed the boundaries of 
this phase field. 

16. F o u r - p h a s e Equi l ibr ium React ions 

To obtain a m o r e comprehens ive vie-w of the t e rna ry equil ib­
r ium than is given by the i so the rmal sec t ions , four invar iant , t e r n a r y -
reac t ion planes -were de te rmined . Three of these involved u r a n i u m - r i c h 
phases and defined all of the invar iant four-phase equi l ibr ium reac t ions for 
u r a n i u m - r i c h alloys from room t e m p e r a t u r e to the sol idus. In the vicinity 
of the plutonium corner the al lotropy of plutonium int roduces a cons ider ­
able number of four-phase reac t ions -which occur over a narro^w band of 
t e m p e r a t u r e s and composi t ions . 

The classif icat ion of the four-phase invar iant reac t ions i s , a c ­
cording to the notation of Rhines:!^^) 

Class I a ^ ^ + 7 + 6; 

Class II a + j3=^7 + 6; 

Class III a + ]3 + 7 — 6. 

The overa l l pa t t e rn is outlined in F igu re 63. The equations in 
boxes r e p r e s e n t the t h r e e - p h a s e and four-phase reactio-ns. Surrounding 
each four-phase box a r e shown groupings of th ree phases , each of -which 
cor responds to a t i e - t r i ang le par t ic ipat ing in the four-phase react ion. The 
or igin or te rmina t ion of a t h r e e - p h a s e t r iangle on one of the binary s y s ­
t ems is indicated by an a r row. An a r r o w is also used to connect a t h r e e -
phase t r iangle -with the next four-phase react ion in -which it is involved. 
The binary U-C reac t ion t e m p e r a t u r e s a r e from the work of Blumenthal.^-^^ 
The remaining t e m p e r a t u r e s a r e the r e su l t s of this investigation. 

The reac t ion t e m p e r a t u r e s -were es tabl ished by meta l lographic 
observat ions of the changes produced by annealing four s e r i e s of alloys 
containing 0, 1, or 3 a /o carbon and having an approximately constant 
u ran ium/plu ton ium ra t io . The anneals bracketed the var ious reac t ion 
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t e m p e r a t u r e s . In a l m o s t e v e r y i n s t a n c e , a l l of the a l loys of a s e r i e s w e r e 
a n n e a l e d at t he s a m e t i m e in the s a m e f u r n a c e . The r e s u l t s a r e s u m ­
m a r i z e d in T a b l e XII and c o m m e n t e d upon below. 

BINARY REACTIONS 
U-Pu U-C 

T°775°C 

TERNARY REACTIONS 

I yU->/3U + UC| 

1 
yU + /3U + (U,Pu)C 

T = 707 °C in 
/3U + yU-»7) 

yU + /3U + (U,Pu)C-»7; T= 7I2"'C 

PU + yU + ri /9U + -7 + (U,Pu)C yU + i7 + (U,Pu)C 

T=̂  607 °C 

h-t-gu-'Cl 

3_ 
r,+$U+C, /9U + T; + (U,PU)C 

T = 668°C /3U + i;-»5 + (U,Pu)C T=594°C 

\$U — aU+UC\ /8U + C + {U,Pu)C T?+C+(U,Pu)C 

T = 5 5 9 ° C 
|gu->au + f| 

I 
JL. 

/3U+aU + 4 y3U+aU + (U,Pu)C /3U+C+ (U,Pu)C 

I I /SU-»aU + S + (U,Pu)C T = 549°C | 

au + C+(U,Pu)C 

TO ROOM 
TEMPERATURE 

TO Pu 
REACTIONS 

T"275°C 
1,-/3 Pu + 5 

T 

T,+t + (U,Pu)C ,8Pu + T, + (U,Pu)C 

H |T7 + (U,Pu)C-»ffPu+C T=285°C| 

/SPu+C-^-^ /3Pu + C + (U,Pu)C 

TO OTHER Pu 
REACTIONS 

106-6440 

Figure 63. Outline of Ternary Four-phase Equilibrium Reactions 

F i g u r e 64 sho-ws p a r t i a l i s o t h e r m a l s e c t i o n s , i n t h e o r d e r of 
d e c r e a s i n g t e m p e r a t u r e , i l l u s t r a t i n g e a c h of t h e f o u r - p h a s e r e a c t i o n s . T h e 
f i g u r e h a s b e e n d r a w n o u t of s c a l e a n d t h e c a r b o n s o l u b i l i t y i n t h e U - P u 
p h a s e s h a s b e e n e x a g g e r a t e d s o t h a t a l l of t h e p a r t i c i p a t i n g t i e - t r i a n g l e s 
c a n b e i n c l u d e d . T h e p l a c e m e n t of t h e a l l o y s i s i n d i c a t e d b y c i r c l e s . F o r 
c l a r i t y , o n l y t h e o n e - p h a s e f i e l d s h a v e b e e n l a b e l e d . T h e c e n t e r i s o t h e r m a l 
s e c t i o n i n e a c h s e q u e n c e h a s b e e n d r a -wn j u s t a b o v e t h e t e r n a r y r e a c t i o n 
p l a n e . 

C l a s s I: B e t a U ^ A l p h a U + Z e t a + ( U , P u ) C ; T = 559 ± 4°C 

T h e a v e r a g e v a l u e of t h e [ b e t a U =^ a l p h a U + z e t a ] b i n a r y -
r e a c t i o n t e m p e r a t u r e , 559 ± 4 ° C w a s s u b s t a n t i a l l y i n a g r e e m e n t w i t h t h e e a r ­
l i e r v a l u e of 560°C,(-^2) s o i t w a s b e l i e v e d t h a t n o f u r t h e r i n f o r m a t i o n -would 
b e g a i n e d by a n n e a l i n g a n o t h e r s e r i e s of a l l o y s i n t h e t e m p e r a t u r e r a n g e 
b e t w e e n 553 a n d 5 6 2 ° C . 



Table z n 

OBSERVATIONS ESTABLISHING EQUILIBRIUM REACTIONS 

Alloy 

U 

82 
82 
81 

82 
82 
81 

82 
82 
81 

72 
71 
70 

70 

72 
71 
70 

72 
71 
70 

23 
15 

15 
14.5 
14 

15 
14.5 
14 

75 
74.5 
73 

75 
74.5 
73 

75 
74.5 
73 

Composition, a/o 

Pu 

18 
17 
16 

18 
17 
16 

18 
17 
16 

28 
28 
27 

23 

28 
28 
27 

28 
28 
27 

77 
78 

85 
84.5 
83 

85 
84.5 
83 

25 
24.5 
24 

25 
24.5 
24 

25 
24.5 
24 

_C 

0 
1 
3 

0 
1 
3 

0 
1 
3 

0 
1 
3 

7 

0 
1 
3 

0 
1 
3 

0 
7 

0 
1 
3 

0 
1 
3 

0 
1 
3 

0 
1 
3 

0 
1 
3 

Annealing 
Temperature, 

"C 

Class I : 

553 
553 
553 

545 
545 
545 

562 
562 
562 

Class n 

598 
598 
598 

590 

604 
604 
604 

610 
610 
610 

Class n 

278 
278 

288 
288 
288 

272 
272 
272 

Class n i : 

710 
710 
710 

714 
714 
714 

704 
704 
704 

Observation*^* 

Seta U = Alpha U-^ Zeta-KU.PulC 

alpha U + zeta 
beta U + trace zeta 
beta U •̂  trace zeta 

alpha U + zeta 
alpha U •̂  zeta 
alpha U + zeta 

beta U •̂  trace zeta 
beta U + trace zeta 
beta U + trace zeta 

• 

: Beta U-I-Eta = Zeta +(U,Pu)C 

zeta 
beta U + tr eta 
beta U -1- tr eta 

zeta 

zeta 
beta U + tr eta 
beta U -I- tr eta 

beta U + tr eta 
beta U + tr eta 
beta U •!• tr eta 

Eta •^IU,Pu)C = Beta Pu + 

zeta ••• tr eta 
beta Pu •<• zeta 

zeta + tr eta 
zeta -I- tr eta 
zeta + tr eta 

zeta -•• beta Pu 
zeta ••• beta Pu 
zeta -̂  beta Pu 

Beta U -̂  Gamma U + (U,Pu)C 

beta U + gamma U 
beta U + tr eta 
beta U + tr eta 

beta U + gamma U 
beta U + gamma U 
beta U + gamma U 

treta 
treta 
treta 

Zeta 

• 

• 

= Eta 

[ 

Conclusion 

Only class I reaction possible 

Class I reaction between 545-553°C 

Beta U 5= alpha U -i- zeta binary 
reaction between 553-562°C 

Only class H reaction possible 

Class n reaction between 590-598°C 

Beta U + eta = zeta binary reaction 
between 604-610°C 

Only class n reaction possible 

Class H reaction between 278-288°C 

Eta = beta Pu •̂  zeta binary 
reaction between 272-278°C 

Only class IH reaction possible 

Class IE reaction between 710-714°C 

Beta U + gamma U = eta binary 
reaction between 704-7IO°C 

<l'(U,Pu)C appeared in all ternary alloys; tr = transformed. 
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CLASS I: /3u = aU + C-»-tU,Pu)C 

Pu U Pu U 

T.562»C 

CLASS n: PV*il'=i •••(U,Pu)C 

T«553*C T=545'C 

T»6I0*C 

CLASS «: i;+(U.Pu)Ca=/8Pu+C 

t ^ T . 
Pu U 

598*0 C^T. 590 "C 

T> 268*0 

CLASS m: i8u + aU+(U,Pu)0s=ij 

T.278 'C T=272*C 

Pu U 
T'7I4*C T = 7I0»C 1 = 704*0 

Micro 38106 

Figure 64 . I so thermal Sect ions I l lustrat ing Four-phase Reaction Mechanisms 

Class II: Beta U + Eta —Zeta + (U,Pu)C; T = 594 ± 4°C 

This react ion mus t occur at a lo-wer t empera tu re than the r e ­
action of the U-Pu binary sys tem, beta U -I- eta ^^ zeta. In the present 
study the la t ter react ion was placed at 607 ± 3°C (see p. 91). 

Class II: Eta + ( U , P u ) C ^ Beta Pu + Zeta; T = 283 ± 5°C 

The powder pa t te rn of the U-78 a /o Pu-7 a /o C alloy quenched 
from 278°C showed the presence of alpha plutonium, zeta, and (U,Pu)C. 
No metal lography was per formed, but it is p resumed that the alpha pluto­
nium resu l ted from the decomposit ion of beta plutonium. Only zeta r e ­
flections (zeta -f t r ans fo rmed eta) -were obtained for the U-77 a/o Pu alloy 
quenched from 278°C. 

The diffraction pa t te rns of the se r i e s of alloys quenched from 
272°C contained many broad and diffuse l ines . Par t ly for this reason, and 
part ly because many of the a lpha-Pu, be ta -Pu , and zeta-phase reflections 
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c o i n c i d e , it w a s difficult to r e c o g n i z e the p a r t i a l r e t e n t i o n of b e t a p l u t o ­
n i u m . The s p e c i m e n s w e r e not e x a m i n e d m e t a l l o g r a p h i c a l l y . E l l i n g e r et a l , 
p l a c e d the b i n a r y U - P u r e a c t i o n , e ta =?^beta P u + z e t a , at 278°C,^-^^/a t e m ­
p e r a t u r e -which i s in a g r e e m e n t -with the p r e s e n t r e s u l t s to wi th in e r r o r . 

C l a s s III: B e t a U + G a m m a U + (U,Pu)C — E t a ; T = 712 ± 2°C 

E l l i n g e r _et a l . , ' ^ ^ / r e p o r t e d 705°C a s the t e m p e r a t u r e of the 
b i n a r y U - P u r e a c t i o n , b e t a U -I- g a m m a U ^^ e t a . 

17. The L o w - t e m p e r a t u r e P l u t o n i u m P h a s e s 

The a l l o t r o p y of p l u t o n i u m i n t r o d u c e s a n u m b e r of f o u r - p h a s e 
r e a c t i o n s t h a t o c c u r o v e r a n a r r o w r a n g e of t e m p e r a t u r e and c o m p o s i t i o n . 
R e a c t i o n r a t e s a r e so r a p i d tha t the d i f fe ren t p l u t o n i u m a l l o t r o p e s cannot 
be r e t a i n e d at r o o m t e m p e r a t u r e by quench ing . In v iew of the fact t ha t 
e q u i p m e n t -was not a v a i l a b l e to o b s e r v e t h e s e p o l y m o r p h i c c h a n g e s , f o u r -
p h a s e r e a c t i o n s involv ing m o r e t h a n one p l u t o n i u m a l l o t r o p e could not be 
s tud ied . 

Some i n f o r m a t i o n about the p l u t o n i u m c o r n e r w a s o b t a i n e d by 
annea l ing a s e r i e s of t e n a l l oys a t t e m p e r a t u r e s wi th in the r a n g e s of s t a ­
b i l i ty of the v a r i o u s p l u t o n i u m a l l o t r o p e s . The p h a s e s p r e s e n t w e r e i d e n ­
t i f ied on the b a s i s of t h e i r m i c r o s t r u c t u r a l a p p e a r a n c e ; X - r a y d i f f rac t ion 
p a t t e r n s \ v e r e not ob t a ined . The s t r u c t u r e of the p l u t o n i u m p h a s e tha t -was 

s t a b l e at the annea l ing t e m p e r a t u r e 
h a s been i n f e r r e d f r o m the P u - U 
b i n a r y p h a s e d i a g r a m , F i g u r e 1. 
The r e s u l t s i nd i ca t e t h a t t h e 
p l u t o n i u m - r i c h c o r n e r of the i s o ­
t h e r m a l s e c t i o n at 400°C i s r e p r e ­
s e n t a t i v e of s e c t i o n s f r o m 558°C to 
r o o m t e m p e r a t u r e , excep t for the 
c h a n g e s a s s o c i a t e d wi th the m o v e ­
m e n t s of the o n e - p h a s e / t w o - p h a s e 
b o u n d a r i e s on the b i n a r y P u - U 
d i a g r a m . 
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Figure 65. Pu-C Phase Diagram 

18 . P u - C D i a g r a m 

T h e p a r t i a l P u - C p h a s e 
d i a g r a m s h o w n in F i g u r e 6 5 , d e r i v e d 
f r o m t h e p r e s e n t s t u d y , i s b a s e d 
p r i n c i p a l l y o n m e t a l l o g r a p h i c e v i ­
d e n c e , a l t h o u g h t h e t e m p e r a t u r e -
i n v a r i a n t b o u n d a r y , l i q u i d / [ e p s i l o n P u 4-
P u C ] , w a s d e t e r m i n e d b y i n c i p i e n t 
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melt ing, and a port ion of the boundary of the PuC phase was es tabl ished 
from the composition dependence of the lat t ice p a r a m e t e r of the monoca r ­
bide phase . The data points refer only to the meta l lographic r e s u l t s . The 
pr incipal contribution of the p resen t work is the placing of the boundaries 
of the monocarbide phase . The t empe ra tu r e of the eutect ic , 63 7°C, differs 
only slightly from the t empe ra tu r e repor ted by Mulford et al.,(^o) 630 ± 2°C, 
who used t he rma l ana lyses . The re is a somewhat l a rge r d i sagreement in 
the t empe ra tu r e of the per i tectoid formation of PU3C2: 5 58°C in the p resen t 
work and 575°C in the ea r l i e r vers ion . 

F igures 66 and 67, showing the m i c r o s t r u c t u r e s of a Pu -
46 a /o C alloy before and after annealing at 1400°C, a r e i l lus t ra t ive of a 
cored carbide phase and a homogeneous carbide phase . F igure 67 also 
show^s that at 1400°C a liquid phase existed at the gra in boundar ies . The 
absence of the liquid phase in the Pu-47.5 a /o C alloy (not i l lus t ra ted) p r o ­
vided the evidence for placing the [liquid + P u C / P u C ] phase boundary at 
1400°C as shown on F igure 65. 

i\-

^ 

Mm ^ ^ I » / l l 

Micro 29684 

Figure 66. Photomicrograph of Pu-46 a/o C Alloy; 570, 17, Q; B, 200, BF; cored PuC 

The location of the low-carbon PuC phase boundary was de te r ­
mined by quantitative metal lographic analysis (see Appendix, P a r t II). F ig­
ure 68 gives the resu l t s for alloys quenched from 59 5°C. The weight percent 
of PuC derived from the quantitative metal lography is plotted against the 
concentrat ion of carbon in weight percent , and the s t ra ight line obtained is 
extrapolated to 100 w/o PuC to give the carbon concentrat ion at the one-
phase / two-phase boundary, 3.68 w/o [43.5 a /o ] . 



Micro 34906 

Figure 67. Photomicrograph of Pu-46 a/o C Alloy; 1400, 1/24, FC; 
AP, 350, BF; tr liquid at PuC grain boundaries 
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Pu-C ALLOYS AT ~ 595°C 

Figure 68 

Point-count Analysis for Pu-C Alloys 
ESTIMATED LOWER 

—CARBON LIMIT OF 
PERITECTIC HORIZONTAL 

I I 

-L 
2 3 
CARBON, w/o 

106-6437 

The r o o m - t e m p e r a t u r e lat t ice constant of the carbide in one-
and two-phase a l loys in the a s - c a s t condition and as quenched f rom var ious 
annealing t e m p e r a t u r e s i s plotted v s carbon concentrat ion in F igure 69-
The patterns contained sharp l ine s with w e l l - r e s o l v e d doublets . The 
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p r o b a b l e e r r o r of the p a r a m e t e r d e t e r m i n a t i o n s i s about 2 x 10~* A; the un ­
c e r t a i n t y in c h e m i c a l c o m p o s i t i o n i s of the o r d e r of 0.5 a / o c a r b o n . The 
p a r a m e t e r s a r e e s s e n t i a l l y i n v a r i a n t wi th c a r b o n c o n c e n t r a t i o n in the c o m ­
p o s i t i o n r a n g e s of the ( eps i l on P u + PuC) and (PuC + PU2C3) p h a s e f ie lds 
and follo-w a s m o o t h c u r v e w^ithin t h e m o n o c a r b i d e r e g i o n . T h e s e da ta s u p ­
p o r t t he o c c u r r e n c e of t h e ( eps i lon P u -I- P u C ) / P u C bounda ry at 43.5 a / o c a r ­
bon in the t e m p e r a t u r e r a n g e f r o m 570 to 595°C. The ev idence f r o m X - r a y 
r e s u l t s for p l ac ing the b o u n d a r y a t a s l igh t ly lower c a r b o n c o n c e n t r a t i o n in 
the t e m p e r a t u r e r a n g e f r o m 620 to 635°C i s not s t r o n g b e c a u s e the da t a 
show c o n s i d e r a b l e s c a t t e r , but it i s s u p p o r t e d by m e t a l l o g r a p h i c o b s e r v a ­
t i ons and by q u a n t i t a t i v e m e t a l l o g r a p h i c a n a l y s i s . The P u C / ( P u C + PU2C3) 
b o u n d a r y at 570°C can be p l a c e d a t 48 a / o c a r b o n on the b a s i s of the X - r a y 
r e s u l t s , but da ta a r e not a v a i l a b l e for o t h e r t e m p e r a t u r e s . 

4990 

4980 -

4940 

QUENCHED FROM 
0 
D 

• 
A 

V 
X 

• 

400 °C 
570 °C 
595 "C 
620 °C 
635 °C 
AS CAST 
I500°C 

570°C-595''C 7_ 

620''C-635°C 

EXTRAPOLATED, 
STOICHIOMETRIC PuC " 

20 

Macro 33637 

34 36 38 40 42 44 46 48 
CARBON, a/o 

50 52 54 

Figure 69. Lattice Parameter vs Composition Curve 
for the PuC Phase 

T h e P u C / ( P u C + PU2C3) p h a s e b o u n d a r y a t e l e v a t e d t e m p e r a ­
t u r e s c o u l d n o t b e s a t i s f a c t o r i l y d e l i n e a t e d b e c a u s e of m e t a l l o g r a p h i c 
d i f f i c u l t i e s . M e t a l l o g r a p h i c s t u d y of P u - C a l l o y s b e c o m e s m o r e d i f f i c u l t 
w i t h i n c r e a s i n g c a r b o n c o n t e n t , a c o n d i t i o n t h a t i s c a u s e d by t h e i n c r e a s ­
i n g l y r a p i d c o n t a m i n a t i o n of t h e s u r f a c e of t h e s p e c i m e n s by i m p u r i t i e s i n 
t h e n i t r o g e n a t m o s p h e r e of t h e g l o v e b o x . I n t h i s i n v e s t i g a t i o n s m a l l 
a m o u n t s of t h e PU2C3 p h a s e c o u l d n o t b e d e t e c t e d . L a r g e r a m o u n t s , a s i l ­
l u s t r a t e d by t h e m i c r o g r a p h of F i g u r e 7 0 , c o u l d r e a d i l y b e d i s t i n g u i s h e d 
f r o m t h e P u C p h a s e . 



Micro 32705 

Figure 70. Photomicrograph of Pu-52 a/o C Alloy; C, G, 500, BF; 
PU2C3 den in matrix of PuC 

B , D i s c u s s i o n of R e s u l t s 

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

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

B e c a u s e of t h e v e r y l i m i t e d c a r b o n s o l u b i l i t y i n t h e b i n a r y p h a s e s 
a n d t h e a b s e n c e of t e r n a r y p h a s e s , t h e p h a s e b o u n d a r i e s a t 4 0 0 a n d 5 7 0 ° C 
c o u l d b e b r a c k e t e d by t w o s e r i e s of a l l o y s , o n e a t 7 a / o c a r b o n , t h e o t h e r 
a t 3 5 a / o c a r b o n . A l o n g t h e c o n s t a n t - c a r b o n l i n e s t h e s p a c i n g of a l l o y s 
w a s a t a p p r o x i m a t e l y 1 a / o i n t e r v a l s . 

B y m e a n s of a c o m p a r i s o n of t h e i n t e n d e d c o n n p o s i t i o n s w i t h t h e r e 
s u i t s of c h e m i c a l a n a l y s e s , t h e u n c e r t a i n t y i n t h e s t a t e d c o n c e n t r a t i o n of 
a n y c o m p o n e n t i n a n y a l l o y w a s e s t i m a t e d t o b e ±1 a / o . 

T h e a t t a i n n n e n t of e q u i l i b r i u m c a n b e s t b e d i s c u s s e d b y d i v i d i n g t h e 
p h a s e d i a g r a m i n t o t w o s e c t i o n s : l o w ^ - c a r b o n a l l o y s c o n t a i i n i n g l e s s t h a n 
35 a / o c a r b o n , a n d h i g h - c a r b o n a l l o y s c o n t a i n i n g m o r e t h a n 35 a / o c a r b o n . 
F o r t h e l o w - c a r b o n a l l o y s t h e c r i t e r i o n f o r d e t e r m i n i n g t h a t e q u i l i b r i u m 
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existed or -was closely approached was to compare the s t ruc tu res of the 
same alloy after 4 - and 34-day anneals . In every alloy for which this tes t 
-was made the re -was no change in the m i c r o s t r u c t u r e -with increasing t ime , 
so it -was assumed that the phases -were in equil ibrium after the shor ter 
annealing per iod. High-carbon alloys -were found to contain inhomogeneous 
cast m i c r o s t r u c t u r e s -which in many cases could not be removed with the 
available h igh - t empera tu re annealing facility. The only phase boundary 
whose location is dependent upon observat ions on inhomogeneous alloys is 
that of the (U,Pu)C phase field in the region -where the deviations from 
stoichiometry occur . This boundary is considered tentat ive, being shown 
as a dashed line. 

It is believed that the composit ional uncer ta in t ies in the locations 
of the phase boundaries can be summar i zed as follows: 

(a) boundaries involving solid phases except the monocarbide 
phase field: ±1 a /o ; 

(b) the monocarbide phase field: ±1.5 a/o except higher in the 
region of the defect s t r uc tu r e ; 

(c) boundar ies involving the liquid phase: ±2 a / o . 

T e m p e r a t u r e s -were maintained constant to -within ±3°C; in most 
cases the control -was be t te r than th is . (One exception to this genera l i za ­
tion, involving a thermocouple malfunction, -was mentioned on p. 77.) Fo r 
the solid ^^ liquid r eac t ions , the t e m p e r a t u r e s were maintained to -within 
±1°C of the des i r ed value. When features -were determined by bracketing 
-within a t e m p e r a t u r e in terva l , the t e m p e r a t u r e repor ted is the midpoint of 
the in terval . 

C. Compar ison -with Other Resul t s 

F i g u r e 71, showing the low-carbon portion of the 400, 570, and 635°C 
i so the rmal sec t ions , des ignates by filled c i r c l e s on the U-Pu axis the loca­
tions of the phase boundaries on the Los Alamos d iagram. Significant dif­
ferences from the p resen t r e su l t s occur only at two points. On the 400°C 
i so the rm there is a d i screpancy of 5 a/o in the position of the ze ta / (e ta + zeta)_ 
boundary. F igu re 1 indicates that this boundary is a tentative one on the 
Los Alamos d iagram. At 635°C the liquidus boundaries differ appreciably. 
This conflict is consis tent with the fact that in the p resen t work the liquidus 
min imum was found at 624°C, a t e m p e r a t u r e 14°C higher than that previously 
repor ted . 

The t e m p e r a t u r e of the [beta U -f eta ^^zeta] binary react ion h o r i ­
zontal, 607 + 3°C, is 17°C higher than the Los Alamos value, 590°C. Mardon 
_et al.,(24) r epo r t 595°C, while the Russ ian value is about 600°C.(4) It is not 
c lear -what fac tors a r e respons ib le for this t empe ra tu r e spread. 
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Boundaries. Filled Circles on Pu-U Axis Denote Phase Boundaries on 
on Los Alamos Diagram 

The minor d i sc repanc ies between the Pu-C diagram of Mulford et a l . , 
and the r e su l t s of this investigation have already been discussed. 



V. SUMMARY 

The 400 , 570, a n d 635°C i s o t h e r m a l s e c t i o n s of the U - P u - C s y s t e m 
in the c o m p o s i t i o n r a n g e f r o m 0 to 50 a / o c a r b o n w e r e i n v e s t i g a t e d by 
m e t a l l o g r a p h i c , X - r a y d i f f r ac t ion , and m e l t i n g - r a n g e t e c h n i q u e s with a r c -
m e l t e d a l l o y s p r e p a r e d f r o m u r a n i u m of 99 .96 w / o p u r i t y , p lu ton ium of 
99 .95 w / o p u r i t y , and s p e c t r o s c o p i c - g r a d e c a r b o n . P a r t i c u l a r c a r e was 
t a k e n d u r i n g p r o c e s s i n g to p r e v e n t c o n t a m i n a t i o n of the a l l o y s . 

The t e r n a r y s y s t e m i s c h a r a c t e r i z e d by neg l ig ib l e sol id so lub i l i ty 
of c a r b o n in the b i n a r y p h a s e s , by the c o m p l e t e s e r i e s of sol id so lu t ions 
f o r m e d b e t w e e n UC and P u C , and by the fac t tha t a l l the b i n a r y p h a s e s c o m e 
in to e q u i l i b r i u m wi th ( U , P u ) C . Al l p h a s e b o u n d a r i e s o t h e r than t hose of the 
m o n o c a r b i d e p h a s e r e p r e s e n t the s i d e s of a t h r e e - p h a s e t i e - t r i a n g l e s t h a t 
h a s one s ide e s s e n t i a l l y c o i n c i d e n t wi th e i t h e r the U - P u or the P u - C b i n a r y 
s ide and an o p p o s i t e a p e x touch ing the p h a s e b o u n d a r y of (U ,Pu)C. 

The m e t a l - c a r b o n s t o i c h i o m e t r y of the naonoca rb ide i s in f luenced 
by the u r a n i u m / p l u t o n i u m r a t i o . O v e r the r a n g e of t e m p e r a t u r e e m p l o y e d , 
the (U ,Pu)C p h a s e is s t o i c h i o m e t r i c a s r e g a r d s i t s c a r b o n con ten t in the 
c o m p o s i t i o n r a n g e f r o m 0 to 35 a / o p l u t o n i u m . With a f u r t h e r i n c r e a s e in 
p l u t o n i u m c o n t e n t i t d e v i a t e s f r o m i d e a l s t o i c h i o m e t r y t o w a r d g r e a t e r 
m e t a l - t o - c a r b o n r a t i o s to f o r m a de fec t (U ,Pu)C p h a s e . P l u t o n i u m expands 
the uni t c e l l of the m o n o c a r b i d e o v e r the c o m p o s i t i o n r a n g e in which i t r e ­
t a i n s i t s s t o i c h i o m e t r i c c h a r a c t e r . In the r e g i o n of the de fec t s t r u c t u r e the 
l a t t i c e p a r a m e t e r d e c r e a s e s wi th i n c r e a s i n g p l u t o n i u m conten t , the ex ten t of 
the d e c r e a s e b e i n g d e p e n d e n t upon the c a r b o n con ten t . 

C o r r o b o r a t i n g the e s s e n t i a l f e a t u r e s of the Los A l a m o s v e r s i o n of 
the U - P u and P u - C b i n a r y p h a s e d i a g r a m s , the i n v e s t i g a t i o n showed the 
fo l lowing t h r e e - p h a s e r e a c t i o n s : 

b e t a U + g a m m a U ^ e ta a t 707 ± 3°C 

b e t a U + e t a =̂  z e t a a t 607 ± 3°C 

b e t a U ^ a l p h a U + z e t a a t 559 ± 4°C 

e ta ^ b e t a P u + z e t a a t 275 ± 3°C 

e p s i l o n P u + P u C ^ PU3C2 a t 558 ± 2°C 

l iqu id ^ e p s i l o n P u + P u C a t 637 ± 1°C 

The m i n i m u m p o i n t on the l i q u i d u s of the U - P u b i n a r y d i a g r a m h a s 
b e e n p l a c e d a t 9 a / o u r a n i u m and 624 ± 2°C, in c o n t r a s t with the v a l u e of 
610°C and 12 a / o u r a n i u m r e p o r t e d by E l l i n g e r et aA.i^^l The l iquid p h a s e 
f i r s t a p p e a r s in the t e r n a r y a t t h i s t e m p e r a t u r e and w a s found to ex tend to 
abou t 5 a / o c a r b o n a t 63 5°C. 
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The following four-phase t e rna ry equi l ibr ium reac t ions and t e m p e r a ­
tu res were found in the U - P u - C sys tem: 

beta U + gamma U -I- (U,Pu)C ^ eta at 712 ± 2°C 

beta U + eta ^ zeta + (U,Pu)C at 594 ± 4°C 

beta U ^ alpha U + zeta + (U,Pu)C at 559 + 4°C 

eta + (U,Pu)C ^ beta Pu + zeta at 283 ± 5°C 

Metal lographic observa t ions have revea led a unique c h a r a c t e r i s t i c 
of the epsilon Pu -f PuC =̂= PU3C2 per i tec to id react ion, namely, the p r e f e r ­
ence of the PU3C2 phase to grow as p la te le ts r a the r than as an interfacia l 
envelope surrounding the PuC reac tan t . 
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P A R T I 

C H E M I C A L ANALYSIS P R O C E D U R E S 

C h e m i c a l a n a l y s e s w e r e p e r f o r m e d by the C h e m i s t r y Div i s ion of the 
A r g o n n e N a t i o n a l L a b o r a t o r y . 

C a r b o n A n a l y s i s 

C a r b o n w a s d e t e r m i n e d by a m o d i f i c a t i o n of the s t a n d a r d c o m b u s t i o n 
t e c h n i q u e . T h e w e i g h e d s a m p l e w a s d r o p p e d into a v e r t i c a l q u a r t z c o m b u s ­
t ion tube onto a bed of c o p p e r ox ide a t 950°C, he ld in a q u a r t z l i n e r (of 2 .54 -
c m d i a m e t e r and 1 1 . 4 - c m long) . One h u n d r e d - f i f t y cub ic c e n t i m e t e r s of 
pu r i f i ed oxygen g a s p e r m i n u t e w e r e p a s s e d t h r o u g h the bed, and the CO2 
p r o d u c e d w a s c o l l e c t e d in a b s o r p t i o n t u b e s of A s c a r i t e (KOH in a s b e s t o s ) . 
The A s c a r i t e w a s w e i g h e d b e f o r e and a f t e r the run , the CO2 a b s o r b e d be ing 
a m e a s u r e of the c a r b o n con ten t . T h e r e p o r t e d a c c u r a c y of the d e t e r m i n a t i o n 
i s ±2 p e r c e n t . 

U r a n i u m and P l u t o n i u m A n a l y s e s 

P l u t o n i u m c a r b i d e s d i s s o l v e r e a d i l y in h y d r o c h l o r i c a c i d . H o w e v e r , 
t h o s e t e r n a r y a l l o y s tha t a p p r o a c h 50 a / o u r a n i u m d i s s o l v e wi th diff iculty 
even in a HCI-HNO3 so lu t ion , and i t i s n e c e s s a r y to v o l a t i l i z e the c a r b o n ­
a c e o u s r e s i d u e wi th p e r c h l o r i c a c i d in the p r e s e n c e of n i t r i c ac id . 

P l u t o n i u m ( + 6) i s t i t r a t e d wi th i r o n (•f2); the end point i s d e t e c t e d 
a m p e r o m e t r i c a l l y wi th a r o t a t i n g p l a t i n u m - m e r c u r o u s su l fa te e l e c t r o d e 
s y s t e m . The s a m p l e i s c o n v e r t e d to su l f a t e by fuming and ox id ized to ( + 6) 
wi th a r g e n t i c ox ide . E x c e s s ox idan t i s e l i m i n a t e d by h e a t i n g . The r o t a t i n g 
p l a t i n u m e l e c t r o d e i s o p e r a t e d a t 0,6 V v e r s u s a s a t u r a t e d m e r c u r o u s su l fa te 
e l e c t r o d e . S a m p l e s i z e can v a r y f r o m 5 to 20 m g . The coef f ic ien t of v a r i a ­
t ion i s abou t 0,05 p e r c e n t , w i th an a c c u r a c y of 0.2 p e r c e n t a t the 95 p e r c e n t 
conf idence l e v e l . U r a n i u m d o e s no t i n t e r f e r e . 

F o r the u r a n i u m a n a l y s e s , p l u t o n i u m m u s t be r e m o v e d . T h i s s e p a r a ­
t ion i s a c c o m p l i s h e d by r e d u c i n g the p l u t o n i u m to t h e (+3) s t a t e wi th 
NHzOH-HCl and t r a n s f e r r i n g the so lu t i on in 6 M HCl + NH2CH-HC1 to a Dowex 
1 x 1 0 an ion e x c h a n g e c o l u m n . T h i s c o l u m n is then w a s h e d wi th 6 M HCl -f 
0.2 M NH20H'HC1 to r e m o v e the l a s t t r a c e s of p l u t o n i u m and a m e r i c i u m . 
The u r a n i u m i s f ina l ly e lu ted wi th 0.03 M HCl, and the s a m p l e i s c o n v e r t e d 
to su l f a t e and r e d u c e d on a l e a d c o l u m n in a h y d r o c h l o r i c ac id so lu t ion . The 
u r a n i u m (-1-4) i s o x i d i z e d wi th e e r i e su l f a t e and the e x c e s s is b a c k t i t r a t e d 
wi th f e r r o u s a m m o n i u m su l fa t e , u s ing f e r r o i n a s an i n d i c a t o r . 

The r e p o r t e d a c c u r a c y of the d e t e r m i n a t i o n s v a r i e d b e t w e e n ±— and 
±1 p e r c e n t . 



Oxygen Analysis 

The samples for oxygen analysis were t r ans f e r r ed by means of a 
vinyl pouch from the glovebox t ra in to the analytical l ine. In many cases 
it was found that spec imens which had remained in the pouch overnight 
p r io r to introduction into the analyt ical line had oxidized completely to a 
fine powder, p resumably because oxygen and ni trogen had diffused from 
the labora tory a tmosphere into the pouch. It is thought that the relat ively 
high oxygen values repor ted in Table III were caused by contamination 
from this source , especial ly since no undue amounts of inclusions were 
observed in metal lographic specimens of binary alloys of uran ium and 
plutonium. 

Oxygen was de te rmined by a combustion method.I 33) The sample 
was dropped into molten platinum contained in a graphite crucib le . Any 
oxygen in the sample reac ted to form CO, which was swept out by a s t r e a m 
of argon at a tmospher ic p r e s s u r e . A modified form of Schultze 's reagent 
(s i l ica gel impregnated with iodine pentoxide) oxidized the CO to CO2, 
which was condensed in a capi l lary t r ap and m e a s u r e d with a capi l lary 
manomete r . The appara tus was serisitive to 0.3 /ig oxygen in 
0.25-gm samples . 

Spectroscopic Analyses 

Analyses for tungsten, copper , and other e lements were obtained 
by conventional spec t roscopic methods , after plutonium was removed by 
anion exchange. The r e su l t s a r e believed to be accura te to within a factor 
of two. 
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P A R T II 

V O L U M E - F R A C T I O N ANALYSIS 

A c a l c u l a t i o n m a d e by H i l l i a r d and Cahn,'-^5) b a s e d upon the s t a n d ­
a r d d e v i a t i o n s to be e x p e c t e d in the m e a s u r e m e n t s of vo lume f r a c t i o n s by 
a r e a l , l i n e a l , and p o i n t - c o u n t a n a l y s e s , showed tha t the m o s t eff ic ient m e t h ­
od of a n a l y s i s w a s a p o i n t - c o u n t s c h e m e -with a c o a r s e , t w o - d i m e n s i o n a l 
g r i d . T h e y def ined a c o a r s e g r i d a s one i n wh ich the m a g n i f i c a t i o n r e l a ­
t ive to the g r i d s p a c i n g i s s u c h t h a t in the i d e a l c a s e e a c h s t r u c t u r a l f ea ­
t u r e d o e s not occupy m o r e than one g r i d c o r n e r . 

In the p r e s e n t -work, the v o l u m e - f r a c t i o n a n a l y s i s m a d e use of a 
p o i n t - c o u n t m e t h o d on p h o t o m i c r o g r a p h i c i m a g e s , 10.16 c m x 10.16 c m in 
s i z e . The p h o t o m i c r o g r a p h s w e r e t a k e n a t e i t h e r 100, 250, o r 500X; c o n ­
t a c t p r i n t s w e r e m a d e on g l o s s y , s ingle--weight , Kodak Azo p a p e r . A g r i d 
hav ing abou t 4 l i n e s p e r c m ( exac t l y 10 l i n e s p e r inch) was u s e d to count 
f i n e - g r a i n c o n s t i t u e n t s , whi le a c o a r s e r g r i d hav ing abou t 0.8 l ine p e r c m 
( exac t l y 2 l i n e s p e r inch) w a s e m p l o y e d for c o a r s e - g r a i n e d s t r u c t u r e s . 
The g r i d s -were app l i ed r a n d o m l y . 

In d e t e r m i n i n g the r e l a t i v e a r e a s occup ied by the two c o n s t i t u e n t s , 
t h e r e a r e two i m p o r t a n t r e q u i r e m e n t s for ob ta in ing high p r e c i s i o n . One 
is to ob ta in r e p r o d u c i b l e coun t s for a g iven m i c r o g r a p h , and the o t h e r is 
to t ake enough p i c t u r e s so tha t the s p e c i m e n can be a d e q u a t e l y r e p r e s e n t e d . 

In a s tudy of the r e p r o d u c i b i l i t y f a c t o r , e a c h of a r e p r e s e n t a t i v e 
s e t of four p h o t o m i c r o g r a p h s of the s a m e U-70 a / o P u - 2 0 a / o C s p e c i m e n 
(quenched f r o m an a n n e a l a t 336°C for 17 days) was counted five t i m e s . 
The r e s u l t s for the c a r b i d e p h a s e a r e g iven in T a b l e XIII. As m i g h t be 
e x p e c t e d , the s t a n d a r d d e v i a t i o n i s c o n s i d e r a b l y lo-wer when the to ta l n u m ­
b e r of po in t s coun ted is h i g h e r . F o r th i s r e a s o n , a t l e a s t 2000 poin ts w e r e 
coun ted -when the m e t h o d -was app l i ed . The r e p r o d u c i b i l i t y f r o m one p h o t o ­
m i c r o g r a p h to a n o t h e r c a n be a s s e s s e d by c o m p a r i n g the m e a n v a l u e s of 
Np X 1 0 0 / N for m i c r o g r a p h s A t h r o u g h D. The fac t tha t the v a l u e s do 
not differ by m o r e than about two p a r t s in for ty i n d i c a t e s tha t the s p e c i ­
m e n i s s t r u c t u r a l l y h o m o g e n e o u s and tha t a l a r g e r n u m b e r of d i f fe ren t 
s e c t i o n i s not n e c e s s a r y . F o r m o s t s t r u c t u r e s counted , only two o r 
t h r e e m i c r o g r a p h s w e r e a v a i l a b l e . 

By a s s u m i n g tha t 13.6 g m / c m ^ i s the a v e r a g e dens i ty of the c a r ­
b ide p h a s e and 19.0 g m / c m ^ i s the a v e r a g e dens i t y of the m e t a l l i c p h a s e s 
e x i s t i n g a t r o o m t e m p e r a t u r e ( s e e T a b l e 1), the following r e l a t i o n s h i p m a y 
be o b t a i n e d b e t w e e n w / o and v / o for the (U, P u ) C p h a s e : 

/ 0.716 
-w/o = 

- V - 0.284 
v / o 

The above e q u a t i o n was u s e d to o b t a i n F i g u r e s 35 and 68. 
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Table XIII 

REPRODUCIBILITY OF POINT-COUNT RESULTS 

(Data are for one U-70 a/o Pu-20 a/o C specimen ) 

Micrograph 
Grid 

O r i e n t a t i o n 

1 
2 

3 
4 

5 

1 
2 
3 

4 

5 

1 
2 

3 
4 

5 

1 
2 
3 

4 

5 

Tota l 
Gr id 

P o i n t s (N) 

4 4 1 

2 8 9 
4 4 1 
4 4 1 

2 8 9 

4 4 1 

2 8 9 

2 8 9 
4 4 1 

4 4 1 

81 

79 
81 

79 
81 

81 

79 
79 
81 

79 

Grid 
Po in t s 

Counted (Np) 

159 
109 
172 

178 
111 

158 
103 

no 
155 
168 

29 
31 

27 
30 

33 

35 
31 
2 8 

2 8 
32 

Np X 100 
N 

36.1 
37.7 
39.0 
40.3 
38 4 

35.8 
35 7 
38.1 
35.1 
38.0 

35 8 
39.2 
33.3 
38.0 
40 7 

43.2 
39.2 
35.5 
34.6 
40 4 

Mean 
Np X 100 

38.3 

36.5 

37 4 

S t d 
D e v 

1.5 

1.4 

2 . 9 

38.6 3.6 



PART III 

DETERMINATION OF LATTICE PARAMETERS 

Per t inen t data for the X- ray film shown in Figure 39a is given in 
Table XIV. The line positions were m e a s u r e d with a vern ie r film scale 
(the sma l l e s t division being 0.05 mm) an4 a G.E. Fluoroline i l luminator . 
Broad lines -were positioned by es t imat ing the center of the line. Theta 
values were calculated from the line m e a s u r e m e n t s , and the cor respond­
ing d-spacings were obtained from the Bragg equation. The intensi t ies 
were measu red -with a ca l ibra ted film sca le . 

Table XIV 

X-RAY POWDER PATTERN OF A Pu-44 a /o C ALLOY 

Line 

1 
2 
3 
4 
5 

6 
7 
8 
9(1) 
10(2) 

ll(l) 
12(2) 

13(1) 
14(2) 

15(1) 

16(2) 

17(1) 
18(2) 

19(1) 
20(2) 

d, A 

2.831 
2.461 
1.743 
1.487 
1.465 

1.235 
1.135 
1.104 
1.010 
1.010 

0.9525 
0.9523 
0.8755 
0.8752 
0.8371 

0.8369 
0.8254 
0.8252 
0.7832 
0.7832 

Sin^e 

0.0741 
0.0981 
0.1956 
0.2687 

0.2769 

0.3894 
0.4616 
0.4873 
0.5810 
0.5845 

0.6539 
0.6574 
0.7740 
0.7783 
0.8466 

0.8514 
0.8708 
0.8555 
0.9671 
0.9720 

I 

8 
8 
8 
12 
6 

6 
8 
8 
8 
6 

12 
8 
8 
6 

20 

12 
16 
12 
24 
16 

hkl 

111 
200 
220 
311 
222 

400 
331 
420 
422 
422 

511,333 
511,333 
440 
440 
531 

531 
600,442 
600,442 
620 
620 

( l )Refers to CuKtti (1.54050 A) 
(2)Refers to CuKa2 (1.54434 A.) 

The lat t ice pa ra ine t e r s were obtained by a l e a s t - s q u a r e s analysis 
p rog rammed for the IBM 704 computer.(25) As many as three separa te 
co r rec t ion t e r m s for eccentr ic i ty , absorpt ion, divergence, e tc . , may be 
used in a single computation. The method also allows for a weighting 
factor and a refract ion cor rec t ion . A total of 70 p a r a m e t e r s were p r o ­
g rammed into the computer . 
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The d i f fe ren t so lu t ions ob ta ined wi th the s a m e da t a but wi th d i f f e r ­
ent s y s t e m a t i c c o r r e c t i o n t e r m s w e r e found to y ie ld e s s e n t i a l l y the s a m e 
l a t t i c e p a r a m e t e r . The only p a r a m e t e r which d i f fe r s s ign i f i can t ly f r o m the 
o t h e r s of the s a m e s e t i s t ha t in which no s y s t e m a t i c c o r r e c t i o n t e r m w a s 
u s e d . The c o r r e c t i o n s and so lu t ions a r e l i s t e d in Tab le XV. 

Table XV 

LATTICE PARAMETERS CALCULATED BY THE USE OF 

VARIOUS CORRECTION FUNCTIONS 

Alloy Composition, a/o 

U Pu C 

55.5 

0 
61 
5 
5 

0 
0 
0 

^ y X 
6 
0 
0 
0 

28 

28 
22 
22 
41 
41 

0 
0 
0 
51 

27.5 

80 
4 
57 
57 

61 
59 
55^ 

--"52 

52 

52 
57.5 

57.5 

56 
27 

27 
33 
33 
13 
13 

54 
54 
54 
0 

17 
20 
35 
38 
38 

39 
41 
41 
42 
42 

42 
42.5 

42.5 
44 
45 

45 
45 
45 
46 
46 

46 
46 
46 
49 

Temp 
(°C) 

400 
C(a) 
400 
400VD) 
400(c) 

570 
570 
620 
400 
570 

620 
C(a) 
620 
570 
400 

570 
400 
570 
400 
570 

400 
570 
620 
570 

(1) 

4.9564 
4.9500 
4.9534 
4.9705 
4.9687 

4.9499 
4.9530 
4.9512 
4.9666 
4.9606 

4.9605 
4.9474 
4.9527 
4.9558 
4.9606 

4.9665 
4.9609 
4.9639 
4.9537 
4.9556 

4.9628 
4.9620 
4.9633 
4.9562 

Lattice 

(2) 

4.9612 
4.9521 
4.9547 
4.9724 

2.9739 

4.9532 
4.9550 
4.9526 
4.9680 
4.9629 

4.9619 
4.9552 
4.9540 
4.9567 
4.9622 

4.9663 
4.9623 
4.9677 
4.9546 
4.9586 

4.9636 
4.9642 
4.9642 
4.9578 

Parameter, A 

(3) 

4.9614 
4.9522 
4.9547 
4.9719 
3.9733 

4.9531 
4.9548 
4.9526 
4.9686 
4.9632 

4.9621 
4.9534 
4.9543 
4.9567 
4.9624 

4.9665 
4.9625 
4.9675 
4.9545 
4.9590 

4.9638 
4.9644 
4.9639 
4.9573 

(4) 

4.9610 
4.9520 
4.9546 
4.9724 
4.9737 

4.9530 
4.9549 
4.9526 
4.9678 
4.9627 

4.9618 
4.9549 
4.9538 
4.9567 
4.9620 

4.9663 
4.9621 
4.9675 
4.9545 
4.9583 

4.9635 
4.9640 
4.9642 
4.9577 

(5) 

4.9612 
4.9521 
4.9546 
4.9719 
4.9731 

4.9529 
4.9548 
4.9526 
4.9684 
4.9630 

4.9620 
4.9532 
4.9542 
4.9567 
4.9623 

4.9665 
4.9624 
4.9675 
4.9545 
4.9588 

4.9638 
4.9643 
4.9639 
4.9573 

(a)As cast 
v°)8-day anneal 
'c)34-day anneal 

Correction Functions 

(1) 
(2) 
(3) 
(4) 
(5) 

Systematic 

None 
sin^2e 

sin^2e(l/sin0 + \/Q) 
sin22e(l/sine + l/0) 

Weighting 

None 
None 

None 
sin^20 



Figure 72 shows for each ref lec t ion of a representa t ive f i lm the 
di f ference be tween the computed sin^0 and the o b s e r v e d sin^S, v, plotted 
againt 6. It can be s e e n that the variat ion of v with 6 which occurs when 
no s y s t e m a t i c c o r r e c t i o n function i s applied i s replaced by a s m a l l e r , 
random change in v -when a c o r r e c t i o n function i s used. Al l solutions i n ­
volving a systennatic c o r r e c t i o n are a l m o s t equally suitable . 
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Figure 72 

Plot of V vs. 8 for PuC Pattern 

Micro 36098 

After an i n i t i a l e x p l o r a t o r y s tudy the r e m a i n i n g p a r a m e t e r s w e r e 
p r o g r a m m e d wi th the C o h e n ' s l e a s t - s q u a r e a n a l y s i s of the Ne l s on and 
R i l e y e x t r a p o l a t i o n (function [4] in T a b l e XV) and wi thout a weight ing 
f ac to r . 


