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CURIUM-244 DATA SHEETS 

7'. A .  Butler 
E,'. E .  Ketchen 
J .  R .  DiStefano 

A a CURIIJN SESQUIOXIDE (Cm203) 

1. Composition 

a .  R a d i o n u c l i d i c  abundance 

2 4 4 C ~  half-life:l 18.12 y e a r s  

The i s o t o p i c  composi t ion  of 244Cm p r o d u c t s  recovered  from wastes 
gene ra t ed  by t h e  p r o c e s s i n g  of s p e n t  power r e a c t o r  f u e l s  is  chosen 
as r e p r e s e n t a t i v e  of t h e  most p robab le  f u e l  form f o r  t h e  n e x t  
decade.  The c a l c u l a t e d  i s o t o p i c  composi t ion  i s  based on s p e n t  
Diablo  Canyon r e f e r e n c e  f u e l  as typical f o r  a l i g h t - w a t e r  r e a c t o r . 2  

a 
I s o t o p i c  Composition. of Curium Product  
I s o t o p i c  Mass W t  % Half -1if e (y) 

243 0.25 3 2 .  
244 91.77 18.12 
245 7 .16  8265 .  
246 0.82 4655.  

a 
The 

242Cm ( h a l f - l i f e ,  0.446 y) content :  (0.015 
w t  %) c o n t r i b u t e s  <1% t o  t h e  t o t a l  h e a t  
o u t p u t  and i s  n e g l e c t e d  a l o n g  w i t h  minor 
amounts of 247Cm and 248Cm. 

F ive  y e a r s  a f t e r  r e a c t o r  d i s c h a r g e .  

b. Radiochemical p u r i t y 3  

The 2 4 4 C ~  p roduc t  w i l l  c o n t a i n  small amounts of f i s s i o n  p r o d u c t s  
t h a t  are no t  removed i n  t h e  chemical s e p a r a t i o n s  p r o c e s s .  The 
gamma a c t i v i t i e s  of t h e  f i s s i o n  product  i m p u r i t i e s  can  be  ca l cu -  
l a t e d  and are t a b u l a t e d  i n  t h e  t a b l e  i n  S e c t i o n  A.3.c. (p .  4 )  i n  
t h e  column l a b e l e d  "From I m  u r i t i e s . "  Almost a l l  o f  t h e  gamma 
r a y s  above 1 MeV are from l e 4 P r  and 152-154Eu, and t h o s e  below 
1 MeV are p r i m a r i l y  from 9 5 ~ r - 9 5 ~ ,  1 4 4 C e ,  l o6Rh ,  and 103Ru-103Rhm 
In a d d i t i o n ,  f i s s i o n  p roduc t s  w i l l  a l s o  be  formed by t h e  spontaneous 
f i s s i o n  of t h e  244Cm and 2 5 2 C f ,  which i s  p r e s e n t  a t  a n  e s t i m a t e d  
maximum of 4 x loc5 w t  % of t h e  244Cm. 
t h e s e  spontaneous f i s s i o n  p roduc t s  are t a b u l a t e d  under  t h e  columns 
l a b e l e d  "From F i s s i o n  P roduc t s  of 244Cm and 252Cf .'I Americium-243 
and 252Cf which are formed i n  t h e  r e a c t o r  i r r a d i a t i o n  p r o c e s s  are 
removed d u r i n g  chemica l  p rocess ing  exce  t f o r  a n  e s t i m a t e d  0.5 w t  2 
243A, and < 4  x 

The gamma a c t i v i t i e s  from 

w t  % 252Cf i n  t h e  2e4Cm p roduc t .  

1 



c . Chemical p u r i  t y 4  

The following e l e m e n t a l  impurilry limits were se t  as o b j e c t i v e s  
f o r  t h e  2 4 4 C m  process by Savannah River  P l a n t  d u r i n g  t h e  CY 
1958-1969 campaign: 

Elemental  h p r i t i e s  .- lll_ -._..........I 

L i  + N a  f K ( t o t a l )  
S i  + Zn ( t o t a l )  
Fe 3- C r  3- N i  ( t o t a l )  

Any o t h e r  s i n g l e  i m p u r i t y  (except  Am, Pu, Zr) 
T o t a l  of a l l  i m p u r i t i e s  (except Am, Pu,  Zr) 
' rota1 of  a l l  i m p u r i t i e s  (except Pu) 

240PlJ 

Maximum 
W t  x of Crn 

0.1 
0 .1  
0 .2  
a 

0.2 
1 .o  
3 . 0  

a Plutonium-240 as a decay product  of 24LtCm w i l l  b e  p r e s e n t  
i n  amounts i n c r e a s i n g  w i t h  t i m e  f o l l o w i n g  chemical  process-  
i n g  and should  be t a k e n  i n t o  account .  

2. S p e c i f i c  Power and Power ~ e n s i a '  3 1 0 - l 2  

a .  

1 --_______- -- 

2.58 W/g of 100% chemica l ly  p u r e  21'4Cm203 (100% 244Cm i s o t o p e )  
2.37 W/g of  100% c h e m i c a l l y  p u r e  7 4 4 C m 2 0 3 a  

2.30 W/g of 97% chemica l ly  p u r e  2 4 4 C m 2 0 3 a  

S p e c i f i c  power v a l u e s  are based on 8 0 - 9  C i / g  of 2 4 4 C m  (100%) 
i s o t o p e  and 35.0 W/kCi of 2 4 4 C m  ( 2 , 8 3  W/g of 1Lt4Cm). 

Power d e n s i t y  of loox  pure  C m 2 0 3 a  is 27.66  W/cm3 a t  100% 
d e n s i t y  (11 .67  g/cm3).  

b .  

c ,  

a 
I s o t o p i c  composi t ion of  curi.um as g i v e n  i n  S e c t i o n  A . 1 . a .  

3 .  Radiat:i.on 

a. Alpha p a r t  i.cles I 5 I o w '  ' 
Max E Av E Abundance F a r  t i c l e s  

W/kCi bJ-l sec-l 
(MeV> (MeV) ( X )  Nuclide 

2 4 4cm 5.861 5.801 7 6 . 7  0.804 x 1012 
5.759 5.759 23.3 35*0 0.244 x 
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The volume of hel ium from alpha decay as a f u n c t i o n  of decay 
t i m e  is g i v e n  i n  t h e  following t a b l e .  

Volume of Heliuma T i m e  
(cm3 of H e  per g of 244Cm) Years H a l f - l i v e s  

6.15 
11.8 
1 7 . 3  
22 .l 
2 6 . 9  
31.2 
3 5 . 3  
3 9 . 1  
4 2 . 6  
45.9 
59.3 
68.9 
80.3 
86.1  
88.9 
91.7 

1 .8  
3 .6  
5 . 4  
7.2 
9.1 

10.9 
12.7 
14.5 
1 6 . 3  
18.1 
27.1 
3 6 . 2  
5 4 . 3  
72.4 
90.5 

181.0 

0.1 
0 . 2  
0 . 3  
0.4 
0 .5  
0.6 
0.7 
0.8 
0 .9  
1 . 0  
1.5 
2 .o 
3 .O 
4 .0  
5 .O 

1 0 . 0  

a 
Standard  c o n d i t i o n s .  

b .  Beta p a r t i c l e s  

None 

The s i g n i f i c a n t  gamma e m i s s i o n s  of product-grade 2 - 4 4 C ~  are l i s t e d  
i n  t h e  f o l l o w i n g  t a b l e .  The gama emissions r e s u l t  f rom the 
following: 

(1) Decay of curium n u c l i d e s  and of 243A.m (based on 0.25 w t  X 
2 4 3 C m ,  91.77 w t  % 244Cm,  and 0.5 wt X 243h). 

Spontaneous f i s s i o n  of  244Cm and 252Cf (based on a maximum (2)  
of 4 x 10-5 w t  % 2 5 2 C f ) .  

(3)  Decay of fission p r o d u c t s  r e s u l t i n g  from t h e  spontaneous 
f i s s i o n  of 2 4 ' + ~ m  and 2 . 5 2 ~ f .  

( 4 )  Decay of f i s s i o n  p r o d u c t s  formed i n  t h e  i r r a d i a t i c n  p r o c e s s  
and n o t  removed i n  t h e  chemical  s e p a r a t i o n  p r o c e s s .  
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.i.___.c__ 
S i g n i f i c a n t  Gamma Rays of Curium-244 Product ____......__I.___. I___ .- 

... ....____ A b u n d m h o t o n s  per-_sec per  '.J of 244Cm p-tj _.____.I__ 

'7 3, .i2. 

From Spontaneous From F i s s i o n  From Energy From Decay of Nuclides 
(MeV) - -  F i s$p n Products  of Xmpu- T o t a l  

2 4 3 ~ ~  2 4 4 b  2 4 3 h  -244cm 2j2cf- -7liq;;-- 2 5 2  Cf r i t i e s  _ _ _ . . . . _ _ _ _ _ _ I _ . _ _ _ ~ . ~ - _ ~  _ _ _ _ _ _ ~  _________ _ _ _  . ~_ 
0.0-0.5 3 . 6 x l O h  2 . 5 ~ 1 0 '  1 . 0 ~ 1 0 ~  4 . 1 ~ 1 0 ~  4 . 9 ~ 1 0 ~  2 . 2 ~ 1 0 ~  1 . 9 ~ 1 0 ~  2 . 2 ~ 1 0 '  >.B~lO' 

0.5-1.0 - 2.2 x 106 - 2.6 x l o 6  2.5 x l o 5  6.7 x lo6 6 . 0 ~  l o 5  7.5 x l o6  2.0 x lo7 
1 .o-2.0 - - - 1 . 9 ~ 1 0 ~  1 . 8 ~ 1 0 ~  1 . 5 ~ 1 0 ~  1 . 3 ~ 1 0 ~  1 . 1 ~ 1 0 ~  4 . 8 ~ 1 0 ~  

2 .O-3 .O - - - 6 . 0 ~ 1 0 ~  4 . 9 ~ 1 0 ~  6 . 0 ~ 1 0 ~  5 . 2 ~ 1 0 '  3 . 7 ~ 1 0 ~  1 . 6 ~ 1 0 ~  

3.0-4.0 - - - 1 . 8 ~ 1 0 ~  1 . 3 ~ 1 0 ~  - ._ 1 .9  x i o 5  
4.0-5.0 ... - I 6.0 x i o4  3.7 103 

5.0-6.0 - - - 3.3 x l o 4  1 .0  x l o 3  ... - 3.4 x io4 
- - ..- 6 .4  x loL: 

- 

6.0-7.0 - - I 5.6 x l o 3  1 . 5  x 10' ... - ... 5.8 x l o 3  

d. Bremsstrahlung 

Negligible 

e. Neutrons 

4.04  x lo6 n/sec.W of 7 ' ' 4 C ~  from spontaneous fission (half-life 
for spontaneous fission i-s 1.34 x lo7 

1 .51  x i o 5  i z / s e c . ~  sf 244~m from (cl,n> reaction on oxygen 
in Cm203. 10 

* 2.9 x 10'' n/sec.W of 244Cm due to spontaneous fission of 246Cm 
(8 ,82%)  from a spontaneous fission half-life of 1.66 x l o 7  
years and 3.08 neutrons/f ission. 2-1" 

- 3 , 5  x l o 5  n/sec.W of  24"Cm from estimated maximum of 252Cf 
content of  4 x W t  % . l o  

The energy distribution of spon taneous  fission neutrons 
from 244Cm is given in the table on page 5 . 3  

The energy distribution of neutrons occurring as a result of 
the intitrraction of fast alpha particles from 244Cn~ decay with 
oxygen atoms in Cm203 is given in the table on page 6 * 3  
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Energy Distribution of Spontaneous 
Fission Neutrons f rom Curium-244 

Energy Abundance 
(MeV) (n/sec.W of Z44cm)  

0.3-0.4 1.51 x 105 
0.4-0.6 3.13 x 105 
0.6-0.8 3.20 x 105 
0.8-1.0 2.77 x l o 5  

1.0-1.2 2.84 x 1 0 5  

1.4-1.6 2.44 x 105 

1.8-2.0 1.98 x 105 

1.2-1.4 2.80 x l o s  

1.6-1.8 2.19 x lo5 

2.0-2.2 1.80 x 105 
2.2-2.4 1.65 x 105 
2.4-2.6 1.58 105 
2.6-2.8 1.30 x 105 
2.8-3.0 1.08 x 105 

3 -0-3.2 1-01 x 105 

3.4-3.6 0.93 i: 105 
3.6-3.8 0.75 x 105 

3.2-3.4 0.97 x lo5 

3.8-4.0 0.79 x 105 

4.0-4.4 1.04 105 

4.8-5.2 0.65 x 105 
5.2-5.6 0.50 x 105 
5.6-6.0 0.40 x 105 

4.4-4.8 0.86 x l o s  

6.0-6.4 2.95 x i o 4  
6.4-6.8 2.12 x 104 
6.8-7.2 1.47 x 104 
7.2-7.6 1.12 x 1 0 4  
7.6-8.0 0.90 x 1 0 4  

8.0-8.8 1.01 x 104 
8.8-9.6 2.95 x 103 
9 6-10.4 3 . 1  x 103 
10.4-11.2 2.05  x 103 
11.2-12.8 1.40 x lo3 
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Neutrons from ( a , n )  Reactions with Oxygen 

Abundaric e 
(n1sec.W of  2 4 4 ~ m )  

0.2 
0.4 
0.6 
0.8 
1.0 

1 . 2  
1 . 4  
1 . 6  
1 .8  
2.0 

2.2 
2 . 4  
2.6 
2.8 
3.0 

3.2 
3 .4  
3.6 
3 .8  
4.0 

4 . 2  
4.4 
4 . 6  

0 .43 x loL'  
0 .61  x 10'' 
0.83 x 1Q"' 
1.01 x 10% 
1.19 x i o 4  

1.33 x i o 4  
1 .40  x 1 .0~ 

1.37  x i o 4  
1.22 x I O 4  

1.40 x I O L t  

1.01 x i o 4  
0 .79  1 0 4  

2.01 x i o 3  

0.50 x 10" 
3.02 x I O 3  

1 . 3 7  x i o 3  
0.86 1 0 3  
0.72 x 10' 

Critical Mass' 

The critical mass of unreflected and reflected spheres  of 2 4 4 C m 2 0 3  
has been calculated by C. 14. Craven, Jr., at. ORNL using the cross-  
section data available as of November 1965. The results, shown in 
the following t a b l e ,  agree within 10% of the  r e s d t s  obtained in a 
replacement experiment at Los Alamos. 
used is: 

4 - __l____l._l_ 

The critical mass equation 

where p --- density of Crn20, .  
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Calculated Critlcal Mass of 244Cm203 

Core Reflector Critical Critical 
Density Th i ckne s s Mass Radius 

(cm> (kg) (cm) 
Mixture 

(g/cm3) 
Mixture 

CmZO 3a 10.60 Bare - 21.1 7.8031 
Cm2O 3 9.01 Bare 29.2 9.1803 

10.60 Au-H~O 4.0-15.0 11.9 6.4540 Cm203 
Cm20 3 10.60 Au-H20 2.0-7.5 1 3 . 5  6.7188 
Cm20 3 LO 60 Au-H~O 0.5-2.0 16.5 7.1966 

Assumed composition: 98.07 wt % 244Cm and 1.93 wt % 241Pu. 
a 

5. Compatibility 

The compatibility of 244Cm203 with potential container materials has 
been studied at 750, 1250, 1650, 1800, 1850, and 200OOC f o r  times up 
to 12,000 hr. 
was heated to the desired temperature while in contact with a speci- 
men of the test material in a sealed capsule of the same material. 
Components from the system were then evaluated by metallographic, 
autoradiographic, or electron-beam microprobe techniques. 

In a l l  of these tests, a 244Cm203 hot-pressed pellet 

a. Tests at 750°C'6 

The following metals and alloys have been evaluated with 244Cm203 
for 1000 and 10,000 hr at 750'C: Ni, l?i-lO% C r ,  N i - 7 %  Cr-l6% Mo- 
5% Fe  (Hastelloy N), N i - Z O %  Cr, N i - 1 6 %  Cr-16% Mo-6% Fe-3% W 
(Ihstelloy C ) ,  Co-10% Cr, and Co-20% Cr-15% W-lO% Ni (Haynes 
alloy No. 25). 

In general, the results indicated good compatibllity between 
244Cm203 and all the materials tested. 
tions are summarized i n  the table on page 8 .  Only Hastelloy Eu' 
of the three commercial alloys showed any evidence of  attack 
after 10,000 hr. 

Metallographic observa- 

b. Tests at 1250"C17 

The following materials were tested with 244Cm203 €or 1000 and 
10,000 hr at 1250°C: Nb, Nb-1% Zr, Ta, Ta-10% kJ, FJ, No, V, and 
Zr. After 10,000 hr, all materials except zirconium showed 
only limited reaction with 2 4 4 C m 2 0 3  in the form of subsurface 
voids or intergranular penetration to <2 mils. Zirconium (both 
the specimen and capsule) completely reacted with 2 4 4 C ~ 2 0 3  to 
form a compound of the type Zr,CmyO, or Zr,Cmy. Results from 
these tests are summarized in second table on page 8. 
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Sumnary of Metallographic Examination of 
Materials Exposed to 244Cm203 at 750°C 

I _ ~  --__l.-__ 
Uterial 1,000-hr Test 10,000-hr Test 

............................ -. 

Nickel 

N i - 1 0 %  Cr 

Ni-20% C r  

Hastelloy N 

Hastelloy C 

Co-10% Cr 

Haynes 25 

Heavy porosity in grain boundaries 
of specimen, end plug, and capsule 
wall to maximuurn depth of 25 mila. 

Surface reaction zone to maxl.nim 
depth of 0.5 mil, Slight surface 
roughening. 

Surface reaction zone to maximum 
depth of 0.5 mil. Slight surface 
roughening. 

Unaffected. 

Surface roughenlng. 

Surface roughening. 

Very slight surface roughening. 

Speciaen unaffected; end plug had 
heavy precipitation or void 
formation to 0.5 mil. 

Surface reaction zone to maximum 
depth of 0.5 m l l .  
voids in reactton  zone^ 

Surface reactj-on zone to marimirm 
depth of 0.5 mil. Surface 
roughening. 

Surface reaction zone to maximum 
depth of 0.1 mil. 

Unaffected. 

Surface ioughening and slight 
attack to maximum depth of  
~0.5 mil. 

Unaffected. 

Some large 

S u m r y  of Metallogra hic Examination of 
Materials Exposed to q44Cm203 at 1250°C 

Material 1,000-hr Test 10,000-hr Test 

Nb 

Nb-L% Zr 

Ta 

Ta-10% W 

Mo 

V 

Zr 

Not examined. Intergranular penetration and subsurface voids to 
maximum depth of  nu2 mils. Surfacz roughening. 

Not examined. Intergranular penetration and subsurface voids to 
< 2  mils. 

Not examined. Intergranular penetration and subsurface v d i d s  to 
paximum depth of  < 2  mils. Surface roughening. 

Not examined. Subsurface voids to depth of <1 mil. 

Not examined. Intergranular penetration and subsurface voids t o  
maximum depth of 1.5 m 1 l . s .  Surface roughening. 

Not examined. Intergranular penetration and subsurface voids to 
depth of < 2  m i l s .  Surface roughening. 

Not examined. Complets reaction with CmzO3. 

c. T e s t s  a t  1650"C18 

The following rnareztals  were t e s t e d  wi th  244Cr~203 f o r  1000 and 
10,000 hr a t  1650°C: Ta, Ta-10% W, T - I l l ,  Mo, TZM, W, and W- 
26% R e .  A f t e r  10,000 hr severe a t t a c k  i n  t h e  form o f  intrrgranu- 
l a r  p e n e t r a t i o n  and subsur face  v o i d s  occurred  i n  Ta-10% W and 
7-111 I A n  autoradiograph of t he Ta--10% W capsul  c showed t h a t  i t  
w a s  cornpl.etely p e n e t r a t e d  by  '''''Crn ( o r  2Lt f 'Cm20  3) and evidence 
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of 244Cm was found o u t s i d e  t h e  c a p s u l e .  The g r a i n  boundar l e s  
of T-111 (up t o  30 m i l s )  con ta ined  a phase r i c h  I n  bo th  2't4Crn 
and hafnium. The remaining materials, T a ,  No, TZM, W ,  and W- 
26% R e ,  showed <1 m i l  a t t a c k ,  p r i m a r i l y  a long  g r a i n  boundar i e s  
o r  as s u b s u r f a c e  p r e c i p i t a t e  o r  vo id  fo rma t ion .  

The c r y s t a l  s t r u c t u r e  of t h e  2 4 4 C m 2 0 3  used i n  t h e s e  tests was 
t h e  monocl in ic  B-type, When hea ted  above 16OO0C, i t  t r ans fo rms  
r e v e r s i b l  t o  t h e  hexagonal  A-type. Me ta l log raph ic  examinat ion  
of t h e  2 4 a C m ~ 0 3  p e l l e t s  i n d i c a t e d  a w e l l  d e f i n e d  g r a i n  s t r u c t u r e  
w i t h  a h i g h  degree  of twinning ( c h a r a c t e r i s t i c  of a phase t r a n s -  
formation d u r i n g  c o o l i n g )  and some c o a l e s c i n g  of v o i d s ,  e s p e c i a l l y  
a t  g r a i n  boundary i n t e r s e c t i o n s .  
smaller i n  samples  exposed t o  t an ta lum o r  t an ta lum a l l o y s ,  i n d i -  
c a t i n g  some d i s s o l u t i o n  which may have i n h i b i t e d  g r a i n  growth. 
L i t t l e  r e d i s t r i b u t i o n  of 244Cm203 occur red  a f t e r  1000 h r ,  b u t  more 
occur red  a f t e r  10,000 h r .  
summarized i n  t h e  f o l l o w i n g  t a b l e .  

Gra in  s i z e  v a r i e d  and w a s  

The r e s u l t s  of t h e  1650'C tes t  are 

Sunaaary of Metallogra hic Examination of 
Materials Exposed to q44Cm203 at 1650OC 

Material 1.000-hr Test 10,000-hr Test 

Ta 

Ta-lOZ W 

T-111 

Mo 

TZM 

W 

W-26% Re 

Widmanst3tten precipitate distrib- 
uted throughout. Diffusion zone 
at surface of 244Cm203. No redis- 
tribution of 244Cm203. 

Grain boundary penetration to 1-2  
mils. Metallic particles in 
244Cm203 a No redistribution of 
244cm203 

of 2 4 4 ~ ~ ~ 0 ~ .  

Grain boundary penetration to 
5-10 mils. No redistribution 

Grain boundary penetration and 
subsurface voids to <1 mil. No 
redistribution of 244Cm203. 

Very slight attack (4.1 mil). 
No redistribution of 244Cm203. 

Voids or precipitation along 
grain boundaries to <0.5 mil. 
No redistribution of 244Cm,03. 

Not tested. 

Surface roughening and metallic 
particles in 244Cm203 indicating 
dissolution of Ta. Few subsurface 
voids at <1 mil in Ta. Complete 
redistribution of 244Cm203. 

Complete penetration of capsule by 
744Cm-03. Complete redistribution 
of 24km203. 

Grain boundary penetration t o  30 
mile. Complete redistribution of 
244C~203. 

Surface roughening. Large subsur- 
face voids to 1-2 mils. Slight 
redietribution of 244Cm203. 

Surface roughening. Few subsur- 
face voids to 1-2 mils. Complete 
redistribution of 244Cm20 3 .  

Heavy surface roughening and some 
tungslen mass transfer. Few sub- 
surface voids (1-2 mils). Complete 
redistribution of 244Cm203. 

Slight surface roughening. Large 
subsurface voids to <0.5 mil. No 
redistribution of 244Cm703. 
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d .  T e s t s  a t  1800°C19,20 

e .  

The f o l l o w i n g  mater ids  were exposed t o  "+'+Cm 0 3 f o r  12,000 h r  
a t  1800°C: Mo, Mo-66% R e ,  W, W-25% R e ,  and W-18% Mo-35% R e .  
Results were c h a r a c t e r j z e d  by s u r f a c e  roughening (53 mils o r  
less, g e n e r a l l y )  and s u b s u r f a c e  v o i d s  t o  3 m i l s  (10 m i l s  f o r  
W-25% R e ) .  
could  i n d i c a t e  l o s s  of oxygen through t h e  c a p s u l e  w a l l ,  R e s u l t s  
of  t h e s e  tests arc  r,imna-rized i n  t h e  f o l l o w i n g  t a b l e .  

C u r i a  appeared t o  show a two-phase s i r u c t u r e  which 

Summary of H e t a l l o g i a p h i c  Examination of 
Materials Exposed to 244Cm2133 a t  1800OC 

bfa t e r i a l  Summary of R e s u l t s  f o r  12,000-hr T e s t  

$10 Heavy s u r f a c e  roughening and metallic p a r t i c l e s  in 244Cn203 i n d i -  
cat ing  d i s s o l u t i o n  of Eolybdenum. Large subsu r face  vo ids  (1-3 
m i l s ) .  
v o i d s  and a Cwo-color grey p a t t e r n .  

No d e f i n i t e  g r a i n  s t r u c t u r e  t o  244Cm203, bu t  many l a r g e  

Mo-46% R e  Medium-sized subsu r face  vo ids  t o  <1 m i l .  Less  c rack ing  and vo ids  
i n  244Cm203 compared wi th  above. 

W Not examined. 

W-25% Re Heavy s u r f a c e  roughening. Large subsu r face  v o i d s  t o  2-3 m i l s .  
Deep c r a c k s  (10-15 mils) i n  co rne r  of c a p s u l e  bottom, probably as 
a r e s u l t  of coa le sced  v o i d s  a long  g ra in  boundar i e s .  

Heavy s u r f a c e  roughening and medium-to-large subsu r face  vo ids  t o  
dep th  o f  approximately 3 mils. 

W-18Z Pla-35% Re 

~ .-.. ____ ___..l__l_____l__ .....-.- -_ 

Tests  a t  1850°C18 

T h e  f o l l o w i n g  materials were t e s t c d  w i t h  244Cm203 Tor 1000, 5000, 
and 10,000 h r  a t  1 8 5 0 O C :  T a ,  'Ta-102 Id, T-111,  Mo, TZM, W ,  and 
W-26% R e .  R e s u l t s  were c h a r a c t e r i z e d  by  s u r f a c e  d i s s o l u t i o n  and 
s u b s u r f a c e  v o i d s  i n  t h e  metal specimens.  Mass i r a n s f e r  of  r n e t a l -  
l i c  e lements  and r e d i s t r i b u t i o n  of  244Cm203 were t y p i c a l  i n  t h e  
l o n g e r  t i m e .  

Cur ia  exposed t o  t a n t a l u m  o r  t a n t a l u m  a l l o y s  appeared t o  have been 
l i q u i d  d u r i n g  t e s t s  i n d i c a t i n g  t h e  format ion  o f  a low m e l t i n g  
phase,  The a l l o y s  W-26% R e  and TZM appeared t o  show t h e  b e s t  
o v e r a l l  r e s i s t a n c e  t o  a t t a c k ,  I n  none of  t h e  tests d i d  t h e  
2''4Cm203 have a d e f i n i t e  g r a i n  s t r u c t u r e  and v e r y  o f t e n  a two- 
phase s t r u c t u r e  w a s  observed .  
f o l l o w i n g  t a b l e .  

R e s u l t s  are  summarized i n  t h e  
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Summary of Metallogra hic Examination of 
Materials Exposed to q 4 4 ~ m 2 ~ 3  at 1850°C 

Material 1,000-hr Test 5,000-hr Test 10,000-hr Test 

Ta Very shallow subsur- 
face voids (<1 mil). 
Complete redistribu- 
tion of 244cm203. 

Ta-10% W Very shallow subsur- 
face voids (<I mil). 
Complete redistribu- 
tion of 244cm203. 

T-111 Few subsurface voids 
(1 mil). Complete 
redistribution of 
2 4 4 ~ ~ ~ 0 ~ .  

Mo 

TZM 

W 

Grain boundary pene- 
tration and subsur- 
face voids to <1 mil. 
Very slight redistri- 
bution of 244Cm203. 

Surface roughening 
and subsurface voids 
to <1 m i l .  Slight 
redistribution of 

Surface roughening 
and metallic parti- 
cles in 744Cm2~3. 
Very small grain 
boundary. Subsur- 
face voids to <0.5 
mil. No redistri- 
bution Of 244Cm20j. 

W-264 Re Very slight surface 

244cm203. 

attack, primarily 
along grain bound- 
aries (0.1 mil). 
Redistribution of 
2 4 4 h 2 0 3 .  

Surface roughening. Shal- 
l o w  subsurface voids. Mass 
transfer of T a .  Cum lete 
redistribution of P4eCm?03, 

Slight surface roughening 
and few subsurface voids. 
Mass transfer of Ta. Com- 
lete redistribution of 
’“Cm203. 

Surface roughening and miss 
transfer. Specimen joined to 
capsule in some areas. Few 
subsurface voids. Complete 
redistribution of 244Cmz03. 

Surface roughening and mass 
transfer. Large subsurface 
voids to 1-2 m i l s .  Few me- 
tallic particles in 244~m2~3. 
Slight redistribution of 

Surface roughening and mass 
transfer. Subsurface voids 
to 1-2 mils. Slight redis- 
tribution of 244Cm203. 

2 4 4 ~ ~ ~ 0 , .  

Increased surface roughening 
and mass transfer. Grain 
boundary subsurface voids to 
1 mil. Kedistribution of 
2 4 4 ~ ~ ~ 0 ~ .  

Surface roughening and sub- 
surface voids to <1 mil. 
Redistribution of 244Cm203. 

Same as 5000-hr test 
results except in- 
creased miss transfer 
of Ta. 

Same as 5000-hr test 
results except in- 
creased evidence of 
mass transfer. 

Same as 5000-hr test 
results. 

Same as 5000-hr test 
except longer subsur- 
face voids and com- 
plete redistribution 
of 244~m203. 

Same as 5000-hr test 
results. 

Same as 5000-hr test 
except increased mass 
transfer and larger 
subsurface voids. 

Same as  5000-hr test 
results. 

f .  Tests a t  2 0 0 0 ~ ~ ~ ~ - ~ ~  

The following materials were tested w i t h  2 4 4 C ~ 2 0 3  f o r  1000 and 
10,000 hr  at 2000°C: 
and R e .  Results were characterized by s u r f a c e  roughening, mass 
t r a n s f e r ,  and subsurface vo ids  in t h e  metallic components. Rhenium 
and Mo-46% Re appeared t o  show t h e  b e s t  overall r e s i s t a n c e  t o  
attack i n  t h e  tests examined. R e s u l t s  are summarized Ln the 
following t ab l e .  

Mo, M0-46% Re, W, W-25% R e ,  W-18% FIo-35% R e ,  
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Summary of 14etallogra h i c  Examination of 
Mate r i a l s  Expssed t o  444CmzQj a t  20OO0C 

Mate r i a l  1,000-hr Tes t  10,000-hr Test 

MQ Sur face  roughening. Grain Not examined. 
boundary, a t t a c k  to  2 m i l s .  
M e t a l l i c  p a r t i c l e s  i n  244Cin2Q3. 

W 

W-25% Re 

Mo-46% R e  Subsurface  p r e c i p i t a t e  or Sur face  roughening and l a r g e  
va ids  t o  <1 n i l .  subsu r face  vo ids  t o  1 m i l .  

Two-phase 'Cn120 3 s t r u c t u r e  . 
Heavy g r a i n  boundary a t t a c k  Not examined. 
and/or  subsu r face  void  forma- 
t i o n  t o  10  m i ! s .  

Subsur face  void  formation t o  Heavy s u r f a c e  roughentng, 
<1 m i l .  Large subsu r face  vo ids  t o  1-2 

m i l s .  244Cm203 p e n e t r a t i o n  t o  
5 m i l s .  Two-phase 2 4 4 ~ m i ~ 3  
s t r u c t u r e .  

W-18% Mo-35% R e  Siibsirrface void  format ion  LO Not examined. 
<1 m i l .  

Re Subsurface void formation t o  Not examined. 
<1 m i l .  

................ _ -. .. .......... 

6 .  Theruiopliysical P r o p e r t i e s  ....... II_ 

a .  DensLty ( c a l c u l a t e d  f rom l a t t i c e  parameters )  9 

C-type (bcc) 
B-type (monocl inic)  
B-type (monocl in ic )  
A-type (hex) 

1 0 . 7 0  g/cm3 a t  room t empera tu re  
1 1 . 6 7  g/cm3 a t  room t empera tu re  
10,9 g/cm3 a t  1600°C 
1 1 . 4  g/cm3 a t  1640°C 

b I Coef E ic i en t  o f  thermal  expans ion5  

8-type (monocl inic)  Cn-1203 

ORNL-DW 6a-8578 

THERMAL EXPANSION OF- 8 -  TYPE Crn203 
........ 

T- 
"a" parornotar 

"c" parameter 

- ........................... 

m' 

L-.. 
1400 

Tempc'roture, "C 

Thermal Expansion of  Monncl i r l ic  B-'l'ype Cm203. 
Volume expans ion  i s  approximate ly  l i n e a r  t o  
b00O"C w i t h  a c o e f f i c i e n t  of 28 .8  x J .Q-6/oC.  
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c .  Specific heat and enthalpy 

(1) Specific heat in cal/g.'C 

( 2 )  Enthalpy 

d. Temperatures of phase transformations 

(1) Phase transitionsG 9 9 9 22 

C-type CmzO3 (bcc) transforms Irreversibly to 3-type 
Cm2O3 (monoclinic) between 800-1300°C depending on 
degree of crystallinity of cubic form. 

B-type Cm203 (monoclinic) transforms reversibly to 
A-type Cm203 (hexagonal) at 1600°6. 

A-type Cm203 (hexagonal) transforms reversibly to 
H-type Cm203 (hexagonal) at 2000 i 20°C. 

(2) Melting 

2265 * 20°C 

2180°C (production oxide)  

(3) Boiling p o i n t '  

3700 2 200°C 

( 4 )  Thermogravimetric analytical work on the decomposition of 
Cm02 t o  Crn203 at: SRL confirmed previous work at ORNL and 
indicated some variations from earlier SRL results. S t a b l e  
oxide phases and cem erature ranges of stability in various 
atmospheres are:5,6 ~ ~ 9 ~ 9 ' ~  

Range of Stability in ( " C )  
Oxygen Helium 4% H2-96% H e  

Phase Type Composition 
__ 

CmO 2 CmO2.0 c380 <400 <250 

Delta c m o l ~  81 445-480 Unstable Unstable 

Crn?0 12 CmOi. 7 1 500-700 450-520 Un s tab le 

Cm2.03 G CmO1.62-1.52 700-800 600-900 530-755 

Cm203 A CmOi >1600 <2000 

The range of stability of curium oxide compounds in oxygen, 
helium, and 4% H2-96% He is only qualitattve and the refer- 
ences should be consulted for further details. 
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AH f u s i o n  29 kea1 /mole ( R i  chard's r u l e )  

A H "  v a p o r i z a t i o n  133.0 i- 2.7 kcal/rnole of gas  
between 1600 and 2250°C 

f .  Vapor p r e s s u r e 6  

l o g l o  PE (atm) = ( 7 . 3 2  0.26) - [(29,050 1 590) /T  (OK)] 

a t  1800-2600'K whcre P 
The vapor  s p e c i e s  in tEe v a p o r i z a t i n  reacLion  have n o t  been 
i d e n t i f i e d ,  b u t  t h e  most prominent are b e l i e v e d  t o  be  CmCl(g) and 
o ( g ) .  PE i s  r e l a t e d  t o  the a c t u a l  vapor  p r e s s u r e  PT as fo l lows :  

i s  a n  a r t i i i c i a l  p r e s s u r e  of Cmp03(g). 

'T = 2[(MCmO'Mcmi03 )1/2 + ("O'MCm203 )1/2]PE = 1 , 5 6 7  PE 

where PI = moles of t h e  des igna ted  s p e c i e s .  

g .  Thermal c o n d ~ c t i v i t y ~ ~  

The fol l .owing e q u a t i o n  was d e r i v e d  from d a t a  by a method of 
least  mean s q u a r e s :  

1/K = 37.795 1- 0.01659 T 

where K a t  t h e o r e t i c a l  d e n s i t y  is  .i.n W/cm."C and T i s  i n  O K .  

The d a t a  covered the range of  509--1100°C, The u s e f u l  range  
of t h e  equa t ion  i s  200-14OO0C,  

Thermal Conduc t iv i ty  Temperature 

(W/c-m. "C) ("C) 

0.02193 I 0.00326 2 00 
0 .02043 * 0.00193 400 
0.01914 2 0.00101. 600 
0.01880 + 0.00043 800 
0.01698 k 0.00048 1000 
0.01608 I 0.00084 1200 
0,01526 i 0,00118 1400 
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h.  Thermal diffusivity22 

Thermal Diffusivity Temperature Density 
(g/cm3 1 - (cm2 / see )  ( "C> 

0.00514 
0.00505 
0.00495 
0.00485 
0.00476 
0.00467 
0 .00458 
0.00450 
0.00442 
0.00434 
0.00427 
0.00419 
0.00412 
0.00406 

106 
200 
300 
4 00 
500 
400 
700 
8 00 
900 
1000 
1100 
1200 
1300 
1400 

11,05 
11 .02  
11.00 
10.97 
1 0 . 9 4  
1 0 . 9 1  
10.88 
10.85 
10.81 
10.77 
1 0 . 7 3  
10.48 
10 .62  
10.56 

The following equation was derived from these data: 

a = (0.0404T 3. 190)-' 

where c1 is thermal diffusivity in cm2/sec and T is in O C .  

i. Viscosity 

j. Surface Tension 

k .  Total hemispherical emittance 

1. Spec t r a l  emissivity26 

0.20 t o  0 . 5 0  (for Tho,) 

The precise value is a function of the roughness of the  material 
surface, the presence of impurities, and the effects of radiation. 

m. Crystallography 

(1) Cubic, related to f c c  structure of CmO2, possibly 
Crn01.81, obtained tn heating at 450°C in oxygen. 
a = 5 . 4 3 5  -1- 0.001 A at room temperature.9 
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Rhombohedral c e l l  wlth a = 6.677 + 0.004 and a = 99.52  
+ 0.007" wi.tk composi t ion of Crn01 .76  o b t a i n e d  by thermal  
r e d u c t i o n  i n  oxygen a t  4 7 5 ° C .  

Cubic w i t h  s u p e r s t r u g t u r e ,  r e l a t e d  t o  bcc s t r u c t u r e  of 
C-type Cm2Q3, 5,459 A wi.th composi t ion of CmOl 72 o b t a i n e d  
i n  oxygen a t  70O'C.' 

Body-centered c u b i c ,  C-type r a r e - e a r t h  o x i d e  s t r u c t u r e  
w i t h  variab1.e l a t t i c e  parameter, produced by reducing  
~ i t 1 0 2 . ~  a = 10 .922  + 0.001 (Crn01.64) ti:, 10.997 0.003 
(CmOl. 52) a t  room tempera ture .  

Monoclinic B-type Cni2Q3 produced i r r e v e r s i b l y  by h e a t i n g  
C-type Cm2Q3 i n  a reducing  or  helium atmosghere 8O0-130O0C, 
composi t ion C m 0 1 . 5 0 . ~  a = a4.276 t 0.008 A ,  b = 3 . 6 5 6  + 

0.001 1, c = 8.913 i 0.004 A ,  and 6 = 100.39 f 0.03'. 

Hexagonal, A- type  r a r e - e a r t h  oxide  s t r u c t u r e ,  o b t a i n e d  by 
r e v e r s i b l e  t:ransformation o r  r e a c t i o n  of B-type C m 2 0 3  08 
noble  metals on h e a t i n g  a t  16Q0°C.9 a = 3 .845  t 0.005 A 
a t  1459°C on i r i d i u m  i n  4% H2-96% H e  and c = 6.092 k 
0.005 A a t  1650°C on i r i d i u m  i n  4% H2-962 H e ,  

n .  S o l u ' r ~ i l i t i e s ~ ~  

The s o l u b i l i t y  i n  a i r - s a t u r a t e d  sea water i s  3.4  i 1 . 4  x 
m g / l i t e r .  
remained constant .  up to  1032 hr. 

The s o l u b i l i t y  in a i r - s a t u r a t e d  d i s t i l l e d  wat.er i s  9.06 x 10-' 
t 1 * ' 1 3  where t i s  t i m e  i n  h o u r s .  T h e  s o l u b i l i t y  cont inued  t o  
i n c r e a s e  u n t i l  t h e  experiment  was te rmina ted  a t  1032 h r .  'l'he 
pH of t h e  s o l u t i o n  decreased  up t o  t h e  end and could have ac- 
counted f o r  t h e  s o l u b i l i t y  increase. The i n c r e a s e  i n  a c i d i t y  
may have been due t o  t h e  format ion  of a n i t r o g e n  a c i d  o r  s u l -  
f u r i c  a c i d  i n  combinat ion w i t h  r a d i a t i o n .  A i r  c o n t a i n i n g  l?2 
and traces of SO, was bubbled through t h e  water t o  m a i n t a i n  a 
s a t u r a t e d  s o l u t i o n .  

The maxi.mum s o l u b i l i t y  w a s  reached i-n a few hot1rS and 

0 .  D i f f u s i o n  Rates27,28 

The average c o n c e n t r a t i o n  of hel ium (Cav) w i t h i n  a monocl inic  13- 
t y p e  2 ' + 4 c m 2 0 3  s o l i d  body, as d e r i v e d  from a s p h e r i c a l  model., i s  
g iven  by 

C -- P / 1 5  11' (cm3/crn3) 
a v  

where P i s  t h e  r a t e  of  hel ium g e n e r a t i o n  w i t h i n  t h e  body and D' 
i s  t h e  e f f e c t i v e .  s t e a d y - s t a t e  d i f f u s i o n - r e l e a s e  parameter .  A t  
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... 
temperature below 1620°C, the diffusion parameter, D', is con- 
trolled by two processes which are additive and is obtained by 
adding values calculated from 

D' = 7.87 x l om4  exp (-16,248/RT°K), predominate <130O0C, and 

D v  = 68.0 exp (-53,080/RT°K), predominate 1300-1620°C. 

At temperatures above 162OOC the diffusion parameter is significantly 
different, presumably due to formation of the hexagonal A-type 
structure, and is given by 

D' = 4.65 x LO7 exp (-102,730/RT°K), predominate >162OoC. 

The diffusion parameter, D', is independent of the geometry of the 
fuel form. 
tlons from 700 to 1800OC are shown in the following figure. 

The results of steady-state helium release determina- 

ORNL- DWG 70- 12399A 

ro.ooo/, (OK) 

Helium Diffusion Parameter in 244Cm203 as a 
Function of Reciprocal Absolute Temperature. 

7 .  Mechanical Properties 

a. Hardness 

b. Crush strength2' 

1900 kg/cm2 (for Ce02) 
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8. Chemical P r o p e r t i e s  
-__-__.._.I........ II_ 

a .  Heat and free energy of  Eormatioa,  ent:ropy 

(1) Heat o f  forn1atian30931 

Phase -AH0 (298°K) k c a l / m o l e  f .._...........l.... ~. 

C m @ l .  5 0  

Cmol . 7 1  

Cmol . 8 3  

C m % .  0 0  

215 t 7 ( e s t )  

218 2 10 (est )  

225 i 1 0  ( e s t )  

236  5 8 (est)  

(2)  Free  energy of fo rma t ion  of  CmOl .503' 

AGO (298°K) = -205 1 7 kca l /mole  ( c a l c )  f 

( 3 )  Entropy of CmOl 5 0 ~ ~  

s ; ~ B  = 1 9 . 2  eu  ( e s t )  

h ,  Chemical r eac t j . ons  and r e a c t i o n  rates 7 9  9 

(1) Oxidat  i-on of  B-type C1112O3 i n  oxygen (1 atm) 

While C - t y p e  C m 2 0 3  o x i d i z e s  s lowly  a t  r o o m  Lemper-ature i n  
an  atmosphere c o n t a i n i n g  oxygen, the B-type C m 2 O 3  does n o t  
o x i d i z e  below 2 5 0 " C ,  Both  f v r m s  of (2111203 oxidize r e a d i l y  
between 250 and 5 2 0 ° C  t o  form CmOl. 71 o r  Cn102. .  The CmU2 
i s  t h e  more s tab le  p roduc t  below 3 6 0 ° C  and C r n O l . 7 1  i s  
t h e  more s t a b l e  o x i d a t i o n  product. above 3 6 0 ° C .  While t h e  
C-type curium oxide can accomiuodnte excess  oxygen above 
5 2 0 " C y  t h e  B-type Crn,03 resists o x i d a t i o n  above 520°C. 
Large  compacts of B-type C m 2 0 3  may have enough s e l f - h e a t i n g  
t o  rerruiin above 520OC and hence could  be r e s i s t a n t  t o  
f u r t h e r  o x i d a t i o n .  

(2)  Ni t rogen  - n o  r e a c t i o n 3 3  

(3) Water ._. p o s s i b l e  hydra t  ion react 

(4) I n o r g a n i c  ac ids  - s o l u b l e  i n  a c i d s 3 3  

9 .  B i o l o g i c a l  To1e1-ance.s~~ -_...............II 

M a x i m u m  p e r m i s s i b l e  body burdens and maximum p e r m i s s i b l e  concen t r a -  
t i o n s  o f  24LC1ri i n  air and waLer are  shown i n  t h e  fo l lowing  t a b l e .  
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... 

Naximum Perrn lss ib le  Body Burdens and Ikxirnum Permissible Concentral , i  ans 
f o r  Radionucl ides  i n  A i r  and in Water for Occupat iona l  Exposure3+ 

Radionucl ide  Organ of r e f e r e n c e  Mpu( permissible Max r m m i s s i b l e  concentrations, iiCi/crn3 
and t y p e  ( c r i t i c a l  o rgan  burden i n  t o t s 1  For k 0 - h  week For 1.6B-i~- week 
of decay underscored  ) body, q ( p c i )  Water P.ir Water A i r  

aThe a b b r e v i a t i o n s  G I  and LLI r e f e r  t o  che g a s t r o i n t e s t i n a l  t r a c t  and Lower large i n t e s t i n e ,  
r e s p e c t i v e l y .  

10. S h i e l d i n g  Datal 

Gamma dose  ra tes  w i t h  water, i r o n ,  l e a d ,  and uranium s h i e l d i n g  are 
g i v e n  i n  F i g s .  1-5 f o r  244Cm power s o u r c e s  of 100,  200, 500, 1000, 
2000, 5000, 10,000, and 20,000 W. Neutron dose  rates w i t h  water 
s h i e l d i n g  are given i n  F ig .  6. 
B e ,  CH, CH2, o r  L i H  can be  e s t i m a t e d  by u s i n g  F i g .  6 i n  c o n j u n c t i o n  
w i t h  F i g .  7 .  

Neutron dose rates on s h i e l d i n g  w i t h  

F i g .  1. Gamma Dose R a t e s  from Unshielded I s o t o p l c  Power Sources  
of 244Cm as a Funct ion of  D i s t a n c e  from Center  of Source.  
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Fi 2, Gamma. Dose R a t e s  f rom Iron-Shielded I s o t o p i c  Power Sources  
of 2'L;Cm. Center of source t o  dose p o i n t  separation d i s t a n c e  i s  100 cn. 

F i g .  3 .  Gammn Uose Rates f r o m  Water-Shielded I s o t o p i c  Power Sources  
o f  24'tc, . Center o f  s o i i ~ c e  to dose point separation d i s t a n c e  is 100 cm. 
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Fig .  4 .  Gamma Dose P a t e s  from Lead-Shielded 

to dose point separation distance is 100 cm. 
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Fig. 5 .  Gama Dose Rates from Uranium-Shielded 

to dose point separation distance is 100 cm. 
Isotopic Power Sources of  2'4~m. Center of source 
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F i g .  6 .  Neutron Dose Rates from Water-Shielded I s o -  
t o p i c  Power Sources of 244~m as a Funct ion  o f  pene- 
rra'cioiz Depth of S h i e l d i n g  Material. Center of  source  
t3 drJse pobnt  s e p a r a t i o n  d i s t a n c e  i s  103 cm. 
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F i g .  7 .  Fas t  h'eutron Dose Rate (XuPtiplied 
by 4 ~ r r r ~ )  in Various Materials as a Func t ion  
o f  P e n e t r a t i o n  Depth f K 0 2  a 3ni-t P o i n t  
Isotropic F i s s i o n  Source.  
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B CURIUM-244 METAL 

1. Composition 

a. Radionuclidic abundance - See Section A.1.a. 

b. Radiochemical purity - See Section A.1.b. 
c .  Chemical purity - See Section A.1.c. 

a. 2 . 8 3  W/g of 244Cm (100% 244Cm isotope). 

2.60 W/g of pure curium element 691.77% 244Cm plus 
curium isotopic abundances given in Section A.1.a). 

2.52 W/g of curium product (97% chemically pure, see 
Section A.1.c). 

b, Specific power values are based on 80.93 C i / g  of 244Cm (100%) 
and 3 4 . 9 7  W/kCi of 244Cm. 

c .  Power density is 35 .l W/cm3 of chemically pure curium element 
(91.77% 2 4 4 C ~  plus curium isotopic abundances given in Section 
A.1.a) and 3 4 . 0  W/g of curium product (97% chemically p u r e ,  
see Section A.1.c). 

3 .  Radiation 

See Section h . 3 .  

4 .  Critical ~ a s s ~ 6 9  3 7  

The critical radii and masses of 244Cm metal have been calculated at 
BIW 

-_ ._ 
Water Reflecteda Steel Reflecteda 

Critical Critical Bare Critical Density H,M 
(g/cm3) ’- Kadius Mass Radius Mass Radius Mass 

(cm) (kg ) I_cd (kg) (cm) (kg) 

13.5 0 2.4552 7.430 23.20 7.303 22.02 6.31 14.21 

10.872 0.5 1.7440 10.667 55.27 10.466 52.21 - I 

9.055 1.0 1.3993 15.727 147.54 15.432 139.39 - - 

7.758 1.5 1.1747 25.813 558.92 - - 22.817 369.025 

6,787 2.0 1.0143 102.825 30,907.43 - - ._ - 

a2~-cm reflector 
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5. Compa t i b  i 1 9 3  3 

Severe i n t e r a c t i o n  of curium w i t h  t a n t a l u m  c o n t a i n e r  when i.n 
c o n t a c t  f o r  10  mi.n at 950°C. 

Molten curium dissoJ.ves appreciable amount of tantalum. 

E x t e n s i v e  solubility i n  t u n g s t e n  at. t e m p e r a t u r e s  up to 1795°C. 

I n t e r a c t i o n  at m e l t i n g  p o i n t  o f  curium w i t h  t u n g s t e n  i s  low.. 

6, Thermophysical P r o p e r t i e s  .-_I__ 

a. ~ e n s i t y ~ ~ > ~ O  

13.51 g/cm3 of metal 

12.66 g/cm3 of high-temperature  form 

b .  C o e f f i c i e n t  of thermal expansion4' 

aa -- 7 .5  x lO-'/'C ( f o r  Am) 

= 6 .2  x 1 0 - 6 / o C  ( fo r  Am) clc 

e .  S p e c i f i c  h e a t  and e n t h a l p y 4 2  

(1) S p e c i f i c  heat 

0 .0265  
0.0264 
0.0262 
0.0259 
0.02.57 
0.0255 
0.02.53 
0 .0251  
0 .0250 
0.0249 
0.0248 
0.0246 
0.0245 
0 .0244  
0 .0242 
0 .0241  
0.0240 
0.0238 

300 
400 
500 
600 
7 00 
800 
900 

1000 
1100 
1200 
1300 
1400 
1500 
1600 
1700 
1800 
1900 
2000 
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(2) Enthalpylf2 

.- 

H; -- H;gg Temperature 
(kcal/ gfw) (OK) 

0.0119 
0.6514 
1.2860 
1.9150 
2.5384 
3.1566 
3.7703 
4.3799 
4.9859 
5.5885 
6.1880 
6.7843 
7.3774 
7.9674 
8.5541 
9.1377 
9.7180 
10.2952 

300 
400 
500 
600 
7 00 
800 
900 
1000 
1100 
1200 
1300 
1400 
1500 
1600 
1700 
1800 
1900 
2000 

d. Temperatures of phase transformations 

(1) lfelting point35 9 3 8  

1340 -t- 40°C 

1350 t 60°C 

(2) B o i l i n g  point39 

3525 t 130°C 

e. Latent heats of phase  transformation^^^ 

AH fusion 3.5 kcal/mole (Richard's r u l e )  

A K p 6 0 0 0 ~  vaporization 82.6 ? 2.7 kcal/mole 

f. Vapor pressure3' 

loglo P = 4.74 k 0.37 

(T is in OK and P is in atm) 

[(18,060 t 589)/T] 

g . Thermal conductivity4 

0.1 W/cm."K a t  300°K (est) 
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h. Therinal  d i f  fusi .vit :y 

0.0668 cm'/sec a t  26°C 

T h i s  v a l u e  was c a l c u l a t e d  by d i v i d i n g  t h e  thermal c o n d u c t i v i t y  
by  t h e  product  of  t h e  s p e c i f i c  h e a t  and d e n s i t y .  

44 i . V i s c o s i t  y 

4 .76  c e n t i p o i s e s  a t  1340°C (calc) 

j .  Sur face  t e n s i o n 4 5  

1300 dyn/cm ( f o r  U) 

k. T o t a l  hemisphe r i ca l  emi t tanceI t6  

0.37 a t  89°C ( f o r  Pu) 

L "  S p e c t r a l  emiss iv i - ty26  

0.55 ( f o r  E r )  

A h i g h e r  v a l u e  of 0.9 can b e  assumed i f  the metal s u r f a c e  i s  
o x i d i z e d  o r  i f  i m p u r i t i e s  are  p r e s e n t .  

m.  C r y ~ t a l l o g r a p h y ~ ~  

0 

Double hexagonal  clgse packed,  a = 3.496 t 0.003 A and 
c = 11.331 + 0.005 A 

n .  S o l u b i l i t i e s  

Reacts s t r o n g l y  with water 

0. D i f f u s i o n  r a t e s  

7 .  Mechanical  I_ P r o p e r t i e s 4 7  

a .  Hardness 

V i c k e r ' s  97.7 ( f o r  Dy) 

5 .  Crush s t r e n g t h  

7741  kglcm' ( f o r  Tin) 
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8. Chemical Properties 

a. Heat and free energy of formation, entropy 

(1) 

(2) 

(3)  Entropy" - s398 = 18 cal/oc.mole (est) 

Heat of formation -Zero, by definition of standard state 

Free energy of formation -Zero, by definition of standard state 

b. Chemical reactions and reaction rates 

(1) Oxygen at room temperature - 

(2) Oxygen at elevated temperature - fast36,37 

49 (3) Nitrogen at room temperature -very slow 

( 4 )  Nitrogen at elevated temperature - slowh9 

(5) Water at room temperature - fast 33 

(6) 

(7) 

(8) 

Hydrogen at room temperature - 

Hydrogen at elevated temperature - fast33 

1 1v HC1 at 25°C - rapid5' 

9 .  Biological Tolerances 

hlaximum permissible body burden and maximum permissible concentrations 
of 244Cm i n  air and in water are given under Section A . 9 .  

10. Shielding Data - 

The dose rates are given under Section A . l O .  
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1. Composition 

a. Radionuclidic abundance ---. See Section A.1.a. 

b .  Radiochemical purity - See Section A.1.b. 

c. Chemical purity - See Section A . 1 . c .  

2. Specific ~ower'y 10-12 

a. 2.30 W/g of 100% pure Cm202Sa 

2.23 W/g of 97% pure Cm2O2Sa 

Specific power values are based on 80 .93  Ci/g of 2't'tCm and 
34.97 W/kCi of 244Cm. 

b.  

c. Power density 

2 2 . 9  W/cm3 of pure Cm202Sa 

22.2 W/cm3 of 97% Cm202S" 

a Isotopic curium composition in Section A.l. 

3 .  Radiation 
I_--.- 

The radiation is given under Section A.3. 

4 .  Critical Mass 

See Section A . 4 .  

5. ... Con~patibility~~ 

Compatibility t e s t s  of 24LtCu1202S w i t h  illaterials of containment have 
not been conducted; however, qualitative data are available for Ce202S 
in contact with superalloys and refractory metals which are expected 
t o  be indicative of the 
a.l.1.0~ No. 25, Ni-o-nel, and N-155 were tested at 1.OOO"C for 1000 hr. 
The results showed o n l y  slight reaction in all cases except N-155 
which showed major react:i.on. The refractory metals Mo, Ta, W, and TZM 
a1l.o~ were tested at both 1.OOO"C and 1.850"C for 1000 hr. 
tests, tungsten shewed no reaction and Mo, Ta, and 'CZPZ only slight 
reaction. At 1850°C,  mol-ybdenum and tungsten showed slight reaction 
and tantalum a major reaction; TZM was not tested. 

I4Crn2O2S. The superalloys Hastelloy X, Haynes 

In the l .OOO°C 
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6. Thermophysical Properties 

a .  ~ e n s i t y ~ ~  

9.95 g/em3 (for PU,Q~S) 

b. Coefficient of thermal expansion' 

Volume expansion is approximately linear t o  1000°C with a 
coefficient of 28.8 x lO-'/"C. (for Cm203) 

c. Specific heat and enthalpyti3 

(1) Specific heat in cal/g.'C 

(3.62 x + (2.83 x T)  (OK) (for Am203) 

(2) Enthalpy in ~ a l / m o l e ~ ~  

HT - H 2 9 ~  = 20 T f (7.8 x T 2 )  - 6.657 (for Arri203) 

d. Temperatures of phase transformations 

(1) Melting points4 

(2) Boiling point6 

3700 IC: 200°C (for C m 2 0 3 )  

e .  Latent heats o f  phase transformations6 

AH fusion 

OH vaporization 

29 kcal/mole (for C m 2 0 3 )  

133 kcal/mole o f  gas between 
1600-2250°C ( f o r  CmzO3) 

f. Vapor pressure 

g .  Thermal conductivity 

Values f o r  the thermal conductivity of curium oxysulfide have 
not been derived but probably are in the same order of magni- 
tude as the values f o r  ern203 which are given in Section A.6.g. 

h. Thermal diffusivity 

Values for the thermal diffusivity of curium oxysulfide have 
not been derived but probably are in the same order of magni- 
tude as the values of Cm203 which are given in Section A.6.h. 
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i.. V i s c o s i t y  

j .  S u r f a c e  t e n s i o n  

k .  T o t a l  hemisphe r i ca l  emittance 

1. S p e c t r a l  e m i s s i v i t y 2 '  

0.20 t o  0.57 ( f o r  Th02)  

The e m i s s i v i t y  v a l u e  depends on t h e  roughness  of t h e  material 
surface,  r a d i a t i o n  e f f e c t s  and the  p resence  of i m p u r i t i e s .  

m. ~ r y s t a l ~ o g r a p h y ~ ~  ( fo r  P U ~ O ~ S )  
0 0 

Hexagonal,  a = 3.927 A and c = 6.769 A .  
should be  s1 ight l .y  smaller for Cm202S due t o  t h e  a c t i n i d e  
c o n t r a c t i o n .  

The c e l l  c o n s t a n t s  

(1) S o l u b l e  i n  s t r o n g  a c i d s  (Ce202S) 

(2)  ' I n so lub le  i n  a c e t i c  a c i d  ( C e z 0 2 S )  

8. DiEfusion ra tes  

7 .  __ Mechanical  ... . . .. ... P r o p e r t i e s  

a .  Hardness 

b .  Crush s t r e n g t h  

8. Chemica&-_Propert ies 

a.  H e a t  and f r e e  energy  of fo rma t ion ,  en t ropy  

AH; = -430 kca l /mole  (approximated by C e 2 0 2 S )  

( 2 )  F r e e  energy  of fo rma t ion54  

AG; = -414 kca l /mole  ( c a l c u l a t e d  by AG; = AHo f - T A S i )  

56 ( 3 )  Entropy 

s;98 = 3 4 . 3  eu ( c a l c u l a t e d  by Latimer's method) 



31 

'0. Chemical reactions and reaction ratess5 

(1) Air at room temperature - slow 

( 2 )  A i r  a t  elevated temperature fast 

( 3 )  Water at room temperature . -no reaction 

( 4 )  Inorganic acids at room temperature -reacts 

9. Biological Tolerances 

Maximum permissible body burdens and maximum permissible concentrations 
of 244Cm in air and in water are given in the 244Cm2Q3 form, Section A . 4 .  

10. Shielding -I_ Data 

The radiation dose rates are given under the 7 4 ' C ~ 2 0 j  form, Section A . 1 0 .  
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1. C&psition 

a .  Radi -nnucl id ic  abundance - See S e c t i o n  A . 1 . a .  

11 a Radiochemi.ca1 p u r i t y  See S e c t i o n  A . l  .b . 
c .  Chemical p u r i t y  - See  S e c t i o n  A . 1 . c .  

2 a S p e c i f i c  power and Power Dens i ty '  9 ' 0 -12  9 57  

a .  

... .- -.......-.-.-I---._.. 

a 
2 . 1 1  W/g of 100% pure CmF3 

2 - 0 4  W/g of 97% pure  CmFja 

h ,  S p e c i f i c  power v a l u e s  are based on 80.93 C i  of 244Cm (100%) 
and 34.97 W/kCi of 244Cm.  

c I Power d e n s i t y  

20.8  W / c m 3  of 100% p u r e  GmF3a 

2 0 . 1  w / c m 3  of 97% pure  CmF3 a 

a 
I s o t o p i c  c u r i u m  composi t ion  g iven  i n  S e c t i o n  A . 1 .  

3 R a d i a t i o n  
__I________ 

The r a d i a t i o n  i s  g iven  under S e c t i o n  A . 3 .  

4. C r i t i c a l  Mass 

The c r i t i c a l .  mass i s  g iven  under S e c t i o n  A . 4 ,  

5 e Compatibi l i . ty* '  _ _ _ _ .  

C o m p a t i b i l i t y  tests of  244CmF3 w i t h  materials of containment  have not  
been conducted;  however, q u a l i t a t i v e  d a t a  are a v a i l a b l e  for CeF3 i n  
c o n t a c t  w i t h  s u p e r a l l o  s and r e f r a c t o r y  metals which are expected t o  

a l l o y  No. 2 5 ,  Ni-o-nel, and €1-155 and t h e  r e f r a c t o r y  m e t a l s  Mo, Nb, 
'Ea, and W were t e s t e d  at 1000°C f o r  1000 h r .  The r e s u l t s  showed no 
r e a c t i o n  with t he  metals wii_lii t h e  excep t ion  of I I a s t e l l o y  C and 
t ungs t en  which  showed on ly  a s l i g h t  r e a c t i o n .  

b e  i n d i c a t i v e  of t h e  5 ' tCmY3. The superal . loys H a s t e l l o y  X ,  Haynes 

6 .  Thermaphys&cal P r o p e r t i e s  

a .  ~ e n s i t y ' ~  
9.85 g/cm 3 
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.... 
b. Coefficient of thermal expansion58 (for BaF2) 

a = (19.74 x loe6)  + (2 .62 

(t is in "C with a temperature range of 26-296°C) 

PO-8 t) f (0.15 t2) 

e. Specific heat and enthalpy53 (for h F 3 )  

(1) Specific heat in cal/g."C 

( 7 . 2 1  x 4- (2.06 x T) ("K) 

(2) Enthalpy in cal/mole 

BT - H 2 9 8  = 21.7 T f ( 3 . 1  X lr3 T2) - 6746 

(estimated f r o m  other actinide data) 

d.  Temperatures of phase transformations 

(1) Melting point59 

1406°C 

(2 )  Boiling point60 

..- 
2330°C This value is the average of the boiling points 

of LaF3, CeF3, and PrF3. 

e .  Latent heats of phase transformationss3 (for AmF3) 

AH fusion 13 kc a 1 / mo le 
AH vaporization 66 kcal/mole 

f. Vapor pressureG1 (for ~ m ~ 3 )  

Vapor Pressure Temperature 
(torr) ("C) 

5.07 x 10-7 
7.18 x 

1.486 x 
1.725 x 
5.820 x 

85 3 
943 

1033  
1141 
1 1 9 6  

g .  Thermal conductivity6' (for BaF2,) 

Thermal Conductivity Temperature 
(W/cm. "C) ("C) 

0.124 
0.105 

0 
100 
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h. 'Thermal d i f f u s i v i t y  

Thermal D i E f u s i v i t y  Temperature 
..__ (cm2/sec> ...___- ___.____s__- ("C) 

0.0379 
0 .  Q319 

0 
100 

C a l c u l a t e d  by d i v i d i n g  t h e  thermal  conducLiv i ty  by t h e  product  
of t h e  s p e c i f i c  h e a t  and t h e  room tempera ture  d e n s i t y .  

i. V i s c o s i t y 6 3  ( f o r  B a C 1 2 )  

rl = 1.643 x lom3 exp (-20,03O/RT) ant ipoi -se  

j .  S u r f a c e  t e n s i o n 6 L t  ( f o r  U F ~ )  

0 = 447 - (19.2 x T) ( O K )  dyneslcm 

k. Total h e m i s p h e r i c a l  e m i t t a n c e  

A value of  0 .9  can b e  assumed. 

1. Spec t r a l  e m i s s i v i t y  

m. C r y s t a l l o g r a p h y  57 

Hexagonal, LaF3-type, gpace group P03/mmc, a = 4.Q41 + 0.001 .i 
and r. = 7 . 1 7 9  L 0.002 A .  

11. S o l u b i l i t i e s  

0. D i f f u s i o n  rates 

7 .  Mechanic-a1 P r o p e T t i e s  -....___ 

a .  Hardness 

b .  Crush s t r e n g t h  

8 _l__l Chemical __ P r o p e r t i e s  

a. Heat and f r e e  energy of Eormation, e n t r o p y 4 '  

(1) Heat of formaation 

AH: = -357 kca l /mole  ( e s t i m a t e d  from o t h e r  a c t i n i d e  d a t a )  

( 2 )  Free energy of format ion  

AGO = -339 Iccal /nole  
f 
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(3) Entropy 

s598  = 29 eU 

b. Chemical React ions and reaction rates 

(1) 

( 2 )  

Air at room temperature -no reaction 

Air a t  elevated temperature - forms oxyfluoride 

(3) Nitrogen - no reaction 

( 4 )  Water - insoluble 

(5) Inorganic acids - insoluble in weak inorganic acid 

9. Bio log ica l  Tolerances 

Maximum permissible body burdens and maximum permissible concentrations 
of 244Ctn in air and in water are given under Section A . 9 .  

10, Shielding Data 

The dose rates are given under Section A.lO. 
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