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INTRODUCTION 

A c t i n i d e  h y d r i d e s  a re  f r e q u e n t l y  employed as  i n t e r m e d i a t e s  f o r  
p r e p a r i n g  t h e  n i t r i d e s  o r  Lhe powdered metals and ,  t h e r e f o r e ,  a r e  
p a r t i c u l a r l y  impor t an t  compounds of e l emen t s  employed as n u c l e a r  
f u e l s .  Of  t h e  t h r e e  a c t i n i d e s  (Th,  IJ, Pu) of i n t e r e s t  t o  t h e  
nuc lea r - r eac  t o r  j n d u s t r y ,  the leac: t is known a b o u t  t h e  p r o p e r t i e s  
o f  t-he plutonium-hydrogen sys tenis. 

Earlier s t u d i e s  have  shown t h a t  t h e  complex b e h a v i o r  of  p lu to -  
nium c l o s e l y  r e sembles  t h a t  of t h e  l a n t h a n i d e s  i n  t h a t  i t  reacts  
w i t h  hydrogen t o  form a CaF2-type d i l i y d r i d e ,  a c u b i c  h y d r i d e  of  
v a r i a b l e  compos i t ion  between PuE-12 and PuH3, and a LaF3-type t r i h y -  
d r i d e .  (1-3) Thermodynamic d a t a  b a s e d  on PTX e q u i l i b r i u m  measure- 
ments  have  been i n c l u d e d  i n  t h e s e  r e p o r t s ,  b u t  k i n e t i c  d a t a  f o r  
p lu tonium h y d r i d e ,  PuH,, a re  q u i t e  l i m i t e d .  Rate d a t a  have  been 
r e p o r t e d  f o r  t h e  r e a c t i o n  of mass ive  and powdered Pu.(4-6) The 
absence  of k i n e t i c  d a t a  f o r  t h e  decomposi t ion  p r o c e s s  i s  somewhat 
s u r p r i s i n g ,  s i n c e  t h e  o n l y  p r a c t i c a l  method € o r  p r e p a r i n g  powdered 
p lu tonium i s  based on t h e r m a l  decomposi t ion  of t h e  h y d r i d e .  ( 7 , 8 )  
The p r e s e n t  s t u d y  w a s  undc r t aken  t o  i n v e s t i g a t e  t h e  d i s s o c i a t i o n  
k i n e t i c s  of PuH, b o t h  i n  t h e  two-phase r e g i o n  (O<X<1.95) and i n  t h e  
n o n s t o i c h i o m e t r i c  r e g i o n  (1 .95<5<3.0) .  

EVERIMENTAL 

E l e c t r o r e f i n e d  a-phase p lu tonium ( 4 6 1  wppm i m p u r i t y )  and 6- 
s t a b i l i z e d  p l u t o n i r m  with 1 .0  w t  % Ga were used i n  t h e s e  t e s t s .  The 
G a  a l l o y ,  which c o n t a i n e d  0.13 w t  7; i m p u r i t i e s ,  w a s  used e x c l u s i v e l y  

- ~~ - 

NOTICE 

7ha report was prepared as an accoun: o f  work 
sponsored by the United Stater Government. Neither the 
United States nor the United States Department of 
Energy, nor any of their employees, nor any of  thelr  
~ontractori, subcontractors. or their employees, maker 
any warranty, express or Implied, or asumei  any legal 
liability or rerponsibllity for the accuracy, completeness 
01 usefulness of any mformatton, apparalus, product or 
proms disclosed. or represents tha: its use would not 
infringe pnvately owned righu. 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



2 
i ;  

... 

a f t e r  i n i t i a l  tests demons t r a t ed  t h c i t  tlie h y d r i d e s  from a l l o y e d  and 
una l loyed  samples  behaved i d e n t i c a l l y .  U l t r a -pu re  hydrogen used i n  
t h e  expe r imen t s  was p u r i f i e c l  w i t h  iJII3. 
hydr ided  i n  A 1  o r  q u a r t z  b u c k e t s  on two vacuum m i c r o b a l a n c e  sys t ems ,  
a Cahn Model RG and a Cahn Model 100. H2 was a d m i t t e d  t o  t h e  
s y s  tems a t  c o n t r o l l e d  t e m p e r a t u r e s  and p r e s s u r e s  t o  form Prillx s a m -  
p l e s  i n  t h e  r a n g e  2.7,:X;3.0. The m a s s  of  H2 evolved d u r i n g  t h e r m a l  
decomposi t ion was measured as  a f u n c t i o n  of  t i . m e ,  t e m p e r a t u r e  and 
€12 p r e s s u r e .  

PuH, was p r e p a r e d  and de- 

RESULTS Ah! DISCUSSION 

The Pu-PuH~ .95 Region 

E q u i l i b r i u m  Measurements. S t a t i c  e q u i l i b r i u m  p r e s s u r e  d a t a  
were measured i n  a t e m p e r a t u r e  r ange  (349-498 "C) which w a s  below 
t h e  600-800 O C  r a n g e  of t h e  p r e v i o u s  s t u d y . ( 2 )  R e s u l t s  show t h a t  
t h e  e q u i l i b r i u m  h y d r i d e  composi t ion i s  approx ima te ly  PuH1.95 and 
t h a t  t h e  v a p o r i z a t i o n  r e a c t i o n  i s  b e s t  d e s c r i b e d  by Eqn. 1. 

1.026 P u H ~ . ~ ~ ( s )  + 1.026 P u ( s )  + 132(g). (1) 

The l ea s t  s q u a r e s  r e f i n e m e n t  o f  t h e  llnP (H2, t o r r )  v s  1 / T  d a t a  y i e l d s  
a s l o p e  of (-19150 rt 850) and an i n t e r c e p t  o f  (22.9 rt 1 . 2 1 ) .  For 
6qn. 1, A H z g 7  = 38.1 k 1 . 7  kca l /mol  and AS897 = 32.3 1 1 . 7  c a l / d e g  
m o l .  The e n t h a l p y  of f o r m a t i o n  c a l c u l a t e d  f o r  PuM1.95 a t  697K, 
-37.1 ? 1 . 7  kca l /mol ,  is i n  e x c e l l e n t  agreement  w i t h  t h e  r e s u l t s  
r e p o r t e d  by Flulford and St i i rdy(2)  f o r  the h y d r i d e  p r e p a r e d  from 
a-pl utonium. 

I__- K i n e t i c  Measurements. Decomposition ra tes  f o r  PuHl 95 were 
o b t a i n e d  from l i n e a r  mass- loss  i s o t h e r m s .  S i n c e  t h e  decompos i t ion  
ra tes  d e f i n e d  by  their s l o p e s  are independent  o f  t h e  PuH1.95 t o  Pu 
r a t i o ,  t h e  k i n e t i c s  of t h e  r e a c t i o n  are  b e s t  d e s c r i b e d  as z e r o  o r d e r .  
An e v a l u a t i o n  of t h e  d a t a  o b t a i n e d  w i t h  b o t h  b a l a n c e  sys t ems  show 
t h a t  t h e  a b s o l u t e  decompos i t ion  ra te ,  K ,  i s  i n f l u e n c e d  by vacuum 
sys t em conductance,  sampl  c c o n t a i n e r  material ,  and sample c o n f i g -  
u r a t i o n .  Fo r  a g i v e n  s e t  of c o n d i t i o n s ,  t h e  ra tes  measured f o r  
h y d r i d e  p r e p a r e d  from a-Pu w e r e  i n  e x c e l l e n t  agreement  w i t h  t h o s e  
o f  samples  p r e p a r e d  from the  S - s t a b i l i z e d  a l l o y .  K i s  a p p a r e n t l y  

0.30 m2/g. The e f f e c t s  of  t e m p e r a t u r e  and vacuum sys t em conduc tance  
are  shown by t h e  A r r h e n i u s  r e s u l t s  i n  F i g .  1. The d a t a  p o i n t s  i n d i -  
c a t e d  by open c i rc les  were o b t a i n e d  w i t h  t h e  vacuum system a t  maxi- 
mum conductance;  t h o s e  marked by s o l i d  symbols were o b t a i n e d  w i t h  
t h e  sys t em a t  a reduced conduc tance .  Although t h e  a b s o l u t e  r a t e  i s  
reduced by d e c r e a s i n g  t h e  pumping speed ,  t h e  e n e r g i e s  of  a c t i v a t i o n  
a r e  i d e n t i c a l .  

i ndependen t  of t h e  h y d r i d e  s u r f a c e  area,  which v a r i e d  from 0.10 t o  7 
1 

5 

The a v e r a g e  E, o b t a i n e d  from t h e  d a t a  sets i n  F i g .  1 
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Figure 1. Arrhenius results for the de- 
composition of PuH1.95. 
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Figure 2. The dependence of the decomposition of 
on the H z  pressure. PuHl. 95 



and from a t h i r d  s c t  o b t a i n e d  w i t h  the second b a l a n c e  s y s t e m  i s  
27.3 f 1 . 4  kcal/Tqol. 

S i n c e  t h e  hydrogen p r e s s u r e  i n  a s y s t e m  w i t h  f i x e d  conduc tance  I (  I 

i n h e r e n t l y  i n c r e a s e s  w i t h  decompos i t ion  t e m p e r a t u r e  o r  decompos i t ion  I 

r a te ,  t h e  d a t a  i n  P i g .  1 were n o t  measured a t  t h e  same p r e s s u r e .  
The resu l t s  o f  tes ts  t o  de re rmine  t h e  e f f e c t s  o f  r e s i d u a l  hydrogen 
p r e s s u r e  on t h e  r a t e  are  shown i n  F i g .  2 f o r  t h r e e  temperatures 
w i t h i n  t h e  t es t  r ange .  A s  t h e  r e s i d u a l  hydrogen p r e s s u r e ,  P ,  
app roaches  t h e  e q u i l i b r i u m  v a l u e ,  Po,  a t  Rnk = -03, t h e  r a t e  i s  
s h a r p l y  r educed .  S i n c e  a11 t h e  d a t a  were measured i n  p r e s s u r e  
i n s e n s i t i v e  r a n g e s  where P<O.lPo, we b e l i e v e  t h a t  t h e  r e p o r t e d  E a  
i s  i n  good agreement  w i t h  the h y p o t h e t i c a l .  i s o b a r i c  v a l u e .  

, 

The d a t a  i n  F i g .  2 have been employed t o  d e t e r m i n e  t h e  p r e s s u r e  
dependence of  t h e  decompos i t ion  r a t e  f o r  t h e  r e l a t i v e  p r e s s u r e  r a n g e  
0.2<P/Po<0.6. 
ra te  d a t a  u s i n g  t h e  l o g a r i t h m i c  form of t h e  e q u a t i o n  K = APn € 0 1 1 0 ~ .  
A t  366, 414 and 460 a C ,  t h e  observed v a l u e s  of n a r e  ( -0 .48 5 0.131, 
(-0.49 k 0.07) and (-0.55 _t 0.10) , r e s p e c t i v e l y ;  t h e  c o r r e s p o n d i n g  
Q n A  v a l u e s  are ( -4 .49 t 1 . l . 6 ) ,  (-2.02 f 0 . 4 3 )  and (-1.03 t 0.50) .  
It  i s  obv ious  t h a t  K i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  s q u a r e  r o o t  
of t h e  hydrogen p r e s s u r e .  I f  t h e  t e m p e r a t u r e  dependence of  A i s  
i n c l u d e d ,  t h e  g e n e r a l  e q u a i i o n  For decompos i t ion  i s  g i v e n  by Eqn. 2 
f o r  T i n  t h e  r a n g c  366-460",  P i n  t o r r  and K i n  mg/g h r .  

L i n e a r  l e a s t - s q u a r e s  r e f i n e m e n t s  of  t h e  i s o t h e r m a l  

K = (0.00367 " C  - l.349)P-1/2 (2) 

The N o n s t o i c h i o m e t r i c  Hydride 

K i n e t i c  Measurements. T h e  t i m e  dependence o f  compos i t ion  i s o -  
therms f o r  t h e  n o n s t o i c h i o m e t r i c  r ange  (X>1.95)  are shown i n  F i g .  3. 
Zero t i m e  f o r  each i s o t h e r m  ( c f .  the t e m p e r a t u r e  l i s t e d  above each 
c u r v e  i n  F i g .  3) w a s  marked by a t t a i n m e n t  of a dynamic hydrogen 
p r e s s u r e  less t h a n  t o r r .  The a s s y m p t o t l c  approach of t h e  lower  

a t t a i n m e n t  of a c o n s t a n t  r e s i d u a l  p r e s s u r e .  The 305" i s o t h e r m  shows 
t h a t  t h e  compos i t ion  changes r a p i d l y  u n t i l  a c o n s t a n t  X-value of 
1 . 9 5  i s  r eached .  A t  t e m p e r a t u r e s  >389" ,  X changes so r a p i d l y  t h a t  
o n l y  l i n e a r  rates o f  t h e  two-phase r e g i o n  can  be  a c c u r a t e l y  measured. 

t 

1 / I ,  

t e m p e r a t u r e  i s o t h e r m s  t o  e s s e n t i a l l y  c o n s t a n t  v a l u e s  c o i n c i d e s  w i t h  ! I  

The t e m p e r a t u r e  dependence of  t h e  decompos i t ion  r a t e  i n  t h e  
n o n - s t o i c h i o m e t r i c  r a n g e  h a s  been q u a n t i f i e d  u s i n g  g r a p h i c a l l y  de- 
termined s l o p e s  of t h e  i s o t h e r m s  a l o n g  cons t an t - compos i t ion  s e c t i o n s  
of F i g .  3. The decompos i t ion  r e a c t i o n  € o r  t h e  h y d r i d e  i n  t h e  s o l i d  
s o l u t i o n  r e g i o n  (X>1.95)  i s  d e s c r i b e d  i n  Eqn. 3 .  

PuH,(s. s o l n . )  -* P u  (s. so1.n.) + X / 2  H*(g).  ( 3 )  ' 



Use of t h e  f o r m u l a t i o n  "Ru ( s .  s o h . ) "  i m p l i e s  t h a t  t h e  condensed 
p roduc t  i s  a h y d r i d e  t h a t  i s  more m e t a l - r i c h  t h a n  t h e  r e a c t a n t ,  
Values  o f  Ea ( i n  k c a l l m o l )  o b t a i n e d  by Ar rhen ius  a n a l y s i s  o f  t h e  
ra te  d a t a  a t  c o n s t a n t  X-values are: 26.0 a t  2 .10;  20.5 a t  2.20; 
17.5 a t  2.30; 11 .2  a t  2 .4Q;  8.3 a t  2.50;  and 7.8 a t  2 .60.  These 
r e s u l t s  show t h a t  E, i s  i n v e r s e l y  p r o p o r t i o n a l  t o  X o v e r  t h e  a c c e s s -  
i b l e  composi t ion  r ange .  

P r e p a r a t i v e  Methods. Another  result  d e r i v e d  from t h e  decompo- 
s i t i o n  i s o t h e r m s  i n  F i g .  3 i s  impor t an t  t o  t h e  p r e p a r a t i v e  chemis t ry  
of t h e  n o n s t o i c h i o m e t r i c  hydr ide .  For  t h e  25-250 "C r ange ,  a g raph  
o f  t h e  t e r m i n a l  compos i t ion  v s .  i s o t h e r m  t e m p e r a t u r e  i s  l i n e a r  w i t h  
a s l o p e  of (-3.300 k 0.007 X X-units/ 'C) and a n  i n t e r c e p t  of 
( 2 . 7 8  5 0.01). Composi t ions are a c c u r a t e l y  p r e d i c t e d  by t h i s  rela- 
t i o n s h i p  o n l y  i f  t h e  PUB, i s  f r e s h l y  p repa red .  

CONCLUSIONS 

A c l o s e r  examina t ion  of t h e  k i n e t i c  d a t a  f o r  decompos i t ion  of 
PuH1.95 p r o v i d e s  i n s i g h t  i n t o  a p o s s i b l e  mechanism f o r  t h e  h y d r i d i n g  
and d e h y d r i d i n g  r e a c t i o n s  of p lu tonium.  The f a c t  t h a t  t h e  r a t e  of 
t h e  h y d r i d i n g  r e a c t i o n ,  s, i s  p r o p o r t i o n a l  t o  P 1 / 2 ( 5 , 6 >  and t h e  r a t e  
of t h e  d e h y d r i d i n g  p r o c e s s ,  KD, is  i n v e r s e l y  p r o p o r t i o n a l  t o  P1l2 
s u g g e s t s  t h a t  t h e  forward  and reverse r e a c t i o n s  proceed  by o p p o s i t e  
p a t h s  of t h e  same mechanism. The P1I2 dependence of hydrogen s o l u -  
b i l i t y  i n  metals i s  c h a r a c t e r e s t i c  of t h e  d i s s o c i a t i v e  a b s o r p t i o n  
of hydrogen; (9)  i . e . ,  t h e  r e a c t i v e  s p e c i e s  i s  a tomic  hydrogen.  I t  
i s  r e a s o n a b l e  t o  assume t h a t  t h e  rates of  t h e  forward  and r e v e r s e  
r e a c t i o n s  are  c o n t r o l l e d  by t h e  s u r f a c e  c o n c e n t r a t i o n  of a tomic  
hydrogen,  [H,],  t h a t  KH = c '  [H,], and t h a t  % = c / [Hs ] ,  where c '  and 
c are p r o p o r t i o n a l i t y  c o n s t a n t s .  For  t h i s  s u r f a c e  model,  t h e  pres- 
s u r e  dependence o f  KD i s  r e l a t e d  t o  [H,] by t h e  r e a c t i o n  [H,];f,l/2 H2(g) 
and by its equilibrium c o n s t a n t  Ke = [Hf]1/2/[He]. I n  t h e  p r e s s u r e  
r a n g e  of  i d e a l  gas b e h a v i o r ,  [H 3 = ICe- (RT)-'/ '  and t h e  decomposi t ion  
ra te  i s  g i v e n  by KD = C K ~ ( R T ) - ' ~ ~ P ~ / ~ .  
t h e  h y d r i d i n g  p r o c e s s  w i t h  t h i s  model,  i t  can  be r e a d i l y  shown t h a t  
KH = C '  K i l  (RT)- l I2P1I2.  The i n v e r s e  p r e s s u r e  dependence and d i r e c t  
t e m p e r a t u r e  dependence of t h e  decomposi t ion  ra te  g i v e n  by Eqn. 2 
are  c o r r e c t l y  p r e d i c t e d  by t h i s  mechanism which w e  b e l i e v e  i s  most 
c o n s i s t e n t  w i t h  t h e  observed  b e h a v i o r  o f  t h e  Pu-H sys t em. ( lO)  

I , 

For an ana logous  t r e a t m e n t  of 
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Use of  t h e  
r e a c t a n t .  

) o b t a i n e d  by A r  
r a t e  d a t a  a t  cons  a l u e s  are:  26.0 

n a l  t o  X o v e r  t h e  a c c e s s -  

P r e p a r a t i v e  Methods.  A t d e r i v e d  from t h e  decompo- 

e r a t u r e  is l i n e a r  w i t h  

o s i t i o n s  a r e  a c c u r a t e l y  
PuH, i s  f r e s h l y  p r e p a r e  

CONCLU S I  ON S 

>kinet ic  d a t a  f o r  decompos i t ion  of 
PuHl . 95 p r o v i d e s  i n s i g h t  i n t o  a p%ss ib le  mechanism f o r  t h e  h y d r i d i n g  
and d e h y d r i d i n g  r e a c t i o n s  of  p lu tonium.  The f a c t  t h a t  t h e  ra te  o f  
t h e  h y d r i d i n g  r e a c t i o n ,  5, i s  p r o p o r t i o n a l  t o  P 1 l 2 & m @  and t h e  r a t e  
o f  t h e  d e h y d r i d i n g  p r o c e s s ,  KD, is i n v e r s e l y  p r o p o r t i o n a l  t o  P1l2 
s u g g e s t s  t h a t  t h e  fo rward  and reverse r e a c t i o n s  p roceed  by o p p o s i t e  
p a t h s  o f  t h e  same mechanism. 
b i l i t y  i n  metals is c h a r a c t e r e s t i c  of t h e  d i s s o c i a t i v e  a b s o r p t i o n  
of  hydrogen;  wi.e., t h e  r e a c t i v e  s p e c i e s  i s  a t o m i c  hydrogen.  I t  
i s  r e a s o n a b l e  t o  assume t h a t  t h e  rates o f  t h e  fo rward  and r e v e r s e  
r e a c t i o n s  are  c o n t r o l l e d  by t h e  s u r f a c e  c o n c e n t r a t i o n  of a t o m i c  
hydrogen ,  [H,], t h a t  KH = c’[H,] ,  and t h a t  % = c/[H,] ,  where  c’  and 
c are p r o p o r t i o n a l i t y  c o n s t a n t s .  For t h i s  s u r f a c e  model,  t h e  pres-- 
s u r e  dependence  of  KD i s  r e l a t e d  t o  [H,] by t h e  r e a c t i o n  [Hs]z1/2 H2(g) 
and  by i t s  e q u i l i b r i u m  c o n s t a n t  Ke = [ H f ] ’ / 2 / [ H ~ ] .  
r a n g e  of ideal  g a s  b e h a v i o r ,  [ H  3 = Ke- (RT)-’/‘ and t h e  decompos i t ion  

t h e  h y d r i d i n g  p r o c e s s  w i t h  t h i s  model,  i t  can b e  r e a d i l y  shown t h a t  

t e m p e r a t u r e  dependence  of t h e  decompos i t ion  r a t e  

c o n s i s t e n t  w i t h  t h e  obse rved  b e h a v i o r  o f  t h e  Pu-H s y s t e m . w  

The P1 /2  dependence  of hydrogen s o l d ?  
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I n  t h e  p r e s s u r e  

rate i s  g i v e n  by  KD = C K , ( R T > - ’ ~ ~ P ’ / ~ .  Fo r  a n  ana logous  t reatment  of : I ’  

“ I  
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KH = c’K’ (RT)-1/2P1/2. The i n v e r s e  p r e s s u r e  dependence  and d i r e c t  ’ :), 

i s  most are c o r r e c t l y  p r e d i c t e d  by t h i s  mechanism 
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