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EFFECT OF ... CUUM HEAT TRE TMENT 

ON PLUTONIUM O X I D E  SURFACES AS S T U D I E D  

BY XPS AND AES 

D. T .  Larson 

ABSTRACT 

The e f f e c t  o f  h e a t i n g  ( I50 to 500°C) i n  vacuum a p l u t o n i u m  s u b s t r a t e  

w i t h  a p l u t o n i u m  o x i d e  s u r f a c e  f i l m  was s t u d i e d  u t i l i z i n g  X-ray photo-  

e l e c t r o n  spect roscopy (XPS) and Auger e l e c t r o n  spect roscopy (AES). 

When p l u t o n i u m  meta l  w i t h  a s u r f a c e  o x i d e  f i l m  i s  vacuum h e a t  t r e a t e d ,  

t h e  o x i d e  Is reduced by r e a c t i o n  o f  t h e  s u b s t r a t e  meta l  w i t h  t h e  o x i d e .  

The r e a c t i o n s  o c c u r r i n g  were examined by m o n i t o r i n g  t h e  b i n d i n g  energ ies  

of t h e  Pu(4f  1 ,  O(ls )  , and C( Is) XPS peaks and o b s e r v i n g  t h e  C(KLL)  
7 / 2  

Auger e l e c t r o n  peak s t r u c t u r e .  These r e s u l t s  were compared w i t h  the  

X-ray d i f f r a c t i o n  d a t a  o f  Terada e t  a l . '  The XPS and AES d a t a  show t h a t  

a t  h i g h e r  r e a c t i o n  temperatures (400-500°C) t h e  s u r f a c e  compound formed 

i s  n o t  PuO as i n d i c a t e d  by Terada e t  a1 b u t  i s  i n s t e a d  a p l u t o n i u m  

o x y c a r b i d e  (Pu[C,O]) compound. 

P u O l . ~ ( a - P u 2 0 3 ) ,  Pu(C,O), and Pu meta l  a r e  426.1, 424.4,  423.6, and 

422.2 eV, r e s p e c t i v e l y .  

The Pu (4C7,,)) b i n d i n g  energ ies  f o r  PuO2,  
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INTRODUCTION 

When p l u t o n i u m  meta l  w i t h  a s u r f a c e  oxi.de f i l m  i s  vacuum heat  t r e a t e d  the  

o x i d e  i s  reduced by r e a c t i o n  o f  t h e  s u b s t r a t e  meta l  w i t h  t h e  o x i d e .  

1 
P r e v i o u s l y  Terada e t  a l  s t u d i e d  these r e a c t i o n s  by X-ray d i f f r a c t i o n .  

They observed the r e a c t i o n s  w i t h  t h e  c a l c u l a t e d  f r e e  energy changes 

(1)  Pu + 3 Pu02 4 2 c r - P u 2 0 3  AG (kca 1 ) Temp ("C) 

-105 
+ 26 
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400 

The p o s i t i v e  f r e e  energy change o f  r e a c t i o n  (2)  i n d i c a t e s  t h a t  t h i s  
1 

r e a c t i o n  should n o t  take p lace .  Terada e t  a l  suggested t h a t  t h e  r e a c t i o n  

occu rs  because t h e  s u r f a c e  f i l m  ene rg ies  s t a b i l i z e  t h i s  o x i d e .  

Another p o s s i b i l i t y  i s  t h a t  PuO i s  n o t  t h e  compound formed, b u t  t h e  
n 
L 

compound i s  i n s t e a d  p l u t o n i u m  oxyca rb ide .  M u l f o r d  e t  a1 i n  t h e i r  work 

on t h e  plutonium-carbon-oxygen system show a Pu(C,O) phase. The s t o i c i o -  

metry  of an oxygen r i c h  compound would be P U C ~ . ~ ~  O O s 6 5 .  W i th  t h e  same 

l a t t i c e  c o n s t a n t  and c r y s t a l  s t r u c t u r e ,  X-ray d i f f r a c t i o n  would be unable 

t o  d i s t i n g u i s h  between p l u t o n i u m  oxyca rb ide  and p l u t o n i u m  monoxide. 

To examine t h i s  r e a c t i o n  i n  g r e a t e r  d e t a i l ,  t h e  vacuum hea t  t rea tmen t  o f  

p l u t o n i u m  w i t h  a s u r f a c e  o x i d e  f i l m  was examined u t i l i z i n g  t h e  s u r f a c e  

techniques X-ray p h o t o e l e c t r o n  spect roscopy ( X P S )  and Auger e l e c t r o n  spec t ro -  
3 9 4  

scopy ( A E S ) .  W i t h  these s u r f a c e  techniques, t h e  s u r f a c e  elements can be 

determined and the XPS peak s , h i f t s  can g i v e  i n f o r m a t i o n  on t h e  chemical 

s t a t e  o f  t h e  su r face .  Thus, i t  shou ld  be p o s s i b l e  t o  a s c e r t a i n  whether o r  

n o t  r e a c t i o n  ( 2 )  y i e l d s  p l u t o n i u m  monoxide or p l u t o n i u m  oxyca rb ide .  A l s o  

a comparison o f  d a t a  o b t a i n e d  by t h e  s u r f a c e  s p e c t r o s c o p i c  techniques XPS 

1 
and AES w i t h  the  X-ray d i f f r a c t i o n  data o f  Terada e t  a1 w i l l  be i n f o r m a t i v e .  
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Th is  w i l l  a1 

observed f o r  

EXPERIMENTAL 

ow a c o r r e  

the  XPS Pu 

a t i o n  o f  o x i d e  type w i t h  b i n d i n g  energy s h i f t s  

The p l u t o n i u m  specimen, sample h o l d e r ,  and AES-XPS system were t h e  same 

as r e p o r t e d  i n  an e a r l i e r  s tudy on t h e  oxygen-p luton ium r e a c t i o n  a t  

ambient temperature.  The p r e p a r a t i o n  o f  t h e  p l u t o n i u m  specimen c o n s i s t e d  

o f  (1)  ab rad ing  w i t h  360 g r i t  s i l i c o n  c a r b i d e  paper,  ( 2 )  r i n s i n g  w i t h  

1 , 1 , 1  t r i c h l o r o e t h a n e ,  (3 )  p l a c i n g  i n  AES-XPS vacuum chamber, ( 4 )  evacuat-  

i n g  t o  120 nPa, ( 5 )  p r e p a r i n g  a "c lean" s u r f a c e  by A r  bombardment and 

500°C heat  t rea tmen ts ,  and (6 )  f o rm ing  ~ 2 0 0  A PuO, f i l m  by exposure t o  

1.8 X l o 8  L oxygen. 

5 

+ 
0 

T h i s  specimen was then  g i v e n  i n  s i t u  vacuum heat  t rea tmen ts .  The sample 

was heated by e l e c t r o n  bombardment. The p l u t o n i u m  was sandwiched between 

two 0.254 mm t h i c k  t a n t a l u m  sheets.  The o u t e r  sheet had a 5 mm d iamete r '  

h o l e  which exposed the  p l u t o n i u m  su r face .  Temperature measurements were 

made w i t h  a chromel-alurnel thermocouple which w a s  spo t  welded t o  t h e  back 

s i d e  o f  t h e  o u t e r  t a n t a l u m  sheet.  W i t h  t h i s  arrangement temperature 

-- 

measurements near 500°C were a c c u r a t e  w i t h i n  50°C. Dur ing  t h e  hea t  t r e a t -  

ments, t y p i c a l  vacuum c o n d i t i o n s  a t  150°C were CO-0.3pPa, CO,-O.lpPa, 

H20-0.2pPa w i t h  t h e  t o t a l  p ressu re  be ing  %O.-/pPa and a t  500°C were C O - ~ L I P ~ ,  

COZ-luPa w i t h  t h e  t o t a l  p ressu re  be ing  %4pPa. 

A f t e r  h e a t i n g ,  t h e  s u r f a c e  was examined w i t h  A E S  and X P S  u s i n g  a double 
6 

pass c y l i n d r i c a l  m i r r o r  ana lyze r .  The X-ray source f o r  XPS was Mgka 
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w i t h  an energy o f  1253.6 eV. The c a l i b r a t i o n  f o r  X P S  was checked u s i n g  

t h e  Au(4f7/2) peak a t  83.8 eV. 

RESULTS AND D I S C U S S I O N  

Changes o c c u r r i n g  i n  t h e  XPS Pu (4 f  

a r e  shown i n  F i g u r e  1 .  Hea t ing  t h e  o x i d e  (PuO~),  forrned a t  ambient temper- 

a t u r e , a t  150°C produces a s h i f t  i n  t h e  XPS Pu (4 f  ) peak. The X-ray 

d i f f r a c t i o n  da ta  o f  Terada e t  a l l  show t h a t  t h e  o x i d e  formed a t  these 

c o n d i t i o n s  i s  P u O ~ . ~ ~ ( C X - P U ~ O ~ ) .  F u r t h e r  heat t rea tmen ts  a t  h i g h e r  temp- 

) peak a f t e r  vacuum hea t  t rea tmen ts  
7/2 

7/2 

e r a t u r e s  (500°C) i n d i c a t e s  t h a t  ano the r  Pu4f peak s h i f t  occu rs .  There 
7 /2 

i s  a l s o  an i nc rease  i n  t h e  peak w i d t h  (FWHM). A t  300"C, t h e  FWHM i s  3 . 3  eV 

w h i l e  a t  500"C,the FWHM i s  3.8 eV (See Table I ) .  These changes i n d i c a t e  

t h a t  t h e  s t a t e  o f  t h e  o x i d e  has changed. 

Examinat ion of t he  e f f e c t  o f  temperature on t h e  C(1s) peak r e v e a l s  t h a t  

a change i n  t h e  carbon s t a t e  s t a r t s  t o  appear a t  400°C (See F i g u r e  2). : 

The peak a t  284.6 eV i s  a t t r i b u t e d  t o  

lower b i n d i n g  energy o f  281.0 eV t o  a 

s p e c t r a  o f  carbon p resen ted  i n  F i g u r e  

s t a t e  o f  carbon beg inn ing  a t  400°C. 

and carbon s t a t e s  suggests t h a t  t he  h 

a p l u t o n i u m  oxyca rb ide  compound. 

a hydrocarbon w h i l e  t h a t  a t  t h e  

p l u t o n i u m  c a r b i d e  t ype .  The A E S  

3 a l s o  shows t h i s  change i n  t h e  

h i s  s imul taneous change i n  t h e  o x  

gh temperature r e d u c t i o n  produces 

de 

The amount o f  oxygen r e l a t i v e  t o  p l u t o n i u m  f o r  each t rea tmen t  was determined 

b o t h  f rom t h e  AES and XPS spec t ra .  The oxygen, p l u t o n i u m  r a t i o  was 

determined by t h e  O ( 5 l l  eV)/Pu(317 eV) f i r s t  d e r i v a t i v e  peak-to-peak 

h e i g h t s  f o r  AES and the  O ( l ~ ) / P u ( 4 f ~ / ~ )  peak areas f o r  X P S .  

a re  t a b u l a t e d  i n  Tab le  I .  The b i n d i n g  e n e r g i e s  f o r  Pu (4 f  ) ,  C ( l s ) ,  and 

The r e s u l t s  

7P 



Tab le  I 

Oxygen, p l u t o n i u m  r a t i o  (AES-peak-to-peak h e i g h t s ,  XPS-peak areas) .  b i n d i n g  energ ies  (Pu [4 f  1, C [ l s ] ,  O [ l s ] )  
7/2 

and P ~ ( 4 f ? / ~ )  FWHM f o r  vacuum hea t  t reatements.  

AE S 

O ( 5 1  leV)/Pu(317eV) 

9.8 
6.7 

5.8 
5.5 
4.9 

3.7 
2.6 

3.8 
3.4 

XP s 
0 (1s) / P ~ ( 4 f ? , ~ )  

0.318 

0.176 

0.132 

0.154 

0.143 

0.129 

0.081 

0.138 

0.093 

B INDING ENERGY (eV 

pu (4f,/,) CIS 01 s 

426.2, 424. ja  284.6 530.1 

424 .4  284.8 530.0 

424.2 284.2 529 7 
424.3 284.2 529.9 

424.3 283.6 281.1 529.8 

424.0 280.9 529.7 

423.7 281.2 530.1 

424.0 281.2 530 * 0 

423.6 281 .O 530.0 

FWHM (eV) 

PU(4f7,2) 

3 .2  

2.8 

3 . 3  
3.3 

3.6 
4.0 

4.1 

4 .O 

3.8 

I 
vl 

I 

a. shoulder  
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O ( 1 s )  and t h e  Pu(4f  ) FWHM a r e  a l s o  presented.  N o t i c e  t h a t  t h e  

O/Pu r a t i o s  become s m a l l e r  as t h e  temperature increases i n d i c a t i n g  t h a t  

t h e  o x i d e  i s  b e i n g  reduced by a r e a c t i o n  o f  t h e  s u b s t r a t e  meta l  w i t h  

t h e  ox ide .  T h i s  i s  c o n s i s t e n t  w i t h  t h e  b i n d i n g  energy s h i f t s  o c c u r r i n g  

i n  t h e  Pu(4 f  ) peak. 

712 

7/2 

C O N C  LUS I O N S  

The s u r f a c e  s p e c t r o s c o p i c  d a t a  (XPS, AES) shows t h a t  b e g i n n i n g  a t  about  

400°C a new carbon s t a t e  s t a r t s  t o  form. Also  t h e  XPS Pu 4 f  b i n d i n g  

energy s h i f t  and inc rease  i n  FWHM i n d i c a t e s  t h a t  t h e  o x i d e  s t a t e  has 

changed. T h i s  ev idence suggests t h a t  i n  r e a c t i o n  ( 2 ) ,  t h e  compound formed 

i s  n o t  PuO b u t  p l u t o n i u m  oxyca rb ide  [Pu(C,O)]. 

7/2 

$ 5  
Wi th  t h e  d a t a  o b t a i n e d  i n  t h i s  s tudy and a p rev ious  r e p o r t ,  assignments 

t o  t h e  P ~ ( 4 f ? / ~ )  b i n d i n g  energy for  PuO,, PuO1.52 (a-Pu203), Pu(C,O), and 

Pu meta l  a r e  426.1, 424.4, 423.6, and 422.2, r e s p e c t i v e l y .  
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F i g u r e  1 .  C h a n g e s  i n  Pu (4f7,2) peak a f t e r  vacuum heat .  t r e a t m e n t s .  
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W E )  

I .  

FiKure.2. Ch311ges I n  C ( l s )  peak a f t e r  vacuum h e a t  t r e a t m e n t s .  
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