
f FABRICATION OF OXIDE NUCLEAR FUEL PELLETS 

Malcolm R. Harvey 

Alton R.  Teter 

Ronald L. Leggett 

\ 

THE DOW CHEMICAL COMPANY 
ROCKY FLATS DIVISION 

P. 0. BOX 888 
GOLDEN, COLORADO 8 0 4 1  

U. S. ATOMIC ENERGY COMMISSION 
CONTRACT AT(29-1)-1106 I 



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. 
 



March 21, 1969 

I 

FABRICATION OF OXIDE NUCL 

Malcolm R. Har 

Alton R. Tete 

Ronald L. Legg 

LEGAL I 
This repart  was prepared as an account of Govr 
States, nor the Commission, nor any person actil 

A. Makes anywarranty or representation. ex 
racy. completeness. or usefulness of the inform. 
of any information, apparatus. method. or procm 
privately owned rights: or 

B. Assumes any liabilities with respect to t 
use of any information, apparatue, method, or pr 

As used in the above. “pereon acting on b 
ployee or contractor of the Commission. or em 
such employee or contractor of the Cornmissioi 
disseminates, or provides access to, any inform 
with the Commission, or his employment with 8u 

THE DOW CHEMICAL 
ROCKY FLATS C 

P. 0. BOX I 
GOLDEN, COLORAI 

U. S. ATOMIC ENERGY 
CONTRACT AT(29 

RFP-1255 
UC-25 METALS, CERAMICS, 

I A R  FUEL PELLETS 

!Y 

tt 

- 
O T I C E  
ment spansored work. Neither the United 
on behalf of the Commission: 
:ssed or implied, with respect to the aceu- 
,n contained in this report, or that the use 
diiiriosed in this report may not infringe 

use of, o r  for damages resulting from the 
$88 disclosed in this report. 
11 of the Commission” includes any em- 
yee of such contractor, to the extent that 
)r employee of such contractor prepares, 
on pursuant to his employment or contract 
COnt*aCtOr. 

‘ 

COMPANY 
(ISION 

3 80401 
ZOMMI SSI ON 

18 

1-1 106 



RFP-1255 

I 

C 

ii 



RFP- 1255 

....................................................................... I Part I: Uranium Dioxide 1 
Introduction .............................................................................. 1 
Experimental Procedure .................................................................... 1 
Results and Discussion .................................................................... 3 
Summary ................................................................................. 5 
References ............................................................................... 5 
Appendix A: Literature Survey of Fabrication of UO, .......................................... 9 

Part 11: Mixed Uranium-Plutonium Dioxides ...................................................... 23 
Ex per ime nta 1 Procedure .................................................................... 23 
Results .................................................................................. 25 
Discussion ............................................................................... 28 
References ............................................................................... 29 

31 
39 

Appendix B: Literature Survey of Fabrication of Mixed Oxides ................................... 
Appendix C: Plutonium Determination in Mixed Oxides by Calorimetric Measurements ............. 

... 
111 



RFP-1255 

i v  

A B S T R A C T  

A smal l  number of uranium dioxide and mixed uranium- 
plutonium dioxide fuel  pe l le t s  were fabricated by the  cold 
p r e s s  and  s in te r  technique. The  diametral  var ia t ions ob- 
se rved  were less than k0.003 in. based on a nominal diameter 
of 0.345 in. T h e  average hourglassing w a s  0.003 in. for a 
length t o  diameter  ra t io  of 1.5. It w a s  concluded from th is  
d a t a  and a literature survey  that  t h e s e  var ia t ions could be 
maintained on a production b a s i s  and thus el iminate  center-  
less grinding from the fabrication process .  
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PART I: 
URANIUM DIOXIDE 

Malcolm R. Harvey, Alton R. Teter, and Ronald L .  Legget t  

INTRODUCTION 

A contract  w a s  received from Argonne Nat ional  
Laboratory t o  fabr icate ,  by t h e  cold p r e s s  and 
s intee technique,  a smal l  number of UO, and 
(U,Pu)O, reactor  fue l  pe l le t s  (right c i rcular  cylin- 
ders). The  s t a t i s t i c a l  information obtained and 
reported here  on UO, w a s  to  be used  in conjunction 
with a literature survey in writing a product spec i -  
f icat ion for t h e  fabrication of fuel  e lements  for a 
zero power reactor. E x a c t  diameters  of the pe l le t s  
were not specif ied,  ins tead  weights  of material 
that  could be introduced into a jacke t  with a n  
inside diameter of 0.350 in. and a nominal length 
of 5.7 in. were fixed by A.N.L. T h i s  effectively 
required the diameters  t o  b e  between 0.340 in. 
and 0.345 in. with a theoret ical  densi ty  of at 
least 92%. The object ive of th i s  type of require- 
ment w a s  to  a l low some lat i tude on fired dimensions 
and d e n s i t i e s  with the idea  of eliminating the  
c e n t e r l e s s  grinding s t e p  from the process .  

Since there  i s  a large amount of information avai lable  
in the l i terature  on the var ious fabricat ion parameters, 
e.g., binders, s in te r ing  t imes ,  temperatures, and 
atmospheres;  emphas is  w a s  placed on determining 
var ia t ions in dimensions and dens i t ies .  A problem 
with the literature however, which quickly became 
apparent, w a s  that  of duplication. In some c a s e s  
the  s a m e  information w a s  reported four t imes,  e.g., 
a s  quarterly reports ,  a s  a completion report, a t  a 
conference, and as a journal  a r t ic le .  A represen- 
ta t ive  l i s t  of the major references and a b s t r a c t s  
dea l ing  with important propert ies  and fabrication 
of UO, is a t tached  as a n  appendix a t  the  end of 
t h i s  report. 

The  main parameters  effect ing the s inter ing process  
will not be d i s c u s s e d  here except  for a short outline 
on what they are and how they apply t o  UO,. 

T h e  sol id  s t a t e  s inter ing of crystal l ine s o l i d s  i s  
usual ly  controlled by a diffusional mechanism with 
the reduction of the to ta l  sur face  a rea  as  the driving 
force. The  s t a g e s  of s inter ing,  i.e., neck growth, 
reduction in porosity, and grain growth; are  all 
diffusional in nature and are  re la ted in a complex 
manner to  s inter ing time, temperature, and the 

stoichiometry.’ Uranium dioxide (oxide/metal 
ra t io  = 2.00) normally n e e d s  to be fired t o  tempera- 
tu res  in  e x c e s s  of 160OOC for a t  l e a s t  one hour in 
order to  achieve d e n s i t i e s  greater  than 90% of 
theoretical.’ Hyperstoichiometric UO, + (where 
x >0.05) can  be s in te red  t o  the s a m e  dens i t ies  a t  
temperatures between l l O O o  and 1300°C.2,3 T h e  
difference in s inter ing temperatures  i s  attributed 
t o  higher diffusion r a t e s  in hyperstoichiometric 
oxide. 

T h e  effect  of changes  in sur face  a rea  on the 
densif icat ion of UO, i s  the  most dramatic but l e a s t  
character ized variable. Terms s u c h  as  “act ive” 
or “sinterable  grade” a r e  u s e d  when ordering oxide 
tha t  wil l  s in te r  to  high d e n s i t i e s .  T h i s  i s  because  
the determination of t h e  par t ic le  s i z e  or sur face  
a r e a  i s  only u rough indicator of s interabi l i ty .  In 
general  powders with a par t ic le  s i z e  less than 
1.5 p or with a BET surface  a r e a  greater  than 
2.5 m2/g wil l  s in te r  t o  high d e n ~ i t i e s . ~  Poor 
s inter ing powders can usual ly  be ac t iva ted  by 
milling or cycl ing through a n  oxidation-reduction 
proc e s s  . 3 9 5  

EXPERIMENTAL PROCEDURE 

A schemat ic  for the fabrication of UO, i s  shown in 
Figure 1. It is a composite taken from the literature 
and w a s  chosen because  of the  ava i lab le  equipment 
and certain requirements imposed by A.N.L. Hyper- 
stoichiometric (O/M = 2.06), depleted UO, w a s  
purchased from Nuclear Materials and Equipment 
Corporation. T h e  B.E.T. sur face  a rea  w a s  reported 
t o  be 4.24 m*/g. A l i s t  of the reported impurities 
i s  given in T a b l e  I. 

Binder (1-wt % Carbowax 4000) and a d ie  lubricant 
(1-wt % s t e a r i c  acid)  were added to  the as-received 
powder in a CC1, solution. T h e s e  were needed 
because  e x c e s s i v e  l o s s e s ,  c a u s e d  by laminat ions 
and chipping, were observed. T h e s e  l o s s e s  were 
attributed t o  insuff ic ient  green s t rength and poor 
d ie  re lease .  In addi t ion,  less hourglassing (maximum 
diameter-waist diameter) w a s  observed when binder 
w a s  added. The use  of binders i s  not completely 
benef ic ia l  however, because  they c a u s e  binder 

1 
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Figure 1. S c h e m a t i c  of fabr ica t ion  p r o c e s s  for UO, pellets. 

burnout problems, s l ight ly  reduced densi t ies ,6  and 
occasional ly  some carbide formation in the grain 
boundaries.’ 

Pre-pressing w a s  done in a i sos ta t ic  p r e s s  at 
10,000 psi. T h e  pre-pressed material w a s  granulated 
by p a s s i n g  it through a 1 4  mesh screen .  T h e s e  two 

Table  I. Chemical ana lys i s  of U02.  

Element 

A1 
B 
C 
Ca 
Cd 
c 1  
c o  
c u  
Cr 
F 
F e  
Mg 
Mn 
M O  

Analysis  (ppm) 

< 20 
< 0.5 

20 
< 25 
< 0.5 
< 10 
< 5  
< 6  
< 10 
<134 
< 20 
< 10 
< 10 
< 10 

El em en t 

Be 
Zr  
Zn 
N 
Ni 
P b  
Si 
Ti 
V 
w 

Dy + Eu + G d +  
% U-235 

(10 
<10 
(10 

30 
(10 

2 
<50 

20 
< 1  
a5 

Sm < 0.07 
0.218 

s t e p s  are  very important because  they impart flow- 
abi l i ty  t o  the powder and a l s o  reduce hourglassing 
and shr inkage.  Close  height control w a s  maintained 
by individually weighing each  pressing charge to  
a .05  grams. Based  on experiments here  and data 
reported in the literature’ a length-to-diameter ra t io  
(L/D) of 1.5 w a s  used. (Excess ive  hourglassing 
and insufficient green s t rength were observed with 
ra t ios  greater than 1.5.) T h e  powder w a s  pressed  
in a modified double ac t ing  Carver Laboratory press .  
P r e s s i n g  pressures  were invest igated between 18,000 
and 50,000 psi. Although much higher pressures  
have been reported elsewhere,  they were not u s e d  
here  because  the tops  of many pe l le t s  spa l led  off as 
the  pressures  were increased t o  50,000 psi. 

Laminat ions produced by pel le t  expansion during 
eject ion were eliminated by grinding a s l igh t  taper  
(%‘.by $-in. deep)  into the die  wall. P r e s s u r e s  lower 
than 18,000 ps i  were not used  because  pel le t  
e ject ion pressure w a s  approximately 18,000 psi .  
After es tab l i sh ing  the shr inkage v e r s u s  pressure 
relat ionship a range of 20,000 t o  30,000 ps i  w a s  
chosen for fabrication of the pel le ts .  The  green 
d e n s i t i e s  obtained using t h e s e  pressures  varied 
from 45 t o  50% of theoretical. Sintering w a s  done 
in alumina s a g g e r s  using a coarse  ( 8  mesh) alumina 
bedding grain. The  “high temperature’’ process  
w a s  used  t o  s in te r  the UO, pe l le t s  because  
stoichiometric ox ides  were required by A.N.L. 
(Based  on avai lable  diffusion datag it i s  doubtful 
that  full reduction of a pel le t  can  be achieved by 
any of the “low temperature” two s t a g e  s in te r ing  
processes . )  The  nominal firing temperature and 
time used were 165OOC for 4 hours. Preliminary 
runs were made in a dry (dew point -175OF) 94% 
helium - 6% hydrogen atmosphere, whereas  the 
two production runs were made in dry, pure hydrogen. 
Fir ing r a t e s  depended to  some extent on the type 

2 
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Table 11. Data obtained from UO, pe l l e t s  sintered in a 94% He - 6% H, atmospherl..' 

Pre- 
Sintering Press ing  

Sintering Temp. Pressure 
T e s t  (O C) (psi)  

1650-4 hr. 10000 

1650-4 hr. 10000 2 

1 1650-4 hr. 10000 
B 2  1650-4 hr. 10000 

3 1650-4 hr. 10000 

1 1675-4 hr. 10000 
1675-4 hr. 10000 
1675-4 hr. 10000 
167S4  hr. 10000 

A 1  

c , "  
4 

* A l l  data i s  the average of 4-5 pe l l e t s .  

Press ing  
Pressure 

(psi)  
L to D 
Ratio 

Distortion 
(in.) 

19,600 

50,000 

25,000 
30,000 
35.000 

18,000 
24,500 
32,400 
39,600 

1.00 
1.50 

1.60 
1.60 
1.60 

1.50 
1.50 
1.50 
1.50 

of furnace being u s e d  except  tha t  the r a t e s  were 
a lways  held t o  l e s s  than 100°C/hr t o  5OOOC and above 
1200OC. The preliminary runs indicated tha t  good 
dimensional control could not be maintained with 
r a t e s  higher than 100°C/hr above 1200OC. Higher 
r a t e s  produced pe l le t s  with a n  appreciable  amount of 
distortion (bottom diameter-top diameter). 

A visua l  inspect ion of all pe l le t s  w a s  made for 
blow holes ,  laminations, and chips .  Dimensions 
were obtained on all samples  with a blade mi- 
crometer. Measurements were taken from the top, 
wais t ,  and bottom diameters  of the pel le ts .  Immersion 
d e n s i t i e s ,  us ing  kerosene and vacuum, were determined 
on a random sampling from each  sagger .  

RESULTS AND DISCUSSION 

Table  I1 l i s t s  some of the  d a t a  obtained from the 
preliminary r u n s  which were used  t o  e s t a b l i s h  
shr inkage as  a function of press ing  pressure.  
Other var iab les  s u c h  as firing ra tes ,  amounts of 
binders  and lubricants ,  pre-pressing and L/D rat io ,  
were examined a t  t h i s  time. It appears  tha t  there  
i s  no e f f e c t  from forming pressure on the s intered 
densi ty .  T h i s  means that  the time a t  s in te r ing  tem- 
perature i s  suff ic ient  t o  e l iminate  the  press ing  as  
a densif icat ion variable. T h e  dis tor t ion in s e r i e s  A 
i s  assumed t o  be caused  by excess ive ly  high r a t e s  
of temperature r i s e  d i s c u s s e d  previously. T h e  rate  
of r i s e  for s e r i e s  A w a s  in e x c e s s  of 200°/hr while 
s e r i e s  B and C were held to 100°C/hr above 1200OC. 
(The hourglassing in s e r i e s  B w a s  slightly greater  
than in s e r i e s  C because  of the greater L/D ratio). 
T h e  d a t a  from Table  I1 a l s o  indicate  tha t  the densi ty  
is effected by the firing rate .  Figure 2 clearly s h o w s  
that  the cross-sect ion of a dis tor ted pel le t  h a s  

0.0088 

0.0069 

0.0004 
0.0004 
0.0003 

0.0002 
0.0004 
0.0003 
0.0002 

Hour- 
g las s ing  

(in.) 

0.0095 

0.0110 

0.0050 
0.0048 
0.0043 

0.0027 
0.0033 
0.0032 
0.0031 

.- 

Percent 
Shrinkage 

19.0 

15.9 

19.3 
18.8 
18.0 

20.7 
19.8 
18.8 
17.9 

Theor. 
Density 

(%) 

91.3 

9 1.7 

93.0 
92.9 
92.9 

95.2 
94.8 
94.8 
95.0 

Appearance 

Distortion 

Distortion 

Excel lent  
Excel lent  
Excel lent  

Pock marks 
Pock marks 
Pock marks 
Pock marks 

Figure 2. Cross-section of UO, pellet showing high 
porosity a t  base caused  by high firing rate 
between 1200 and 165OOC. lox 

fa i led t o  densify properly. T h i s  low densi ty  
area w a s  a lways  at  the base  of the pel le t  which 
implies a gas-sol id  sur face  react ion controlling the 
shrinkage. T h i s  w a s  further confirmed when the  d i s -  
tortion w a s  decreased  by drilling holes  in the saggers  
and using bedding grain under the pe l le t s .  
be emphasized however, that  the dis tor t ion w a s  
completely eliminated only when the firing rate above 

It must 
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3 120OOC w a s  held below 100°C/hour. Ser ies  C showed 
the effect  of alumina bedding grain s t ick ing  t o  the 
pel le t  surface.  T h i s  i s  assumed to  be due t o  the 
s l igh t  increase  in  temperature for t h i s  se r ies .  

T h e  f i rs t  production run of 500 pe l le t s  (1s t  campaign) 
w a s  s in te red  a t  165OOC for 4 hours  in pure hydrogen. 
Approximately 90% of the pe l le t s  fell in the dens i ty  
range of 93-9475 of theoret ical  (Table  111). The fai lure  
of the remaining p e l l e t s  t o  densify (or shrink) w a s  
caused  by a poor temperature profile in the furnace. 
There were some addi t ional  l o s s e s  c a u s e d  by the alu- 
mina bedding grain imbedding i tself  into the pel le ts .  

Table 111. Data from 500 UO, p e l l e t s  fired at 165OoC for 4 hours 
(first campaign). 

Theo.  Loss  
Sagger Hourglassing* Distortion* Shrinkage* Dens.** P e r  

(%) Sagger -- No. ( in.)  (in.) (%) - 
A- 1 0.0042 0.0011 18.31 91.73 12 

2 0.0041 0.0011 17.93 91.62 19 
3 0.0043 0.00 10 18.03 91.50 16 
4 0.0033 0.0006 18.19 91.81 9 

EL1 0.0034 0.0007 18.22 94.04 3 
2 0.0033 0.0006 18.22 93.90 6 
3 0.0031 0.0007 18.46 93.97 1 
4 0.0026 0.0004 18.74 93.95 3 

C-1 0.0031 0.0005 18.86 93.47 6 
2 0.0027 0.0003 18.93 93.74 6 
3 0.0028 0.0004 18.91 93.77 1 
4 0.0029 0.0005 18.88 93.58 5 

B1 0.0033 0.0007 18.76 93.45 6 
2 0.0034 0.0007 18.76 93.47 3 
3 0.0031 0.0005 18.81 93.74 2 
4 0.0028 0.0005 18.86 93.57 3 

E 1  0.0034 0.0005 18.81 93.88 4 
2 0.0032 0.0006 18.79 93.52 3 
3 0:0033 0.00 10 18.60 92.95 7 
4 0.0033 0.0008 18.57 92.77 6 

* Averaged from al l  pe l l e t s  in sagger. 
** Average of f ive pe l l e t s  from each sagger of twenty-five. Overall 

average density w a s  93.62. Standard deviation was  0.41. 

T h e  second production run (2nd campaign) of 200 
pe l le t s  w a s  s in te red  a t  1635OC t o  try and eliminate 
the e f f e c t  of the alumina grain. L o s s e s  a s  a resu l t  
of sur face  imperfections were virtually eliminated; 
however, there was  a s l ight  decrease  in densi ty  
(Table  IV).  

The diametral var ia t ions from both campaigns a re  
shown in Figure 3. ‘The large spread  in the f i rs t  
campaign ref lects  the reduced shr inkage  caused  

Table IV. Data from 200 U 0 2  pe l l e t s  fired at 1635OC for 4 hours 
( second  campaign). 

Theo.  Loss  
Sagger Hourglassing* Distortion* Shrinkage* Dens.** Per  

(96) Sagger -- No. (in.) ( in.)  (7%)  

A- 1 0.0027 0.0003 18.69 92.07 1 
2 0.0023 0.0002 18.79 92.42 1 
3 0.0027 0.0003 18.76 92.42 1 

El 0.0027 0.0003 18.71 92.45 0 
2 0.0026 0.0003 18.74 92.29 0 
3 0.0027 0.0003 18.79 92.44 0 

C-1 0.0030 0.0003 18.76 92.28 1 
2 0.0027 0.0003 18.79 92.20 1 
3 0.0023 0.0004 18.71 92.63 1 

D-1 0.0022 0.0003 18.76 92.73 1 
2 0.0026 0.0004 18.76 92.90 1 
3 0.0028 0.0004 18.76 92.65 0 

x- 1 0.0025 0.0003 18.76 93.26 2 

* Averaged from pe l l e t s  in sagger. 

- 

** Average of four pe l l e t s  in sagger of s ixteen.  Overall average 
density was  92.49. Standard deviation was  0.40. 

by the cold zone. T h e  second campaign shows the  
var ia t ions that  might be observed if very tight 
process  control i s  maintained. Histograms of the  
var ia t ions in w a i s t  diameter and the heights  of the 
pe l le t s  from the second campaign are shown in 
F igures  4 and 5. Comparing the histograms in 
F igures  3 and 4 ind ica tes  the average hourglassing 
for the UO, pe l le t s  w a s  approximately 3 mils. 

SUMMARY 

Assuming the resu l t s  reported here  can be s c a l e d  
up, i t  s e e m s  apparent that  reactor  fuel  pe l le t s  c a n  
eas i ly  be fabricated on a production b a s i s  t o  spec i -  
f ica t ions  which allow l e s s  than 50.003 in. diametral 
variation. With only moderately ac t ive  powders, 
d e n s i t i e s  greater  than 93% of theoret ical  can  be 
achieved with l e s s  than ?l% absolu te  variation. 
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Appendix A: Literature Survey of F a h i c a t i o n  of UO,. 

The accompanying l i s t  of re ferences  and a b s t r a c t s  
are the  resu l t  of a l i terature  survey on conventional 
(cold p r e s s  and  s inter)  fabr icat ion of UO,. T h e  
survey i s  not complete because  of the immense amount 
of l i terature  in the f ie ld ,  but it is representat ive.  

1 
G. H. Chalder, N. F. H. Bright, D. L. Pe terson ,  
and  L. C. Watson, “The Fabricat ion and Prop- 
e r t i e s  of Uranium Dioxide,” Proc .  2nd Geneva 
Conf., Vol. 6 (1958) 590-604. 

Data  a r e  presented  on the effect  of var ious phys ica l  
propert ies  of UO, on i t s  s in te r ing  behavior. Various 
binders  and increased  res idua l  carbon contents  a r e  
a l s o  evaluated in re la t ion t o  s intered dens i t ies  and  
overal l  pel le t  appearance.  Sintering a i d s  s u c h  as 
TiO,, Nb,05,  and  V,05 were shown t o  enhance 
sintering. Various combinations of hydrogen, 
nitrogen, argon, and carbon dioxide, (wet & dry) 
were a l s o  evaluated.  

2 
Sintered Uranium Dioxide: Sintering Technique 
and  Behavior Under Irradiation - Quarterly Report 
No.’s 2, 3, 5 ,  6, and  8, EURAEC-57, 194, 254, 
322, 478. c 

Sintering charac te r i s t ics  of UO, powders with 
high sur face  a r e a s  were invest igated.  P r e s s i n g  
pressure ,  s in te r ing  t imes  and temperatures, and  
atmospheres  were a l s o  s tudied.  

3 
L. C. Watson, Product ion of Uranium Dioxide for 
Ceramic F u e l s ,  TID-7546, Book 2 (1958) 3841401. 

Uranium dioxide powder su i tab le  for forming and  
s in te r ing  into high-density ceramic fuel  may be 
prepared by hydrogen reduction of ammonium 
diuranate. Some of the var iab les  in t h e  preparation 
of ammonium diuranate  and in i t s  subsequent  
reduction of uranium dioxide have been invest igated.  
T h e  aim w a s  to define the condi t ions for making a 
readily s in te rab le  uranium dioxide powder of con- 
s i s t e n t  properties. 

Ammonium diuranate  w a s  prepared by both batch 
and continuous precipitation. The  effect  of varying 

the precipitation condi t ions w a s  shown by deter- 
mining the s in te red  dens i ty  of the uranium dioxide 
pe l le t  prepared from the ammonium diuranate under 
s tandard conditions. The effect  of varying the 
reduction condi t ions w a s  demonstrated. 

T h e  r e s u l t s  show tha t  the s in te r ing  propert ies  of the  
uranium dioxide a re  insens i t ive  t o  reduction con- 
di t ions but are affected gross ly  by var ia t ions in the  
ammonium diuranate  preparation. 

Methods of preparing uranium dioxide that  wil l  
s in te r  t o  a dens i ty  cons is ten t ly  greater than 10.0 
g/cm3 a r e  given for both batch a n d  continuous 
precipitation. 

Two relat ively simple measurements, a i r  perme- 
abi l i ty  and t a p  dens i ty ,  were made routinely on 
both ammonium diuranate  and uranium dioxide 
powders. T h e s e  measurements  c a n  be  used  t o  
segrega te  powders of poor s inter ing c h a r a c t e r  
i s t i c s  hut a re  not usefu l  in predict ing minor 
differences in s interabi l i ty .  

4 
R. W. Thackray and P. Murray, The Sintering of 
Uranium Dioxide, AERE-M-R-614 (1950). 

T h e  r e s u l t s  of cold press ing  and s in te r ing  uranium 
dioxide, of composition ranging from UO,., to UO,., 
in var ious atmospheres  are de ta i led  in th i s  report. 
It i s  shown that  defect  oxide s t ruc tures  s in te r  more 
readi ly  than t h e  s toichiometr ic  composition. With 
Springfields oxide (U0,.13) compacts  of high bulk 
dens i ty  (greater  than 9.5 g/cm3) c a n  be  obtained by 
s in te r ing  in argon at l l O O ° C  t o  150OOc. 

T h e  s inter ing behavior of the uranium oxide phase  
‘UO,., t o  UO,., (and of other oxides ,  e.g. MgO and 
41,0,) h a s  been  considered thermodynamically. It 
i s  found tha t  t h e  appl icat ion of the absolu te  reaction 
ra te  theory provides a unifying hypothesis  for the  
oxides  considered and that  the important factor in  
s in te r ing  i s  the  free energy of act ivat ion of the  
process .  

From these  thermodynamic considerat ions and the  
assumption tha t  diffusion plays a major part in 
s inter ing,  a phys ica l  model of the s in te r ing  of 
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UO, t o  UO,., i s  suggested.  I t  i s  pointed out that  
theories  of s in te r ing  based  s o l e l y  on p las t ic  
flow/yield point mechanisms cannot  explain the  
s in te r ing  of t h e s e  oxides. 

5 
J. Glat ten,  H. R. Hoge and B. E. Schaner, “Fabri- 
cat ion of Dense  UO, Cylindrical  Compacts  by Cold 
P r e s s i n g  and Sintering,” WAPD-126 (1955). 

P r e s s i n g  and s inter ing charac te r i s t ics  of Mallinckrodt 
hydrogen reduced UO, powder a re  presented.  Punch  
and d i e  fac tors  influencing punch and d ie  design 
a r e  descr ibed.  Densi ty  and shr inkage d a t a  for s in te red  
UO, a re  given. A graphite res i s tor  s inter ing furnace 
i s  descr ibed.  

6 
R. Hauser  and A. Porneuf, “Fri t tage Industr ia l  De 
L’Oxyde D’Uranium E n  Forir  Continu,” New Nuclear 
Materials Including Non-Metallic Fuels ,  Vol. 1, 
IAEA (1963) 137-153. 

Industr ia l  Sintering of Uranium Oxide in a Contin- 
uous  Furnace.” Performed under a USAEC-Euratom 
research  contract. CICAF (Compagnie industr ie l le  
de  combust ibles  a tomiques fr i t tes)  w a s  a s k e d  by the  
French Atomic Energy Commission t o  design and 
construct  a continuous furnace s inter ing under a 
reducing atmosphere a t  high temperature. 

b b  

T h e  charac te r i s t ic  features  of the furnace are; 
automatic operation, rigorous control of presinter- 
ing and s in te r ing  atmospheres ,  flexibility of tem- 
perature regulation s o  that  the  thermal cyc le  can  
be adjusted to the product t o  b e  s in te red ,  and high 
output (5  tons  of uranium oxide per month). It can  
operate continuously up t o  17OO0C, the  presintering 
taking p lace  at a lower temperature (8OOOC) in a 
preliminary furnace which forms a n  integral part 
of the  whole. T h e  s inter ing atmosphere i s  cracked 
ammonia or pure hydrogen; the presinter ing atmo- 
sphere  i s  a mixture of about 10% hydrogen and 
90% nitrogen. 

T h e  s intered pe l le t s  dens i fy  t o  above 97% of theo- 
re t ica l  densi ty ,  with a total  dispers ion of less than 
1%. Structurally, they a re  equiaxed gra ins  of about  
10 pm. It w a s  es tab l i shed  that  the s toichiometr ic  
variation of the  uranium oxide s intered in a contin- 
uous furnace w a s  l e s s  than 0.005. 

, 

7 
G. Jakobsen,  “Some Exper iences  with S ta t i s t ica l  
Quality Control in Production Sintering of Uranium 
Dioxide ,” New Nuclear Materials Including Non- 
Metallic F u e l s ,  Vol. 1, IAEA (1963) 341-348. 

b b  Some experience with s t a t i s t i c a l  quality control 
in  production s inter ing of uranium dioxide.” T h e  
author descr ibes  some exper iences  in the u s e  of 
s t a t i s t i c a l  quality control in the manufacturing of 
UO, for reactor  and experimental use .  T h i s  method 
h a s  been used  for control of the  press ing  of green 
pe l le t s  and revealed a sys temat ic  drift in the 
process .  The  s inter ing furnaces  have been shown 
t o  give a product with propert ies  varying accord- 
ing t o  the posi t ion of the p e l l e t s  in the  furnace. 
T h e  drift in the  press ing  operation and the vari- 
a t ion in s intered densi ty  according t o  position can  
be used  t o  obtain a very uniform product. 

8 
R. Von Scheibe,  “Herstel lung von Uranoxyd- 
Sinterkorpern,” Keram. Zeit.,  1 4  (1962) 575-584. 

Preparat ion of s in te red  urania bodies.” Follow- 
ing a general  survey of the  propert ies  required of 
a f i s s i l e  material, the  fac tors  which influence the  
densif icat ion of UO, in the  cold-compaction and 
s inter ing p r o c e s s e s  a re  d i s c u s s e d .  Bas ic  f a c t s  
about  the oxygen compounds of uranium, which a r e  
important for the understanding of the  s inter ing 
p r o c e s s  a re  mentioned. T h e  var ious ways  of 
preparing UO, powders as wel l  as addi t ional  methods 
of making d e n s e  UO, bodies  a re  listed. 

“ 

9 
U. Runfors, “Sintrad Urandioxid Som 
Reaktorbransle,” Sven. Kern. Tidskr., 79 (1967) 
206-2 16. 

“Sintered Uranium Dioxide as Reactor  Fuel.” 
A review i s  made of the  requirements on s intered 
UO, as a reactor  fuel  in water-cooled reactors. T h e  
influence of t h e s e  demands on the manufacturing 
s t e p s  i s  d i s c u s s e d .  One example i s  t reated in more 
detai l .  By variation of one parameter only, the  tem- 
perature of reduction of UO, t o  UO,, the properties 
of the U0,-powders can be varied within a wide 
range. T h e s e  properties, (e.g., the  spec i f ic  sur face  
area)  determines the pressabi l i ty  and the sinter- 
abi l i ty  of the powder as  well a s  the properties of the 
pressed  and s intered pe l le t s .  In order t o  achieve 
the  propert ies  des i red  of UO, under reactor opera- 
t ion,  a s  well as economic production, both powder 

/- 
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manufacturing methods and pel le t iz ing parameters 
have  t o  b e  carefully chosen.  

10 
R. Kiess l ing  and  U. Runfors, “Sintering of Uranium 
Dioxide,” TID-7546 Book 2 (1958) 402-413 

Problems are d i s c u s s e d  about  the formation of 
carb ides  during the  s in te r ing  operation. It i s  pro- 
posed tha t  t h e s e  carb ides  a re  formed from the 
carbon containing r e s i d u e s  remaining af ter  t h e  
binder burnout. Another source  i s  from graphite 
furnace t u b e s  u s e d  in sintering. Elimination of 
the  carbides  i s  important in producing high 
quality carbide-free pe l le t s .  

11 
E. A. Evans ,  “Fabricat ion a n d  Enclosure of 
Uranium Dioxide,” TID-7546, Book 2 (1958) 
414-431. 

Uranium dioxide compacts  of high dens i ty  c a n  be 
economically produced by convent ional  ceramic 
p r o c e s s e s  such  as cold pressing,  i s o s t a t i c  pressing, 
hot pressing,  extrusion, and s l i p  cast ing.  

Greatly reduced c o s t s  a n d  improved qual i ty  have  
been made poss ib le  by new powder t reatments  and 
fabrication techniques.  T y p i c a l  of the  recent  
developments  a r e  (1) powder act ivat ion by reduc- 
t ion in a f luidized bed, (2) combined powder com- 
pact ion and cladding by swaging  (without subseque‘nt 
sintering), and  (3) f inishing of s in te red  ware by bel t  
c e n t e r l e s s  grinding. 

To overcome the  d isadvantage  of poor neutron 
economy, UO, fue l  a s s e m b l i e s  require not only 
high-density oxide but also an eff ic ient  arrange- 
ment of the fuel .  It i s  now economically feas ib le  
t o  fabr icate  UO, cores  for re la t ively simple fuel  
a s s e m b l i e s  which wil l  meet t h i s  requirement. 

Problems of providing safe, durable ,  and economical 
enc losures  for UO, fuel  cores  a re  rapidly being 
solved.  Techniques  have been developed for 
forming and assembl ing  tubing, end f i t t ings,  and  
support ing members from a l loys  of zirconium, iron, 
and aluminum. Less convent ional  techniques,  s u c h  
a s  vacuum c a s t i n g  of zirconium a l loys  and high- 
frequency welding, a re  being s tudied .  Standard- 
izat ion of fabr icat ing p r o c e s s e s  and fuel-element 
d e s i g n s  i s  an extremely des i rab le  object ive which 
will be partially rea l ized  as the operating behavior 
of UO, fuel  e lements  becomes better understood. 

12 
S. Fareeduddin, et. al., “Fabricat ion of Uranium 
Oxide F u e l  Elements  a t  Trombay,” Proc.  3rd 
Geneva Conf., Vol. 11 (1964) 345-351. 

In connection with la t t ice  parameter experiments 
in  the zero-energy reactor  and keeping in view the 
future requirements, production and fabrication 
of uranium oxide f u e l  bodies  have been investi- 
gated on a semi-industrial s c a l e .  Active uranium 
oxide powder tha t  s i n t e r s  cons is ten t ly  t o  94% 
theoret ical  dens i ty ,  and above, h a s  been produced 
with the u s e  of aqueous  ammonia within a fairly 
wide range of production condi t ions,  i.e., precipi- 
tation, calcinat ion and  reduction. Although some 
of the var iab les  a f fec t  powder propert ies  t o  some 
extent ,  they a re  not found t o  influence markedly 
t h e  final, s intered-densi ty  perhaps because  of 
t h e  introduction of further operat ions.  compara- 
t ively,  t h e  powders per ta ining t o  runs 56 and 58 
were found to be superior, and from them 2 t o n s  
of s intered pe l le t s  were made with a densi ty  
exceeding  94% theoret ical  which were assembled  
in  19 rod c lus te r  e lements  for SERLINA. 

13 
C. J. Raroch, “Design and Fabricat ion of F u e l  
Rods Containing Low Temperature Sintered 
Pellets,’’ GEAP-4257 (1963). 

T h e  UO, pe l le t s ,  were prepared in the following 
manner: 

1. UO, powder w a s  ac t iva ted  by a thermal pro- 
c e s s  involving oxidation, pyrohydrolysis, and 
subsequent  reduction with hydrogen. 

2. T h e  ac t iva ted  powder w a s  roas ted  in a i r  t o  
introduce an e x c e s s  of oxygen. 

3. T h e  oxidized powder w a s  mixed with a binder, 
s i z e d ,  and then pressed  into pe l le t s  us ing  a 
pressure of 20 t s i .  

4. T h e  green pe l le t s  were s in te red  in nitrogen for 
one hour a t  115OOC and then in hydrogen for 2 - 2  
hours. 

The sintered pe l le t s  met dimensional  spec i f ica t ions  
and,  therefore, grinding was  not necessary .  T h e  
pe l le t s  were then inser ted into s t a i n l e s s  s t e e l  tubes  
which were s e a l e d  by welding in end plugs. 

11 
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14 
D. S. Jovanovie, E. M. Kost ic ,  I .  G. Momcilovic, 
V. J. Petrovic ,  and M. M. Ris t ic ,  “Ceramic F u e l  
Obtained from Metallic Grade UO, Powder,’’ Proc .  
3rd Geneva Conf., Vol 11 (1964) 341-343. 

T h e  object ive of t h i s  report i s  t o  contribute t o  
the  s tudy of the possibi l i ty  of us ing  the metallic 
grade uranium dioxide powder with s p e c i a l  
reference to: 

1. The  s tudy  of the effect  of furnace atmosphere 
on the s inter ing of metal l ic  grade UO, powders, and 

2. T h e  determination of poss ib le  character- 
i za t ions  of UO, powders by sedimentat ion a n a l y s i s  
and  by the technique ear l ier  descr ibed regard less  
of orthokinetic flocculation. 

T h e  r e s u l t s  prove tha t  the metal l ic  grade  UO, 
powder can b e  used  for the  production of high 
densi ty  ceramic fuels .  

15 
R. Delmas and J. Holder, “Etude De La Prepara- 
tion Du Bioxyde D’Uranium Fr i t tab le  Pour  La 
Fabricat ion of Combustible D’EL4,” New Nuclear 
blaterials Including Non-Metallic F u e l s ,  Vol 1, IAEA 
(1963) 95-108. 

“Study of the Preparat ion of Sinterable  Uranium 
Dioxide for t h e  Fabricat ion of F u e l  for  the EL4.” 
The authors briefly reca l l  the research which led 
them t o  plan the unit, descr ibed e l sewhere ,  for 
preparation by reduction of the 20 tons  of enr iched 
uranium required for the ini t ia l  loading of the 
E L 4  reactor. 

I 

The qual i t ies  of the uranium dioxide obtained a r e  
shown t o  depend not only on the  condi t ions of 
reduction, but a l s o  on those  of precipitation and 
calcinat ion of the intermediate products between 
the  nitrate and the higher oxide. 

Par t icu lar  a t tent ion i s  paid to  carrying out reduc- 
t ion under exact ly  def ined conditions. T h i s  i s  
poss ib le  thanks  t o  the  use of a revolving-tube, 
continuous-operation apparatus .  

Owing t o  t h e  regular contac t  between the sol id  and 
the  reducing g a s ,  which permits excel lent  hea t  
exchange,  the uranium dioxide prepared by th i s  
method is very homogeneous and well su i ted  to  
sintering. 

12 

T h e  apparatus  as designed and constructed can  
produce 10 kg of uranium dioxide per ho.ur. 
Hundreds of kilograms of dioxide have been pre- 
pared and s intered on an industrial s c a l e .  T h i s  
operation is descr ibed in the paper submitted by 
the  Compagnie industr ie l le  d e s  combust ibles  
atomiques fr i t tes .  

T h e  average densi ty  of the s intered pe l le t s  i s  
10.5. Density i s  never  less than 10.4, and for 
cer ta in  dioxides  may reach 10.8. T h i s  reducing 
technique can a l s o  be used for the preparation of 
dioxides  t o  be shaped  by cold extrusion. 

G. W. Cunningham, “United S ta tes  Experience in 
Powder  Metallurgy for Nuclear Applications,” 
Powd. Met., 10 (1967) 78-93. 

T h e  types  of problems encountered in the use  of 
powder components for nuclear  reactor cores  a re  
d i s c u s s e d .  Examples  are  given of p r o c e s s e s  and 
experience related to  t h e  appl icat ion of s tandard 
powder techniques to  nuclear  mater ia ls ,  use  of 
novel methods for the  production of nuclear  mate- 
r ia l s ,  adaptat ion of commercial powder products for 
in-reactor use ,  and development of unique mater ia ls .  

A. J. Caputo and J. E. Perry,  “Product ion,  Preci-  
s ion  Forming, and Sintering of Ceramin-Grade UOZ,” 
Y-1301 (1961). 

An essent ia l ly  continuous process  w a s  developed 
t o  produce a high-quality, s in te rab le  UO, powder. 
Aqueous solut ions of uranyl fluoride and/or uranyl 
ni t ra te  were chosen as the uranium feed material 
because  of their  widespread avai labi l i ty  and t o  
demonstrate the flexibility of the process .  The  
uranium so lu t ions  were contacted with ammonium 
hydroxide to precipi ta te  a n  ammonium diuranate 
(ADU) slurry. After filtering, reslurrying, and 
drying, the  ADU w a s  converted to  U,O, in a rotat ing 
kiln a t  a temperature of 450°-5000C using a s team- 
nitrogen-air atmosphere. A rotating kiln w a s  a l s o  
used  to  reduce the U,O, t o  UO, a t  570°-6500C us ing  
a hydrogen-nitrogen-steam atmosphere. The 
resul t ing pyrophoric powder w a s  s t a b i l i z e d  by a 
controlled oxidation to  allow safe handling in a i r  
while maintaining a surface a rea  of 5-8 m2/g. 

T h e  powder w a s  prepressed at  15,000 Ib/in.‘, 
reground, and formed a t  re la t ively low pressures  
(6,000-9000 lb/in.’) in a double-acting auto- 
matic p r e s s  without the use  of binders or lubricants  
mixed with the  powder. The compacts  were s intered 
in a n  atmosphere of purified hydrogen at  temperatures  
of about 17SOOC and had a high densi ty  (94% of 
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theoret ical)  with clean,  chip-free surfaces .  Even  
though there was  a 25% dimensional  shr inkage on 
s inter ing,  the cons is tency  of the  powder made it 
poss ib le  to maintain a diameter  tolerance of 
ltO.001 t o  k0.003 inch depending upon s ize .  
Compacts  thus  formed ranged in s i z e  from: (1) d i s c s  
formed with a C i n c h  0.d. which s in te red  to  a b i n c h  
0.d. (2) bushing-type cy l inders  (referred to as pe l le t s )  
formed with a 0.94 inch 0.d. and  0.44 inch i.d. which 
s intered t o  0.70 inch 0.d. and 0.32 inch i.d., and 
(3) so l id  cy l inders  formed with a 0.56 inch 0.d. which 
s in te red  t o  a 0.42 inch o.d. The lengths  of the  s in-  
tered compacts  were var ied up t o  one inch while 
maintaining a tolerance of k0.005. 

T h e  pi lot  plant  program, descr ibed  in th i s  report, 
shows the  feas ib i l i ty  of s implif ied methods of pro- 
duction of good quality UO, powder a n d  shapes .  
T h e  reported resu l t s  a re  based  on operat ions c lose ly  
approximating production conditions. It w a s  demon- 
s t ra ted  that  t h i s  process  is capable  of producing a 
cons is ten t  quality product with s ignif icant  c o s t  
s a v i n g s  over other p r o c e s s e s  now in use.  

18 
P. E. Trent ,  “Preparat ion of Ceramic Uranium 
Dioxide Compacts,” Y-DA-1733, (1957) 

Experience in pressing,  s inter ing,  and fabricat ing 
uranium dioxide pe l le t s  t o  meet the requirements 
for high dens i ty  and c l o s e  dimensional  tolerances - 
h a s  been wel l  advanced  at the Oak Ridge Y-12 
P l a n t .  

The  original work on uranium dioxide powders and 
the pe l le t s  that  were fabricated from these  powders 
w a s  performed for the  Oak Ridge National Labora- 
tory’s Gas-Cooled Reactor. Since the development  
of a su i tab le  procedure for producing both powder 
and  compacts, both have been requested by others ,  
primarily for experimentation and evaluation. 

Normally the  requestor  wants  compacts  of high 
dens i ty  and with c l o s e  dimensional  to le rances  and 
clean,  chip-free edges  and  sur faces .  However, 
one reques t  presented a n  addi t ional  requirement. 
Not only were the pe l le t s  to  meet the require- 
ments  for c l o s e  dimensional  tolerances,  but 
the d e n s i t i e s  of the  compacts  were to  range from 
8.2 t o  10.4 g/cm3 in 0.2 g/cm3 increments and with 
no deviation greater  than kO.01 g/cm3 within a n  
increment. Six p e l l e t s  were needed in e a c h  of the 
twelve densi ty  categories .  T h i s  request  w a s  met 

and  through the experience that  w a s  gained it i s  
now poss ib le  to  produce sat isfactory pe l le t s  with 
dens i t ies  as low as 8.0 g/cm3. 

R. P. Levey ,  Jr., “The Cold P r e s s i n g  of Sinterable 
19 

UO,,” Y-1340 (1960). 

The press ing  of s in te rab le  UO, powders into cylin- 
dr ica l  s h a p e s  over a range  of length-to-diameter 
ra t ios  and pressures  has been s tudied.  The mag- 
nitude of t h e  d ie  wal l  powder friction w a s  evaluated 
both by direct  measurement and by the ac tua l  densi ty  
reduction i n  p e l l e t s  under var ious press ing  condi t ions.  
A t  a forming pressure of 8238 psi, a variation in 
L/D of from 0.1 t o  2.0 accounts  for a n  over-all 
dens i ty  change >20%. Several  dens i ty  pressure 
correlat ions,  e i ther  purely empirical or based  upon a 
s imple model, a re  sugges ted  and the  limitations of 
e a c h  are d iscussed .  T h e  compressibi l i ty  of UO, i s  
compared with tha t  of s e v e r a l  other s in te rab le  mate- 
r ia ls .  UO, appears  t o  be less compressible  than all 
other mater ia ls  tes ted-safe  for tungsten powder. The  
t e n s i l e  s t rength of green UO, compacts  w a s  measured,  
and  a minimum strength of 30 p s i  is sugges ted  for  
acceptab le  handl ing charac te r i s t ics .  The ef fec t  of 
prepress ing  powder on the pressure-densi ty  relation- 
s h i p  is eva lua ted  and  shown t o  increase  dens i ty  and  
reduce friction. The evaluat ion of a new die  des ign  
for u s e  with s in te rab le  UO, i s  descr ibed.  While the  
pressure ce i l ing  at L/D = 1 i s  -10,000 p s i  with con- 
vent ional  d ies ,  the new des ign  permits press ing  up 
t o  100,000 p s i  under the  same conditions. 

C. P l a c e k  and E. D. North, “Uranium Dioxide 
Nuclear  Fuel ,”  Ind. & Eng. Chern., 52 (1960) 
458-464. 

G. D. Col l ins ,  “Fabricat ion C o s t  Es t imate  for UO, 
and  Mixed Pu0,-UO, Fuel ,”  GEAP-3824 (1962). 

20 

2 1  

22 
J. F. Carpenter, C. W. Kuhlman, and R. A. Nelson,  

Character izat ion of Uranium Dioxide Powders  - 
F i n a l  Report,” UNC-1004. 

6 b  

T h e  extensive u s e  of ceramical ly  ac t ive  UO, for 
the  production of power reactor  fuel  e lements  h a s  
intensif ied the need for a simple t e s t  t o  define the  
ceramic act ivi ty  of UO, powders. To survey t h e  
appl icabi l i ty  of a wide variety of t e s t s  on a broad 
spectrum of UO, powders. T h e  t e s t s  considered 
(detai led descr ip t ions  are  given in Appendix 13) 
included among others .  

13 
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1. Bulk dens i ty  
2. T a p  d e n s i t y  
3. Surface a rea  
4. F i s h e r  sub-sieve s i z e  
5. Oxygen t o  uranium rat io  
6. Oxidation temperature 
7. P a r t i c l e  s i z e  determination of the raw oxide 
8. Par t ic le  s i z e  determination on the pressed and 

repulped UO, (free-flowing powder obtained by 
breaking up  pressed  green pe l le t s  - s e e  
Appendix E) 

Most of the t e s t s  considered showed a general  
correlation with s interabi l i ty ,  but were relat ively 
inconsis tent .  Apparently one of the diff icul t ies  
in  the majority of the tests considered w a s  the  
fai lure  t o  predict the effect  of pressing-an opera- 
t ion largely independent of the  par t ic le  s i z e  of the 
raw oxide-on the  par t ic le  s i z e  or sur face  a r e a  of 
powder j u s t  prior to  sintering. Even  with adjust-  
ment for t h i s  operation, the  B.E.T. sur face  a r e a  
w a s  not  a sa t i s fac tory  measure of the  f inal  fired 
dens i ty  which might b e  achieved. 
r e s u l t s ,  however, did correlate  well with the percent  
shr inkage experienced early in the s inter ing 
operation. 

The r e s u l t s  of par t ic le  s i z e  determination by 
sedimentat ion a n a l y s i s  on pressed  and repulped 
oxides  were e a s i l y  the most cons is ten t  in pre- 
d ic t ing  the f ina l  s in te red  dens i ty ,  though even 
t h i s  t e s t  w a s  fa r  from infallible. T h e  use  of 
t h i s  t e s t  to  minimize the t e s t i n g  burden for oxide 
producers and  consumers  d e s e r v e s  considerat ion,  

T h e  B.E.T. 

23 
Character izat ion of Uranium Dioxide, TID-7637, 
Meeting on Character izat ion of Uranium Dioxide 
held a t  Oak Ridge Nat ional  Laboratory, Oak 
Ridge, T e n n e s s e e ,  December 12-13, 1961. 

24 
D. R. Stenquis t ,  B. Mastel, and R. J. Anicetti,  

Note on Correlation of Surface Charac te r i s t ics  
of Uranium Dioxide Powders  with their Sintering 
Behavior,” J .  Am. Ceram. SOC. 41 (1958) 273-274. 

6‘  

25 
V. K. Moorthy, A. K. Kulkarni and S. V. K. Rao, 

Relation Between Origin, Powder Charac te r i s t ics  
and Sintering Treatment on the Densif icat ion and 
Microstructure of Compacts  of Urania and Thoria,” 
Proc.  3rd Geneva Conf., Vol 11 (1964) 386-392. 

‘ I  

26 
Y. Carteret ,  M. Portnoff, J. Els ton ,  and R. Cai l la t ,  
“Influence D L’ Atmosphere Sur La React ivi te  Des 
Pondres  D’Oxyde D’Uranium”’ Reactivity of Solids, 
American Elsevier  Publ i sh ing  Company, Inc., (1961) 
540-5 48. 

The react ivi ty  of powders of uranium dioxide h a s  
been measured by the s tudy of the change of their  
spec i f ic  surface with temperature e i ther  in vacuo 
or under a hydrogen or argon atmosphere. T h e  
influence of the non-stoichiometry h a s  also been 
examined. 

T h e  experimental resu l t s  can be summarized as 
follows: 

1. In hydrogen the d e c r e a s e  of the spec i f ic  sur face  
of the  UO, powder s t a r t s  a t  9OOOC and then 
progresses  very slowly. 

2. In argon or in vacuo, the  spec i f ic  surface of a 
s toichiometr ic  uranium dioxide diminishes  rapidly 
between 700° and 8OO0C, and the  more rapidly as the  
ini t ia l  surface i s  larger. 

3. Final ly ,  the spec i f ic  surface s t a r t s  diminishing 
a t  500° if t r a c e s  of oxygen are  introduced before the 
experiment in vacuo. 

In conclusion: at a given temperature, the 
react ivi ty  of a n  uranium dioxide powder i s  re la ted 
t o  i t s  surface.  It i s  higher under vacuum or in 
argon than in hydrogen. It i s  higher for the non- 
s toichiometr ic  uranium dioxide powder than for the  
s toichiometr ic  one. T h e s e  r e s u l t s  can  be explained 
by the adsorption of hydrogen on t h e  uranium 
dioxide surface.  T h e  desorption i s  only progressive 
in an atmosphere of hydrogen but complete at 700’ 
in vacuo. It may be that  both the hydrogen desorp- 
t ion and t h e  oxygen adsorption c a u s e  the  formation 
of s t ructural  defec ts  which help the diminution 
of the  sur face  of the  uranium dioxide. 

T h e  technological  resu l t s  concerning the s in te r ing  
of the  uranium dioxide are  in good agreement with 
the  conclusions concerning the powders. 

27 
M .  J. Bannis ter ,  “The Storage Behavior of Uranium 
Dioxide Powders  - Review Article,” J .  Nucl Mat., 
26 (1968) 174-184. 
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T h e  s torage  behavior of uranium dioxide powder is 
reviewed. T o p i c s  covered include the amount of 
oxygen taken up under s torage  conditions, the 
effects of ex t ra  oxygen on the  fabricat ion and  irradi- 
a t ion behavior of uranium dioxide,  the bas ic  
oxidation p r o c e s s e s ,  the pyrophoric react ion of 
uranium dioxide powders in air, and the protection 
of uranium dioxide a g a i n s t  oxidation. The pyro- 
phoric process  in a i r  at room temperature is shown 
t o  be t h e  resu l t  of rapid chemisorption of oxygen, 
and  a theory explaining t h i s  effect is developed. 
T h e  individual ra te  equat ions for the b a s i c  oxi- 
dation p r o c e s s e s  operative at room temperature a r e  
combined t o  give a law for  the overal l  oxidation 
behavior at room temperature, and comparisons a r e  
made with d a t a  in  the literature. 

28 
R. J. Bard, J. P. Bertino, and D. L. Banker, 

Act ivat ing Uranium Dioxide,” Ind. & Eng. Chem., 6 6  

53 (1961) 1003-1006. 

29 
E. Par ic io ,  J. A. Alonso, a n d  J. D. Pedrega l ,  
“Influencia De La Histor ia  P r e v i a  De La Materia 
Pr ima Sobre La Sinter izacion Del UOl,” New 
Nuclear Materials Including Non-Metallic F u e l s ,  
Vol 1, IAEA (1963) 191-203. 

Influence of the previous history of the raw 6 6  

material on s in te r ing  of UO,.” An account  i s  given 
of the experimental pr inciples  underlying the pro- * 

duct ion process  of a UO, pel le t  plant. In t h i s  
process ,  advance determination of the.par t ic le-s ize  
distribution charac te r i s t ics  of the raw material i s  
secured not by means  of controlled precipitation but 
by the  crushing and grading of powders. T h e  
uranium oxides  t e s t e d  in t h i s  work a re  conventional 
mater ia ls ,  represent ing types  of fabrication which 
differ by origin and method used. A s tudy of the 
p e l l e t s  obtained s h o w s  the poten t ia l i t i es  and limita- 
t i o n s  of e a c h  type of oxide in the process  adopted. 
A descr ipt ion i s  given of the charac te r i s t ics  of t h e  
powders as regards spec i f ic  area, par t ic le-s ize  
distribution, different ia l  and thermogravimetric 
thermal a n a l y s e s ,  a n d  stoichiometry, and of t h e  
dens i ty ,  contract ion,  s t ructure  and  stoichiometry 
of the pel le ts .  

30 
M. M. Ris t ic ,  S. Radic ,  and B. Zivanovic, 

of the  Effect  of Compacting P r e s s u r e  on the Sinter- 
ing of Uranium Dioxide,” Boris Kidric Inst.,  14 

Charac ter i s t ic  Parameters  of Sintering as Measures ( 6  

(1963) 197-205. 

An invest igat ion h a s  been made of the  effect of 
compacting pressure on the s in te r ing  of uranium 
dioxide as measured by changes  in  the character- 
i s t i c  magnitudes of s inter ing.  T h e  obtaining of 
high d e n s i t i e s  w a s  not the subjec t  of t h e s e  
invest igat ions.  

It h a s  been shown tha t  the  dens i ty  of a uranium 
dioxide compact  changes  with compacting pressure 
according t o  Rutkowski’s equation. An ana lys i s  of 
t h e  change of Lenel’s  densif icat ion parameter as a 
function of compacting pressure gave a good measure 
of the e f fec t  of compacting pressure on the s inter-  
ing of uranium dioxide. From d a t a  for t h i s  charac-  
te r i s t ic  quantity of s in te r ing  and Jander’s equation, 
the effect of compacting pressure on the s inter ing 
rate h a s  b e e n  shown. 

In addition, it h a s  been shown how the pore 
shr inkage parameter changes  with compacting 
pressure.  

31 
D. R. Stenquis t  and R. J. Ancetti,  “Fabricat ion 
Behavior of Some Uranium Dioxide Powders,’’ 
HW-52748, (1957). 

32 
E. H. P. Cordfunke and A. A. Van Der Gressen,  
“Par t ic le  Proper t ies  and Sintering Behavior of 
Uranium Dioxide,” J. Nucl.  Mat., 24 (1967) 
141- 149. 

T h e  s in te r ing  behavior of UO, h a s  been s tudied as a 
function of i t s  preparation condi t ions,  using oxide 
powders of widely differing morphology. The vari- 
a b l e s  s tud ied  are mainly par t ic le  s i z e  and shape ,  
t h e  calcinat ion temperature and the s in te r  
atmosphere. Thei r  influence on compacting densi ty  
and s i n t e r  dens i ty  i s  shown and d i s c u s s e d .  

33 
U. Runfors, N. Schonberg and R. Kiessl ing,  “The 
Sintering of Uranium Dioxide,” Proc .  2nd Geneva 
Conf., Vol. 6 (1958) 605-611. 

Various processing parameters such  as powder pro- 
c e s s i n g ,  compaction, s inter ing time and tempera- 
ture, and atmosphere were s tudied.  

34 
A. J.  Carrea,  “Sinterizacion de Dioido De Uranio 
d e  Produccion Nacional,” Comision Nacional De 
Energia Atomica, Buenos Aires, Argentina (1963). 
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Two procedures a r e  given for  fabrication of uranium 
dioxide pel le ts .  T h e  f i r s t  c o n s i s t s  of s inter ing a t  
1200’-1400OC in argon followed by hydrogen reduc- 
t ion a t  1200OC. The  second procedure c o n s i s t s  of 
s inter ing in a n  argon p lus  3% hydrogen atmosphere 
a t  temperatures between 1200°-14000C; theoret ical  
dens i t ies  between 95 and 97.5% are  reported. 

35 
A Bel and Y Carteret ,  “Contribution t o  the Study of 
Sintering of Uranium Dioxide,” Proc .  2nd Geneva 
Conf., Vol. 6 (1958) 612-619. 

T h e  following phenomena are  d iscussed:  (1) the 
effect  of O/M, (2) the  e f fec t  of par t ic le  s i z e  on 
s interabi l i ty ,  and (3) the  act ivat ion of powders by 
increasing the surface area. 

36 
I. Amato, R. L. Colombo, and A. P. Balzar i ,  “Grain 
Growth in  P u r e  and Titania-Doped Uranium Dioxide,” 
J. Nucl Mat., 18 (1966) 252-260. 

Current literature da ta  of grain. growth of uranium 
dioxide s intered in reducing or neutral  a tmospheres ,  
and in s l ight ly  oxidizing atmospheres ,  a r e  cr i t ical ly  
reviewed. It appears  that  the growth ra te  i s  higher 
in the la t ter  c a s e  and tha t  consequent ly  the act i -  
vat ion energy ca lcu la ted  by f i t t ing the d a t a  t o  a 
ra te  equat ion i s  lower. 

Grain growth i s  followed in pure and titania-doped 
uranium dioxide bodies  held for different t imes at 
temperatures from 1450Oto 163OOC in a hydrogen 
atmosphere. It i s  found that  the growth rate i s  
higher in the spec imens  of the la t ter  type,  which 
would be cons is ten t  with the  idea that  t i tania  
promotes off-stoichiometry in uranium dioxide; 
however, the act ivat ion energy derived appears  t o  
be higher. 

c 

T h e  s c a n t  re l iabi l i ty  of ca lcu la t ions  of th i s  kind 
i s  d i s c u s s e d  and a s s e s s e d .  

37 
I. Amato, R. L. Colombo, and A. M. Prot t i ,  
“Influence of Stoichiometry on the Rate  of Grain 
Growth of UO,,” J .  Am. Ceram. SOC., 46 (1963) 407. 

38 
I. Amato and R. L. Colombo, “The  Influence 
of Organic Additions on the Solarization and Grain 
Growth of Sintered UO,,” J .  Nucl. Mat., 11 
(1964) 348-351. 

39 
G. M. Yunus, “Etude De La Croissance  Des Grains  
Dans  L’UO, Fr i t te  Trai te  A Haute Temperature,” 
New Nuclear Materials Including Non-Metallic Fuels, 
Vol 1, IAEA (1963) 283-306. 

“Study of Grain Growth in Sintered UO, Trea ted  a t  
High Temperature.” A number of t e s t s  have been 
carried out in a n  apparatus  in which a cyl indrical  - 
s t a c k  of s intered UO, pe l le t s  can be axial ly  hea ted  
by means of a W-wire. 

In experiments under controlled temperature condi- 
t ions,  i t  w a s  shown, in particular, that  the t rans-  
formation of equiaxed grains into basa l t ic  grains  
begins  a t  1 7 O O O C .  

40 
J. R. Mac Ewan, “Grain Growth in Sintered Uranium 
Dioxide: I Equiaxed Grain Growth; I1 Columnar Grain 
Growth,” .I. Am. Ceram. SOC. 45 (1962) 37-45. 

Grain growth was invest igated in a UO, sinter 
of 94% theoret ical  densi ty  over the  temperature range 
1555Oto 244OOC. T h e  r e s u l t s  were in c lose ,  but 
not exac t ,  agreement with a theoret ical  expression 
descr ibing grain growth with a polycrystal l ine matrix. 
F o r  the  material s tudied the  mean grain diameter, D 
(pm) af ter  annea l ing  for t hours a t  a temperature 
T ( O K )  w a s  given by the  equation 

DZ - Do2 = kot0S8 exp  (-87,00O/RT) 

where Do and ko a re ,  respect ively,  the initial 
grain s i z e  and a proportionality constant .  Uranium 
metal w a s  found in a l l  spec imens  annea led  above 
20OO0C. T h i s  was  taken as  evidence that  the  UO, 
lattice c a n  be oxygen-deficient at high temperatures. 

41 
J. R. Mac Ewan and  J. Hayashi ,  “Grain Growth in 
UO, 111. Some F a c t o r s  Influencing Equiaxed Grain 
Growth,” Proc.  Brit. Ceram. SOC, 7 (1967) 245-272. 

Under isothermal condi t ions,  equiaxed grain growth 
proceeds in the  c l a s s i c a l  manner as  a function of 
time and temperature. 

T h e  effect of five other potent ia l  var iab les  h a s  been 
examined. Increasing the O/U rat io  from 2.00 to  
2.23, while s t i l l  retaining the fluorite s t ructure ,  
enhanced the rate  of growth by up t o  four orders of 
magnitude. T h e  act ivat ion energy w a s  determined 
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a t  UO,.,, and w a s  60% of the va lue  for UO,.,,. 
T h e  appl icat ion of a uniform s t r e s s ,  suff ic ient  to 
c a u s e  p las t ic  flow, did not affect  growth, but a non- 
uniform s t r e s s  caused  exaggerated growth in  the  
region of h ighes t  s t r e s s .  Addition of a so lu te  
impurity, 0.77 mole % CaO, decreased  the ra te  of 
growth below 240O0C and increased  the  act ivat ion 
energy by 25%. Irradiation exposure in a nuclear  
reactor  w a s  found to severe ly  inhibit growth. The 
appl icat ion of the Zener  re la t ionship t o  a particular 
s in te r ,  where t h e  change in pore-size distribution 
w a s  followed during grain growth, indicated that 
porosity elimination w a s  not rate-controlling. 

42 
M. F. Lyons,  D. H. Coplin, and  B. Weidenbaum, 
“Analysis  of UO, Grain Growth Data  from Out of 
P i l e  Experiments,” GEAP-4411 (1963). 

Data  on equiaxed UO, grain growth from “out-of- 
pi le”  experiments  have been gathered from a l l  
known s o u r c e s  and ana lyzed  t o  determine the 
relat ionship between the grain s i z e  developed 
and anneal ing temperature and be tween grain s i z e  
and t h e  time at temperature. On the  b a s i s  of the 
a n a l y s i s ,  a n  equat ion relat ing grain s i z e  t o  time 
and temperature h a s  been s e l e c t e d  that  appears  t o  
b e s t  descr ibe  the d a t a  considered as a whole. 
The  coeff ic ients  in t h i s  grain growth equation have 
been evaluated t o  indicate  the var iance between 
different invest igat ions and/or different UO, 
s in te rs .  

T h e  general  appl icabi l i ty  and l imitat ions of “out-of- 
pile” grain growth d a t a  for the determination of 
temperatures in the microstructures of irradiated 
UO, are  d i s c u s s e d .  Specif ic  recommendations a r e  
made for the condi t ions under which grain s i z e  
c a n  be rel iably used  as a temperature indicator. 

T h e  object ive in undertaking th i s  a n a l y s i s  on UO, 
grain growth was  to  obtain a working relat ionship 
between UO, grain s i z e  and anneal ing time and/or 
temperature, and  a l s o  a measure of the potent ia l  
variation in the  relat ionship.  T h e  intended u s e  of 
the r e s u l t s  w a s  the determination of temperatures 
based  on the grain s i z e s  observed in the post- 
irradiation metallographic examination of the  AEC- 
Euratom High Performance UO, Program fuel  
capsules .  T h e  r e s u l t s  a re  being reported in the 
belief that  they will be of u s e  in the a n a l y s i s  of 
other fuel experiments. 

43 
I. Amato, R. L. Colombo, and A. M. Pro t t i ,  “On 
a Case of Solarization During Steam Sintering of 
UO, P e l l e t s , ”  J. Nucl.  Mat. 8 (1963) 271-272. 

44 
I. Amato and R. L. Colombo, “Grain Boundary 
Prec ip i ta tes  in Over-Sintered UO,,” J .  Nucl .  Mat. 
10 (1963) 261-262. 

45 
I. Amato, R. L. Colombo, and A. M. Pro t t i ,  “Pore 
Growth During Solarization of Sintered UO,,” 
J. Nucl. Mat., 13 (1964) 265-267. 

46 
I. Amato and R. L. Colombo, “A Note on the 
Influence of L o c a l  Variat ions in O/U Rat io  During 
UO, P e l l e t  Sintering,” Energ. N u l .  11 (1964) 217. 

47 
N. A. L. Mansour, A. M .  Gadal la l  and J. White, 

Dioxide,” Powd. Met., I 2  (1963) 108-121. 
C a u s e s  of Res idua l  Poros i ty  in Sintered Uranium S I  

The densif icat ion charac te r i s t ics  of a sample of 
uranium dioxide approximating in composition t o  
UO,., have been invest igated as a function of 
compacting pressure,  firing temperature and time, 
and  s in te r ing  atmosphere. Fired dens i t ies  achieved 
were found t o  be markedly dependent  on the ini t ia l  
as -pressed  dens i ty ,  and microscopic examination 
of pe l le t s  a f te r  different firing t reatments  showed 
tha t  t h i s  behavior w a s  a s s o c i a t e d  with internal 
shr inkage,  leading to  f issur ing in pe l le t s  of low 
ini t ia l  density. T h i s  imposed a limit on both 
densif icat ion and grain growth. P e l l e t s  have  as- 
pressed  d e n s i t i e s  of 50% of theoret ical ,  which w a s  
suff ic ient  to  el iminate  f issur ing,  s intered t o  d e n s i t i e s  
of 0.98% of theoret ical  in 2 hr a t  140Ooc in nitrogen 
and argon and then expanded.  Subsequently shrink- 
age w a s  resumed and w a s  s t i l l  continuing af te r  
3 2  hr s inter ing.  A s tudy of the pore-size distribution 
af ter  various s in te r ing  t imes  s u g g e s t s  that  the 
expansion may be a s s o c i a t e d  with diffusion of g a s  
from smal l  t o  large pores. Grain growth w a s  found 
t o  obey a relat ion of the form D3 - Do3 = K(t - to), 
D and Do be ing  the average grain diameters  a t  t imes 
t and to. 

48 
A. H. Webster and N.  F. H. Bright, “The  Effect of 
Furnace Atmosphere on the Sintering Behavior of 
Uranium Dioxide,” NP-6667 (1958). 
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T h e  properties of compressed uranium dioxide 
s h a p e s  have been examined after s inter ing in atmo- 
s p h e r e s  of hydrogen, nitrogen + hydrogen, argon, 
wet argon, argon + oxygen, nitrogen, wet nitrogen, 
nitrogen + oxygen, and s team over the temperature 
range 1200O to 15OO0C. Attention has been given 
particularly t o  t h e  control of the non-stoichiometric 
oxygen in the  oxide before, during, and a t  the  com- 
pletion of the sintering. I t  has been shown tha t  
the  presence of non-stoichiometric oxygen up t o  a 
cer ta in  limit i s  desirable  in the oxide to  be 
s in te red ,  and that  it i s  a l s o  desirable  tha t  t h i s  
non-stoichiometric oxygen should remain in the 
oxide while the s inter ing i s  taking p lace  if it i s  
des i red  t o  achieve good s in te r ing  a t  re la t ively low 
temperatures. However, the e x c e s s  of oxygen 
should be removed to  yield an e s s e n t i a l l y  s toichio-  
metric oxide on cooling in order that  the product 
may have sa t i s fac tory  charac te r i s t ics  when used  as 
a fuel element. T h e  atmospheres  l i s ted  above have 
been examined with a view to achieving control of 
the non-stoichiometric oxygen at the var ious s t a g e s ,  
and a recommended procedure to achieve the  des i red  
resu l t  has been outlined. Use has been made of 
the  published thermodynamic d a t a  for the uranium 
dioxide/oxygen sys tem in interpreting the r e s u l t s  
and in forecast ing su i tab le  s in te r ing  conditions. 

49 
J. E’illiams, E. Barnes,  R. Scott and A. Hall, 
“Sintering of Uranium Oxides of Composition 
UO, t o  U,O, in Various Atmospheres,” J. Nucl. 
Mat., l ( 1 9 5 9 )  28-38. 

T h e  behavior of uranium oxides  of compositions in 
the  range UO, t o  U,O, on s inter ing in a tmospheres  of 
argon, nitrogen, carbon dioxide, vacuum and hydro- 
gen a t  various temperatures i s  descr ibed.  Increase 
in surface area and departure from stoichiometric 
composition improve s inter ing performance. The 
beneficial  effect  of the addi t ional  oxygen i s  bel ieved 
to  be due chiefly to  the increased high-temperature 
p las t ic i ty  of the non-stoichiometric oxide. Addi- 
t ional  e f fec ts  may ar i se  from the increase in 
sur face  a rea  accompanying the phase  change in 
oxides  of oxygen/uranium rat io  above =2.06, from 
the  increased volatility of the non-stoichiometric 
oxide, and removal of adsorbed or absorbed hydrogen 
by the oxygen i n  e x c e s s  of stoichiometry. The  
pract ical  implications of the experimental resu l t s  
are  d i s c u s s e d .  

50 
A. Bel, R. Delmas, and B. Francois ,  “Fri t tage 
De L’Oxyde D’Uranium Dans L’Hydrogene A 
1350°C,” J. N U C ~ .  Mat. 3 (1959) 259-270. 

Sintering in argon, of oxides  of large spec i f ic  
sur face  area,  produces a more coarse-grained 
product (5-lop) than d o e s  hydrogen sintering; the  
dens i ty  i s  the same in each  case .  Departure from 
stoichiometr ic  composition of the powders d o e s  
not appear t o  influence the densi ty  of the s intered 
compact. 

T h e  s inter ing,  in hydrogen, of var ious oxides  of 
spec i f ic  surface area,  obtained from ammonium 
uranate and uranium peroxide, w a s  s tudied in a 
systematic  way. With a given spec i f ic  surface 
a rea ,  t h e  f inal  densi ty  var ied as a function of the  
s in te r ing  temperature, with a maximum densi ty  for 
a particular temperature. T h i s  temperature i s  
lowes t  when the spec i f ic  surface a r e a  of the powder 
i s  the  greatest .  

A process  i s  descr ibed for the preparation of 
uranium oxide powder from ammonium uranate and  
i t s  s inter ing in hydrogen a t  1 3 5 O O C ;  in t h i s  way a 
fine-grained product of dens i ty  10.6 c a n  be obtained. 

51 
J. Williams, “The  Sintering of Uranium Dioxides” 
(Discussion of previous paper), J. Nucl.  Mat., 2 
(1960) 92-93. 

It w a s  proposed that  conclusions by the French  
were incorrect on (1) the  effect of stoichiometry 
on s inter ing ra tes ,  (2) the effect  of water  vapor 
on final s intered dens i t ies ,  and (3) oversintering. 

52  
A. Bel, R. Delmas, and B. Francois ,  “Le Fr i t tage  
Des Oxydes D’Uranium,” J. Nuc. Mat., 2 (1960) 
192- 193. 

53 
A. J. Carrea, 6 6  Sintering of Uranium Dioxide in a n  

Atmosphere of Controlled Hydrogen Content,” 
J. Nucl. Mat., 8 (1963) 275-277. 

54 
W. E. Baily, J. C. Danko, 1-1. M. Ferrar i ,  and 
R. Colombo, “Steam Sintering of Uranium Dioxide,” 
Ceram. Bull., 41 (1962) 768-772. 
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Effec ts  of a s team atmosphere on the s in te r ing  
of uranium dioxide were invest igated.  
were performed on two different powders a t  severa l  
temperatures and for varying per iods of time. 
Dilatometric s t u d i e s  were conducted on the pe l le t s  
during the s in te r ing  cycle .  Steam s in te r ing  of UO, 
w a s  found t o  be more effect ive than hydrogen 
sintering. Appreciable s inter ing occurred a t  tem- 
peratures  as  low as 750OC. The heat ing and cool ing 
atmospheres  were found t o  have negl igible  e f fec ts  
on the s intered charac te r i s t ics  of the specimens.  

Experiments  

55 
“Steam Sintering of Uranium Dioxide,” EURAEC 
3 2 1  (1962). 

Steam s in te r ing  experiments  a re  over. Of the three 
UO, powders examined, CEA w a s  found to  be  the  
most e a s i l y  s interable ,  c lose ly  followed by MCW. 
T h e  CNEN powder did not a t ta in  high fired densi ty  
and showed a def ini te  tendency t o  so la r ize .  A 
s imilar  trend e x i s t s  a l s o  for hydrogen sintering, 
but differences a re  much less important. 

Evolution of grain growth and the variation of pore 
number during densif icat ion w a s  followed through 
micrographic ana lys i s ;  evidence of discont inuous 
grain growth a t  re la t ively low temperatures w a s  
found only for CNEN powder. 

T h e  energy of-act ivat ion for s team sinter ing w a s  
measured for the  three powders. R e s u l t s  were 
found t o  depend on the powder, but s t i l l  were in 
the  range of the v a l u e s  to  be found in the literature, 
except  that  for comparatively low dens i t ies  the 
energy i s  much larger. 

It has been proved tha t  the  dens i ty  of the inner 
part of a s in te red  pe l le t  i s  lower than tha t  of the 
outer part for hydrogen s inter ing,  but not for s t e a m  
sinter ing.  

Sintering of UO,/U,O, mixtures in inert g a s  w a s  
found t o  c lose ly  resemble s team sinter ing,  except  
that  in order to  achieve  high dens i t ies  it w a s  
necessary  t o  reduce to a minimum the amount of 
binder added to  the  powder. 

Considerable  x-ray work w a s  done t o  check  what 
happens t o  UO,/U,O, mixtures prior t o  s inter ing,  
but the evidence gained up to  now is not yet  
conclusive.  

56 
C. .A. Arenberg and P. Jahn,  “Steam Sintering of 
Uranium Dioxide,” J. Am. Ceram. Soc., 41 (1958) 
179-183. 

T h e  following var iab les  were considered in an 
invest igat ion of the s inter ing of uranium dioxide: 
(1) s inter ing a i d s ,  i.e., smal l  addi t ions of sub- 
s t a n c e s  that might a i d  the densif icat ion process ,  
(2) soaking temperature, ( 3 )  soaking  time, 
(4) furnace atmosphere, and (5) particle s i z e  of the  
uranium dioxide. The incipient s in te r ing  ternpera- 
ture, the effect  of binders ,  and the  effect  of 
fabr icat ing pressure a l s o  were determined. The  
d a t a  obtained in the invest igat ion led to  the follow- 
ing  optimum condi t ions for obtaining dense  UO, by 
cold press ing  and s inter ing:  (1) preparing the UO, 
a s  a submicron powder but not f ine enough to  be 
pyrophoric, (2) cold press ing  a t  20 to  30 tons  per 
square  inch without the  use  of organic binders, 
( 3 )  using the  following s in te r ing  schedule ;  (a) in 11, 
t o  14OO0C, (b) in s team or a wet inert g a s  from 
1400° t o  1599OC, (c)  in s team or a wet  inert g a s  
a t  15OO0C for a one-hour soak ,  and (d) cooling in 
€1, from 1500OC t o  room temperature. By following 
t h i s  procedure, pe l le t s  of UO, &-in. in diameter by 
%-in. high) were obtained that  were 97  to 985 of 
the ore t ica l  densi ty  . 

57 
I. Amato, R. L. Colombo, and A. M. Prot t i ,  “A 
Comparison between Steam Sintering and IIydrogen 
Sintering of Uranium Dioxide P e l l e t s , ”  Energ. 
N U C l . ,  11 (1964) 121-128. 

Steam sinter ing of UO, bodies  w a s  examined mainly 
on technological  grounds, and w a s  compared with 
conventional hydrogen s inter ing.  Though many 
advantages  of s team sinter ing have been evidenced, 
the conclusion w a s  reached that  there is little hope 
tha t  it m a y  be a cheaper  subs t i tu te  for hydrogen 
s inter ing.  In the course of the  research  work, a 
limited amount of b a s i c  information on the s in te r ing  
mechanism w a s  a l s o  gained. 

58 
D. Kolar, B. S. Brcie, B. Zat ter ,  and V. Marinkovic, 
“The  Influence of Atmosphere on Sintering High 
Surface Area Uranium Dioxide,” NIJS Rpt R-501 
(1967). 

T h e  influence of reducing the oxidizing atrnosphere 
on s in te r ing  uranium dioxide powders with different 
spec i f ic  surface a r e a s  w a s  invest igated.  It w a s  
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shown that  t h e  atmospheric inf luence depends on 
act ivi ty  of UO, powder. Combined e f f e c t s  of e x c e s s  
of oxygen in nonstoichiometric UO, and high sur face  
a r e a  of ini t ia l  powder may limit s intered dens i ty  and  
lead  to  t h e  formation of a n  intergranular type of 
porosity. In such  c a s e s ,  higher d e n s i t i e s  may be  
achieved by s in te r ing  at  lower temperatures  or by 
s in te r ing  in hydrogen. Different observat ions 
reported by var ious invest igators  on the atmospheric 
influence on s in te r ing  UO, may resu l t  from different 
s ta r t ing  materials. 

59 
I. Amato, R. L. Colombo, and A. M. Pro t t i ,  

NUCZ Sci. Eng., 16 (1963) 137-140. 
Sinter ing of UO, in Carbon Dioxide Atmosphere,” L 6  

Data a re  l i s t e d  comparing s in te r ing  atmospheres  of 
carbon dioxide, and dry and wet hydrogen. It w a s  
concluded that the d e n s i t i e s  achieved  in carbon 
dioxide s in te red  at 1450°C were comparable to  
those  obtained in hydrogen at 1 7 O O O C .  

60 
N. Fuhrman, L. D. Hower, and R. B. Holden, “LOW 
Temperature Sintering of Uranium Dioxide,” 
J. Am. Ceram. SOC., 46 (1963) 114-121. 

S tudies  of the fabrication of uranium oxide fuel  
p e l l e t s  by t h e  low-temperature s in te r ing  on non- 
s toichiometr ic  oxide are descr ibed.  Complete 
reversion t o  s toichiometr ic  UO, in the  s in te red  
p e l l e t s  w a s  a t ta ined  by two methods: (1) s in te r ing  
in a nitrogen atmosphere which contained a smal l  
amount of hydrogen, and (2) s in te r ing  in pure nitro- 
gen and  then exposing the  pe l le t s  to  hydrogen a t  
the  s in te r ing  temperature. Large  var ia t ions in 
s interabi l i ty  were found in commercially procured 
ceramic-grade UO, powder. In s tudying t h e s e  
var ia t ions,  i t  w a s  discovered that  fluorine w a s  a 
powerful inhibitor of low-temperature sintering. T h i s  
impurity could be readily removed by oxidation in 
a i r  at 500°C. T h e  d a t a  strongly indicated that  the  
primary mechanism responsible  for t h e  removal of 
res idua l  fluorine w a s  pyrohydrolysis. It w a s  found 
tha t  a preliminary oxidation-reduction cycle  act i -  
va ted  the  less-s interable  oxides  s o  that  in every 
c a s e  d e n s i t i e s  of a t  l e a s t  95% of theoret ical  were 
obtained by s in te r ing  a t  1200°C. 

61 
K .  Langrod, “Sintering of Uranium Oxide in the  
Range of 1200-130Ooc,’’ Bull. Am. Ceram. SOC.,  39 
(1960) 366-369. 

Taking advantage of the increased s interabi l i ty  of 
uranium oxide with a n  O/U rat io  of 2.30 t o  1, pe l le t s  
of over 95% theoret ical  dens i ty  were obtained af ter  
s in te r ing  at 1300°C. The non-stoichiometric uranium 
oxide mixture w a s  prepared by blending UO, with 
U,O,. The s in te red  pe l le t s  were reduced to  
s toichiometr ic  composition with hydrogen a t  a tem- 
perature of over 1200OC. T h e  d a t a  reported and  the 
p r o c e s s  descr ibed in t h e  manufacture of the UO, 
p e l l e t s  a re  based  on pi lot  plant production operations. 

J. Terraza,  J. Cerrolaza, and E. Aparcio, “Sintering 
UO, a t  Medium Temperatures,” Proc. 2nd Geneva 
Conf., Vol 6 (1968) 620-623. 

P r o c e s s i n g  s t e p s  s u c h  as the  effect of water addi- 
t ions  on the densi ty  of green and s in te red  compacts ,  
p ress ing  pressure and  s in te r ing  temperature were 
s tudied.  Sintered pe l le t s  with a n  apparent  dens i ty  
of 95% were obtained by s in te r ing  in vacuum 
a t  12OOOC. 

62 

63 
B. E. Schaner, “Metallographic Determination of 
the  U0,-U,O, P h a s e  Diagram,” J. Nucl.  Mat., 2 
(1960) 110-120. 

T h e  U0,-U,O, equilibrium phase  diagram w a s  es tab-  
l i shed  by using metallographic techniques.  Data  
obtained from visua l  examination of the  micro- 
s t ructure  of annea led  and quenched samples  made 
from d e n s e  so l id  p i e c e s  of UO, were used  t o  
determine the solubi l i ty  of U,O, in UO,+, as  a 
function of temperature. Two phases ,  UO, and 
U,O,y, were found t o  e x i s t  a t  room temperature 
between O/U ra t ios  of 2.00 and 2.22, although a t  
temperatures over 940°C only a s ingle  phase i s  
present. There  i s  a wide range of UO,+, between 
O/U ra t ios  of 2.000 and 2.194 a t  temperatures  
between 200” and 950°C. In addi t ion,  a range of 
substoichiometr ic  U,O, l i e s  between 2.25 and 2.20 
at 940°C and to  2.22 a t  room temperature. 

6 4  
S. Aronson, R. B. Roof, and J. Bel le ,  “Kinetic 
Study of the Oxidation of Uranium Dioxide,” 
J. Chern. Phys., 27 (1957) 137-144. 

Oxidation of UO, to U,O, in  dry a i r  and oxygen a t  
temperatures of 160Oto 35OOC proceeds by a two- 
s t e p  reaction. In the first s t e p  the  tetragonal oxide 
of  composition U02.34f0.03 is formed. In the  second 
s t e p  t h i s  tetragonal phase is converted to 
orthorhombic IJ308. The rate  control l ing process  

. 
C 
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in the f i r s t  s tage  i s  the diffusion of oxygen through 
uranium dioxide la t t ice .  The  value found for the  
diffusion coeff ic ient  D i s  

D = 5.5 x lo-’ exp  [-(26 300 f 1500) / RT], 

where the  act ivat ion energy i s  26.3 kcal/mole k1.5. 
T h e  second s t a g e  of the react ion proceeds by a 
process  of nucleat ion and growth. 

65 
R. Sato, H. Doi, and H. Uchikoshi ,  “ A  Note on the  
Reduction of U,O, to  UO,,” J .  Nucl. Mat., 15 
(1965) 146-148. 

66 
I. Amato, R. L. Colombo, and A. M. Prot t i ,  “On the  
Activation Energy of Sintering Non-Stoichiometric 
Uranium Oxide,” J .  Nucl .  Mat., 11 (1964) 229-235. 

Dilatometric experiments  were carried out on the  
ini t ia l  s t a g e s  of s in te r ing  UO,/U,O, mixtures of 
severa l  composi t ions,  which densif ied according 
t o  the  diffusion-controlled mechanism first pro- 
posed by Kuczynski in 1949. 

T h e  diffusion act ivat ion energy was  of 65,800 
cal /mol ,  +6200, i r respect ive of O/U rat io ,  and 
t h i s  w a s  considered to  be the diffusion act ivat ion 
energy of the uranium ion in the non-stoichiometric 
UO, la t t ice .  

67 
R. Ram, H. S. Gadiyar, and P. K. Jena ,  “Kinet ics  
of Uranium Dioxide Sintering Between 95OOC and 
150OOC in Dry Hydrogen Atmosphere,” J .  1,. Comm. 
Met., I 9  (1966) 185-189. 

T h e  k ine t ics  of s in te r ing  of UO, compacts  prepared 
from ammonium diuranate  and calcined a t  8 O O O C  have  
been s tudied  in t h e  temperature range 95O0-15OO0C, 
in dry hydrogen atmosphere. T h e  bulk dens i ty  
Ds achieved a t  a des i red  period, h a s  been deter- 
mined by measuring the change in the  volume of 
the  pel le ts .  At a l l  temperatures  s tud ied ,  the bulk 
dens i ty  and t h e  s in te r ing  period t have been related 
by the express ion  Ds = C log t + X, where C and 
X a r e  cons tan ts .  From t h e s e  resu l t s  the act ivat ion 
energy of the  p r o c e s s  h a s  been  evaluated and the  
mean value has been found t o  b e  102 kcal/mole 
(k10.0). 

68 
J. Bel le  and B. Lustman,  “Proper t ies  of Uranium 
Dioxide,” TID-7546, book 2 (1958) 442-525 (Also 
publ ished as WAPD-184). 

Information on the  out-of-pile properties of UO, i s  
reviewed. Methods of preparation and characteri- 
zat ion of UO, powders a re  d i s c u s s e d .  Resul t s  of 
experimental s t u d i e s  on the  s inter ing process  for 
UO, are  t reated phenomenologically, and mechanisms 
for s in te r ing  are  sugges ted .  Resul t s  of some 
phys ica l  measurements made on UO, are d iscussed;  
t h e s e  include melting point, thermal conductivity, 
modulus of e las t ic i ty ,  modulus of rupture, and 
e lec t r ica l  and magnetic properties. 
dynamic and kinet ic  a s p e c t s  of the UO,O, and 
UO,-H,O sys tems are  examined, and measurements 
and interpretations of self-diffusion of uranium 
and oxygen in UO, are  d iscussed .  

The thermo- 

69 
J. Belle, “Propert ies  of Uranium Dioxide,” Proc.  
2nd Geneva Conf., (1958) 569-589. 

70 
J. Belle, Uranium Dioxide: Properties and Nuclear 
Applications,  United S t a t e s  Atomic Energy Commis- 
s ion ,  IJ. S. Pr int ing Office, Washington D. C., 1961. 

7 1  
H. H. Hausner and J. F. Schumar, Nuclear Fuel 
Elements ,  Chapter  13, Reinhold Publ i sh ing  
Corporation, New York, 1959. 

7 2  
R. B. Holden, Ceramic Fuel Elements,  Chapter 3, 
Gordon and Breach Science Publ i shers ,  New York, 
1964. 

73 
J. K. Dawson and R. G. Sowden, Chemical Aspects  
of Nuclear Reactors,  Chapter  4, Butterworths & Co., 
London, 1963. 

7 4  
T. Nishijima, T. Kawada, H. Kitagawa, “An 
Improved P r o c e s s  for Fabr ica t ing  UO, P e l l e t s , ”  
J. N U C .  Matls., 16 (1965) 184-189. 
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P A R T  11: 

MIXED URANIUM-PLUTONIUM DIOXIDES 

Alton R. Teter, Malcolm R. Harvey, and Ronald L.  Legget t  

The fabrication of mixed (U,Pu)O, oxide fue l  
pe l le t s  descr ibed  in th i s  par t  had a s imilar  objec- 
t ive t o  the UO, program (Part  I). In addi t ion t o  
wri t ing a product spec i f ica t ion  and obtaining 
s t a t i s t i c a l  information, loading s t u d i e s  were t o  be 
conducted with part of the pe l le t s  produced. T w o  
composi t ions were required by A N L  - (U.,,Pu.,, )O,-x 
and (U.7,,Pu.3,,)0,-x. T h e  substoichiometry w a s  
required because  it is convenient ly  a t ta inable  in  
reducing atmospheres  and the mixture is s ingle  
phase  a t  equilibrium.’ 

There i s  less literature deal ing with fabrication of 
mixed oxides  than in the  UO, s y s t e m  because  
research  in breeder  reac tors  i s  re la t ively recent. 
In addition the number of fac i l i t i es  that  can  work 
with plutonium i s  res t r ic ted because  of the health 
hazard a s s o c i a t e d  with the oxide. A representat ive 
l i s t  of references a n d  a b s t r a c t s  d e a l i n g  with fabri- 
ca t ion  and some of the problems introduced by 
working with t h e  ternary s y s t e m  are  given in 
Appendix B. 

T h e  problems introduced by the addition of PuO, 
can  b e  c l a s s i f i e d  on how they  effect  fabr icat ion and  
the nuclear  propert ies  of the pe l le t s .  According 
t o  s e v e r a l  
enced  by the  addi t ion of PuO, which a f fec ts  the 
s interabi l i ty  and p h a s e s  present .  T h e y  report 
s ignif icant  d e c r e a s e s  in s in te red  theore t ica l  
d e n s i t i e s  for PuO, addi t ions up t o  40 wt  %. 
Dean,4 however reports  no d e c r e a s e  in s in te red  
dens i ty  with PuO, addi t ions up  t o  25 wt 5%. 

fabricat ion is  greatly influ- 

The  phys ica l  s t a t e  and  location of the plutonium 
in the fue l  e lement  i s  important because  of nuclear 
requirements. In general  t h e  PuO, h a s  t o  be inti- 
mately a n d  uniformly d ispersed  throughout the UO,. 
ANL’s spec i f ica t ion  s t a t e s  that  there should be 
less than 0.2% of the PuO, present  in agglomerates  
greater  than 100 pm in diameter and the bulk (95%) 
of it uniformly d ispersed  on a s c a l e  of less than 
25 pm. T h i s  d o e s  not require the  formation of com- 
p le te  so l id  solut ion although it i s  desirable .  

T w o  general  methods have been used  t o  mix the 
two oxides  - coprecipi ta t ion and mechanical  

blending. T h e  fac tors  tha t  determine which method 
i s  used  depends  on the t igh tness  of the product 
spec i f ica t ion  with r e s p e c t  t o  homogeneity. Copre- 
c ipi ta t ion involves t h e  s imultaneous precipitation 
of ammonium diuranate and plutonium hydroxide. 
If the condi t ions are  carefully controlled a homo- 
geneous mixture i s  produced which can be  ca lc ined ,  
pressed ,  and s in te red ,  under reducing conditions t o  
high d e n s i t i e s  a t  temperatures  between 1400O and 
1500OC. X-ray diffraction resu l t s  indicate  complete 
so l id  solut ion can  b e  obtained. 

The other method, mechanical  mixing, involves 
physical ly  blending the  oxides  by wet  or dry ba l l  
milling, hammermill, V-blender, e tc .  T h i s  process  
h a s  cer ta in  advantages  and d isadvantages  over 
coprecipitation. The major advantage  i s  reduced 
cr i t ical i ty  problems resul t ing from handling less 
PuO, a t  the wet chemica l  end of the  process.’ 
The d isadvantages  a re  s l ight ly  higher s in te r ing  
temperatures t o  achieve  the same d e n s i t i e s  and 
general ly  imcomplete sol id  solut ion formation. 
Some of these  d isadvantages  a re  offset  by 
appreciably reduced fabrication c o s t s  (-20%) 
for the mechanically blended material.’ 

T o  summarize:  the addition of plutonium to UO, 
powders imposes tighter res t r ic t ions on stoichiometry 
and introduces a new control  factor of microhomo- 
geneity in fabrication. Sintering charac te r i s t ics  
(densification) may be affected but it would be 
expected t h a t  the same type of dimensional  var ia t ions 
would be observed in fabr icat ion as  compared t o  UO,. 

EXPERIMENTAL PROCEDURE 

T w o  composi t ions were made by mechanical  
mixing, and fabricated according t o  the schematic  
in Figure 6. Hyperstoichiometric UO, w a s  obtained 
from Nuclear F u e l  Serv ices  through A N L .  Plutonium 
dioxide w a s  made a t  Rocky F l a t s  by calcining oxalate  
(Pu + IV) a t  650OC. A l i s t  of impurities and powder 
charac te r i s t ics  for both oxides  i s  given in Table  V.  
T h e  boron and s i l icon  ana lyses  in the PuO, s e e m  
very high and cannot  be explained. l’he particle 
s i z e  a n a l y s i s  and sur face  a rea  of the PuO, are  
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INSPECT CI 
F i g u r e  6. S c h e m a t i c  of fabr ica t ion  u s e d  for mixed  o x i d e s .  

somewhat  surpr i s ing  s i n c e  the c a l c i n i n g  tempera- 
ture of 650° should have  produced a product of much 

Table V. Analysis  of UO, (depleted) and PuO,. 

"0, 

h p u r i t y  

Ag 
A1 
B 
B e  
Ca 
Cd 
co 
Cr 
c u  
Du 
Eu 
Fe 

Impurity 

Ag 
A1 
B 
Ba 
B e  
Cd 
Cr 
c u  
F e  
Ga 
In 

ppm (wt) 

<o. 10 
4 

<o .20 
<o. 1 
(20 

<o. 10 
<5 
10 
(3 
<0.02 
<0.02 
48 

ppm (wt) 

(2. 5 
67 

250 
2 

G . 0 5  
a . 5  
56 

3 
367 

2 
( 2 . 5  

Impurity ppm (wt) -- 
Gd <0.01 
L i  <50 
Mg 9 
Mn <5 
Mo <1 
Na G O  
N i  52  
P <10 
P b  (1 
Si 80 
Th (100 

PUO, - 
Impurity ppm (wt) -- 

K a. 5 
Mg ( 2 . 5  
Mn 7 
Mo 3 
N i  6 3  
P <500 
P b  5 
P d  2.5 
Sb 2.5 
Si 449 

Ti <1.0 
V (2. 5 
Zn 30 
Zr 4.0 
C 63 
N <10 
F <10 
H,O 0.10 
%-U 87.56 
o/ u 2. 1 1 
B.E.T.  4.6 m2/g 

average 
particle s i z e  0 .60  p 

Impurity ppm (wt) 

Sn <3 
SI <2.5 
T i  a. 5 
V (2.5 
Zn <10 
Au c5 
A S  <2.5 
Am 1140 
% P u  87.82 n/ g 

Isotopic Analysis  Particle  S ize  Analysis  

PuZ3' 0 .035% 3 p -  56% 
Puu9 86 .303% 3-5 tbn - 17% 

PuH1 1.990% > l o p -  6 %  
5-10 p - 21% Pu"' 11.468% 

PuH2 0 . 2 0 4 %  largest  - 25 p 

higher sur face  area.6 In genera l  i t  i s  advisable  to 
try and match sur face  a r e a s  of the two oxides  being 
blended. 

B e c a u s e  of the large PuO, agglomerate s i z e  i t  w a s  
ba l l  milled in  water  for 24  hours in a rubber-lined 
mill. Alumina ba l l s  were used  as the grinding media. 
An e q u a l  weight of UO, powder w a s  then added and  
milled for 4 hours. Additional UO, w a s  added t o  
a d j u s t  t o  the required composition and milled a n  
addi t ional  4 hours. After removal of the water ,  
1 wt % carbowax 4000 and 1-wt % s t e a r i c  ac id  were 
added in a CC1, solution. After evaporat ion of the 
CCl,, the mixtures were i sos ta t ica l ly  pressed  a t  
10,000 ps i  and granulated through a 14-mesh screen .  
Powder for pe l le t s  of each  composition w a s  weighed 
t o  50.05 grams and pressed  a t  various pressures  
between 18,000 and 40,000 ps i  t o  es tab l i sh  the 
shr inkage charac te r i s t ics  of the blends (Figure 7).' 
The same p r e s s  and  d i e s  were used  as  with the UO, 
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Figure 7. Shrinkage characteristics of two compositions of mixed oxides sintered at 165pC. 

in P a r t  I. " h e  15- and 30-mole percent  pe l le t s  were 
pressed  a t  20,000 a n d  18,250 ps i ,  respect ively.  A, 
length to diameter  (L/D) ra t io  of 1.5 w a s  used. 
Sintering w a s  accomplished in a s m a l l  graphite 
res i s tance  furnace f i t ted with a non-porous alumina 
muffle tube t o  protect  the pe l le t s  from the  carbon 
atmosphere. Thirty-eight pe l le t s  could be fired at  
once in a n  alumina boat. T e n  mesh alumina grain 
w a s  used  for bedding the pe l le t s .  Nominal s inter-  
ing parameters were 165OoC for 5 hours in a dry 
94% He-6% H, atmosphere. A 16 hour s inter ing 
schedule  w a s  used.  A s  with the UO, the  s inter ing 
rate  had t o  be held t o  less than 100°C/hr above 
120OOC in order to  maintain good dimensional  
c on tr 01. 

The  s intered pe l le t s  were visual ly  inspected for 
defec ts  and  measured a t  the top,  w a i s t ,  and bottom 
diameter with a blade micrometer. F i v e  pe l le t s  
from e a c h  s in te r ing  run were randomly se lec ted  for 
dens i ty  determinat ions.  Dens i t ies  were obtained 
using monobromobenzene as the immersion liquid. 
Plutonium concentrat ions were determined by a 
calorimetric method descr ibed in Appendix C. 
Oxygen t o  metal ra t ios  were determined 

- 

by a s tandard oxidation-reduction cycle.' Homo- 
genei ty  w a s  examined with the u s e  of a n  electron 
microanalyzer monitoring Pu-MP and U-Ma x-ray 
l ines  and  s tandard x-ray diffraction techniques.  

RESULTS 

Tables VI, VII,  and VI11 give the resu l t s  on hour- 
g lass ing  (maximum diameter - w a i s t  diameter), 
d is tor t ion (bottom diameter  - top  diameter), shrink- 
a g e  and  theoret ical  dens i ty  for both compositions. 
The  hourglassing and dis tor t ion d a t a  are  very s imilar  
to t h o s e  obtained with pure UO,. T h e  shr inkage and 
dens i ty  re f lec t  the different s interabi l i ty  of the UO, 
used in Par t  11. It i s  apparent  from the data  that  
the  d e n s i t i e s  a r e  not affected by the PuO, 
concentration. 

The  pe l le t s  l is ted in Table VI11 were a repeat  
s e r i e s  of those  shown in Table  VI1 which were lost  
in shipment to  A N L  as a resul t  of s e v e r e  sur face  
spal l ing.  A smal l  amount of carbide must have been 
formed during the s in te r ing  operation. T h i s  w a s  
caused  by a c rack  in the  alumina muffle tube, which 
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Table VI. Data from 296 (U.,,Pu.,)O, p e l l e t s  fired at 166OoC 
for 5 hours. 

Hourglassing* Distortion* Shrinkage* Theo. Dens.** 
Run No. (in.) (in.) ( %) (%) - 
5/ 17/68 0.0026 0.0007 20.21 95.51 
5/20/68 0.0053 0.0010 20.29 9 3.90 
5/21/68 0.0038 0.0009 20.40 93.68 
5/22/68 0.0030 0.0007 20.6 1 94.51 
5/23/68 0.0031 0.0007 20.64 95.06 

5/25/68 0.0023 0.0005 20.54 94.17 
5/27/68 0.0023 0.0007 20.56 93.69 

5/24/68 0.0030 0.0006 20.54 94.59 

*Averaged from al l  pe l l e t s  in run. 
**Average of 5 pe l l e t s  randomly se l ec ted  from each  run. Overall 

average was  94.36%. Standard deviation w a s  1.00%. 

Table VII. Data from 260 ( U o . 8 5 P ~ . 1 5 ) 0 2  p e l l e t s  fired at 166OOC 
for 5 hours. 

Hourglassing* Distortion* Shrinkage* Theo. Dens.** 
Run No. (in.) ( in.)  (96) (n)  

4/23/68 
5/6/68 
5/7/68 
5/8/68 
5/9/68 
5/ 10/68 
5/ 14/68 
5/ 15/68 

0.00 10 
0.0032 
0.0037 
0.0056 
0.0046 
0.0036 
0.0021 
0.0025 

0.0004 
0.0007 
0.0006 
0.0006 
0.0007 
0.0008 
0.0007 
0.0007 

20.50 
20.6 1 
20.60 
20.50 
20.67 
20.75 
20.45 
20.77 

94.04 
95.11 
94.86 
95.41 
96.11 
95.84 
94.42 
95.64 

*Averaged from al l  pe l l e t s  in run. 
**Average of 5 p e l l e t s  randomly se l ec ted  from each run. Overall 

average w a s  95.31%. Standard deviation w a s  0.81%. 

w a s  la ter  observed. The  s p a l l i n g  occurred because  
of a water-carbide react ion between the  pe l le t s  and  
moisture absorbed onto cotton packing material 
which surrounded e a c h  pel le t  during shipment. 
Runfors h a s  observed a s imilar  effect  on UO, 
s intered in a graphi te  tube furnace.' 

F igures  8, 9, and 10 show the diametral  variation 
for the three ba tches  of pe l le t s .  The diameter  
variation i s  s l igh t ly  larger than w a s  observed with 
the UO,. T h i s  i s  probably because  only 38 pe l le t s  
could be s intered a t  one time and s in te r ing  condi- 
t ions could not be reproduced exact ly .  

The  increased variation in diameters  represented in 
Figure 10 as compared t o  Figure 9 is evident  in the 
shr inkages  of the l a s t  three runs shown on Table  VIII. 
A signif icant  jump in shr inkage occurred af ter  the  
g a s  flow had been  increased a smal l  amount over the 
previous runs. It appears ,  however, that with 
reasonably good process  control, a t  l e a s t  a 90 yield 
can  be obtained on pe l le t s  with a diametral  varia- 
tion of less than k0.002 inch. 

Table VIII. Data from 240 ( U : o ~ 8 5 P ~ ~ 1 5 ) 0 ,  p e l l e t s  fired at 165OOC 
for 4 hours. 

Hourglassing* Distortion* Shrinkage* Theo. Dens.** 

Run No. (in.) (in.) ( %) (%)  

0.0006 20.60 95.22 6/ 17/68 0.0049 
6/18/68 0.0031 0.0006 20.60 95.00 

0.0004 20.70 94.81 6/19/68 0.0024 
6/20/68 0.0058 0.0005 21.06 95.60 
6/21/68 0.0052 0.0007 21.12 95.81 

0.0008 21.30 95.69 6/22/68 0.0035 

*Averaged from all pe l l e t s  in run. 
**Average of 5 pe l l e t s  randomly se l ec ted  from each run. Overall 

average was  95.34%. Standard deviation w a s  0.55%. 

Table IX.  

wt % Pu02 (nominal) O/M wt % Pu02 (nominal) 

15 - Sample A 1.965 30 - Sample C 
1.950 
1.965 

Oxygen to metal ratios of mixed ox ides .  

- 

Average 1.959 Average 

15 - Sample B 1.921 30 - Sample D 
1.967 

Average 1.944 
Average 

O/M 

1.943 
1.943 
1.942 
1.943 

1.960 
1.950 
1.945 
1.952 

Oxygen t o  metal ra t ios  were determined on a random 
sampling of both composi t ions and a r e  listed in  
Table  IX. Each  pel le t  w a s  crushed a n d  divided into 
two or three par ts  and sampled. The  averages  a r e  
somewhat lower than were expected from the  litera- 
ture but the ra t io  c a n  be e a s i l y  ad jus ted  by controlling 
the water  vapor in the reducing gas .  

The plutonium contents  and  impurity a n a l y s e s  of the 
two composi t ions are  l is ted in T a b l e s  X and XI. The  
plutonium concentrat ions a re  s l igh t ly  higher than 
expected but c a n  be e a s i l y  controlled on any  produc- 
tion process .  Aluminum, calcium, and s i l icon  show 
signif icant  concentrat ion increases  in the fabricated 
pel le ts .  The aluminum contamination i s  expected 
because  of the  milling operation us ing  A1,0, bal ls .  
The  calcium and s i l icon  increases  cannot  be 
explained.  The s i l icon  contamination is  of potent ia l  
importance because  of reportedg de le te r ious  e f fec ts  
on dens if ic a t  i on. 

Random, continuous s c a n s  of 600 p with the electron 
microprobe were run on both composi t ions to  determine 
inhomogeneity. T h e  scanning  rate  w a s  10 pmlmin. with 
a beam s i z e  of approximately 1 pm. No variat ions in 
uranium or plutonium were s e e n .  X-ray diffraction indi- 
ca ted  a considerable  degree of so l id  solution. 
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T a b l e  X. Impurity a n a l y s e s  of mixed o x i d e s .  

Ag 
Al 
Au 
A s  
B 
B a  
Bi 
C a  
Cd 

5 Cr 
480 c u  
<2.5 F e  
(2.5 G a  
10 In 
10 K 
(0.05 Mg 
<2.5 Mn 
(2.5 M O  

*Averaged  from two de termina t ions .  

Ag 
AI 
As  
Au 
B 
Ba 
Be  
Ca 
Cd 
c r  

(2.5 

(2.5 
(2.5 
22 
IO 
0.1 

2 50 
<2.5 
29 

375 

50 
3 

9 5  
5 

(2.5 
75  

(50 
(2.5 
(2.5 

c u  
Fe 
G a  
I n  
K 
Mg 
Mn 
Mo 
Ni 
I' b 

*Averaged  from t w o  de termina t ions .  

1 
180 

20 
(2.5 
<2.5 

5 
<0.5 

5 
120 
(2.5 

N i  45 
P <loo 
P b  <2.5 
Sb (2.5 
Si >400 
Sn ( 5  
TI (2.5 
V a. 5 
Zr (2.5 

P d  <2.5 
Sb ( 2 . 5  
Si  >400 
Sn 10 
Sr <2.5 
T i  10 
V <2 .5  
Zn IO 
P <so0 

T a b l e  XI. P l u t o n i u m  c o n c e n t r a t i o n  of mixed  o x i d e s .  

Pu (0.1336 Nominal) (g /g)  Pu (0.2666 Nominal) (g /g)  

0.1364* 0.2747 
0.1377 0 .2679 

0 .1373 
0 .1374 

* T w o  s a m p l i n g s  were  t a k e n  from e a c h  p e l l e t .  E s t i m a t e d  error is 
3 . 3 %  of amount p r e s e n t .  

DISCUSSION 

T h e  r e su l t s  of this  work and an ana lys i s  of the 
l i terature survey indicate that there should not be 
any problem i n  fabricating pel le ts  t o  c lose  dimen- 
s iona l  to le rances  without grinding. In addition 
to r e su l t s  obtained here there are a number of 
references to fabrication without grinding. 
Batal ler ,  et .  al.,"reports the fabrication of 320 kg 
of mixed oxide into pel le ts  with an 84% yield of 
diameters varying l e s s  than k0.002 inch. Mattys" 
fabricated 7000 mixed oxide pe l le t s  within tolerances 
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of less than k0.03 mm (-0.001 in.). Overal l  l o s s e s  
were 12 percent. Craig,  e t .  al.,” reports  that dia- 
metral var ia t ions on SEFOR s i z e d  pe l le t s  (-1.0 in. 
diameter by %-in. length) c a n  be controlled t o  give 
an 85% yield within k0.005 in. of the nominal 
diameter. 

Although r e s u l t s  reported here  a re  insufficient, the  
literature indicates  that there i s  l i t t le  problem in 
controlling the  O/(U + Pu) ra t io  and the plutonium 
concentration. Batal ler ,  et. al.,” reports  a mean 
O/(U + P u )  ra t io  of 1.985 with a s tandard  deviation 
of 0.005. Thei r  mean plutonium concentrat ion w a s  
22.95 wt  7% with a s tandard  deviat ion of 0.11 wt %. 
Caldwell’ s t a t e s  t h a t  t h e  s tandard  deviat ion on 
O/(U + P u )  ra t io  w a s  0.012- and 0.04- wt % P u  on 
thirteen production lo t s  of nominal 6.6 wt % 
Pu0,-UO, pe l le t s .  

Microhomogeneity of mechanical ly  mixed pe l le t s  
cont inues t o  be a potent ia l  problem. T h i s  i s  
primarily caused  by poorly defined spec i f ica t ions  on 
how much and  what kind of inhomogeneity can be  
tolerated. Techniques  s u c h  as autoradiography and  
electron microanalysis  can  readily d e t e c t  inhomo- 
genei t ies  on a leve l  within the t igh tes t  specifications. 
Autoradiography in particular i s  wel l  s u i t e d  t o  
detect ion of a r e a s  b25 pm) of high PuO, concentra- 
tion because  t h e  method samples  the ent i re  exposed 
surface.  Microanalysis i s  sever ly  limited in t h i s  
c a s e  b e c a u s e  of the sampling required t o  obtain * 

s t a t i s t i c a l l y  s ignif icant  data .  
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Appendix B: Literature Survey of Fabrication of Mixed Oxides.  

T h e  following is a relat ively complete l i s t  of 
references and a b s t r a c t s  deal ing with the fabrication 
of mixed (U, PdO, f u e l  e lements .  References on 
other s u b j e c t s  unique t o  the mixed oxide s y s t e m  
s u c h  as thermodynamics, homogeneity, etc., are 
also included. 
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Nucleonics ,  23 (1965) 46-50. 
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Uranium Mixed Oxide Preparat ion and Fabri- 
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London (1961) 449-455. 

Experiments have been made t o  s tudy  the influ- 
e n c e  on s in te r ing  of plutonium oxides  and mixed 

plutonium and uranium oxides ,  of the method of 
preparation (coprecipitation or phys ica l  mixing, 
s ta r t ing  material), of the s in te r ing  temperature, 
and  of the spec i f ic  sur face  area of the oxide. 

T h e  behavior of these  oxides  h a s  been shown t o  
be  s imilar  t o  t h a t  of pure uranium oxide and the 
u s e  of large spec i f ic  sur face  a rea  powders for 
preparing oxide mixtures h a s  been emphasized 
when good homogeneity of the s in te red  products 
i s  required. 

6 
G. Dean,  et. al., “Sintering of (U,Pu)O, Pe l le t s ,”  
CEA-R-2737 or E U R F N R  96.F (1965). 

7 
“Manufacture of Mixed Uranium and Plutonium 
Oxide Pellets by Sintering,” NP-TR-1233. 

8 
S. Batal ler ,  e t .  al., “Mixed Uranium-Plutonium 
Oxide F u e l  Fabricat ion for Rhapsodie,’’ Nuclear 
Metallurgy, Vol. 13, AIME (1968) 231-241. 

T h e  fabrication of the 96 f i rs t  e lements  for the 
Rapsodie  reactor h a s  been carr ied out a t  the  
Atel ier  de  ‘l‘echnologie du Plutonium in 1965-1966. 
It r e p r e s e n t s  the u s e  of 320 kg of mixed oxide 
(U,Pu)O, containing about  70 kg of plutonium. 
F i r s t  the  fabricat ion is examined ,  and the to ta i  
evaluat ion of t h e  fabrication and the yield of the  
different s t a g e s  a r e  detai led.  Then  the problems 
a n d  diff icul t ies  ra i sed  by the fabrication a re  
s tud ied .  There is a summary, as a n  ex tens ion ,  
of the  s t u d i e s  devoted t o  the  adjustments  of the 
procedure for the fabrication of low densi ty  oxide 
for Rapsodie .  T h e  spec i f ica t ions  considered for  
the  f i r s t  charge pe l le t s  of the Phenix  reactor 
a r e  given. 

9 
A. T. Jeffs, R. R.  Boncher and L. R. Norlock, 
“Fabricat ion of U0,-PuO, and ThO,PuO, Experi- 
mental Fuel ,”  AECL-2675 (1967). 

Fabricat ion procedures a r e  descr ibed  for the prepa- 
ration of an experimental  charge of e leven  s in te red  
pel le t  fuel  e lements  for a pressurized water  t e s t  loop 
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in the NRX reactor. Six e lements  of mechanically 
mixed U0,-PuO, plus  two enriched UO, reference 
elements  were fabricated by two al ternat ive routes  
t o  permit comparison of performance during opera- 
tion. The  two al ternat ive p r o c e s s e s  were conven- 
t ional  hydrogen s in te r ing  at 1600OC a n d  a low 
temperature route s ta r t ing  with hyperstoichiometric 
mixed oxides  and  us ing  Ar-10% H, as the reducing 
atmosphere. 

Three elements  containing mechanical ly  mixed Tho,- 
PuO, were fabricated by a convent ional  high tempera- 
ture s in te r ing  route to a n  average pel le t  d e n s i t y  
of 9.6 g/cmJ. 

Plutonium dioxide conten ts  for t h e s e  e lements  
ranged up t o  1.93 w t  % a n d  all e lements  were of 
fuel  length 15 cm, c lad  in Zircaloy-2 of 2.03 cm 
outs ide diameter. 

10 
J.  M. Cleveland,  et. al., “Fast Oxide Breeder 
Pro jec t :  I F u e l  Fabricat ion,  I1 Preliminary 
Sinter ing S tudies  of Plutonium-Uranium Dioxide 
P e l l e t s , ”  GEAP-3486, 3487 (1960). 

Forty mixed oxide (20 percent  plutonium dioxide- 
4 0  percent  uranium-235 dioxide-40 percent  
uranium-238 dioxide)  fue l  spec imens  were fabri- 
c a t e d  for irradiation tes t ing  in the General  Electr ic  
T e s t  Reactor  (GETR). 

T h e  mater ia l  for these  spec imens  w a s  prepared 
by mixing nitrate so lu t ions  of the three isotopes 
in t h e  proper ra t io  and precipi ta t ing with ammonium 
hydroxide. After drying, the precipi ta te  w a s  
reduced t o  oxide in a hydrogen-nitrogen atmosphere 
a t  900OC. 

F i n e l y  ground powder w a s  pressed into pe l le t s  a t  
43,200 pounds per square  inch pressure and 
s in te red ,  generally for 4 hours ,  in a helium- 
hydrogen atmosphere a t  160O0-17OO0C. The  resul t -  
ing pe l le t s  had  lengths  of about  0.250 inches ,  
diameters  of 0 ,149 inches,  and generally, d e n s i t i e s  
approximately 95 percent  of theoretical. T h e s e  
pe l le t s  were used  in 22 of the 4 0  specimens.  

Eighteen specimens were fabricated by swaging.  
The  powder for t h e s e  spec imens  w a s  high-fired 
a t  135O0-14OO0C in hydrogen-helium t o  achieve a 
bulk densi ty  of 40-50 percent of theoret ical .  
Swaged densi ty  w a s  75 percent. 

The time required to fabricate the pel le ted spec i -  
mens w a s  approximately twice that  required for 
the  swaged specimens.  

A s e r i e s  of brief s t u d i e s  was made in which 
the  e f fec ts  of var ious parameters on s inter ing 
eff ic iency of plutonium d ioxide-uranium dioxide 
pe l le t s  were noted. Single-pressing produced 
pe l le t s  equal  in s intered dens i ty  t o  those  pressed  
twice.  T h e  e f fec t  of particle s i z e  in the range 
above 40 microns on s intered dens i t ies  s e e m s  to 
be minor. A minimum temperature in  e x c e s s  of 
150OOC i s  necessary  for effect ive s inter ing,  and  
a hydrogen-helium atmosphere y ie lds  bet ter  
resu l t s  than pure helium. A technique w a s  
developed for determining pel le t  dens i t ies  while 
s inter ing,  and yielded infomation which revea ls  
that  the greater  part of densif icat ion occurs during 
t h e  f i r s t  few minutes of s inter ing.  

1 
C.  N. Craig,  C. M. Myer and M. L. Thompson, 
“Plutonium-Uranium Mixed Oxide F u e l  P e l l e t  
Fabricat ion Development for the Southwest Experi- 
mental F a s t  Oxide Reactor ,”  GEAP-5285 (1966). 
A process  w a s  developed t o  fabr icate  SEFOR-design 
pluton ium-uranium oxide pe l le t s  with d e n s i t i e s  
85% t o  96% of theoret ical .  Geometric d e f e c t s ,  
such  a s  end-dishing and hour-glassing typical  of 
pe l le t s  fabr icated by convent ional  methods, were 
minimized or eliminated through a prepressing 
s t e p  in powder preparation. The pel le t  quality 
was ascer ta ined  by uniform O/M rat io  and dens i ty  
measurements made as a function of rad ius ,  as  
wel l  as by f inal  chemical  ana lys i s .  T h e  process  
w a s  a l s o  used s u c c e s s f u l l y  t o  fabricate pe l le t s  
with d ished  e n d s  of controlled geometry. 

12 
H. M. Mattys, “Plutonium Metallic and Ceramic 
F u e l  Fabricat ion and Development a t  the European 
Inst i tute  for Transuranium Elements ,”  Nuclear 
Metallurgy, Vol 13, AIME (1968) 279-292. 

Some a s p e c t s  of our work i n  the field of plutonium 
fuel  fabrication and development are reported. 

About 2,100 uranium-plutonium-iron alloy fuel  
rods have been  produced for the c r i t i ca l  experi- 
ment MASURCA by a centrifugal c a s t i n g  method. 
Ihe  total  amount of plutonium contained in th i s  
loading w a s  175  kg. 

r 3  
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About 7,000 uranium - plutonium oxide pe l le t s  
have been s in te red  for  our f a s t  reactor  irradiation 
program. Dry powder blending w a s  preferred t o  
coprecipitation. No center less  gringing w a s  
necessary  t o  obtain reproducible  pel le t  diameter 
(5.40 mm k0.03 mm). The  stoichiometry of our 
pe l le t s  was  adjusted by s in te r ing  atmosphere 
contr 01. 

Spherical  par t ic les  of PuO,.,, have been produced 
t o  be irradiated as graphite coated par t ic les .  

13 
J. M. Leblanc and R. Horne, “Belgian Experience 
in Fabricat ion and Irradiation Performance of 
F a s t  Reactor  F u e l  (UO,-PuO,),” Nuclear  Metallurgy, 
Vol. 1 3 ,  AIME (1968) 418-438. 

The  paper g ives  a descr ipt ion of the f a s t  reactor  
fuel  development program. Three  t y p e s  of fue l  
pins  a r e  developed:  convent ional  pe l le ted  fue l  
pins ,  co l lapsed  c lad  fuel  pins  and vibratory 
compacted fuel  pins. The  spec i f ica t ions  of the 
three types  of fuel  pins  and t h e  fabricat ion flow- 
s h e e t s  a re  given. Parameters  re la ted t o  low 
densi ty  fabr icat ion a re  d i s c u s s e d .  

Irradiation t e s t s  on f a s t  reactor  fuel  pins  wil l  be 
achieved  in the  Enr ico  Fermi fast reactor ,  t h e  
Dounreay f a s t  reactor  and the  BR2 reactor .  The 
paper g ives  the irradiation parameters which hav? 
to  be evaluated.  

14 
N. H. Brett,  J. D. L. Harrison and L. E. R u s s e l l ,  
“The  Production of Pu0,-UO, Irradiation Pellets,” 
Plutonium 1960, Cleaver-Hume P r e s s ,  London (1961) 
43 0-448, 

T h e  development  of a process  for preparing d e n s e  
uniform pe l le t s  of Pu0,-UO, i s  descr ibed.  Deta i l s  
a r e  included of equipment construct ion,  the e f fec ts  
of var ious parameters on s intered dens i ty  and  of 
some propert ies  of the f inal  pe l le t s .  

15 
T. D. Chika l la ,  “Studies  on the Oxides of Plu- 
tonium,” Plutonium 1960, Cleaver-Hume P r e s s ,  
London (1961) 455-485. 

In support  of the Plutonium Recycle  Program a t  
Ilanford, the propert ies  of PuO, a r e  be ing  investi- 
gated.  T h i s  paper reports s in te r ing  s t u d i e s  on 
PuO, and Pu0,-UO, mixtures and so l id  so lu t ions ;  

melting s t u d i e s  on PuO, and UO,; thermal expan- 
s i o n  da ta  t o  1000°C; and  irradiation da ta  on Pu0,- 
UO, mixtures. 

The  ex is tence  of a continuous s e r i e s  of so l id  
solut ions forned during s inter ing h a s  been es tab-  
l i shed  for the s y s t e m  U0,-PuO,. A linear re la t ion 
between la t t ice  parameter and composition ex is t s .  
Extens ive  s in te rab i l i ty  d a t a  on the isomorphous com- 
pounds UO, and PuO, and their intermediate com- 
posi t ions h a s  been obtained. The  effect  on s intered 
dens i ty  of temperature, time, and concentration 
for both physical  addi t ions of PuO, and addi t ions of 
U0,-PuO, so l id  so lu t ions  t o  UO, have been s tudied.  
Evaluat ion da ta  a re  supported by microscopic 
examination and  x-ray diffraction. 

Melting point s t u d i e s  have been  performed on PuO,, 
UO, and  so l id  solut ions of the two compounds, and 
the  liquidus for t h e  sys tem h a s  been obtained. 
Thermal  expansion coeff ic ients  for PuO, and  UO, 
have been obtained t o  temperatures  on the order 
of looooc. 

Irradiation t e s t s  performed on a number of spec i -  
mens of both high and low densi ty  of U0,-PuO, a r e  
presented.  Concentrat ions up t o  7.5 wt % PuO, 
in UO, a r e  under s tudy.  A comparison of the  pre- 
and  post-irradiated s t ruc tures  i s  made. 

16 
J. D. L. Harrison, E. Fos te r ,  and L. E. Russe l l ,  
,“.The Sintering Behavior of Mixed UO, and PuO, 
Powders,’’ P lans .  Proc. 1961, Metallwerk P l a n s e e  
AG.,  Reutte/Tyrol  1962, 140-165. 

T h i s  report g ives  a n  account  of invest igat ions into 
the  s in te r ing  behavior  of mechanical ly  mixed PuO, 
and  UO, in the  composition range from 0 t o  25% 
PuO,. T h e  densi ty ,  oxygen-to-metal ra t io  and the 
degree of s o l i d  solut ion a t ta ined  have been measured 
and  correlated with the experimental var iables .  The  
var iab les  were: Pu/U rat io ,  s in te r ing  atmosphere, 
s in te r ing  temperature, s in te r ing  time, compacting 
pressure ,  amount of binder added t o  powders, 
method of preparation of PuO, and ball-milling of 
the  mixed powders prior t o  pressing.  

17 
I. LaFonta ine  and  E. Vanden Bemden, “Sintering 
of U0,-PuO, mixtures,” P l a n s e e  Proceedings 1961, 
Metallwerk P l a n s e e  AG., Reut te /Tyrol  (1962) 
160- 165. 
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18 
G. Muhling, W. Stoll, and R.  Theisen ,  
“Plutoniumverteiung in Geschnolzenen (U,Pu)O, 
Kernbrennstoffen,” J. Nucl Mat., 24 (1967) 523-527. 

T h e  mixed oxide of plutonium and uranium c a n  be  
melted by a method developed for pure uranium 
dioxide,  involving d i rec t  current heat ing under 
inert gas on a technological ly  useful  scale. The  
so l id  solut ion thus  produced i s  homogeneous a t  
l e a s t  t o  the resolut ion limit of the  method of inves-  
t igat ion.used,  i.e., 1 pm. T h e  melting technique 
may therefore come t o  b e  of considerable  importance 
for the production of very d e n s e  oxide s ta r t ing  mate- 
r ia l ,  and  therefore for the production of nuclear  
fue ls  by the  vibratory process .  

19 
A. G. Adwick and E. R. Batchelor ,  “Influence of 
Powder  Heat Treatment  on the Sintering of 
(UPu)O,,” Plutonium 1965, Chapman and Hall, 
London (1967) 623-638. 

A s e r i e s  of (UPu)O, powders w a s  prepared with 
sur face  a rea  va lues  be tween 2 and 32 mz-g by 
variation of the h e a t  treatment condi t ions in e i ther  
hydrogen or carbon dioxide. An equivalent  sur face  
a r e a  w a s  obtained a t  lower temperatures in carbon 
dioxide than in hydrogen. T h e s e  powders were 
compacted and s intered.  T h e  d a t a  are  d i s c u s s e d  - 
in  re la t ion to  re-arrangements within par t ic les ,  
aggregation of c rys ta l l i t es  and  s in te r ing  of par- 
t i c les .  If the  h e a t  treatment temperatures d o  not 
great ly  exceed  that  a t  which s in te r ing  commences, 
var ia t ions in pressed  dens i ty  d o  not a f fec t  the 
s in te red  densi ty .  Powder aggregat ion however, as 
indicated by the t a p  and pressed  dens i ty ,  w a s  
found t o  exer t  a res i s tance  t o  consol idat ion and 
c a u s e  the dependence of s intered dens i ty  on 
press ing  pressure.  

20 
A. G. Adwick and W. S. C. Rei l ly ,  “The Role of 
Oxygen/Metal Rat io  during the Sintering and 
Oxidation of Some Uranium-Plutonium Oxides ,” 
Science of Ceramics ,  Academic P r e s s ,  London 
(1967) 215-235. 

Concerns non-stoichiometry in co-prec ipitated 
U-rich so l id  so lu t ions  and i t s  influence on s inter-  
ab i l i ty ,  theoret ical  dens i ty  and the oxidation 
behavior. Powders  with ini t ia l  oxygen/metal 
ra t ios  between 2.00 and 2.46 were s in te red  in 

argon and  in hydrogen. Densi ty  data show tha t  
the behavior in argon of (U,PU)O,,~ is similar  
t o  UO,,,. In hydrogen, however, the near-stoichio- 
metric compositions ultimately yield the h ighes t  
dens i t ies .  T h e  oxygen/metal ra t io  e f f e c t s  may be 
explained e i ther  by t h e  low-temperature formation 
of large c losed  pores or by the enhanced sinter- 
abi l i ty  of sub-stoichiometric oxide. Oxygen from 
unreduced precipi ta te  h a s  a more deleter ious e f fec t  
on d e n s i t y  than inters t i t ia l  oxygen introduced by 
oxidation of fully reduced oxide. P l o t s  of la t t ice  
parameter a g a i n s t  oxygen/metal ra t io  tend t o  deviate  
posi t ively from the theoret ical  relationship. 
Sintered-pellet oxygen/metal ra t ios  (1.92-2.10) 
did not change during s i x  months’ exposure t o  a i r  
at room temperature. A t  100°C there w a s  a gradual  
conversion of the sub-stoichiometric pel le ts  t o  
s toichiometr ic  c ompos i t ions . Oxidation/ temperature 
curves  have been determined by thermobalance. 

21 
R. G. Sowden, R. Ainsley,  and G. N. Stockdale ,  
“The Preparat ion of UO,.PuO, Powders  for 
Nuclear  Fuels,’’ Prog. Nucl. Energ. Ser ies  4, 
Vol. 5 (1963) 347-370. 

Work carr ied out on t h e  preparation of UO,.PuO, 
powders by way of co-precipitation from mixed 
ni t ra te  so lu t ions  i s  descr ibed .  Continuous co- 
precipitation with ammonia from U(VI)Pu(IV) 
solut ion cons t i tu tes  a versa t i le  method of preparing 
powders which s in te r  t o  a high dens i ty ,  but t h e s e  
ADU-type precipi ta tes  have poor handling proper- 
t i es .  Alternative techniques are surveyed,  particu- 
larly in re la t ion t o  plutonium contents  of 15 per 
c e n t  and higher: co-precipitation with oxalic ac id  
from U(IV)Pu(III) solht ion energ ies  as the most 
a t t ract ive al ternat ive process .  

22 
K. H. Puechl ,  “Plutonium F u e l  Development 
Programs a t  NUMEC,” HW-75007 (1962) 9.1-9.19. 

23 
M. R. H. Hill and C. E. Mellish, “Determination 
of the Micro-Homogeneity of UO,/PuO, Sintered 
F u e l  P e l l e t s  by Autoradiography,” 1. Nucl  
Mat., 16 (1965) 155-161. 

The microhomogeneity of UO,/PuO, s intered fue 
pe l le t s  h a s  been determined autoradiographic a 1 I 
from d a t a  obtained from the “ s t a r s ”  produced by 
high loca l  concentrat ions of PuO,. The  method 
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involved the count ing of the a lpha  t racks,  in 

f ract ion,  x ,  of the maximum track length, Re, in  
the emulsion. The value of x chosen ,  0.4 Re, limits 
the depth of the sec t ion  being examined and i s  a 
compromise between obtaining the thin sec t ion  
required by the method used  in interpreting the 
r e s u l t s ,  and obtaining a reasonable  number of 
t racks.  The  number of t racks,  of length x 9 . 4  Re,  
a s s o c i a t e d  with particular “ s t a r s ”  i s  used  t o  ca l -  
cu la te  the volume of PuO, in the sec t ioned  parti- 
c l e s  and the true particle s i z e  distribution in 
the fuel  ca lcu la ted  from the s i z e  distribution of 
the sec t ioned  par t ic les  in the plane of observation. 

s t a r s , ”  of projected length grea te r  than a cer ta in  6 6  

Oxide type fue ls  containing both uranium and plu- 
tonium have been proposed as fuels  for f a s t  reactor  
sys tems.  At the  UKAEA Estab l i shment  at 
Dounreay a s tudy  i s  being made of the u s e  of s o l i d  
so lu t ions  of plutonium and uranium dioxides  in 
s u c h  a system. In the invest igat ions,  which a r e  
being made into the manufacture and  behavior of 
t h e s e  f u e l s ,  one of the  factors  which i s  of prime 
interest  i s  the oxygen-to-metal ra t io  of the so l id  
solut ion.  

In the uranium dioxide-plutonium dioxide sys tem a 
continuous so l id  solut ion i s  formed which has a 
fluorite type la t t ice  and i s  isostructural  with both 
of the dioxide compounds. T h i s  s o l i d  solut ion c a n  
contain ei ther  a n  e x c e s s  of a def ic iency of oxygen 
and  thus  depart  from the overall stoichiometry of 
a n  oxygen-to-metal atomic ra t io  of 2.000 while 
s t i l l  remaining a s ingle-phase s y s t e m  exhibi t ing a 
cubic  s t ructure .  Methods of measuring the s toichio-  
metry of the so l id  solut ion which have been inves-  
t iga ted  include:  (a) t h e  measurement of the carbon 
dioxide formed on the reduction of the super  
s toichiometr ic  oxide t o  MO, with carbon monoxide, 
(b) the gravimetric determination of the compo- 
s i t ion  of the uranium-plutonium dioxide by ignition, 
in a i r ,  t o  a known composition, (c) the u s e  of hydro- 
gen and oxygen redox c y c l e s  on a thermobalance, 
and (d) the u s e  of x-ray diffraction techniques.  

Work on the reduction of the superstoichiometr ic  
so l id  solut ion with carbon monoxide fai led t o  yield 
a sa t i s fac tory  ana ly t ica l  method for determining 
the e x c e s s  of oxygen. T h i s  approach has  the 
further limitation that  it cannot  be appl ied t o  
s u b s t  oic h iome tric oxides .  

Studies  of the oxidized so l id  solution of plutonium- 
uranium dioxide has shown that  it is extremely 

difficult to control and reproduce the oxygen-to- 
metal  ra t io  of t h e  oxidized mixture. Data  a re  
presented which i l lustrate  this  and show that  s u c h  
a n  approach i s  unlikely t o  yield a completely 
sa t i s fac tory  ana ly t ica l  method. 

Thermogravimetric s t u d i e s  have been made on the 
s o l i d  solut ion and these  have resul ted in a method 
which c a n  be appl ied t o  both super -  and sub-  
s toichiometr ic  samples .  The precision of th i s  
method corresponds t o  a s tandard deviation of 
0.0014 in the oxygen-to-metal ra t io .  Data  a re  
presented on the thermogravimetric s t u d i e s  and on 
the method. 

Variat ions in the c e l l  parameter of the sol id  so lu-  
tion of the dioxides  with the plutonium-to-uranium 
ra t io  and a l s o  the oxygen-to-metal ra t io  have been 
measured by x-ray diffraction techniques and t h e s e  
da ta  a re  presented.  The  u s e  of c e l l  parameter 
measurements for s toichiometry determinat ions 
has  been considered and i t s  limitations are  
d iscussed .  

The f ina l  resu l t s  a re  in the s h a p e  of s t a t i s t i c a l  
information about  t h e  par t ic les  as a n  assembly ,  
and not about  individual par t ic les .  The method 
g ives  a semi-quantitative picuter  of the par t ic le  
s i z e  distribution and  i s  appl icable  t o  loadings of 
up to 3 wt % ~ ~ 2 3 9 0 , .  

24 
B. Cina ,  “Some Segregation Effec ts  in Sintered 
UO,PuO, P e l l e t s , ”  J. Nucl. Mat., 9 (1963) 
111-1 13. 

25 
E. L. Zebroski ,  W. L. Lyon, and W. E. Baily, 
“Effect  of Stoichiometry on the Proper t ies  of 
Mixed Oxide U-Pu Fuel ,”  ANL-7120 (1966) 
374-391. 

26 
S. K. E v a n s  and W. L. Lyon,  “An Elec t r ica l  
Probe for Checking Homogeneity in Vixed-Oxide 
F u e l  Pel le ts , ’ ’  Trans. Am. Nuel .  SOC., 10 
(1967) 99-100. 

27 
J. I,. Ilrummond and V.  M. Sinclair ,  “Some 
Aspec ts  of the Measurement of the Oxygen to  Metal 
Rat io  i n  Solid Solutions of Uranium and Plutonium 
Dioxides,” TID-7655 (1963). 
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28 
W .  L. Lyon,  “The  Measurement of Oxygen t o  Metal 
Rat io  in Solid Solutions of Uranium and Plutonium 
Dioxides , ” GEAP-4271 (1 963 ). 

A survey h a s  been made of methods potentially 
usefu l  for  the determination of the  oxygen t o  metal 
ra t io  in mixed oxides  of uranium and plutonium. A 
gravimetric method w a s  s e l e c t e d  as being the 
most promising for adaption in a shor t  period of 
time. Development of the technique h a s  resu l ted  
in a rel iable  method which meets  the requirements 
for unirradiated mixed oxide fue l  samples .  The  
method, based  upon a n  equilibrium weight  a t  700°C 
in dry hydrogen, w a s  shown to be capable  of mea- 
surement  of O/(Pu + U) ra t ios  in 20% Pu0,- 
80% UO, pe l le t s  with a s tandard deviation of 
*0.001. 

29  
N. Mostin and G. Valent i ,  “Gravimetric Determina- 
tion of the Oxygen Content  of Uranium-Plutonium 
Mixed Oxides ,”  EUKAEC-818. 

The  present  report descr ibes  a gravimetric method 
usable  for t h e  determination of the oxygen content  
in uranium-plutonium mixed oxides .  It covers  the 
following s u b j e c t s :  

A s tudy ,  us ing  a thermogravimetric balance,  of 
the oxidation r a t e s  in a i r  of uranium dioxide o f  

different initial spec i f ic  a r e a s  as wel l  as the 
k ine t ics  of reduction by hydrogen or carbon 
monoxide of U,O, samples  of various spec i f ic  
a r e a s .  From t h e s e  measurements  a re  deduced 
the time and the temperature needed to  obtain 
s toichiometr ic  ox ides  UO,.,,,‘and UO,.ooo or 
oxides of near-stoichiome tric reproducible compo- 
s i t ion.  In conclusion,  s tandard working condi t ions 
a re  es tab l i shed  for the routine determination of 
in te rs t i t i a l  oxygen in uranium dioxide;  a i r  i s  used  
for oxidat ion,  while reduction i s  performed 
preferably under hydrogen. 

The  behavior of PuO, and Pu,O, (or a n  intermediate 
composition) obtained from different s a l t s  heated 
in a i r ,  hydrogen or carbon monoxide. T h e  lowest  
temperature needed t o  obtain plutonium dioxide of 
approximately stoichiometric composition i s  8OO0C 
for the heat ing condi t ions considered.  

The  determination of the inters t i t ia l  oxygen con- 
tent  of plutonium-enriched uranium oxides. T h e  
experimental resu l t s  show that ,  as  in the c a s e  of 

uranium dioxide a lone ,  the oxygen content  can  
be determined with a reproducibility of +0.004 
s toichiometr ic  units. 

30 
T. L. Markin and R .  S. Street ,  “The  Uranium- 
Plutonium-Oxygen Ternary P h a s e  Diagram,” 
J. Inorg. N u l .  Chem., 29 (1967) 2265-2280. 

T h e  U-Pu-0 phase  diagram has been constructed 
between UO,.,, -U,O, and PuO,-PuO,., for a l l  
concentrat ions of P u  and between room temperature 
and 8OO0C, from r e s u l t s  obtained using a high- 
temperature x-ray powder diffraction camera, 
together with the r e s u l t s  of other workers. The  
general  formula of s ingle-phase material i s  
U , ~ z P ~ z O , ~ x .  Reduction of oxides  having z >0.4 
t o  a sub-stoichiometric composition resu l t s  in the 
formation, a t  room temperature, of two p h a s e s  of 
composition MO,., and MO,_, 
t h i s  two-phase product, a s ing le  phase i s  formed 
at a temperature dependent on the value of z. 
Reduct ion of oxides  when z <0.4 r e s u l t s  in s ing le-  
phase mater ia l  at a l l  temperatures. 
oxidation when z t0.5 resu l t s  in e i ther  a s ingle  
phase ,  f c c  MO,,, or the MO,, phase in equilibrium 
with a n  M,O, type phase.  Further  oxidation c a u s e s  
the  disappearance of the MO,+, phase ;  the M,O, 
type phase  i s  then in equilibrium with a M,O,_y 
phase.  

Upon heat ing 

Par t ia l  

31 
T. L. Markin and E. J. McIver, “Thermodynamic 
and P h a s e  Studies  for Plutonium and Uranium- 
Plutonium Oxides with Application t o  Compatibility 
Calculat ions,”  Plutonium 1965, Chapman and Hal l ,  
London (1967) 845-857. 

A high temperature x-ray camera has been used t o  
s tudy  the phase equilibria in the PuO and U-Pu-0 
s y s t e m s  and the resu l t s  a re  reviewed briefly. A 
s ingle  phase non-stoichiometric fluorite type oxide 
e x i s t s  over wide temperature and  composition 
ranges  for mixed uranium-platinum oxides  contain- 
ing between 10 and 30% Pu.  Thermodynamic d a t a  
h a s  been obtained for P u - 0  and U-Pu-0 a t  tempera- 
tures  between 700Oand 114OoC using a high tem- 
perature galvanic  c e l l  employing sol id  e lec t ro ly tes  
reversible  to  oxygen ions only. The  measurements 
show tha t  the oxygen potential changes very rapid- 
ly with composition as  the s toichiometr ic  compo- 
s i t ion  is approached. T h e  thermodynamic data  for 
PuO,,, agrees  with the sugges ted  phase diagram 
and a n  extrapolation has been made from 70OOC 
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t o  room temperature that  is  cons is ten t  with the 
phase diagram. l h e  thermodynamic da ta  for the 
(U,Pu) oxides  c a n  be used  t o  predict the compo- 
s i t ion  at ta inable  in various reducing g a s  mixtures 
a t  different temperatures and a l s o  the  compatibility 
of the oxides  with metals .  Relevant  va lues  for 
the oxygen potent ia l  of oxide films on s t a i n l e s s  
s t e e l s  a re  of use  in such  calculat ions.  

32  
L. E. R u s s e l ,  e t .  al., “Observat ions on P h a s e  
Equilibria and Sintering Behavior in the Pu0,-UO, 
System,” J. Nuel .  Mat., 5 (1962) 216-227. 

The  p h a s e s  present  in UO, and PuO, mixed powder 
compacts  of varying composition have been deter- 
mined af ter  s in te r ing  in hydrogen and argon, af ter  
argon-arc melting and af ter  subsequent  oxidation. 
P h a s e  equilibria in the Pu-U-0 s y s t e m  a r e  d i s c u s s e d  
in terms of t h e s e  findings. 

The  s in te r ing  behavior of the mechanically mixed 
oxide powders is  found t o  vary appreciably with 
composition and s in te r ing  atmosphere. 

33 
N. H. Brett and L. E. R u s s e l l ,  “The Sintering 
Behavior and Stabi l i ty  of (PuU)O, Solid Solutions,” 
Trans .  Brit. Ceram. SOC., 62  (1963) 97-118. 

The  s in te r ing  behavior and s tab i l i ty  in argon, carbon 
dioxide,  and hydrogen a t  1400’ and 165OOC of 
(PuU)O, so l id  so lu t ions  and the s tab i l i ty  during 
arc-melting in argon have been s tudied.  The so l id  
so lu t ions  of (PuU)O, were prepared by calcining 
coprec ip i ta tes  of Pu(OH), and ammonium diuranate 
(A.D.U.).  The calcinat ion temperature which pro- 
duced t h e  maximum d e n s i t y  in pe l le t s  s intered in 
hydrogen varied with composition from about  8OOOC 
for the U0,-rich powders t o  about  400°C for the 
Pu0,-rich powders. P e l l e t s  prepared from (PuU)O, 
solid-solution powders generally s in te red  t o  a 
higher densi ty  in hydrogen than in argon or carbon 
dioxide and pe l le t s  of 10 mol ’% PuO, had a higher 
dens i ty  tha t  those  of UO, or 20  mol ’% PuO, s in te red  
in a hydrogen atmosphere. Compositions in the 
range 0-20 mol ’% PuO, remained s ingle-phase 
during hydrogen s in te r ing  and arc-melting, but 
composi t ions containing 40 mol % or more PuO,, on 
cool ing were transformed into two-phase mixtures, 
probably (PulJ)O, and UO,-PuO,.,, so l id  solut ions.  
T h e s e  observat ions a r e  supported by x-ray powder 
diffractometric and metallographic examinat ions 
and by determinations of the O/Pu + U ratio. 

34 
C. Sari, IJ. Benedict  and H. ,Blank, “Metallographic 
and X-ray Invest igat ions in the P u - 0  and U-Pu-0  
Sys tems,”  Thermodynamics of Nuclear Materials, 
1967, IAEA,  Vienna (1968) 587-611. 

The  Pu-0 sys tem has been considered over the 
range 1.62 <O/Pu 52.00 with spec imens  prepared 
a t  1500-1600°C by reducing PuO, pe l le t s  in 
hydrogen. T h e  reduced samples  were then quenched 
t o  room temperature and invest igated by  metallog- p 
raphy and x-ray ana lys i s .  
modified Pu-0 phase diagram showing a n  extended 
f ie ld  of the alpha-phase between 1.62<O/Pu 
51.69 ins tead  of the formerly accepted compound 
a t  O/Pu = 1.61 and a sh i f t  of the phase boundary 
for  P ~ O , _ ~ . f r o m  O / P u  = 1.98 t o  about  1.995. 
Publ ished high temperature x-ray and EMF data  a re  
cons is ten t  with the modified phase diagram. In the 
U-Pu-0 ternary diagram the disproportionation 
react ion MO,+ >O, = MO,,, + MO,.,, es tab l i shed  by 
Brett and Fox a t  75OoC has been investigated a t  
600°, 1000a, and 140OoC by metallography and x-ray 
a n a l y s i s .  T h i s  reaction does  not occur a t  6OO0C, 
but a inetastable  M,O, phase is produced instead.  
An es t imate  on plutonium diffusion can be made on 
the b a s i s  of the metallographic resul ts .  In the 
U - 0  sys tem a modification of the phase diagram is 
proposed on the ground of a newly found order- 
disorder  ‘transformation in U,O, near 60OoC. 

F. Thummler, R. Theisen  and E. P a t r a s s i ,  “ P h a s e  
Rela t ionships ,  Fabricat ion and Propert ies  of Sub- 
Stoichiometric Oxide Nuclear F u e l  [UO,-x and 

The  resu l t s  led to  a 

35 

(UPU)O,_,],” EURFNR-286 (1967). 

T h e  concept  of a sub-stoichiometric oxide nuclear  
f u e l  i s  d i s c u s s e d  in the light of the publ icat ions 
and our own resu l t s .  T h e  const i tut ion range of 
the UO,-x, PuO,_, and (UPu)O, i s  dea l t  with f i rs t .  
Even a t  low temperatures there is no danger of a 
metal l ic  U or P u  precipitation with the Pu contents  
which come into considerat ion for pract ical  use.  
But th i s  danger  e x i s t s  in the c a s e  of pure uranium 
dioxide.  The  problems posed by the fabrication 
of pel le ts  and vibration powder from !UPU)O,_~ 
s e e m  technica l ly  so luble .  Compatibility with clad 
mater ia ls  is improved in the c a s e  of one-phase,  i.e., 
metal-free - sub-stoichiometric products ,  a s  shown 
by a nuinher of examples  (some with CeO, instead 
of PuO,). Heat  conductivity is increased rnoderatc- 
ly, a t  l e a s t  up to  1200-1500°C. 
conductivity is a l s o  apparent in  the  pract ical  
irradiiit i on t e s t .  

‘I’he improved heat  
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36 
G. Berggren a n d  R. S. Forsy th ,  “Some Studies  
of the High Temperature Behavior of PuO, and 
Pu0,-UO, Mixtures ,” Plutonium 1965, Chapman 
and Hal l ,  London (1967) 828-837. 

T h e  paper d e s c r i b e s  the  resu l t s  of experiments 
carr ied out on PuO,, and on Pu0,-UO, mixtures 
prepared by var ious preparative routes  including 
phys ica l  mixing in the range 1-25% PuO,. Obser- 
vat ions have been  made up t o  temperatures of 
about  16OO0C by means of TGA, DTA and 
dilatometry, confirmatory work including dens i ty  
determinat ions and  X-ray and metallographic 
examination. Various g a s  a tmospheres  have 
been used.  

Of particular interest  a re  experiments in reducing 
atmospheres  for s tudy of lower O/metal phases ,  
and  a l s o  tha t  s tab i l i ty  of s intered pe l le t s  containing 
higher amounts of plutonium in oxidizing atmospheres .  

G. Dean,  “A Study of Plutonium Oxides and their  
Solubility in Uranium Dioxide,” Plutonium 1965, 
Chapman and  Hall, London, (1967) 806-827. 

37 

R e s u l t s  pertaining t o  the ternary sys tem U-Pu-0 
a r e  presented.  T h e  homogeneity ranges ,  corre- 
sponding t o  the var ious p h a s e s  MO,+,, alpha- 
bo, and beta-M,0, p h a s e s  exhibi t  a large 
homogeneity range; there i s  no MO compound. 

M. H. Rand and T. L. Markin, “Some Thermo- 
dynamic A s p e c t s  of (U,Pu)O, Solid Solut ions 
and  Thei r  Use  as Nuclear F u e l s , ”  Thermodynamics 
of Nuclear Materials, 1967, IAEA Vienna (1968) 
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637-650. 

Data  a r e  now ava i lab le  for the free energ ies  of 
formation of a l l  the gaseous  oxides of uranium 
and plutonium. Since the free energy d a t a  for the 
s o l i d  (U,PU)O,,~ c a n  be  derived from oxygen 
potent ia l  measurements, the  pressure and compo- 
s i t ion  of the vapor above these  mixed oxides  c a n  
be ca lcu la ted .  T h e  resu l t s  of s u c h  ca lcu la t ions  
a r e  presented for a typical plutonium composition. 
An interest ing a s p e c t  of th i s  sys tem is that  s i n c e  
the oxygen potent ia ls  of the mixed oxides  c l o s e  t o  
the (U,Pu)O, composition are  much higher than that  
of UO,, the predominant s p e c i e s  over s u c h  oxides  
is ini t ia l ly  UO,(g) rather than UO, (g). Since the 

uranium/plutonium rat ios  in the so l id  and vapor 
a re  not equal ,  when a mixed oxide is heated 

38 

indefinitely in vacuo, both the U/Pu and O/(U + P u )  
ra t ios  change continuously. The resu l t s  of iterative 
ca lcu la t ions  for s u c h  cases  a r e  presented. Because  
of the poor thermal conductivity of the oxides ,  
during operation there will be a temperature differ- 
e n c e  of nearly 1000°C between t h e  outer surface 
and the center  of the fuel  pin. It i s  sugges ted  
tha t  under normal irradiation condi t ions,  the 
gradient  of oxygen composition a c r o s s  the  fuel  wil l  
be determined by a constant  CO/CO, or H,/H,O 
ra t io  in the gas phase (the g a s  permeating via  
c racks)  ra ther  than by a constant  oxygen potential. 
Calcu la t ions  are given for a typical  temperature 
profile for a f u e l  c lad with s t a i n l e s s  steel. There 
i s  little effect  for ini t ia l ly  stoichiometric oxides  
but for both hypo- and hyper-stoichiometric mate- 
r ia l ,  the center  of the fue l  wil l  become more 
non-stoichiometric than the outer surface.  In addi-  
tion, changes in the  f i s s i l e  material content  may 
occur, particularly in  hyperstoichiometric fue ls ,  
as  a resul t  of the large pressure gradients  that  
wi l l  be s e t  up. The possible  e f fec ts  of the varia- 
tion in oxygen potent ia l  during a long irradiation 
a re  considered briefly . 

W. L. Lyon and W. E. Baily, “The Solid-Liquid 
P h a s e  Diagram for the U0,-PuO, System,” J. Nucl .  

39 

Mat., 22 (1967) 332-339. 

T h e  liquidus and so l idus  were experimentally 
determined for the UO,PuO, sys tem by a thermal 
a r res t  method. T h e  phase  diagram is  typical  of 
a binary pair with complete sol id  solut ion and 
without maximum or minimum. A melting point of 
2840 +2OoC w a s  observed for UO,, and a melting 
point of 2390 ?2O0C w a s  observed for PuO,. 
Calcu la ted  theoret ical  liquidus and s o l i d u s  
curves  exhibit remarkably good agreement with 
the experimental va lues  found. 

J. K.  Dawson and R. G. Sowden, Chemical  Aspec ts  
of Nuclear Reactors ,  Butterworth, London, 1963 

40 

162-171. 
41 

“Development and Tes t ing  of Pu0,-UO, F a s t  
Reactor  F u e l s , ”  NUMEC Progress  Reports 3524-1 
through 3524-39. 

“ Development of Plutonium Bearing Fuels ,”  
NUMEC Progress  Reports 2389-1 through 2389-9. 

42 

43 
“Development of Plutonium Bearing F u e l s , ”  
NUVKC Progress  Reports P-10 through P-106. 

C 

C 



-. ......... . ........ ...... . .  ...... . .. _ ._~ .. 

RFP- 1255 

Appendix C: Plutonium Determination in Mixed Oxides  by Calorimetric Measurements. 

The plutonium concentrat ion ( g / g )  i n  the mixed 
oxides  were calculated from t h e  resu l t s  of calori- 
metric measurements. T h e  calorimeter i s  a twin 
is othe rma 1 micr oc a lor ime te  r , d e s  c r i  be d by Ca Ive t 
and Prat.’ A large aluminum metal  block provides 
the iosthermal environment. T h e  two c e l l s  were 
made s o  that  their  thermal conduct ivi t ies  a re  
nearly equal. Each  c e l l  h a s  a manganin wire heater. 
A thermopile i s  used t o  de tec t  temperature differ- 
e n c e s  between the c e l l s .  

Radiometric calorimetry i s  unique in that  the thermal 
output of a given radioact ive nucl ide i s  cons tan t  
and cont inuous,  and c a n  be neither initiated nor 
terminated. Therefore ,  a s teady-s ta te  method, 
descr ibed by Oet t ing,  must be  used.’ In this  method 
one c e l l  conta ins  the radioact ive hea t  source  a n d  
the other c e l l  contains  a n  empty sample-holder. T h e  
empty, or dummy cell is e lec t r ica l ly  heated u n t i l  
the thermopile d e t e c t s  n o  temperature difference 
between t h e  twin c e l l s .  At th i s  point it i s  assumed 
that the power outputs of the two c e l l s  are  equal .  
‘The current and vol tage are  used  to  ca lcu la te  
the power output of the dummy ce l l .  

In order t o  calculate  the plutonium concentration, 
the isotopic  composition of the plutonium and the 
Americium-241 i s  subtracted from the  measured 
power. The power output per gram of plutonium i s  
then ca lcu la ted  us ing  the isotopic and the specif  
power of each  isotope. The  plutonium concen- 
tration i s  found by dividing the corrected power 
by the power output per gram of plutonium and by 
the sample weight. The accuracy of determination is 
est imated t o  b e  ?0.3% of the amount of plutonium 
pre s e n t . 
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