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1 .  INTRODUCT%C)N 

The purpose of  this report i s  to describe the preparation of UO -Tho2 2 
microspheres having thorium-to-uranium ratios of approximately 5/1 and 3.5/1 

by a sol-gel process. Approximately 1 kg of 210- to 297-p-diam U02-Th02 of 

each coniposition were prepared. These oxide rnicraspheres were carbon coated 

with pyrolyt ical ly deposited carbon and are presently undergoing irradiation tests 

in  the Dragon Reactor. The carbon coating and preirradiation examination w i l l  be 

reported in  a future report. 2 
Tho2 sol preparations consisted of batch preparations in which the total amount of 

uranium was held at  300 g to achieve cr i t ica l i ty  control. 

1 
Enriched uranium (97% 235U) was used, and the U Q  - 

2,3 The original ORNL sol-gel process i s  l imited to uranium compositions in 

thoria of less than about 10%. Therefore, i t  was necessary that one of the several 

methods for making sol-gel h1O2-ThQ at higher uranium compositions that are 

currently being investigated at ORNL be used in  this application, A mixed-sol 

method was selected from other sol-gel methods under current study because i t  had 

been evaluated for ul l  UO,-ThO 

ora tory tests. 

2 

compositions in small scale (10 to 100 9) lab- 
L 2 

In the mixed-sol method, a ThO sol i s  rnixed with a UO 2 2 sol in  the carrect 

proportion to give the desired Ph-to-U atom ratio. The Tho, sol i s  prepared from 
4 b &3 

steam-denitrated ThQ 

For Th/U ratios in  the range 3.5 to 5, the (Th + U) concentration i s  l imited to about 

and the UQ sol i s  prepared by the formate method. 2 2 

1.5 M. A t  greater concentration, the s o l s  do not have sufficient f luidity. 
_l_ 

After the sols are prepared, the sol i s  formed into gel microspheres in  a 

microsphere forming column using 2-ethyl-] -hexanol containing the surfactants, 

Ethomeen 5/15 (a tertiary amine manufactured by Armour Chemical Co.) and Span-80 

(sorbitan monooleate manufactured by Atlas Chemical Co.). The forming column and 

operating conditions have been described in a previous report. 

are dried at  low temperatures (100 to 150°C) a n d  are scrbsequently f ired to about 

120QOC to achieve high density. 

5 The gel microspheres 
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I t  was required that the Th/U ratios be reasonubly close (* 10%) to 5/1 and 

3.5/1 and that the values be known accurately. In future studies we plan to deter- 

mine the accuracy of control on final Th-to-U ratios when preparing mixed oxides 

by mixed-sol methods. 

2. DISCUSSION 

Thoria-urania microspheres of 21 0- to 297-p-diam and having Th-to-U ratios 

of approximately 34'1 and 5/1 were prepared by a sol-gel method using UO -ThOZ 

sois that were prepared by mixing a ThO sol with a WO sol. Product specifications 2 2 
for irradiation test specimens were met. Particle densities of >99% of theoretical 

and carbon contents of <IO ppm were attained. 

2 

2.1 Product Spec if ication 

The uranium compositions requested were 5/1 and 3.5/1 Th-to-U atom ratios 

arid deviations of f 10% of the absolute values were permissible. Approximately 

1 kg of microspheres of each composition in the size range 210- to 297-p-diam 

were required. The particle density required was near theoretical and the carbon 

content was to be as low as possible. The uranium was to be highly enriched. 

2.2 Sol Preparation 

4 
Two UO, so is  were prepared by the formate method using highly enriched 

L 

uranium. The isotopic composition of the uranium used was the following: 

Mass Wt % 

234 

235 

236 

238 

1.04 

97.69 

0.2 1 

1.06 
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Two separate preparations of UQ sols were required because 3QQ g of U i s  
2 

the l imi t  that we use for cr i t ica l i ty  control in batch process for laboratory prepara- 

tion of U 0 2  sols. A stock 3.07 - M ThQ2 sol was prepared using stearn denitrated 
q,- l  

thoriaOLJJ The mixed so ls  were prepared by adding the appropriate amount of the 

3.07 M Tho2 sol to each of the UO sols to give U02-Th02 s o l s  of Th-to-U atom 

ratios of 4.94 and 3.46. It was assumed that the UO 

because experience 

in UO 

an error of 2 to 3% in the absolute value of the Th/U ratio, and in  this application 

* 10% was permissible. The calculated Th-to-U ratios are compared with those ob- 

tained by chemical analysis i n  Table 1 .  The chemical analysis agreed very poorly 

wi th those calculated by material balance. In each case the Th/U ratio was about 

25% lower by analysis than by our original mixing calculations. 'The thorium analysis 

on the mixed sol suggested that our analyses on the original ThO sol were in  erroro 

However, repeat analysis of the Tho, sol gave perfect agreement with the original 

analysis. Thorium and uranium analysis of the fired microspheres gave values in  

reasonable agreement with material balance calculutions (see Section 2.5)- Thus, 

i t  was concluded that the thorium analyses of the mixed sols are i n  error. The uranium 

analyses on the mixed sol were well within the l imi t  of accuracy of the originally 

estimated uranium concentration and the measured volume of 3.07 M ThO sol (Table 1) .  

2 - 
sols contained 290 g of U 2 4 

hud shown over many sol preparations that this was the yield 

sol production. The error introduced by this assumption would only make 2 

2 

L 

2 - 

2,3 Microsphere Forming 

The formation of gel microspheres by extraction of water from sol droplets into 

2-ethyl-l-hexanol in a countercurrent column has been described in detail in  previous 

reports!'5 The column was charged with new 2-ethyl-l-hexanol prior to the forming 

of the gel microspheres. The in i t ia l  surfactant concentrution was 0.5 vol % Ehhomeen 

S/15. After startup, i t  was necessary to make incremenbal additions of both Ethomeen 

S/15 and Span-80 to the organic solvent to prevent particle coalescence, sticking, and 

clustering (Table 2). The column operation improved in succeeding runs. 

known whether this was a result of aging of the organic extractant, operutional 

It i s  not 



Table I .  Cornparisor of Caliiilc:ed Compositicn of L;O2-ThO Sols with :ha: by Chemical Analysis 
2 

so I Volumes (mlj Cciculated Chemical Ancliysis 
Preparation 3.07 M Wafer Final Cclcuicied Moles U Tt, CI 7 T h  Th,’U NOS’(U 1- Th) UiiV) Total U Total Th 

(Yo) (moles) (moles) No, Th02%I A.cdecia U0,-Th02 Sol Thi’U Rutio‘ T!;02 Added (M) - (E) (21 

47-4PA-97 i 980 1161 4542 4.94 6.097 0.2725 1.1635 I .436 4.27 0.12: 83.3 1.2377 5.285 

47-27-97 i 389 I130 3360 3.46 4.264 0.3665 1.1246 I .‘%Pi 3.07 C.113 75.2 1.2388 3.802 

A 

'Welter added because dilution to - 1.5 - M (Th + U) gives good fluidity. 

bColculo:ed from mole5 of ThO sol added and osrminp 290 9 of U (1.2336 rnoies) in the UO, sol. 2 



Toble 2. Operating Conditions of Microsphere Forming Coiumn 

Surfac:on: Concentra tion so; Total 

Prepara t ion Prepara r i  on0 Span 80 Erhameen 5/15 (ml/min) (min) 
sa I Farming at S:ort of Run, Vol % Flow Ra:e Forming Time 

Description of Column Operation 

47-49A-97 P-2-8-1602 0.0 0.5 

47-27-97 

P-2-9-1525 

P-2-10-1453 

P-2-11-1455 
2-2-11-1630 

0.3 

0.4 

0.5 

0.5 

0.7 

0.7 

P-2- 14-1300 0.5 0.8 
P-2-14-1503 

4.8 209 A i  start of the run, there was some sol droplet coalescence; however, this seemed to disoppear 
after adding 0.1 vol 9" Spon 80 after 9 min and an addition01 0.1 vol O/o Span 80 after 40 win. 
There was some particle clustering in the short tapered seciion during the entire run. Despiie 
t i e  unusuol amount of par:icles stuck together, most of the porticles appeared sphericci. 

4.3 

4.8 

4.E 

392 

363 

342 

Same operotionoi behavior as above; after 75 min 0.1 vol  Yo Span 80 added and after 170 min 
0.1 val % Eihomeen 5/15 added. 

For ihe first EO min of column operation, the sficking of particles :o the short tapered section 
a i  the column was same as in  above rwa runs. 
the column woIIs had olmost completely disappeared. The lost portion of h e  run was essentially 
trouble-free. 

The column operation was not quite as good as P-2-!0-1453 run; however, i: was much better 
rhan P-2-3 and P-2-9 runs. There was a graduai increase in  the amoun: of sticking during t i e  
ran, but this did not appear to odd a significonr amount of misshapen particies to the product. 
;he fluidized ma:erlal in the coiumn that wos collected oiter :he so/ feed was shui off wos 
labeled 2-1 1-1600. These microspheres contained same cherry pits. 

However, a t  I IO min operarion the sricking on al 

4.8 363 Small amount of droplet coalescence during first 5 to I O  min of operation. However, after 
adding 0.1 vol % Spon 80 the operation was essentiolly perfect. This run was the best o f a l l  
the Tuns in this series. 

'In order of runs. The column was started u? wirh new 2-etttyi-:-hexanol and :he same aicahol was used throughout. 
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experience, or proper adjustment of the surfactant concentrations. The gel products 

from a l l  runs appeured to be acceptable,with only small amounts of clusters or cherry 

pits. 

2.4 Microsphere Drying 

The drying conditions that were used were essentially those reported for previous 

U02 or Tho rnicrospheres. 3,4 The gel microspheres were dried in argon at  120 to 
2 

14O0C using drying times of 15 to 20 hr. The last f ive microsphere preparations were 

dried i n  argon a t  room temperature prior to heating for time periods of 20 to 90 hr 

(Table 3). There were not any observable differences in the microspheres as a result 

o f  different total drying times. 

2.5 Firing of  Gel  Microspheres and Product Properties 

The dried gels were fired to excellent rnicrospher-es (Table 4). The splleres have 
3 

very high density (10.15 to 10.16 g/cm >, good crushing strengths, and essentially 

"geometric" surface areu. X-ray diffraction measurements showed that sol id  solution 

was achieved, The only impurity introduced in  the fir ing was 180 ppm alumina. 

Carbon analyses were < 10 ppm in a l l  cases. The Th-to-U ratios ore in  good agreement 

w i th  those calculated from the amounts of UO and ThO that were mixed, We esti- 
2 2 

mate that the accuracy of our mixing technique gave an accuracy of * 3 %  in the Th/U 

ratio (Section 2-2). Residual gases after f i r ing were about 0.01 cc/g* and were com- 

posed primarily of hydrogen, The spheres produced by the 14QO'C f i r ing in  H were 

amber-colored and transparent, which i s  an effect that was not produced in the 1 lO0OC 

firings in Ar-4% H,. . Photomicrographs of  typical metal lagraphic sections ore shown 

in Fig. I .  

2 

L 

A number of interesting color effects were noted throughout the course of the 

firings. After the I 100°C firing, the microspheres were not transparent and were 

"Determined by heating to 1200OC in  vacuum. 
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Table 3. Drying of Microspheres 

-. . .. .- . ~ - -  

SO I Forming Drying Conditions 
Preparation P r e p  ra t ion Temp. ("C) Time (hr) Wt of Dried Gel 
__I- 

47-49A- 97 P-2-8-1602 

P- 2- 9- 1 5 25 

P-2- 10- 1453 

47-27-97 P-2- 1 1 - 1455 

P-241-1600 

P-2-14-1300 

P-2- 14- 1 503 

25-70 
70-84 
84- 120 

120-136 

25-60 
80-70 
70-1 15 

115-150 

25 
25- 1 20 

120- 140 

25 
25- 100 

100- 120 

25 
25- 120 

1 20- 140 

25 
25- 120 
120-130 

25 
25- 1 00 

100-1 15 

1.5 
2.5 
2.5 
9 

1 
3 
3 
8 

80 
10 
22 

72 
2.5 
13.5 

90 
2 
19 

20 
3 
18 

42 
3.5 
19.5 

45 0 

810 

750 

52 1 

209.3 

286.0 

487.6 

. . .. . 
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Table 4. Analyses on U 0 2 - T h 0 2  Microspheres (97.6% 235U) After Firing 

Firing Procedure: First Firing - Fired to 1100°C and reduced for 2 hr in Ar-4% H ; cooled to 
2 2 5 T  in Ar 

Second Firing - The 210-297 p fmction From the first firing was fired to 
14Oo0C and reducsd 4 hr in H2; cooled to 25’C i n  Ar 

Sample NO. a 3371-76- 1400 3371-80-1400 3371-82-1400 b 

Sol Preparation No. 
Th/U atom ratioe 

u, Yo 
Th, % 

Hg Porosimetry: 
Density, g/cc 
Density, % theoretical 
Porosity, % 

f Crushing Strength, 
Surfuce area,C m /g 
X-ray crystallite size, A 

Lattice Parameters 

Carbon, ppm 

Aluminum, ppm 

Gas Release to 1200°C in vacuum: 
Total VOI, cc/g 
Composition, VDI % 

HZ 

H2° 
N2 + co 

c o 2  

O2 

Ar 

Weight of 210-297 p fraction, g 

Screen Analysis,d wt % 

i-297 p 

210-249 p 
-210 p 

249-297 p 

47-27- 97 
3.41 
10.Y5 
37.3 

10.13 
99.3 
( 1  

1152 
0.004 
1537 

5.5679 

< 10 

1 00 

0.01 1 

91.4 

0.69 

7.92 

439.2 

20.6 
65.Y 
0.6 
12.9 

47-27-97 
3.41 
10,95 
37.3 

10.17 
99.7 
<?  
1008 
0.003 
1280 

5.5680 

(10 

I10 

0.007 

68.8 

5-24 

13.4 

0.26 

12.0 

0.26 

539.3 

9.2 
74.9 
1.7 
14.2 

47-49A-97 
4.79 
8.18 
39.2 

10.1 1 
99.6 
< 1  

907 
0.004 
1348 

5.5679 

c, I O  

1 IO 

0.007 

81.1 

2.16 

16.2 

0.27 

0.27 
- 

1295.1 

15.5 
69.0 
3.2 
12.2 

aAll analyses on 1400°C-fired material except as indicated. 

bCon+ained some cherry-pitted spheres. 

‘Calculated geometric surface area of 210-297 p spheres i s  2.0-2.8 x 10 

dAfter 1 100°C firing. 

eAnalysis on coated particles 

-3 2 
m /g. 
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Fig. 1. Metallographic Sections of Sol-Gel U02-%h02 Preparation 
3371-82-8 900. a) lOOX, as polished, the halos are l ight effects from the 
transparent spheres. b) 2QOX, etched with H PO -HF: grain structure i s  
visible 

3 4  
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composed of about equal numbers of pale green-colored and black-colored 

microspheres. The density was 97 to 98% of theoretical, and the oxygen-to- 

uranium ratio was (2.006. These values are acceptable. However, i t  was 

decided to refire the spheres in pure hydrogen in case the color difference was 

due to minor variations in the oxygen-to-uranium ratio among the individual 

spheres. A test sample was fired to 1 1 5 0 O  in H and held for 4 hr, and three 

different colors of spheres resulted. In addition 80 the blacks and pale greens, 

there were amber-colored, transparent spheres which composed about one-hulf 

of the total. All of the material was then refired to  1400OC in H , and a l l  of 2 
the spheres were converted to the amber-colored, transparent type. The phenomenon 

of  the conversion to the amber-colored, transparent spheres i s  not understood. For 

some purposes the multicolored spheres that are obtained in the 1100OC-firing may 

be superior, since these spheres are factors of 2 to 3 stronger and only slightly less 

dense than the amber, clear spheres (Table 5). 

2 



0
. 
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