
NUMEC-2389-^ 

Progress Report 

DEVELOPMENT 
OF 

PLUTONIUM-BEARING FUEL MATERIALS 

January 1 through March 31, 196^ 
AEG R&D Contract AT(30-l)-2389 

NUMEC-2389-'4-

Nuclear Materials and Equipment Corporation 
Apollo, Pennsylvania 

For Official U ^ Only, Pending Patent Release 



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. 
 



NUMEC-2389-'4-

External Distribution 

U. S. Atomic Energy Commission, New York Operations Office 
J. Hart 
H. S. Potter, Patent Group 

U, S. Atomic Energy Commission, Washington 
R. Grube 
W. L. R. Rice 
J, M. Simmons (2) 
G. W. Wensch 

Uo S. Atomic Energy Commission, National Laboratories 
F. Foote, Argonne National Laboratory 
Library Services Department, Argonne National Laboratory (4) 
E. Childs, Dow Chemical 
E. A. Eschbach, Hanford Atomic Products Operation 
E. A. Evans, Hanford Atomic Products Operation 
0. J. Wick, Hanford Atomic Products Operation 
M, Musser, Hanford Atomic Products Operation 
W. E, Roake, Hanford Atomic Products Operation 
W. Cashin, Knolls Atomic Power Laboratory 
H. Rizzo, Lawrence Radiation Laboratory 
R. D, Baker, Los Alamos Scientific Laboratory 
L. B. Jones, Mound Laboratory 
E. S. Bomar, Oak Ridge National Laboratory 
D. F. Cope, Oak Ridge National Laboratory 
R. L. Shannon, Oak Ridge National Laboratory 
E. J. Kreh, Westinghouse-Bettis Atomic Power Laboratory 

U^ S. Atomic Energy Commission, Contractors 
R. W. Dayton, Battelle Memorial Institute 
R. F. Dickerson, Battelle Mrmorial Institute 
H. D. Batha, Carborundum. Company 
K. Taylor, Carborundum Company 
A. D. Schwope, Clevite Research Center 
W. Alter, General Electric-Vallecitos 
K. Cohen, General Electric-San Jose 
L. D. Harris, National Carbon Company 
A. Strasser, United Nuclear Corporation 
R. W. Hartwell, Power Reactor Development Company 
D. E. Hamby, Union Carbide Metals Company 



• NUMEC-2389-^ 

Previous Quarterly Progress Reports issued in this series are: 

NUMBER 

NUMEC P-10 

NUMEC P-20 

NUMEC P-30 

NUMEC P.-̂ O 

NUMEC P-50 

NUMEC P-60 

NUMEC P-70 

NUMEC P-80 

NUMEC P-90 

NUMEC P-100 

NUMEC P-101 

NUMEC P-102 

NUMEC P-103 

NUMEC P-lQî  
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PROJECT AND FACILITY ADMINISTRATION 

Task 1,00 

K. H. Puechl 
I. D. Thomas 

Major efforts during the past quarter were concentrated on mixed oxide 
sintering studies, preparation of high burnup test specimens, and physical 
property measurements. 

A variety of plutonium dioxide and UO2-PUO2 feed materials were prepared 
for sintering studies, physical property measurements, and fabrication of 
irradiation test specimens. Additional processing details have been 
evaluatfed, and improved control of impurity pickup during hammermilling 
has been attained. Also, reslurry washing for removal of ionic residuals 
from freshly prepared plutonium oxalate was studied. While this technique 
is a process convenience, powder of inferior sinterability results. Additional 
powder blending studies have been performed for the preparation of homogeneous 
feed material as an alternate to coprecipitated feed. Homogeneity is then 
determined by means of autoradiography of pressed and sintered pellets. 
The results indicate that the fine-scale homogeneity obtained by hammer-
milling of twin-shell blended powders is not improved by repeated cycles 
of blending and hammermilling. 

Additional work has been performed on techniques for the determination of 
oxygen-to-metal ratio in UO2-PUO2 mixed oxides. Two independent techniques 
are being developed. The first of these is based on the change in weight 
when the sample is hydrogen reduced to definite stoichiometric composition. 
The effect of reduction temperature, time, and atmosphere on reference 
stoichiometry has been evaluatedo The second method utilizes controlled 
potential oculometry for determination of the Pu-IIl/Pu-IV ratio. Thus, 
this method provides a direct measurement of the reduced phase PU2O3. The 
combined data from both these techniques will provide detailed information 
on sintering behavior. 

Metallography on pressed and sintered pellets formed from high-fired PUO2 
spheres in a UO2 matrix revealed an extensive void had formed around each 
PUO2 particle which effectively blocks inter-diffusion. This had been 
previously observed around segregated Pu-02 powder clumps in pellets made 
from UO2-PUO2 mixed powder and has been explained on the basis of differential 
shrinkage on sintering. However, in this case, the Pu02 particles were of 
high density prior to sintering; therefore, this explanation is not valid. 
A possible explanation is that UO3 forms by reduction of the Pu02 and 
vaporizes away from the PUO2-UO2 interface, thus forming the void. 

1 
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Oxygen diffusion constants and oxidation rate parameters have been determined 
for UO2-PUO2 ceramic grade powders in sintered pellets ranging in composition 
from 5 "to 35 "w/o PUO2. In addition, the effect of oxidation parameters on 
subsequent oxygen pickup were evaluated as a function of plutonia content. 

Thermal expansion data to 1250 C was determined for UO2-5 w/o PUO2, 
UO2-I2.5 w/o PUO2, UO2-2O w/o PuOg, and UO2-35 w/o PUO2 by means of high 
temperature x-ray diffraction. A nonreactive internal'thoria standard 
was used for calibration. The coefficient of thermal expansion first 
increases and then decreases with increasing Pu02 content. 

All pelletized fuel material for the high exposure radiation tests has 
been fabricated. Loading and assembly of the capsules is in progress. 
For the short-term irradiation testing program, the remaining three 
capsules of fourteen total have been irradiated to complete this program. 
One capsule was inadvertently lost at the reactor. All thirteen capsules 
have been visually examined with no noticeable effects caused by the 
irradiation. Three of the capsules have been cut open and the contained 
fuel elements show no increase in physical dimensions or change in 
appearance. Radiometallurgical examination is continuing. 

2 
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PREPARATION AND CHARACTERIZATION OF FUEL MATERIALS 

Task 2.00 

C. S. Caldwell 0. Menis 

Preparation and Characterization of Mixed Plutonium-Uranium Dioxide 
(J« Goodman) 

Preparation data for ammonia-precipitated UO2-5O w/o PUO2, UO2-8O w/o Pu02j 
and PUO2 are given in Table 2.1, These materials are being utilized for 
x-ray diffraction, oxygen diffusion, sinterability, and thermal expansion 
studies in the plutonium-rich region. 

Previous impurity contamination difficulties which occurred during hammer
milling of the plutonium-rich mixed oxides after reduction have been largely 
eliminated by pre-reduction milling under conditions which involve maximum 
attrition and minimum wear rate. Whereas previous contamination levels of 
10,000-15,000 ppm were observed, the improved milling method yielded 
negligible impurity pickup. 

Preparation data for two UO2 preparations are given in Table 2.2. These 
constitute reference samples for physico-chemical evaluation studies in 
the U02-riGh region of the UO2-PUO2 system. 

Preparation and Characterization of Plutonium Oxide 
(j. Goodman) 

Four small-scale continuous plutonium (IV) oxalate precipitation runs 
were carried out to ascertain reproducibility of product material using 
more accurate control of feed flow rate. The preparation conditions for 
these runs are presented in Table 2,3. For the first run, a reslurry 
washing technique for removal of ionic residuals from the freshly pre
cipitated plutonium (IV) oxalate was used as is done in the preparation 
of coprecipitated UO2-PUO2 via plutonium hydroxide ADU precipitation. 
The resultant Pu02 from this run did not have the usual characteristics; 
the reslurry washing appears to be responsible for increased particle size, 
bulk density, and tap density and thereby results in a product having 
inferior sinterability. For the three runs carried out under normal washing 
conditions, the reproducibility of powder characteristics was excellent. 
These data are presented in Table 2,^. 
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Table 2.1 

Process Conditions 
for Coprecipitated U02-Pu02 Materials 
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Table 2.2 

Process Conditions for UO? Preparation 
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Table 2,3 

Conditions for PUOQ Preparation 
by Continuous Oxalate Process 

o 
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Calcination Temperature, °C 
Calcination Time, minutes 
Charge Weight, grams 
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Table 2 A 

PuO? Powder Characterization Data 

Identification 

297Pu52-Lot I* 

297Pu52-Lot II** 

297Pu52-Lot III** 

297Pu52-Lot IV** 

Surface 
Area 
M /gm 

6.6 

9.1 

9.9 

9.6 

Bulk 
Density 
gm/cc 

2.36 

1.75 

1.85 

1.83 

Tap 
Density 
gm/cc 

2.80 

2.46 

2.-4-2 

2.50 

Subsieve 
Size 

microns 

3.62 

2.05 

2.98 

2.88 

Total 
Metallic Impurity 

ppm 

420 

500 

490 

t 

* 1000 milliliter reslurry wash - 3 cycles 

** 1000 milliliter fixed bed wash - one cycle 

o 
ro 
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Filtrate Waste Treatment 
(F. Markosek - T. Potter) 

A process for the removal of microgram quantities of plutonium from basic 
filtrate waste generated in the mixed oxide coprecipitation process was 
operated successfully on a two-gallon batch basis. The waste was composed 
of combined ammonical filtrate and precipitate water washes having a pH of 
'],'^ to 8„5« The alpha activity varied with the mixed oxide plutonium 
percentage in accordance with Figure 2.1, The waste solution was drawn 
into a cone-bottom plastic vessel equipped with a stirrer. Various 
flocculating agents were drawn into the solution with stirring. After • 
the flocGules settled, the entire slurry was batch-filtered through a 
double-layer filter paper. In most cases, Schleicher and Schuell ^'!)']6 OR-602 
was used with a paper pulp edge sealo 

After decontamination to residual levels of 11 dpm/ml, the treated solution 
was directly discharged to the low level drain system. During preliminary 
development work, reflocculation was occasionally required; however, allowing 
for a dilution factor of 5-10 as would normally be available in practice, 
one flocculation stage was found to be sufficient. 

With the common flocculating agents tested, such as lime, iron salts, and 
calcium phosphate, it was possible to lower the alpha activity of the waste 
filtrate to levels satisfactory for disposal to the environment within 
settling times consistent with normal sludge-blanket water treatment 
practice as shown in Table 2,5 and Figure 2,1. Typical flocculation 
conditions are summarized in Table 2.6. 

Dry Preblending of UO2-2O w/o PuO? Mixed Powders 
(C. W, Beck) 

Autoradiographs of UO2-PUO2 sintered pellets made from two component powders 
mixed by the twin-shell method normally show gross micro-inhomogeneity since 
"snowball" agglomerates form readily as a result of the blending action. 
To test the effectiveness of twin-shell blending combined with mechanical 
attrition, a series of tests were made using a UO2-2O w/o P11O2 powder mixture. 

Figure 2.2 is an autoradiograph of a cross-sectioned pellet made from 
mixed powder blended for ten minutes. The starting ingredients contained 
a normal percentage of "snowball" agglomerates resulting from standard 
handling practice. This powder was then given three successive passes 
through a Bantam micropulverizer hammermill. Figure 2.3 is an autoradio
graph of a sintered pellet of the final materials illustrating agglomerate 
breakdown. Following this milling, the powder was blended five minutes 
and again hammermilled. Figure 2,4 shows the results of this five minute 
blend prior to hammermilling. The material was then blended 10 minutes 
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Table 2,5 

Waste Treatment Decontamination Data* 

Process Identification 
Basic Waste 

0,45/0 PUO2-UO2 

5.0/0 PUO2-UO2 

12.5/0 PUO2-UO2 

20/ PUO2-UO2 

35/ PUO2-UO2 

50/ PUO2-UO2 

80/ PUO2-UO2** 

100/ PUO2** 

ĉ C-Activity 
dpm/ml 

Untreated 

40,000 

18,000 

2,800 

3,120 

3,810 

30,700 

169,100 

166,100 

o<I-Activity 
dpm/ml 
Treated 

20 

14 

8 

10 

20 

32 

60 

15 

Decontamination 
Factor 

2,000 

1,290 

350 

312 

190 

960 

2,820 

2,210 

* Activities listed represent average activity of solution treated 
by calcium phosphate and iron hydroxide flocculating agents, 

** The 80/ PUO2-UO2 and lOO/ Pu02 data represent 50 ml laboratory trials. 



Volume Waste; 

Flocculation Reagents; 

Flocculated Solids; 

Stirring Time; 

Settling Time: 

Filtration Media: 

Initial Activity: 

Final Activity; 

Table 2.6 

Typical Flocculation Conditions 
for Basic Waste Decontamination 

Run 14 

7o5 1 

a) 100 ml conco NHKOH 
b) 150 ml 4/ Ca(0H)2 
c) 50 ml (250 g/l) NaPo/j.»12 H2O 

2o5 g Ca-2(Poî )2/gal waste 

20 minutes 

60 minutes 

2 sheets S&S #602 

40,000 dpm/ml 

26 dpm/ml 

Run 16 

7>5 1 

a) 16 ml 4/ Ca(OH) 
b) 60 ml 4/ FeCl3 

2 

2,5 Fe(0H)3/gal waste 

20 minutes 

60 minutes 

2 sheets S&S #602 

40,000 dpm/ml 

72 dpm/ml 

o 
I 

t\3 
V>3 
00 
vO 
I 
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F i g u r e 2.2 
UO9-2O w/o PuO 

rLi;Lnal 10 minute t x /m-she i l bio-'I 

F igure 2.6 
UO9-2O w/o PuO? 

10 minute blend - hammermilled 

F igure .3 
U O T 2 0 j /u P'Q 

10 minute blend - h I'TuierMilled 

' i g u r e 
UO -20 w/o PuOn 
10 minute blend 

F igure 2.7 
U0?-20 w/o PUO9 

15 minute t w i n - s h e l l blend 
13 



NUMEC-2389-4 

followed by further hammermilling (Figures 2.5 and 2.6, respectively). 
Figure 2.7 shows the results of a subsequent 15 minute twin-shell blend. 

It is apparent that agglomeration in UO2 and PUO2 powder pre-blending 
can be offset by combining attrition with the twin-shell approach; 
however, the resultant homogeneity is not improved significantly by 
multiple-pass treatment. 

Analytical Chemistry 
(0, Menis, B, Conroy, S. Eleftheriou, W. Judd, J, Limpert) 

During this reporting period, controlled potential coulometric procedures 
for the determination of fuel material in irradiated mixed oxides were 
evaluated. Oxygen-to-metal ratio studies were continued both by the hydrogen 
reduction process and by a coulometric technique, and further modifications 
were made on the hollow cathode optical spectroscopy systems for the 
determination of isotopic composition of plutonium. 

As reported in the last quarterly report(i), the determination of 
oxygen-to-metal ratio based on a technique in which the mixed oxides 
are reduced with hydrogen to a definite stoichiometric composition was 
further evaluated. In this technique, two procedures have been reported; 
One in Great Britain in which the mixed oxides are reduced at 1100 C under 
100/ hydrogen and the other used at General Electric, San Jose in which 
the oxides are reduced at 750°C in a hydrogen-helium gas mixture. As 
previously indicated, test results with powder preparations showed no 
significant difference whether the reduction was carried out at 750°C 
or 1100 C with 6/ hydrogen-nitrogen gas. Also, data were presented for 
reduction at 750°C for a series of specimens of high-fired (l600°C) pellets 
either in broken or crushed form. Current tests extend this work to a 
reduction temperature of llOO^C with more stringent control of impurities 
in the gas system. Both the argon gas and H2-N2 mixture were passed through 
magnesium perchlorate and zirconium sponge to remove traces of water and 
oxygen. Figure 2,2 presents a representative thermogravimetric curve of 
the reduction at llOO'-'C of ceramic pellets. Under our experimental conditions 
using a manual thermogravimetric technique, it is possible to follow the 
change in weight as a function of both time and temperature. The results 
indicate again that at either temperature a constant weight can be obtained. 
These data differ significantly from those obtained in Great Britain where 
with the use of lOO/ hydrogen reduction, a weight change was noted with time. 
This was attributed to the reduction of PUO2 to Pu20o, 

(i) NUMEC-2389-I, Progress Report, "Development of Plutonium-Bearing Fuel 
Materials", page 4, 
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Another procedure is presently under stuciy to determine the validity of 
the estimation of oxygen-to-metal ratio by the hydrogen reduction method. 
The basic procedure used in this method includes a step in which the material 
is preoxidized before a final reduction is carried out. Since it is known 
that PU.2O0 can be oxidized to PUO2 at 1100°C, this procedure would introduce 
an error m the method based on weight change in the reduction process so 
that a direct method of determining the presence of Pu-III would be desirable. 
Contrary to indications in the literature, Pu-III can be quantitatively 
oxidized by controlled potential coulometry to Pu-IV, Since the mixed oxides 
can be dissolved in phosphoric acid under nonoxidizing conditions, some 
preliminary data on the Pu-III content of mixed oxides have been determined. 
A typical coulogram of the oxidation of Pu-III to Pu-IV in phosphoric acid 
is shown in Figure 2.8. As soon as sufficient data are collected to evaluate 
the quantitative aspect of this determination, the results will be reported. 

The controlled potential coulometric method was evaluated for the determination 
of plutonium concentration and its oxidation state in situ. Scott and 
Peekema '̂  have shown that in HCl and HNOo media, in which iron behaves 
reversibly, a correction could be applied in the determination of plutonium. 
This stuciy was extended to the phosphate media to determine the degree of 
interference and whether appropriate corrections could be made for iron, 
chromium, manganese, and vanadium. The other aspect of this study was to 
investigate the oxidation state of the stainless steel components in the 
dissolver solution. This is of interest in the application of an alternate 
method for the estimation of oxide-to-metal ratio in the fuel material. The 
presence of impurities in various oxidation states could, through interaction 
in the dissolver solution with uranium or plutonium, alter their oxidation 
state. 

The experimental variables which were studied involved the selection of the 
proper media for the dissolver solution necessary to determine oxidation 
reduction ratios of these several elements. Data are presented in the forTn 
of plots of percent reduced or oxidized versus potential values. These plots 
or coulograms are shown in Figures 2.9 to 2.12. The data presenting the 
formal potentials are also summarized in Table 2.7. 

As can be noted from Figure 2.8, the Pu-III-IV couple is affected by the 
complexing tendency of the given mediiim. In both sulphate and phosphate 
media, the formal potential is shifted to more negative values. The tendency 

(i) F. A. Scott and R. M. Peekeraa, "The Determination of Plutonium in 
Irraciiated Uranium Solutions by Controlled Potential Coulometry", 
HW-58491 (December 1958). 
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Table 2.7 

Formal Potentials 

System 

p-̂. IV ̂ 1:2: Pu III 

Pa lv:z^Pu III 

Pu III'-- >Pu IV 

Fe ill^^Fe II 

Fe IIi:^:^Fe II 

Fe iiipr-^Fe II 

Fe III >Fe II 

Fe II >Fe III 

MnOl̂ . , ) Mn"""̂  

MnOi^ „ > Mn+"*" 

VO3 -

¥0^ ̂  

4vo' 

V0"^+ .-) VO3-

VO3 .- — — ) VO"* 

Media 
= 1 

lMH2S0l̂  

IMHCIO^ 

5MH3PO4, O.lMHClOî  

1MH2S0^ 

iMHClOî  

IMNaAc (pH 2,0) 

IMPOii, (pH 2.0) 

IMPOî  (pH 2.0) 

IMIIgSOĵ  

1MP0/|, (pH 2.0) 

IMH2SO4 

IMPO;̂  (pli :»0) 

IMPO^ (pH 2.0) 

OTaAc (pH 2.0) 

+0.50 

+0.77 

+0.3^+ 

+o»50 

+0.52 

+0A2 

-0.6 

+0.27 

+1,09 

+0.91 

+0.55 

+0.52 

+0.83 

+0.36 

Reversible 

Reversible 

I r revers ib le 

Reversible 

Reversible 

Reversible 

I r revers ib le 

I r r eve r s ib le 

I r revers ib le 

I r revers ib le 

I r revers ib le 

I r revers ib le 

I r r eve r s ib le 

I r r eve r s ib le 



tiLrM
EG

-2389-̂
' 

o a. 

°^ a. 
o 

I-

a. 
z 

V 

t 3 

a. 

X., 

01 
4. 

m
 

K
 

+ 

«0 
4. 

10 0 

+ 

* 4. 

I*J 

4. 

m
 

+ 

IA
J 

0 m
 

m
 

> 
W

 

« • 
ftj 6», 
3 &

 

il 

0 S X
 

0
. 

m
l 

0 T
 

0
. 

z ~ w
 

3 
* 

< 

0 0 1-0 X
 

0 

0 0 
0 m

 
0 m

 
0 IV

. 
0 «o 

0 m
 

0 * 
0 ro 

0 m
 

a
a

ziQ
ixo 

%
 

17 



LEGEND 
Py m~ Pu M — — l i 
Pu m—Pa M — 1 1 HCIO4 

o 
1 

4.030 V 

+.6 +.5 
ENTIAL ¥S. S.C.E. 

+.3 +.2 

COULOGRAMS OF IRON AND PLUTOiiUM IN 
VARIOUS MEDIA 

Figure 2.9 



LE6END ^ 
IM HCI04 +0.52 

_ „ _ _ 2 M i f lAc CpH2.0| 40.42 
„ - — IM H2SO4 +0.50 

I I PHOSPHATE CpH 2.01 -0 .06 
PLATINUM ELECTRODE 

•.3 + 2 • ! 

POTENTIAL ¥S. SX.E. 

/ 

- J -.2 

COULOGRAMS OF IRON l i VARIOUS MEDIA 

F i q y r e 2 J 0 



LEGEND 
• — l i H2SO4 

- 2 1 No Ac (pH 2.0) 
_ _ _ - . | M PHOSPHATE (pH 2.0) 

PLATINUM ELECTRODE 

*4 +3 *-.2 
POTENTIAL vs. S.E.C. 

4. J - J 

COULOGRAMS OF VAiADIUM l i VARIOUS MEDIA 

F iqy re 2.11 



100 

Mn04 

LEGEND 

^ M n + + l i H 2 S 0 4 
_ — M n 0 4 — • M n * * IM PHOSPHATE (pH 2.0) 

PLATINUM ELECTRODE 

+.8 +7 
POTENTIAL vs. S.C.E. 

+.6 +.5 +4 +.3 

REDUCTION OF MnOi l i VARIOUS MEDIA 

F igu re 2.12 



NLrMEG-2389-'4-

is due to the greater complexing ability of Lhe sulfate and phosphate ion 
versus the perchlorate ion. In the current study it was shown that Pu-III 
can be readily oxidized to Pu-IV in the phosphate media. It was previously /. ̂  
indicated in the literature that phosphate is not suitable for this titration 
As is mentioned in the section on oxygen-to-metal ratio determination, the 
phosphate media can also be used to dissolve the refractory material; the 
qtantitative aspects of this determination were evaluated. It was found 
that the oxidation of Pu-III-Pu-IV was quantitative. On the reduction cycle, 
however, the results were generally higho This was in part due to the high 
background of the phosphoric acid medium. The experimental conditions for 
this test iirere to dilute the concentrated phosphoric acid solution of Pu-III 
to 5 M with Ool M perchloric acido The oxidation then was carried out at a 
potential of +0»^^ v versus SGEe The redaction cycle was carried out at a 
potential of +O0I v versus SCE, For duplicate determinations, the concentration 
of platopium using the oxidation cycle was 7o03 mg Pu/ml while on the reduction 
cycle It was 7.10 mg Pu/ml. This method therefore would be suitable for 
determination of Pu-III in ceraraic fuel materials. 

The second phase of this work was to evaluate the degree of interference 
from other elements in the system^ As shown m Figure 2.10 the coulograms 
of iron in several media is presented^ It can be noted that in a phosphate 
media both iron and plutonium will be oxidized at +0.^5 v versus SCE. A 
correction, however, can be made for the amount of iron present by carrying 
out a reduction at +O0I v versus SCE» At that potential, plutoniiJin will be 
reduced, but not iron. Iron can then be reduced at -0^2 v versus SCE and 
the iror content determineds and from this va].ae a correction can be applied 
xn the plutonium determination. The data with vanadium are presented in 
Figure 2.II0 Again in a phosphate media, vanadium will not interfere with 
the Pu-III-Pu-IV determination at 40o45 v, V»IV does not start to oxidize 
tntil +0,6 Ve The reduction of permanganate ion in two media is presented 
in Figure 2<,12o Permanganate would be a serious interference, as it would 
rhemically oxxdize Pu-III to Pa-IV; however, when present as the Mn-II, it 
woiAd not interfere. Bichromate reduction is shox\ni in Figure 2.13» In 
general, it is expected that in a dissolution of a refractory mixed oxide 
from an irradiated fuel element the contaminants such as iron, manganese, 
chromium, and vanadium would be present in their lower oxidation state and 
would not interfere in the determination of Pu-III in a phosphate media. 

ft is planned next to determine Pu-III in \rarious mixed oxide ceramic 
preparations and to verify whether there are any serious interferences 
from interaction of ceramic oxides with stainless steel cladding material. 

(1) ¥„ D. Shults, Talanta. 10, 833-8^9 (1963)« 
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The hollow cathode discharge tube for the determination of isotopic ratio 
of plutonium, which was described in the last quarterly, has been tested 
and modified. 

In the initial tests, problems due to the construction material and vacuum 
integrity were encountered. Considerable deterioration was noted in the 
back of the tube which holds the cathode power rod. The back was constructed 
from teflon to provide insulation of the hot cathode. Since the temperature 
of the cathode reaches several hundred degrees, it caused, under vacuum 
conditions, a partial melting of the teflon. The molten teflon migrated 
and momentarily deposited on the cathode and was subsequently decomposed. 
Deposits on these cathodes on microscopic examination were identified as 
teflon. Also, carbon was found on the cathode and its insulator sleeve. 
For this reason the teflon was replaced by natural lava as the backing 
construction, 

D-aring the initial tests, excessive arcing was also encountered. This 
situation was remedied by carefully rounding off all sharp edges in the 
tube and gradually adjusting the current and voltage to the operating levels 
of 200 ma and 60 v. By avoiding sudden application of high current, the 
tube was operated for several hours without voltage breakdown. 

In the initial blank trials, the spectra obtained exhibited intense band 
systems. These were identified as N2 and weak N2+ bands^^^. This could 
be attributed to either impurities in the argon excitation gas or to leakage 
in the vacuum system. To assure higher purity of the gas system, the argon 
gas was further purified. This was accomplished by passing the gas through 
a purifying train of ascarite to remove CO2, anhydrone, and P2O5 to remove 
moisture, and uranium metal at 900 C to remove O2 and N2. 

(i) R, W, B. Pearson and A. G, Gaydon, "Identification of Molecular Spectra", 
John Wiley and Sons, Inc. (1963). 
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FABRICATION AND EVALUATION OF FUEL SHAPES 

Task 3.00 
E. K. Halteraan I , D. Thomas 

Mixed Oxide Sintering Studies 
(M„ D, Houston) 

The mixed oxide sintering studies for this quarter have been directed 
toward two areas: (l) The evaluation of various coprecipitated and mechanical 
blended compositions to correlate sintering behavior with the chemical 
processing technique and (2) The assessment of solid solution formation 
between UO2 and PuOp with starting materials as the oxides or some unconverted 
compound such as ammonium diuranate, plutonium hydroxide, plutonium peroxide, 
or plutonium oxalate. 

The sintering results for various UO2-PUO2 preparations are shown in 
Tables 3''1 and 3»2. The series of prepared powders from Pu48 through 
Pu55 were converted at a fairly high temperature for a longer time period 
to give a much lower oxygen-to-metal ratio, approximately 2.05. As can be 
seen in the data, this low oxygen-to-metal ratio did not deter the sinter
ability of this material. In the range 5 to 35 percent PUO2, high final 
densities were observed in agreement with other coprecipitated material of 
similar plutonium concentration. The lower electrical resistivities for 
these pellets could result from the initial lower oxygen-to-metal ratio 
figure, bat further investigation is necessary to verify this. 

As observed, the coprecipitated materials of UO2-5O w/o Pu02 and 
UO2-8O w/o PUO2 did not sinter to a high density. This has been 
previously reported for similar compositions, Pu43 and Pu47 i50fo) 
and Pu28 (80^). Various powder conversion parameters as shown in 
Table 3°2 were utilized in an attempt to produce a sinterable product. 
Although these methods differed greatly in atmosphere and temperature, 
the final properties varied only slightly and did not indicate optimum 
process conditions. 

A complete study of.the UO2-PUO2 system at 10 percent increments was 
reported previously^ "'̂'̂. The compositions were prepared from paste blending 

(i) NUMEC-2389-I - Progress Report, "Development of Plutonium-Bearing 
Fuel Materials", pages 13-17. 
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Table 3.1 

Sintering Characteristics 
of Coprecipitated UO9-PUO9 Preparations 
Sintered at l600"C for 1 Hour in N2-6^ H2 

Compaction Pressure - 10 tsi 

Preparation 

Pu48SS80+80=840 

Pu48SSl60-840 

Pu49SSl60=840 

Pu50SS160=840 

Pu51SSl60-840 

Pu52 = Lot II 

Pu53SSl60-840 

Pu55SSl60-840 

Composition 
PUO2 Content 

5 

5 

12.5 

20 

35 

100 

50 

80 

Green 
Density 
gm/cc 

5o47 

5.44 

5.38 

5.54 

5.85 

7,01 

7,00 

6,00 

Weight Loss 
on Firing 

0,6 

1,0 

1.1 

1,1 

0,8 

1.8 

1.3 

2o3 

Linear 
Shrinkage 

20,2 

20„2 

20.8 

19.8 

18,4 

13=4 

8,6 

9=0 

Fired 
Density 
gm/cc 

10,59 

10,69 

10,74 

10,72 

10.34 

10,68 

9.30 

8.09 

lo 
Theoretical 
Density 

96,4 

97o4 

97,0 

96,9 

92.9 

93»2 

83o0 

71.2 

Electrical 
Resistivity 

ohm-cm 

7.5 X 10^ 

7,6 X 10^ 

7,1 X lo3 

3,9 X 103 

2,0 X 10^ 

1,0 X 10" 

2,0 X 10^ 

3,2 X 10^ 

5̂  



Table 3.2 | 

Sintering Characteristics of Coprecipitated U09-50^ PuO? " 
CSintered at l600°C for 1 Hour in N2-6^ H2) >!^ 

CO \o 

Conversior 

Atmosphere 

N2-6/0 H2 

N2-6fo H2 

N2-6/0 H2 

N2-6/0 H2 

Air 

Air 

Air , 

Argon 

I Paramet 
Time 
min 

80 

17 

160 

160 

180 

30 

17 

30 

ers 
Temp 
°C 

400 

760 

840 

840 

400 

600 

760 

600 

Compaction 
Pressure 

psi 

10 

10 

10 

20 

10 

10 

10 

10 

Green 
Density 
gm/cc 

4,72 

6.92 

7.00 

7.55 

5.00 

5o37 

6.08 

5.92 

Weight Loss 
on Firing 

.„ , io 

4.1 

1,1 

1.3 

1.3 

4.5 

3.4 

2,7 

2.4 

Fired 
Density 

8,89 

9.78 

9o30 

9o58 

8,94 

9,18 

8.83 

9.31 

i 
Theoretical 
Density 

79.3 

87,2 

83.0 

85.5 

79.7 

81,9 

78.8 

83,0 

Electrical 
Resistivity 

ohm-cm 

3.8 X 10^ 

= 

2,0 X 10^ 

2.0 X 10^ 

-

2,0 X 10^ 

-

1.3 X 10^ 
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of UOp 2 and PUO2 with the pellets sintered from 1 to 6-4- hours. A lack 
of complete solid solution formation in this system in the range 
UO2-IO w/o PUO2 to UO2-9O w/o Pu02 was shown both by x-ray diffraction 
and the instability of pellets in oxygen at 800 C. This latter char
acteristic can be utilized as a simple evaluation for compositions from 
UO2-3O w/o PUO2 to UO2-9O w/o PuOp. Upon oxidation, if extensive solid 
solution is formed, the material proceeds from (U,Pu)02 to U,Pu)02+x 
without any crystallographic transformation,, If solid solution does 
not exist, oxidation proceeds as usual to give an end product of UoOg 
and PuO„<, An investigation was undertaken to evaluate the solid solution 
possibilities between various uranium and plutonium compounds with a 
composition of U02"'̂ 0 w/o Pu02<. The compound combinations and heat treat
ments are shown in Table 3»3<> Final sintered densities were fairly low, 
but high density was not a specific goal at this time„ All of the listed pellets 
when oxidized at 800°C completely disintegrated into powder, indicating 
that little solid solution had occurred. The electrical resitivities 
ranged from 10"̂  to 10 ohm-cm, and little correlation can be made at this 
time between this property and solid solution. 

The apparent reason for the absence of solid solution can be seen in 
Figure 3»lo In this photomicrograph, an extensive void can be observed 
around previously air sintered PUO2 spheres (9^-93% theoretical density) 
when compacted in a UO2 matrix and reduction sintered. A similar phenomena 
observed in pellets made from mixed powders has been previously explained 
as differential shrinkage on sintering, but this seems unlikely in this 
irstance. Instead, if one examines the high temperature behavior of the 
two oxides, a very logical phenomena can be deduced. At the sintering 
temperature, two concurrent reactions are proceeding: 

1. PUO2 - ^ Pu02_x + ^ 2 

2. UO2 + ̂ 02 — > UO3 (vapor) 

With the UOo vaporizing away from the PUO2-UO2 interface, the void which 
is formed becomes an insurmountable barrier to the diffusion process. 
One mixture, ADU and Pu(0204)2, was also sintered at 1200 and 1400°C in 
N2-6 w/o H2 for times of 1 to 88 hours and 1200 C in 10 ram Hg vacuum. 
In all cases the pellets continued to disintegrate upon oxidation, 
indicating limited solid solution formation. 
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Table 3.3 

Solid Solution Studies with UOg-'^O^ PuO? g 
Sintered at l600°C for 1 Hour in N2-6fo H2 'p 
Converted at 750°C for 1 Hour in N2-6^ Hg > J ^ 

00 

Uranium 
Compound 

UO2.2 

UO2.2 

ADU 

ADU 

ADU 

ADU 

ADU 

ADU 

U02,2 

UO2.2 

UO2.2 

UO2.2 

Plutonium 
Compound 

PUO2 

PUO2 

Oxalate 

Oxalate 

Peroxide 

Peroxide 

Hydroxide 

Hydroxide 

Peroxide 

Peroxide 

Hydroxide 

Hydroxide 

Compaction 
Pressure 

tsi 

10 

10 

10 

10 

35 

35 

35 

35 

35 

35 

35 

35 

Green 
Density 
gm/cc 

5.28 

5.28 

î .72 

^.83 

6.85 

6.86 

6A5 

6A5 

6,80 

6,77 

6.95 

6.95 

Sintering 
Time 
hours 

k 

16 

4 

16 

4 

16 

4 

16 

k 

16 

1+ 

16 

Weight Loss 
on Firing 

i 

1.7 

1.7 

2.1 

2=1 

1.2 

0.9 

1.3 

1-5 

1.1 

lA 

lo5 

lA 

Fired 
Density 
gm/cc 

10.39 

10,28 

8,60 

9.39 

9o80 

10.11 

9o82 

9<.92 

9o02 

8,74 

10.06 

9o95 

Theoretical 
Density 

93.1 

92,1 

77ol 

84,1 

87.8 

90,6 

88.0 

88o9 

80„8 

78o3 

90,1 

89o2 

Electrical 
Resistivity 

ohm/cm 

3,9 X 105 

6,5 X io5 

2,0 X 103 

7,5 X 102 

4.8 X 103 

1.2 X 106 

1.1 X 10^ 

3.9 X 10^ 

1.1 X 10^ 

5^7 X 10^ 

4,0 X 105 

8,5 X 10^ 
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P5Sf 

Figure 3«1 

Fired PuO? Spheres m UO? 
(Sintered at I6OOOC m N2-6/0 Hg) 

Neg. 944 5OX 
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Oxidation Kinetics of (U,Pu)02 
(R. ¥. Gerrish) 

Studies of the oxidation kinetics of coprecipitated (U,Pu)02 powder are 
continuing using isothermal thermogravimetric methods. This quarter the 
emphasis has been on ceramic grade powders in the 5 to 35 w/° ̂ ''̂ 2̂ ̂ -̂̂ ge 
with some additional work on the oxidation of sintered pellets. The results 
of the oxidation of the lower composition (<C 20 w/o) plutonium materials 
tend to go to a (U,Pu)oOn and then a secondary product of (U,Pu)-30g _ x 
at higher temperatures. 

The surface area for the resultant powders of the oxidized sintered pellets 
with a composition <^20 w/o Pu02, all of which completely fragmented on 
oxidation, was determined by krypton absorption using the B.E.T. analysis. 
This resultant surface area was used in the diffusion calculations and the 
rate equations. The resultant diffusion equations computed using this actual 
surface area to give an absolute value for the rate of diffusion, are shown 
in Table 3•4, The oxidation rate of the growth of the second phase is shown 
in Table 3.5. 

Additional studies of the effect of the oxidation parameters as to the 
subsequent oxygen pickup were performed using UOg powder and low percentage 
plutonium coprecipitated powder; the results are shown in Table 3*6. 
Excessive oxygen pickup independent of the oxidation process was not 
observed with the UOg powder in the 500°C range. With the 5 w/° Pu.02 
coprecipitated powder, a consistently higher oxygen pickup was noted 
where the samples were placed in the furnace, brought to temperature, 
and them removed from the furnace, effectively being quenched in air and 
allowed to reach ambient temperature before weighing. The dependence of 
the oxygen pickup on the oxidation process was not as prominent for the 
low plutonium concentration coprecipitated powder as for the oxidation 
of 20 w/o Pu02 pelletŝ -'-''. However, the general influence of the oxidation 
process on oxygen pickup is similar and would greatly influence the results 
of the oxygen-to-metal data depending on an oxidation technique. 

The Electron Microscopy of Plutonium Bearing Materials 
(J. Roth) 

A comparison of double replication versus single replication techniques 
is shown in Figure 3*2 as a flow sheet diagram. As can be seen, the single 
replication technique is less involved and takes much less time. The 

(i) NUMEC P-106, Progress Report, "Development of Plutonium-Bearing 
Fuel Materials", page 27. 
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Table 3.4 

Diffusion Equation 

Composition 

5 

12.5 NM 

12.5 HM 

20 

35 

0.5 

5 

Form 

Sintered Pellet 

Sintered Pellet 

Sintered Pellet 

Sintered Pellet 

Sintered Pellet 

Powder 

Powder 

Oxygen Diffusion 

D = 

D = 

D = 

D = 

D = 

D = 

D = 

7.42 x 10"^ exp(-9,300/RT) 

1.92 X 10-6 exp(-29,200/RT) 

2.25 X 10-^ exp(-32,900/RT) 

7.62 X 10-8 exp(-28,500/RT) 

2.46 X 10-5 exp(-9,500/RT) 

3,56 X 10-6 exp(20,56l/RT) 

2.42 X 10-5 exp(23,200/RT) 

Table 3.5 

Rate Equation 

Composition 
w/o PuOo 

5 

12.5 HM 

20 

35 

0.5 

5 

12.5 

5 

Form 

Sintered Pellet 

Sintered Pellet 

Sintered Pellet 

Powder 

Powder 

Powder 

Powder 

Rate Equation 

R2 = 

^2 = 

^2 = 

R2 = 

R 2 . 

R2 = 

R2 = 

4,25 X 10-1 exp(-30,100/RT) 

1.09 X 10-2 exp(-28,000/RT) 

7.50 X 10-^ exp(-9,300/RT) 

1.16 X 10-9 exp(-39,200/RT) 

2.01 X 10-6 exp(-ll,100/RT) 

7.60 X 10-3 exp(-19,100/RT) 

7.70 X 10-7 exp(-9,500/RT) 

R2 = moles 02/cra -min 
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Table 3.6 

Effect of Oxidation Parameters 
on Measured Weight Changes for Powders 

(Oxidized in Air One Hour) 

Material 

UOg 

u.95^^.05)02 + X 

^u.95^^.05)^2 + X 

Oxidation Procedure 

In cool - Out hot 
In hot - Out hot 
In cool - Out cool 

In cool - Out hot 
In hot - Out hot 
In cool - Out cool 
In hot - Out cool 

In cool - Out hot 
In hot - Out hot 
In hot - Out cold 

Oxidation 
Temperature 

525 

550 

750 

Weight Gain 
on Oxidation 

I0 

3.73 
3.83 
3.82 

1.47 

1.38 
0.91 
0.98 
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POWDER SAMPLE 

SLURRY SAMPLE ON GLASS SLIDE 

S I N G L E - S T E P TECHNIQUE 

REPLICATE WITH CARBON 
AND Pt SHADOW 

I 
ACID ETCH RELEASE 

CONC. HNO3 + HF 

(2) ACID WASHES CONC. HNO3 + HF 

WATER WASH REPLICA 

MULTIPLE-STEP TECHNIQUE 

REPLICATE WITH PLASTIC 

ACID ETCH RELEASE 
CONC. HNO3 + HF 

(2) ACID WASHES CONC. HNO3 + ^^ 

WATER WASH PLASTIC 

MOUNT ON GRIDS 

ALPHA MONITOR 

EXAMINE AND PHOTOGRAPH 

EM 75 

ALPHA MONITOR 

REPLICATE WITH CARBON 
AND Pt SHADOW 

DISSOLVE PLASTIC 

SOLVENT WASH 

MOUNT ON GRIDS 

ALPHA MONITOR 

IF C L E A N , EXAMINE 
AND PHOTOGRAPH 

EM 75 

IF CONTAMINATED 

(2) ACID WASHES 

WATER WASH 

ALPHA MONITOR 

MOUNT ON GRIDS 

EXAMINE AND PHOTOGRAPH 

EM 75 

Figure 3.2 

COMPARISON OF MULTIPLE - STEP vs 

SINGLE-STEP REPLICATION TECHNIQUES 
34 
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final photographs (Figures 3*3 and. 3.4) show much greater structural detail 
for the single replication technique than for the double replication technique. 
Figure 3*3 shows the structure of ADU as replicated by the single replication 
technique using platinum as a shadowing material and carbon as the backing. 
Figure 3.^ shows the same, but subdued, structure as replicated by the double 
replication technique using a polystyrene disc as the first replica which is 
then platinum shadowed and backed with carbon. The step involving the acid 
dissolution of the replicated materials, in this case ADU, causes artifacts 
in the surface of the plastic. In addition, the step involving the dissolution 
of the plastics normally breaks up the shadowed replica to the extent that 
very little, if any, useable replica is remaining. This single replication 
technique has been used to prepare replicas thus far of materials ranging 
from 0 to 100 w/o Pu02. An example of these samples can be seen in Figure 3*5 
which is a photograph of a 5 w/° powder sample at 10,600 magnification. 
The single replication technique has also been used successfully for the 
replication of ceramic compacts. Figure 3'6 shows a 5i°. Pu02-95 w/o UOg 
compact at 2400 magnification. 

X-ray Diffraction 
(J. Roth) 

Installation of the capillary loading box for x-ray diffraction work was 
completed during this quarter, and the box was committed to plutonium. 
The box (Figure 3.7) is constructed in such a way that the radioactive 
material contaminates only the top half. The capillaries which are made 
of quartz are inserted from the clean bottom chamber into a sphincter 
between the two chambers and then filled from the top. It is then flame-
sealed with an oxyacetylene torch from the bottom. Techniques have been 
devised which allow the sealed capillary to drop into water which will 
contain the radioactive material if breakage occurs. An x-ray powder 
camera is taken into the bottom of the box through the air locks provided. 
The capillary is placed in the camera, the entire assembly is removed from 
the box, taken into the dark room, loaded with film, and then exposed to 
x-radiation. This procedure is followed in reverse to remove the capillary 
from the camera. The capillary is then placed in a vial and stored for 
future reference if necessary. The atmosphere of the box can be changed 
from air to pure nitrogen to allow examination of samples which are chemically 
attacked in an oxidizing atmosphere. 

Coefficient of Thermal Expansion 
(J. Roth) 

Techniques were devised for the measurement of the coefficient of thermal 
expansion of PuOg-UOg solid solutions using an M.R.C. high temperature 
diffractometer. A tungsten stage was fabricated and installed when it 
was found that the solid solutions being analyzed reacted with the available 
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Figure 3.3 

ADU Direct Replica 

Neg. 25-35 15,000X 

Figure 3.4 

ADU Double Replica 

Nego 73-11 15,000X 
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Figure 3.5 

Direct Replica 
5 w/o PU-UOQ Powder 

Neg. 53-2 10,600X 

Figure 3.6 

Direct Replica 
5 w/o Pu-UOg Compact 

Neg. 52-1 2400X 
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Figure 3.7 

Capillary Loading Box 
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platinum or tantalum stages. Because of the lack of a thermocouple on 
the fabricated tungsten stage, several materials were checked for use as 
an internal standard. Thoria was selected as the most suitable internal 
standard, since it was inert with respect to the materials being analyzed 
over the required temperature range. A standard curve for the lattice 
parameter of thoria as a function of temperature was.calculated on the 
basis of results obtained by various investigators. The coefficient 
of thermal expansion for this material was calculated to be 9.73 x IQ- /°C 
between 0 and 1250°C<> The experimental points for the coefficient of thermal 
expansion of thoria'--'-•' were redetermined on the M.R.C. high temperature-
high vacuum diffractometer (Table 3-7 and Figure 3.8). 

The polynomial expansion for the lattice parameter of Th02 as a function 
of the temperature in C was determined to be: 

ao = 4.595 X 10"9t2 + 5.0134 x lO-^t + 5-5958 

The coefficient of thermal expansion for Th02 as computed from the experi
mental points between 23 and 1000°C is 9-99 x 10-6/°C between 0 and 1250°C. 

The diffractometer traces obtained from the pure urania and plutonia 
samples were remeasured and the values for the lattice parameters recomputed. 
The new results agreed to within .OOOIA of the previously reported results(i). 
The coefficients of thermal expansion were recalculated based on a 1250°C 
span instead of the 1500°C span reported in NUMEC P-107: 

For urania = 11.16 x 10"6/°C between 0 and 1250°C 

For plutonia = 8,13 x 10-6/°C between 0 and 1250°C 

In addition to the above work, several new compositions of urania-plutonia 
solid solutions were analyzed. The equation for the 5% Pu02-95^ UOg solid 
solution (Table 3.8, Figure 3.9) took the form of: 

a^ = 10,7464 X l0-9t2 + 5,2001 X 10-5t + 5-4637 

The coefficient of thermal expansion for this mixture as calculated from 
the above equation for experimental points between 26 and 1258°C is 
11.98 X 10-6/°C between 0 and 1250°Co The 12.5^ PuOg-87o5^ UOg solid 
solution (Table 3-9? Figure 3-10) gave the equation: 

ao = 7.3535 X 10-9t2 + 4.9199 X 10-5t + 5.4559 

(i) NUMEC-2389-l»Progress Report, "Development of Plutonium-Bearing 
Fuel Materials", page I8. 
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Table 3.7 

Variation of Lattice Parameter ̂ n of Thoria with Temperature 
Experimental 

4g'c:,for Thoria 

A(± 0.001) 

5^5965 
5.5965 
5.5989 
5.6001 
5.6022 

5.6065 
5.6112 
5.6095 
5.6124 
5.6131 

5.6171 
5.6193 
5.6209 
5.6213 
5.6209 

5.6213 
5.6362 
5.6494 
5.6512 

Temperature 

°C 

23 
25.2 
50 
100 
150 

197 
256 
259 
298 
343 

404 
450 
493 
493 
497 

498 
757 
986 

1000 
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Table 3.8 

Variation of Lattice Parameter ̂ŷ n 
of 5 w/o Plutonia-95 w/o Urania with Temperature 

ThOp - Internal Standard 

fo for 5ow/o PuOp-95 w/o UOg 
A(+ O.OOII) 

5A665 
5A667 
5A677 
5A6%3 
5.4688 

5.4807 
5.4861 
5.5010 
5.5168 
5.5283 

5.5427 
5.5314 
5.5493 

^Qofor Thoria 
'' A(+ 0.0011) 

5-5971 
5>59Q?> 
5.5998 
5.6008 
5.6020 

5.6103 
5.6173 
5.6241 
5-6435 
5.6514 

5.6621 
5-6^27 
5-663k 

Temperature 
°C 

26 
52 
83 

104 
127 

293 
427 
555 
902 

1045 

1234 
1067 
1258 
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Table 3.9 

Variation of Lattice Parameter<^n 
of 12.5 w/o Plutonia-87.5 w/o Urania with Temperature 

ThO? - Internal Standard 

^„ for 12 .5 w/o PUO2-87.5 w/o UO2 

5.4589 
5.4600 
5.4623 
5.4654 
5.4731 
5.4842 
5.5007 
5-5064 
5.5147 
5.5183 
5.5308 

<^Q for Thoria 

5.5969 
5.5988 
5.6027 
5.6051 
5.6173 
5.6227 
5.6378 
5.6446 
5.6'^66 
5.6527 
5.666Q 

Temperature 

24 
63 
143 
191 
426 
530 
804 
923 
957 
1067 
1318 
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The experimental limits for which the equation was calculated are 24 to 
1318°C, and the calculated coefficien.t of thermal expansion is 10.7 x 10'6/°c 
between 0 and 1250°C. The polynomial expansion for the 20^ Pu02-80^ UO2 
solid solution (Table 3.10, Figure 3.11) was: 

a^ = 2.5426 X 10-8t2 + 3.2822 X 10-5t + 5.4497 

The coefficient of thermal expansion for this material as calculated from 
the above equation for experimental points between 25 and 1364 C is 
11,85 X 10-^/°C between 0 and 1250°C. The 35/° Pu02-65^ UOg solid solution 
was measured under the same conditions as the other materials using ThOg 
as an internal standard, and the equation for the lattice expansion is 
(Table 3..11, Figure 3.12): 

ao = 1.3299 X 10-8t2 + 4.2010 x 10-5t + 5-4431 

The coefficient of thermal expansion for this material computed from 
experimental points between 24 and 1304°C is 10.77 x 10-6/oc between 
0 and 1250 C. The coefficient of thermal expansion is obtained from 
the polynomial expansion of the lattice parameter as a function of tem
perature by differentiating the polynomial and calculating (da/dT)aQ 
at the midpoint of the temperature interval, 625°C, 
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Table 3.10 

Variation of Lattice Parameter ̂ n of 20^ Plutonia-80^ Urania 
with Temperature ThOg 
Internal Standard 

- 0 ' ••- — 

^foro20^ PuOg-80/o UOg 
^ A(+ O.OOTl) ^ 

5.^531 
5.^5% 
5.^551 
5.4697 
5.4827 
5.4804 
5.4920 
5.5051 
5.5134 
5.5317 
5.5384 

0— 
<if for Thoria 
'A(+ 0.0011) 

5.5969 
5,6020 
5.6044 
5.6204 
5.6306 
5.6292 
5.6371 
5.6k55 
5.6512 
5.6625 
5.6694 

Temperature 
°C 

25 
127 
176 
487 
674 
649 
790 
939 
1040 
1240 
1364 
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Table 3.11 

Variation of Lattice Parameter <^^ of 35'̂  Plutonia-65^ Urania 
Urania with Temperature ThOp 

Internal Standard 

a 0 for 35fo PUO2-65/0 UOg 
^ l(± O.OOtl) 

5.4439 
5.4444 
5.4450 
5.4465 
5.4490 
5.4532 
5.458I 
5.5008 
5.5055 
5.5139 
5.5210 

^00 ^°^ Thoria 
A (± 0.0011) 

5.5969 
5.5972 
5.5988 
5.5994 
5.6004 
5,6069 
5.6133 
5.6492 
5.6556 
5.6617 
5.6661 

Temperature 
°C 

24 
30 
63 
74 
95 
227 
348 
1002 
1121 
1226 
1304 
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FUEL ELEMENT FABRICATION AND EVALUATION 

Task 4.00 
I . D. Thomas 

Fabrication of High Burnup Test Specimens 
(R. M . Horgos, M. D. Houston) '. 

The fabrication of all pelletized high burnup test specimens of the 
general compositions UOg-5^ PuOg(7.5^ u235) and UOg-20^ PuOg was completed 
during this period. The sintering characteristics for the various 
compositions and preparations are shown in Table 4.1. All pellets 
were sintered to slightly oversize and centerless ground to 0.199 + 0.0005 
inch to facilitate a close fit with the fuel element tube, 0.200 inch I.D. 
These pellets were ultrasonically cleaned in alcohol and dried in a vacuum 
oven at 60°C until a constant final weight was observed. Electrical 
resistivity determinations on these finished pellets indicated that the 
initial oxidation or reduction status had not been significantly altered. 
Subsequent oxygen-to-metal ratios determined by the gravimetric oxidation-
reduction process also indicated a stability of the material throughout the 
grinding, cleaning, and drying process. 
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Table 4,1 

Sintering Characteristics of UOp-PuO? Compositions 
for High Burnup Irradiation Specimens 
(Sintered at l600"C in N2-6/0 Hg) " 
(Compaction Pressure - 10 tsi) 

o 

CX) 
NO 
I 

Preparation 

Pu45SS80-840 

!V1 

HBRL-5 

MBRL-5 

UO2 - Unfired 
Pu02 Spheres 

UO2 - Fired PUO2 
Spheres 

UO2 - Fired UO2-
35/ Pu02 
Spheres 

Pu44SS80=840 

MBRL-20 

MBRL-20 

Composition 

5.0/ PuOg 
7.5I0 U'̂ 3v 

5,0/ PuO^ 
7.5/ U23! 

5.0/ PuO^ 
7.5/ U23! 

5,0/ PuO^ 
7.5I0 u23̂  

5.0/ PuO. 
7,5lo U23^ 

5.0/ PuD^ 
6,4/ Û -̂ ' 

Green 
Density 
gm/cc 

5^75 

5.24 

5-24 

5.21 

5.30 

5^56 

Time 
hours 

16 

16 

1 

Sintering 

Atmosphere 

Dry 

Dry 

Wet 

Dry 

Dry 

Dry 

Fired 
Density 

/ 
Theoretical 

95.6 

92.5 

94,1 

93o5 

92.4 

Electrical 
Resistivity 

ohm-cm 

4 8.0 X 10 

3.3 X 10^ 

4.1 X 102 

2.2 X 105 

1,1 X io5 

4,5 X 105 

.6 

Oxygen-Metal 
Ratio 

lc985 

1. 
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RADIATION TESTING M P EVALUATION 

Task 5„00 
0. Menis I. D. Thomas 

Short-Term Irradiation Test 
(R, M. Horgos, W„ Judd) 

The remaining three capsules, of the fourteen total, have been irradiated 
to complete this phase of the program. One of the capsules, containing 
0„5 w/o Pu02 had been inadvertently mixed with some material consigned 
for disposal and has been lost. The remaining thirteen capsules have been 
returned to NUMEC for subsequent post-irradiation evaluation. 

All thirteen capsules were examined, usually with no noticeable or apparent 
deleterious effects caused the the irradiation. Three of the capsules were 
cut open to release the specimens. All specimens were examined and showed 
no increase in physical dimensions or change in appearance. Element Number 
l-'46 has been cut open to expose the fuel for examination. One pellet from 
this element was mounted, polished, and cathodically vacuum etched. 
Figure 5»1 depicts the typical structure of the fuel. Figure 5.2 is 
a macrophotograph of the pellet.. 

Complete examination of additonal elements is planned with emphasis being 
placed on those elements which have been exposed to the maximum neutron 
flux and thus have reached centerline temperatures in excess of the melting 
temperature of the fuel material. 

Data has been obtained on the fission rate experienced by the fuel capsules 
using a gamma scaiio Figure 5»3 shows the spectrum of gamma emission obtained 
on some of the fuel removed from one of the elements (l-56. Capsule 1-?). 
The gamma energies which predominate are 0.755 0.50? 0.13, and 0.05 Mev 
corresponding to Zv^-'-Wo^^, Rul03, and Ce-̂ -̂'-, respectively. 

It was felt that measurement of the Zr-'̂ -Nb̂ ^ gamma would give a good 
indication of the fission density of the fuel material during the one 
hour irradiaton tests, and consequently the measurements were made on a 
weighed portion of the fuel, appropriate corrections for decay applied, 
and the fission density calculated for the sample. A value of 5»8 x 10l3 
fissions/second/cc was obtained by this method. This corresponds to a 
calculated value of 6.2 x 10^3 fissions/second/cc. 

(i) NUMEC P-90, Progress Report, "Development of Plutonium-Bearing 
Fuel Elements" 
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Subsequently in a non-destructive test, most of the irradiated elements 
have been "gamma-scanned" to obtain a radiation profile as a function of 
position along the major axis of the element, and representative scans 
are presented in Figure 5o'̂ o 

The "gamma scanning" was perlormed by passage of the element in front of 
a 1/16 inch slit in a foi..r inch thick lead shields The radiation from 
a 1/16 section of fuel was thus allowed to impinge upon a standard gamma 
detector, and the resultant output waa fed to a 256 Channel Analyzer^ 
The sample elements were counted everĵ  i/4 inch along their length, and 
the photopeak count due to the decay of l,r^^-^'b^5 was calculated. 

An inspection of these figures reveals that 5 for the most part, the flux 
was fairly flat along the longitudinal axis of the elements In a few 
cases there seems to be evidence of change m flux along the longitudinal 
axis ol the element. 

The relative count rate of a section of an element can be used as a 
correlation of the fission rate of that particular section to other sections, 
and relative count rates of different elements can be used to estimate 
the i-elative fission rates of the different elementss The parameters 
which affect the fission rate are flel content and flux; the final count 
rate is, of course, affectea by these parameters and also by the decay 
time„ 

Tnese data will be normalized by radiochemically separating and calculating 
the absolute disintegration rate of a single elemento It will then be possible 
to make a. final estimation of the absolute flux experienced by each fuel 
incremento 

Fligh Barnup Irradiation Tests 
(R, M, Horgos) 

Fabrication of the test components has been initiated after obtaining 
a general approval of the test design and operational parameters of the 
programo Purchase orders have been placed for the Zircaloy capsules and 
the therm-ocô ple assemblies» Cladding components for the fuel elements 
have been receivedo 

Detailed discussions of the program have been held with the reactor 
operators, and a critical evaluation of the test parameters was made^ 
No major changes were necessary to the capsule or element design^ however, 
the innerent hazards associated with the irradiation testing of plutonium-
bearing fuels dictated additional testing of the components to verify the 
safe operation of the program^ 
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PLUTONIUM SINGLE CRYSTAL GROWTH 

Task 20»00 
I. D, Thomas G. M.. Miller 

This prograrti is directed towards the growth of plutonium and plutonium 
alloy single crystals having the room temperature stabilized morphology 
of the various plutonium allotropeso Initial work is being directed 
towards pure alpha phase crystals and aluminum stabilized delta phase 
crystalso 

The growth of alpha plutonium. single crystaJs is complicated by a number 
of factorSo The most important of these are the complex monoclinic 
structure and the low solid state diffusion rates associated with the 
upper temperature limit for phase stability (i20°C)o However5 there are 
a number of other unique properties that can be exploited to at least 
partially offset these detrimental factors» The large volume change 
associated with the phase transformation suggests that phase stability 
temperatue ranges should be greatly affected by pressure* The magnitude, 
of this effect has recently been experimentally determined by Stephenĝ "̂ '« 
At very high pressures (500,000 psi) the alpha range is stable to 400 G 
so that with the application of increased temperature, the associated 
increased solid state diffusion rate can^be utilized for the growth of 
alpha single crystals, Nachtricĥ '̂"'''"'"'̂"'''̂  has shotm that D, the self-
diffusion coeffecient as a function of temperature and pressure, is 
proportional to T/TJ^(P), where Tm(P) is the.melting temperature at pressure 
P« Since dTm/dP for plutonium is negativê -'-'', the self-siffusion rate 
can be expected to increase with pressure as well as with temperature. 
Right circular cylinders of pure plutonium vdll be given a variety of heat 
treatments under moderately high ( ̂  100,000 psi) pressures» Samples will 

(i) Do Ro Stephens, "The Phase Diagram of Plutonium", Phys» Ghem. Solids, 
Perganion Press, 24, pp 1197-1202 (I963). 

(ii) No Ho Nachtrich and Jo Petit, J., Chemo Ph^,, 24, Number 5, p. 102? 
(1955) 

(iii) W, Paul, D, M„ Warschauer, Solids Under Pressure, McGraw Hill, p» 88 
(1963). 
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be examined metallographically and by means of x-ray diffraction to determine 
the heat treatment parameters which most markedly affect grain growth. An 
attempt is being made to utilize the 10 percent volume expansion associated 
with the alpha to beta transformation to achieve high pressures. Precision 
machined plutonium cylinders are close fit into massive dies and totally 
enclosed. At the transformation temperature, the plutonium expands to fill 
the die and is pressurized by the driving force of the alpha to beta trans
formation. In this way, the alpha phase should be retained at elevated 
temperatures with the magnitude of the internal pressure buildup shown 
experimentally by Stephenŝ -̂' pressure-temperature phase diagram for unalloyed 
plutonium^ Concurrent with these high pressure experiments, an ultra high 
pressure apparatus (two million psi) is being fabricated which will allow 
additional definitive experiments to be performed., 

Techniques for growing single crystals of metals which possess similar 
properties to plutonium are being investigated^ A modified Andrade apparatus 
has been fabricated after a. method which has proved successful in obtaining. 
single crystals of uranium̂ "̂̂ -̂  (complex crystal structure) and thallium̂ "'""'" ' 
(low beta to alpha transformation temperature) (Figure 20^1) The technique 
is to progressively pass a wire or rod through the beta to alpha transformation 
temperatureo A steep temperature gradient is used to reduce the probability 
that a new alpha grain will be nucleated in the beta phase ahead of the 
advancing alpha grain. The sample is heated electrically into the beta 
phase region and cooled through the beta to alpha transformation by slowly 
lowering it into an oil bath in the alpha temperature range» A high resistance 
(relative to the plutonium wire resistance) is placed in the wire heating 
circuit to insure constant current flow regardless of any resistance change 
in the plutonium wire as it decreases its temperature and transforms to 
alphas The apparatus has been designed to tensile load a sample during 
transformation. The decision to include, stress as a growth parameter is 
based on a preliminary study by Bronisẑ -'-"̂ '' which revealed that'the alpha 
plutonium grain size is increased by creep loading in tension during the 
beta to alpha transformation., 

(i) Do Ro Stephens, "The Phase Diagram of Plutonium", Phys. Ghem, Solids, 
Pergaraon Press, 24, pp, 1197-1202 (1963)» 

(ii) A. No Holden, "Growth and Crystallography of Deformation of B-Ptaase 
Uranium Single Crystals", Acta Cryst, ̂ , p. 182 (1952), 

(iii) 0. Do Sherby, Trans. AIME, 212, p« 798 (1958)o 
(iv) So Bronisz, LASL, private communication, April 1963^ 
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Unalloyed plutonium wire (0.18? inch diameter and 0,040 inch diameter) 
has been extruded for the preparation of samples. See Table 20.1 for 
the extrusion data. Moly disulphite dispersed in alcohol was applied 
to the die as lubricant. The plutonium was arc melted just prior to 
extruding, heated in place, and extruded with a 10,000 psi hand press. 
The extrusion constant, K, was obtained from the relation P = 2 K In A;i_/Ap 
where P is the maximum extrusion pressure and A. and Ap are the container 
area and die area, respectively. 

Three tests have been performed, two with the wire tensile loadedto 
1000 psi at 150°C and one with the wire tensilg loaded to 475 psi at 205°C, 
In all three tests, the oil temperature was 76 C, and the feed rate was 
0.185 cm/hr. Two specimens loaded to 19OO psi and 100 psi, respectively, 
at 205°C crept very rapidly, causing, the tests to be discontinued. This 
is contradictory to Gardener's datâ "'"'̂  which gives the yield stress of 
unalloyed plutonium at 200°C as greater than 1950 psi. 

o 
The two samples heated to I50 C showed room temperature ductility as 
evidenced by an̂ Srfl5° pennanent set in the wire after fracture by bending. 
As extruded samples and the sample heated to 205 C showed no signs of 
ductility. Metallography is being performed and back-reflection Lave 
x-ray photographs are being made to determine grain size and the possible 
existance of a single crystal. . . . 

The strain anneal technique will be investigated for aluminum stabilized 
delta plutonium. Many materials show grain growth at a specific critical 
strain which often covers only a narrow range. By straining a taper bar 
in tension to produce varying degrees of strain along the bar, it should 
be possible to determine the critical strain region if it exists. 

(i) H. R. Gradener, I. B. Mann, "Mechanical Property and Formability 
Studies on Unalloyed Plutonium", HW-65OI9 (1959). 
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