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ORNL ISOTOPIC POWER FUELS QUARTERLY REPORT 
FOR PERIOD ENDING DECEMBER 31, 1973 

Eugene Lamb 

SUMMARY 

Heat soak periods were completed on the remaining 49 
couples of the compatibility matrix which was put on 
test in May 1973. Examination of the 18 couples which 
were taken off test in August 1973 was completed. The 
planned short-term ceramic compatibility matrix exposures 
were completed, and optical microscope examinations 
were done. Experiments were started to develop fabrica
tion techniques for preparation of an 11-couple com
patibility matrix scheduled for FY 1974. The design of 
this matrix was finalized, and component procurement was 
started. Free energy calculations were made for the 
reactions of Cm20 3 fuel with Haynes 188, Ta—10% W, and 
TZM alloys and with beryllium. 

Measurements of the helium release characteristics of 
hot-pressed 2'+'+Cm203 were started at 500, 650, and 800°C. 
A vapor pressure determination was run on curium metal in 
the temperature range from 900 to 1800°C. Vapor pressure 
measurements of '̂*'̂ Cm203 in the range from 1200 to 1600°C 
were begun; these will continue next quarter. Examina
tions by x-ray diffraction were made on materials result
ing from exposures of 2^^Cm203 to flowing seawater, 
boiling seawater, and dry air as well as on 2^^Cm203 
samples taken at various stages in the fuel forming 
process. The equipment which will be used for emissivity 
measurements was improved and checked with nonradioactive 
samples. 

Observations of two 25-W '̂̂ '̂ Cm203 pellets stored in 
argon and one 25-W '̂̂ '*Cm203 pellet stored in dry air 
continued. A ^̂ '+Cm203 pellet was leached with boiling 
distilled water and the rate of ^^^Cm loss measured. 
Calculatlonal studies of ^^^Cm yields and isotopic 
abundances from various types of reactor operations 
were continued. A study of the potential for criti
cality problems in ^^ Cm assemblies was Initiated. 
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CURIUM-244 FUEL DEVELOPMENT 

(Division of Space Nuclear Systems Program LR 30 01 03 3) 

2^^Cm203 Compatibility Program 

Compatibility Couple Tests (T. A. Butler and J. R. DiStefano) 

The compatibility test matrix outlined in Table 1 has been completed, 
and examination of the couples exposed at 1100°C for 2500 hr (sets 3, 
4, 5, and 6) has also essentially been completed. Results of these 
tests can be summarized as follows: 

Platinum — Reacted with Cm203. Microprobe analysis indicates that 
the reaction phase contains "̂ 72% platinum and 14% curium. 

Pt-2608M — Surface roughening and grain boundary attack up to maximum 
of 1 to 2 mils. Oxygen pickup from 10 to 90 ppm. 

Pt3lr — Generally no attack. Isolated areas of grain boundary 
attack from 1 to 3 mils. 

Iridium — Generally no attack. Attack to <1 mil depth noted in one 
specimen. 

Graphite — No attack. 

Of the five materials tested only unalloyed platinum appears unsuitable 
for containing 2̂ '̂ Cm203 at 1100°C, Test conditions included both helium 
and vacuum and under both conditions capsules were in contact with graphite 
or not. It was not apparent that these variables significantly affected 
the test results. The inner capsules were in contact with graphite In 
sets 3 and 6 but no reaction with the graphite was observed. Samples heat 
treated under the test conditions, but in the absence of 2'̂ Ĉm203 showed 
no unusual microstructural changes. 

Unalloyed platinum reacted with Cm203 under all conditions after 2500 hr 
at 1100°C. Electron beam microprobe data from one of the tests is sum
marized in Fig. 1. The reaction product is the area labeled "b" in the 
upper left hand picture. It contains 72% platinum and 14% curium from 
x-ray intensity data. If these data are normalized to 100% (i.e., assume 
no other constituents were present) , the values would be 84% Pt—16% Cm. 
This corresponds stoichiometrically to a compound of the type CmPt5. In 
addition to the reaction product there was a darker gray phase around the 
outer edge of '^^^CmoO^, pellet as indicated by the backscattered electron 
picture in the lower left of Fig. 1. However, x-ray intensity data 
indicated it to contain the same curium concentration as the bulk pellet. 

Sets 1, 2, 7, 8, 9, and 10, shown in Table 1, have now completed their 
exposures at 900 to 1400°C. Examination of these materials is scheduled 
to begin in early February. 
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Table 1. Status of Compatibility Tests 

Set^ 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

^Set 

Start 
of Test 

5-3-73 
5-3-73 
4-16-73 
4-16-73 
4-17-73 
4-17-73 
5-3-73 
5-3-73 
5-3-73 
5-3-73 

identifications: 

Thermal 
Cycles 

1 
1 
3 
3 
2 
2 
2 
2 
3 
3 

Cumulative 
Hours 

5021 
5021 
2560 
2560 
2510 
2510 
4892 
4892 
5016 
5016 

End of Tes 

12-3-73 
12-3-73 
8-6-73 
8-6-73 
8-9-73 
8-9-73 
11-27-73 
11-27-73 
12-4-73 
12-4-73 

1. 900°C; 5000 hr; helium atmosphere; Ir, C, Pt, Hf-1% Pt-
0.5% Pd, Hastelloy C-276, Haynes 25, Haynes 188, Th02, 
Pt-20% Rh, and Pt-26% Rh-8% W. 

2. 900°C; 5000 hr; graphite, helium atmosphere; Ir, Pt, 
Hf-1% Pt-0.5% Pd, Hastelloy C-276, Haynes 25, Haynes 
188, Th02, Pt-20% Rh, and Pt-26% Rh-8% W. 

3. IIOCC; 2500 hr; graphite, helium atmosphere; Ir, Pt, 
PtsIr, and Pt-26% Rh-6% W-0.5% Ti. 

4. 1100°C; 2500 hr; dynamic vacuum; Ir, Pt, Pt3lr, C, and 
Pt-26% Rh-e% W-0.5% Tl. 

5. 1100°C; 2500 hr; helium atmosphere; Ir, Pt, Ptsir, C, 
and Pt-26% Rh-S% W-0.5% Ti. 

6. 1100°C; 2500 hr; graphite, dynamic vacuum; Ir, Pt, Pt3lr, 
and Pt-26% Rh-8% W-0.5% Ti. 

7. 1400°C; 5000 hr; graphite, helium atmosphere; Ir, C, Mo, 
Mo-46% Re, Ta, T-111, W, and W-26% Re. 

8. 1400°C; 5000 hr; djmamic vacuum; Ir, Mo, Mo-46% Re, Ta, 
T-111, W, and W-26% Re. 

9. 1400°C; 5000 hr; helium atmosphere; Ir, Mo, Mo^6% Re, 
Ta, T-111, W, and W-26% Re. 

10. 1400°C; 5000 hr; graphite, dynamic vacuum; Ir, C, Mo, 
Mo-46% Re, Ta, T-111, W, and W-26% Re. 
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FY 1974 Compatibility Matrix 
(T. A. Butler^ J. R, DiStefano, C. L. Ottinger) 

A test system that will incorporate mechanical properties specimens for 
evaluation with ^^^Cm203 has been designed (Fig. 2). A test package con
sisting of four sheet tensile specimens and two fuel frames containing 
two rectangular ^^^Gm203 samples is held together by two nuts and bolts 
made from the material being evaluated. Test conditions selected are 
as indicated below: 

5000 hr - 900°C 
Argon-Graphite 

Pt-3008/TZM^ 
Haynes 188/Ta-10% W^ 
Mo-46% Re 
TZM 
Ta-10% W 

5000 hr - 1100°C 
Vacuum-Graphite 

Pt'-3008 
Mo-46% Re 
Ta-10% W 

10,000 hr - 1400°C 
Vacuum-Graphite 

W-26% Re 
Mo-46% Re 
Ta-10% W 

Outer sealed container surrounding vented inner capsule. 

Procurement and fabrication of test components are now underway. The 
alloys Haynes 188, Ta-10% W, TZM, and W-26% Re are being obtained from 
commercial sources. The alloys Mo—46% Re and Pt-3008 are not commer
cially available, and material is being prepared by melting, casting, 
and sheet rolling procedures. Procedures to form cylindrical tubes 
from sheet are also being developed for these materials. 

Tensile specimens of all of the materials except W—26% Re are to be die-
punched from sheet at room temperature. The W—26% Re alloy tends to 
develop edge cracks when sheared, and, therefore, tensile specimens of 
this material will have to be prepared by machining and grinding operations, 

In addition to the mechanical properties tests, two ceramic materials, 
Zr02 and Si3N4, will be tested with 2'+'+Cm203 for 5000 hr at 900°C. Cap
sules will be vented to an argon atmosphere and will be in contact with 
graphite. The Zr02 test specimen is rigldized felt, and the container 
material is Y2O3 stabilized ZrOg. The Si30i+ for these tests is to be 
supplied by Gulf General Atomic. Three disk specimens have been received, 
but containers have not yet been fabricated. 

Fabrication procedures for the 2^^Cm203 fuel pieces are being developed. 
The planned procedure uses a slotted die body and rectangular punch to 
form a 2'+̂ Cm203 fuel piece 1/2 x 1/8 x ̂ 0.04 in. by hot pressing. Test 
pressings with Gd203 have given mixed results, but the problems are 
mechanical in nature and the technique should prove usable. 
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ORNL-DWG 7 4 - 5 0 0 

GRAPHITE 
CAPSULE HOLDER 

FUEL FRAME 

TENSILE 
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J9_ 
32 
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NO HOLE FOR Ar OPERATION-
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DIMENSIONS ARE IN INCHES 

OUTER 
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Fig. 2. ^^^Cm203 Mechanical Properties Compatibility Test System. 
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Compatibility With Ceramic Materials (P. Angelini) 

The short-term ceramic compatibility experimental matrix started last 
quarter is given in Table 2. The results of experiments A, B, E, and F 
have been reported previously. The other exposures were completed and 
examinations were started. After a 401-hr exposure of couples C, G, and I, 
a second Cm203 pellet/specimen set was placed on top of the original set 
In each capsule; then the exposure was continued for an additional 512 hr. 
In experiments D, H, and J, the fuel pellets were fabricated, loaded into 
the couples along with the proper specimens, and taken to temperature 
within an elapsed time of two days. The time was held to a minimum in 
order to minimize any possible deformation of pellets due to helium gen
eration, thus providing better solid/solid contact between the pellets and 
the inserts. In addition to the fuel pellet, "̂ 1̂50 mg of powder obtained 
by crushing hot-pressed fuel pellets was placed in each capsule. Additional 
solid/solid contact area was expected to occur between the powder and the 
ceramic insert. 

Table 2. 2hh Cm20 3/Ceramic Compatibility Experiments 

Experiment 

A 
B 
C 
D 

E 
F 
G 
H 

I 
J 

Material 

Th02 
Th02 
Th02 
Th02 

Zr02 
Zr02 
Zr02 
Zr02 

AI2O3 
AI2O3 

Temperature 
(°C) 

1500 
1300 
1500 
1300 

1500 
1300 
1500 
1300 

1500 
1300 

Time 
Planned 

24 
100 
500 
500 

24 
100 
500 
500 

500 
500 

(hr) 
Actual 

24 
100 

512/913 
733 

24 
100 

512/913 
733 

512/913 
733 

Optical microscopy was completed on couples C, G, H, and I; preliminary 
examination of couples D and J was done. 

Couple C (Th02, 512/913 hr, 15Q0''C) 

This diffusion couple was seen to be cracked when it was removed from 
the heating furnace. When it was unloaded at HRLEL, the capsule of the 
diffusion couple had separated into three pieces. Two mounts were made 
of the most Important pieces. Viewing these mounts from a low power 
microscope, one sees that extensive reaction did occur. Where the curium 
had reacted with the thoria, the thoria had a bluish color, and a concen
tration gradient was clearly evident. The thoria inserts in contact with 
the lower curia fuel pellet which had been exposed for a total of 913 hr 
at 1500°C showed curium had diffused into the thoria to a distance >30 
mils. The inserts in contact with the upper pellet which had been exposed 
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at 1500°C for 512 hr showed curium had diffused into the thoria to an 
extent of 15 mils. Also the lower fuel pellet was completely broken up. 
The upper fuel pellet was still in one piece; however, a reaction product 
could be seen In the fuel pellet. 

Couple D (ThO?, 733 hr, 1300°C) 

A reaction occurred in the experiment with diffusion couple D. Again the 
reaction occurred to a greater extent between the Cm203 powder and insert 
than between the pellet and insert. A reaction zone >6 mils was seen in 
the Th02 capsule and insert. The zone appeared to be blue in color. 

Couple G (Zr02, 512/913 hr, 1500°C) 

No extensive reaction areas could be seen in this diffusion couple as 
viewed at this time. 

Couple H (ZrO?, 733 hr, 1300°C) 

The optical microscopy was completed on diffusion couple H. A dark area 
"̂3 mils In thickness completely surrounding the ^^ Cm203 pellet was 
recorded. This effect was noted previously in the other Zr02 diffusion 
couples. Since this phenomenon seems to occur only in the Cm203 pellets 
exposed to Zr02, it is an indication of a reaction. 

Couple I (AI9O3, 512/913 hr, 1300°C) 

A reaction occurred in this diffusion couple. There were surface regions 
on both the curium oxide and aluminum oxide where extensive reaction oc
curred. Throughout the curium oxide pellet there was an interconnected 
linear second phase; the concentration of this phase within the fuel pel
let decreased as the distance from the reaction area increased. This 
second phase did not exist in the as-fabricated pellet or in any of the 
previous diffusion couples which have been analyzed. Another concentra
tion gradient seen as a varying grayish tone was observed in the aluminum 
oxide inserts and capsule. It appears as if there were almost thorough 
Interdiffusion throughout the fuel pellet, inserts, and capsule. 

Couple J (AI9O3, 733 hr. 1300°C) 

The preliminary data from diffusion couple J indicated complete interdif-
fusion between inserts and fuel pellets. A definite discoloration of the 
AI2O3 inserts and parts of the AI2O3 container could be seen. Some crack
ing of the capsule also occurred. The 2'+'*Cm203 powder placed at the bot
tom of the container was found to interact much more with the container 
than did the Cm203 pellet. This signifies that a much better contact area 
occurred between the Cm203 powder and AI2O3 insert than between the con
tact area of the pellet and insert. 
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Free Energy Calculations - CmgOs With 
Haynes 188, Ta-10% W, and TZM (E. E. Ketchen) 

Reactions between Cm203 and the constituents of the alloys Haynes 188, 
Ta—10% W, and TZM were investigated from a thermodynamic viewpoint in 
the temperature range of 600-1300°C. In all cases, the partial molar 
free energies of mixing for the constituents of the alloy were calcu
lated using the method reported previously-̂  for the reaction of Cm203 
and PUO2 in certain alloys. The free energies of formation for the 
oxides were calculated from a data compilation by Glassner^ and a review 
article by Oetting.^ The free energies of PU2O3 were used as stand-ins 
for those of Cm203. In calculating the heat of mixing, it was assumed 
that there is no compound formation between the constituents of the 
alloy. 

Reaction of CmgOa With Haynes 188 - The results of the calculations of 
the partial molar free energies of mixing for the constituents in 
Haynes 188 are shown in Table 3. The composition of Haynes 188 is 
41.87 atom % Co, 26.50 atom % Cr, 23.47 atom % Nl, 4.77 atom % W, 1.68 
atom % Fe, 0.86 atom % Mn, 0.44 atom % Si, 0.41 atom % C, and 
0.00004 atom % La. 

Table 3. Partial Molar Free Energies of Mixing of 
the Constituents in Haynes 188 Alloy 

Component -TAG^ (cal/mole) 

Co 
Cr 
Ni 
W 
Fe 
Mn 
Si 
C 
La 

600°C 

1,460 
1,980 
2,510 
5,030 
7,090 
8,230 
9,320 
9,460 
17,750 

800°C 

1,800 
2,510 
3,080 
6,240 
8,710 
10,120 
11,470 
11,650 
21,820 

1000°C 

2,150 
3,040 
3,660 
7,450 
10,340 
12,020 
13,620 
13,830 
25,890 

1200°C 

2,500 
3,570 
4,230 
8,660 
11,960 
13,910 
15,770 
16,020 
29,950 

1300°C 

2,670 
3,830 
4,520 
9,260 
12,770 
14,860 
16,840 
17,110 
31,990 

The free energies of formation of CoO, Cr20 3, NiO, WO2, Fe30i+, Mn02, 
SIO2, CO2, La203, PU2O3, and PUO2 were calculated; results are shown in 
Table 4. 
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Table 4. Gibbs Free Energy of Formation of Oxides 
Involved in Haynes 188/Curium Fuel Reactions 

tituents 

CoO 
Cr203 
NiO 
WO 2 
FesOit 
Mn02 
Si02 
CO2 
La203 
PU2O3 
PUO2 

600°C 

-39.46 
-203.92 
-39.06 

-101.16 
-199.79 
-76.82 

-172.92 
-94.62 

-373.84 
-352.12 
-215.55 

AGf (kcal/mole) 

800°C 

-35.37 
-189.81 
-35.01 
-93.85 

-185.20 
-73.30 

-164.60 
-94.66 

-361.82 
-339.32 
-207.05 

1000°C 

-31.02 
-175.72 
-31.01 
-86.78 

-170.88 
-69.76 

-156.33 
-94.70 

-349,69 
-326.94 
-198.70 

1200°C 

-27.08 
-161.67 
-27.10 
-79.96 

-156.61 
-66.23 

-148.10 
-94.73 

-337.23 
-314.98 
-190.53 

1300°C 

-24.96 
-154.63 
-25.15 
-76.80 

-149.47 
-64.27 

-144.00 
-94.74 

-331.04 
-309.15 
-186.50 

The free energies from Tables 3 and 4 were used to calculate the free 
energies for Eqs. 1-18. Results are shown in Tables 5 and 6. 

3Co(in Haynes 188) (s) + Cm203(s) -> 2Cm(s) + 3Co0(s) (1) 

Co(in Haynes 188)(s) + 2Pu02(s) -̂  Pu203(s) + CoO(s) (2) 

2Gr(in Haynes 188)(s) + Cm203(s) -> 2Cm(s) + Cr203(s) (3) 

2Cr(in Haynes 188)(s) + 6Pu02(s) -> 3Pu203(s) + Cr203(s) (4) 

3Ni(in Haynes 188)(s) + Cm203(s) ̂  2Cm(s) + 3NiO(s) (5) 

Ni(in Haynes 188)(s) + 2Pu02(s) -> Pu203(s) + NiO(s) (6) 

3W(in Haynes 188)(s) + 2Cm203(s) -̂  4Cm(s) + 3W02(s) (7) 

W(in Haynes 188)(s) + 4Pu02(s) -̂  2Pu203(s) + W02(s) (8) 

9Fe(in Haynes 188) (s) + 4Cm203(s) -> 8Cm(s) + 3Fe30it(s) (9) 

3Fe(in Haynes 188)(s) + 8Pu02(s) -> 4Pu203(s) + Fe30^(s) (10) 

3Mn(in Haynes 188)(s) + Cm203(s) -̂  2Cm(s) + 3Mn0(s) (11) 

Mn(in Haynes 188)(s) + 2Pu02(s) -> Pu203(s) + MnO(s) (12) 

3Sl(in Haynes 188)(s) + 2Cm203(s) -> 4Cm(s) + 3Si02(s) (13) 

Si(in Haynes 188)(s) + 4Pu02(s) -> 2Pu203(s) + Si02(s) (14) 

3C(in Haynes 188)(s) + 2Cm203(s) -> 4Cm(s) + 3C02(g) (15) 

C(ln Haynes 188)(s) + 4Pu02(s) -> 2Pu203(s) + C02(g) (16) 

2La(in Haynes 188)(s) + Cm203(s) -̂  2Cm(s) + La203(s) (17) 

2La(in Haynes 188)(s) + 6Pu02(s) -> 3Pu203(s) + La203(s) (18) 
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Table 5. Free Energies of Reaction for 
Haynes 188/Cm203 Reactions 

Equation 

1 
3 
5 
7 
9 
11 
13 
15 
17 

600°C 

238,500 
152,170 
242,460 
207,920 
218,220 
146,340 
106,720 
224,380 
13,780 

AGr (cal/mole of 

800°C 

238,620 
154,530 
243,540 
207,910 
220,020 
149,790 
109,620 
214,800 
21,140 

1000°C 

240,320 
157,300 
244,880 
207,940 
222,040 
153,710 
112,870 
205,560 
29,020 

Cm203) 

1200°C 

241,240 
160,440 
246,390 
300,030 
224,430 
158,020 
116,480 
196,910 
37,660 

1300°C 

242,380 
162,380 
247,270 
207,840 
225,780 
160,930 
118,410 
192,710 
42,080 

Table 6. Free Energies of Reaction for 
Haynes I88/PUO2 Reactions 

Equation 

2 
4 
6 
8 
10 
12 
14 
16 
18 

600°C 

20,490 
6,110 
21,210 
15,450 
17,170 
5,190 
-1,420 
18,200 
-16,900 

AGi- (ca 

800°C 

20,600 
6,590 
21,420 
15,480 
17,500 
5,800 
-900 

16,610 
-15,650 

1/mole of 

1000°C 

20,800 
6,960 
21,560 
15,400 
17,750 
6,370 
-440 

15,020 
-14,420 

PUO2) 

1200°C 

20,750 
7,280 
21,610 
15,210 
17,950 
6,880 
-40 

13,360 
-13,180 

1300°C 

20,780 
7,470 
21,620 
15,060 
18,050 
7,230 
150 

12,540 
-12,580 

Since the free energies of Eq. 14 and Eq. 18 are negative, it appears 
that the silicon and lanthanum of the Haynes 188 alloy should react with 
the Pu02 of the 2^^Cm203 product over the 600-1300°C temperature range. 
It should be noted that it was assumed there would be no compound forma
tion between the components of the alloy or with the curium metal formed. 
Also no account was taken for possible oxygen solubility in the alloy. 
Experimental verification of the interaction of Haynes 188 alloy with 
the curium product is needed. 

Reaction of Cm203 With Ta-10% W Alloy -The results of the calculations 
of the partial molar free energies of mixing for tantalum and tungsten 
are shown in Table 7. The composition of Ta—10% W is 90.14 atom % Ta 
and 9.86 atom % W. 
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Table 7. Partial Molar Free Energies of 
Mixing of Tungsten and Tantalum in Ta-10% W Alloy 

Constituents 

Ta 

W 

600°C 

170 

3,960 

-AGM 

800°C 

220 

4,880 

(cal/mo 

1000°C 

260 

5,800 

le) 

1200°C 

300 

6,720 

1300°C 

320 

7,180 

The free energies of formation of Ta205, WO2, PU2O3, and PUO2 were cal 
culated; results are shown in Table 8. 

Table 8. Gibbs Free Energy of Formation of Oxides 
Involved in Ta—10% W/Curium Fuel Reactions 

Compound 

Ta205 
WO2 , 
PU20 3^ 
PUO2 

600°C 

395.69 
101.16 
352.12 
215.55 

-AGf 

800°C 

374.82 
93.85 
339.32 
207.05 

(kcal/mol 

1000°C 

354.18 
86.78 
326.94 
198.70 

e) 

1200°C 

333.75 
79.96 
314.98 
190.53 

1300°C 

323.63 
76.80 
309.15 
186.50 

Used as a stand-in for Cm20 3. 

The free energies from Tables 7 and 8 were used to calculate the free 
energies for Eqs. 19-22. Results are shown in Table 9. 

6Ta(in Ta-10% W) (s) + 5Cm203(s) -*• 3Ta205(s) + lOCm(s) (19) 

2Ta(in Ta-10% W) (s) + 10Pu02(s) ->• Ta205(s) + 5Pu203(s) (20) 

3W(in Ta-10% ¥)(s) + 2Cm203(s) -̂  3W02(s) + 4Cm(s) (21) 

W(in Ta-10% W)(s) + 4Pu02(s) ̂  W02(s) + 2Pu203(s) (22) 

Table 9. Free Energies of Reaction 
for Ta—10% W/Curium Fuel Reactions 

Equation 

19 
20 
21 
22 

AGr 

600°C 

114.91 
-0.49 
206.31 
15.18 

(kcal/mo 

800°C 

114.96 
-0.54 
205.86 
15.14 

le of Cm20 

1000°C 

114.74 
-1.32 
205.47 
14.99 

3 or PUO2 

1200°C 

115.09 
-2.76 
205.12 
14.73 

) 

1300°C 

115.35 
-3.57 
204.72 
14.54 
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Since the free energies for Eq. 20 are negative it appears that the PUO2 
of the curium product will react with the tantalum of the Ta—10% W alloy 
over the 600-1300°C temperature range. It should be noted that it was 
assumed there would be no compound formation between the tantalum and 
tungsten of the alloy or between the tantalum and tungsten with the curium 
metal that might be formed. Also no account was taken for possible 
oxygen solubility in the alloy. Experimental verification of the inter
action of Ta—10% W alloy with the curium product is needed. 

Reaction of Cm203 With TZM Alloy -The partial molar free energies of 
mixing of the constituents in TZM (99.002 atom % Mo, 0.997 atom % Ti, 
and 0.0008 atom % Zr) were calculated. The results are shoxwi in Table 10. 

Table 10. Partial Molar Free Energies 
of Mixing of Constituents in TZM 

Constituents 

Mo 
Ti 
Zr 

600°C 

16 
7,870 
20,280 

-AGM 

800°C 

20 
9,710 
24,930 

(cal/mole]; 

1000°C 

24 
11,540 
29,580 

t 

1200°C 

28 
13,370 
34,320 

1300°C 

30 
14,290 
36,550 

The free energies of formation of M0O2, TiO, Zr02, PU2O35 and PUO2 
were calculated; results are shown in Table 11. 

Table 11. Gibbs Free Energy of Formation 
of Oxides Involved in TZM/Curium Fuel Reactions 

—AGf (kcal/mole) 
Compound — — • • i-_— .— . 

M002 
TiO 
Zr02 
PU203^ 

Pu02 

600°C 

95.60 
103.78 
221.71 
352.12 
215.55 

800°C 

87.71 
99.38 
212.82 
339.32 
207.05 

1000°C 

80.36 
95.08 
203.85 
326.94 
198.70 

1200°C 

72,94 
90.87 
194.96 
314.98 
190.53 

1300°C 

69.27 
88.81 
190.66 
309.15 
186.50 

PU2O3 used as a stand-in for Cm203. 

The free energies from Tables 10 and 11 were used to calculate the free 
energies for Eqs. 23-28. Results are shown in Table 12. 

3Mo(in TZM alloy)(s) + 2Cm203(s) -> 3Mo02(s) + 4Cm(s) (23) 

Mo(in TZM alloy)(s) + 4Pu02(s) -> Mo02(s) + 2Pu203(s) (24) 

3Ti(in TZM alloy)(s) + Cm203(s) -> 3Ti0(s) + 2Cm(s) (25) 
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Ti(in TZM alloy) (s) + 2Pu02(s) •* TiO(s) + Pu203(s) (26) 

3Zr(in TZM alloy)(s) + 2Cm203(s) -> 3Zr02(s) + 4Cm(s) (27) 

Zr(in TZM alloy)(s) + 4Pu02(s) -> Zr02(s) + 2Pu203(s) (28) 

Table 12. Free Energies of Reaction 
for TZM/Curium Fuel Reactions 

AG^ (kcal/mole of Cm203 or PUO2) 
acxon 

23 
24 
25 
26 
27 
28 

600°C 

208.84 
15.59 
66.42 
-8.45 
49.98 
-10.87 

800°C 

207.49 
15.41 
70.54 
-7.45 
57.49 
-9.59 

1000°C 

206.44 
15.15 
76.32 
-6.54 
65.53 
-8.33 

1200°C 

205.62 
14.81 
81.89 
-5.71 
73.88 
-7.14 

1300°C 

205.29 
14.63 
85.59 
-5,33 
77.98 
-6.59 

Since the free energies for Eqs. 26 and 28 are negative, the PUO2 of the 
2'+'̂ Cm203 product would be expected to react with the titanium and zirconium 
in TZM alloy over the 600-1300°C temperature range. It should be repeated 
again that it was assumed there is no compound formation between the Mo, 
Ti, or Zr of the alloy or between them and the curium metal. Also, no 
account was taken for the oxygen solubility in the TZM. Experimental 
verification of the interaction of the product with TZM is needed. 

Effect of Oxygen Solubility in Container Alloys on 
Interaction With Curium Oxide Heat Sources (E. E. Ketchen) 

Thermodynamic calculations have been made to investigate the reaction of 
curium oxide heat source material (5% PUO2) with a number of possible 
container alloys. Since the free energy of decomposition of PUO2 to 
PU2O3 and oxygen is less than the free energy of the decomposition of 
Cm203 to curium and oxygen, the PUO2 decomposition process is the major 
process that would furnish oxygen to react with the container material. 
For example, all of the constituents of TZM (Tl, Zr, Mo) are expected to 
react with PUO2 but not with Cm203 in the temperature range from 800 to 
1300°C. 

Haynes 188 alloy (41.87 atom % Co, 26.50 atom % Cr, 23.47 atom % Ni, 4.77 
atom % W, 1.68 atom % Fe, 0.86 atom % Mn, 0.44 atom % Si, 0.41 atom % C, 
and 0.00004 atom % La) was found to be one of the alloys, by free energy 
calculations, that has low percentage components (Si and La) that should 
react with PUO2. The silicon and lanthanum should react with the PUO2 
if not protected by other elements. This reaction could occur if oxygen 
can be transmitted in the alloy to the lanthanum and silicon atoms. The 
solubility of oxygen and its diffusion rate in the alloy are the two 
factors that determine the speed of the reaction of oxygen with the low 
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percentage components. Generally it is assumed that the oxygen diffuses 
through the metal as a monoatomlc gas. 

When Pu02 is heated it loses oxygen and passes through a series of inter
mediate compositions to PU2O3. The first oxygen is easiest to remove; at 
each succeeding composition the oxygen is more difficult to remove as the 
PU2O3 composition is approached. This effect can be seen by comparing the 
equilibrium partial oxygen pressure over Pu02 with the average equilibrium 
oxygen pressure for the decomposition of PUO2 to PU2O3. The pressures, 
which are shown in Table 13, were calculated from data by F. L. Getting^ 
and R. A. Kent.'̂  For example, the oxygen pressure at 1000°C in equilibrium 
with Pu02 (9.42 x 10 ^̂  atm) is much higher than the average decomposition 
pressure calculated from the free energy of reaction of Pu02 to give PU2O3 
(6.40 x 10 25 atm). Also, it is evident from the low pressures in Table 13 
that any mechanism by which a small quantity of oxygen is removed from the 
atmosphere above the PUO2 helps to decompose the PUO2. The PUO2 decompo
sition is aided by the oxygen solubility and oxygen diffusion in the con
tainer material. 

Table 13. Equilibrium Oxygen Partial Pressures Above PUO2 and 
Average Equilibrium Oxygen Pressure for PUO2 Decomposition to PU2O3 

Temperature Equilibrium Oxygen Pressure (atm) 
(°C) Partial Above PUO2 Average for PUO2 to PU2O3 

600 1.88 X 10~'+1 2.96 x 10~^° 

800 5.56 x 10-28 3̂ 50 x 10~31 

1000 9,42 X 10~19 6.40 x lO'^S 

1200 4.93 X 10-12 2.49 x 10-20 

1300 2.56 X 10"9 1.81 x lo'^^ 

Since Table 13 shows that there is a marked difference between the equi
librium partial pressure of oxygen above PUO2 and the pressure of oxygen 
due to the free energy change going from PUO2 to PU2O3, it is evident 
that the calculations made in past reports on the free energy of reaction 
between the alloys and PUO2 may be too conservative in predicting some 
reaction between PUO2 and the alloy. However, since the initial equi
librium partial pressure above PUO2 decreases so rapidly as it loses 
oxygen,** the estimates are probably still good. 

Even though the free energy for the reaction of PUO2 with the container 
material is not favorable, the oxygen solubility and oxygen diffusion 
process can cause the reduction of plutonium oxide. That is, the equi
librium pressure of oxygen in the container above PUO2 may be below the 
concentration of oxygen needed to react with the container material, but 
the oxygen solubility and oxygen diffusion through the container wall 
can result in some PUO2 reduction. 
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In general, more information is needed on the solubility of oxygen in 
the container material. The reported solubility of oxygen in the alloys 
may not be the true oxygen solubility in the metal but a combination of 
the true solubility and the solubility of a metal oxide. These oxygen 
and metal oxide solubility phenomena have been reported in tantalum metal 
by S. Stecura.^ Actual tantalum oxides were identified in the material 
after the metal had been dissolved. This occurred both at the reported 
solubility limit and well below this limit. 

In conclusion, the term solubility of oxygen in the alloy may not be well 
defined. Although it is implied that a maximum solubility of oxygen in 
the alloy has been found, this reported solubility may also include the 
oxygen in the metal oxide which is soluble in the alloy as well as the 
oxygen solubility alone. It would be difficult if not impossible to 
calculate the free energy change due to the oxygen solubility in the alloy 

Free Energy Calculations for the Reaction of Beryllium 
with Cm203 Heat Source Product (E. E. Ketchen) 

The thermodynamics of the reaction of Cm20 3 with beryllium to form CmO or 
curium metal have been investigated to evaluate the possibility of the 
reaction of Cm203 with beryllium metal. Since the Cm203 heat source 
product will contain some PUO2 at the time of fabrication, the reaction 
of beryllium with PUO2 was investigated. The Cm203 heat source material 
may be in contact with beryllium in the capsule. 

The free energies of reaction of Cm203 with beryllium as noted in Eqs. 29 
and 30 were reported previously.° Table 14 shows that the formation of 
curium metal is favored but CmO should not be formed. As noted previ
ously^ the reaction should not be too great since the BeO or BeO*Cm203 
should form a protective coating over the beryllium up to the melting 
point. 

The free energies for the reaction of PUO2 with beryllium (Eq. 31) were 
calculated and are shown in Table 14. Since the free energies are nega
tive, it is evident that beryllium should react with the PUO2 • However, 
as mentioned before the BeO and BeO'Cm203 compounds should form a protec
tive coating over the metal to prevent further reaction. Since the 
melting point of beryllium is 1283°C, the beryllium will be a liquid at 
1300°C and probably would present more problems at this temperature. 

Cm203(s) + Be(s,£) -̂  2CmO(g) + BeO(s) (29) 

Cm203(s) + 3Be(s,£) -> 2Cm(s,£) + 3BeO(s) (30) 

2Pu02(s) + Be(s,£) -> Pu203(s) + BeO(s) (31) 
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14.89 
13.65 
12.21 
10.55 
10.07 

-21.68 
-21.44 
-21.90 
-21.72 
-21.28 

Table 14. Gibbs Free Energy as a Function of Temperature 

Temperature AG (kcal/mole of Cm203 or PUO2) 
(°C) Eq. 29 Eq7"30 Eq. 3T 

600 143.98 
800 131.98 
1000 120.04 
1200 108.17 
1300 101.89 

Data Needed for Calculation of Cm203 Free Energy (E. E. Ketchen) 

Experiments will be conducted soon to measure the specific heat (C ) of 
Cm203 as a function of temperature over the 400-1300°C range. Using 
these data and Eqs. 32 and 33 below, it should be possible to calculate 
the change in heat content and entropy for Cm203 over the 400-1300°C 
temperature range. It may be feasible to extrapolate the specific heat 
data to 298°K, thus permitting calculation of Hj — H298°K ^"^^ ^T "" ^298°K' 
It should be noted that these two functions are for Cm203 and not for the 
formation of Cm203 from the elements. 

T 
% - H673°K = J Cp dT (32) 

673°K 

T 

ST - S673°K = / (Cp/̂ ^ ^'^ ^^2) 
673°K 

From the heat content and entropy it is possible to calculate the free 
energy of Cm203 using Eq. 34 for temperatures up to 1300°C. 

F = H - TS (34) 

Again, this free energy will be for Cm203 5 not the free energy of forma
tion of Cm203. If the free energy of curium were known, it could be used, 
along with the known free energy of oxygen, to calculate the free energy 
of formation of Cm203. At present the experimental free energy functions 
[ (Fj — H298°K)/'^] 3-̂ ^ available for solid curium up to the melting point, 
but H29 8°K ^^ "̂ ^̂  known. When '^^^Cxix is available, the specific heat 
should be measured to as near 0°K as possible. These data could then be 
used to calculate H29g°|̂  for curium and hence the free energy (Fm) for 
curium. This information would permit calculation of the free energy 
of formation for Cm203 over the desired range. 

As data for the C of Cm203 become available, estimates of the free energy 
of formation for Cm203 can be made which are probably better than the 
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estimated values now used. In the event that Cm203 is shown to form only 
curium and oxygen, not CmO, it may be possible to calculate the free energy 
function [(FJ — H298°K)/T] for Cm203. This function along with data now 
available would permit the calculation of the free energy function for 
the formation of Cm203 from its elements. The possibility of using this 
approach depends on the results of the vapor pressure/vapor species ex
periments now underway. 

Summary of Thermodynamic Calculation (E. E. Ketchen) 

During the past few months several alloys which have potential use for 
Cm203 encapsulation have been investigated from a thermodynamic viewpoint 
considering possible reactions between the fuel and the alloy. In all 
cases a reference fuel consisting of 95% Cm203 and 5% PUO2 was assumed. 
The reactions considered were only those of the type 

F^Oy + zM -> M^Oy + xF 

where 

F = element in the fuel (Cm or Pu) 
M = constituent in alloy 

M^Oy = most favorable oxide of M 

The calculations did not consider possible solubility effects or other 
compound formations. Free energy data for PU2O3 were used as stand-ins 
for those of Cm203 which are not available. For the nine alloys investi
gated, no reactions of Cm203 (or PU2O3) with any constituents were predicted 
Calculations for three alloys also indicated no reactions with PUO2; two 
indicated reactions of PUO2 with major constituents; and four indicated 
reactions of PUO2 with minor constituents, A summary of the Pu02/alloy 
calculations is shown below: 

Alloy Constituent(s) Predicted to React With PUO2 

Pt-26% Rh-8% W None 
Pt-30% Rh--«% W None 
Ir-2% W None 
Hafnalloy 20-20 Hf (95.78 atom %) 
Ta-10% W Ta (90.14 atom %) 
Haynes 188 Si (0.4 atom %) and La (4 x 10 5 atom %) 
Type 316 stainless steel Si (1.97 atom %) 
T-111 Hf (2.03 atom %) 
TZM Ti (0.997 atom %) and Zr (8 x 10 ^ atom %) 

It should be noted that these calculations are limited in scope and that 
they are estimates at best. However, taken at face value, they seem to 
indicate that the plutonium oxides present in the fuel may influence the 
compatibility situation more than the curium oxide does. 
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2'*'*Cm203 Property Characterization 

Helium Release (p. Angelini) 

Three 0.46-cm'-dlam by 0.l4-cm-thick ^^^QJ^^Q^ pellets were hot-pressed 
using powder from batch SEL-31, and the residual carbon from the die body 
was removed by oxidation using the procedure which maintains the ^'^^QJ^^Q^ 
form. The pellets were then transferred, in an inert atmosphere container, 
to the balance glove box for mass and dimensional measurements. 

The pellets were loaded into separate sample containers, and each con
tainer was placed in its respective furnace. The furnace temperatures 
were then increased to the predetermined values shown in Fig. 3| the 
initial heat-up helium release curves are shown in Fig. 4. In each case 
there was an extremely large amount of helium evolved during the initial 
evacuation of the sample tube. This helium, which could not be quantita
tively measured, is probably that which is very close to the surface of 
the releasing unit or that which is held in open microcracks or grains. 

1000 

800 

600 

ORNL-DWG 7 4 - 4 2 3 

s 

J 

/ 

/ 

^ 
yy 

^ 

^^ 
"^ 

FURNACE B 

A 

C 

32 64 80 

TIME (min) 

Fig. 3. Temperature Versus Time for Helium Release Tests, 

B 

UJ 

K 
UJ 
CO 

< 
UJ UJ 

S 
3 
_ l 
UJ 
X 

S ^ ^ctnT! :»-«izc • " • 

/ 
/ 

• - — ^ A 

ORNL-DWG 74 

SAMPLE B.BOCC 

^ 

650<'C 
C.50C 

-424 

)°C 

64 80 

TIME (mm) 

144 

Fig. 4. Helium Release Rate Versus Time (0-152 hours). 



20 

The release characteristics of samples A and C during their initial tem
perature increase were very similar. The release rate measured from 
sample B was different; it increased to larger values above 750°C after 
decreasing from its first burst at a temperature. This second burst could 
be due to the annealing of radiation damage in the fuel. Thus, the micro-
structure of the fuel pellet maintained at 800°C could be very different 
from that of the pellets maintained at 500 or 650°C. Also if this theory 
is true, the data reported previously in the helium release report on 
2^^Cm203 could be extrapolated to a minimum temperature of 750°C. Below 
this temperature another mechanism would predominate. 

The plots of helium release rate versus time for samples A (650°C), B 
(800°C), and C (500°C) presented in Fig. 5 are based on experimental points 
which are average values of release rates. Individual points represent 
integrated release rates based on incremental measuring times ranging from 
5 mln to 3 days. Data are usually taken on a particular sample during a 
1-day period every 3 days. During each incremental measuring time the 
release rate is recorded then integrated such that the amount of helium 
emitted over that incremental time is obtained. The abscissa of Fig. 5 
represents the time from initial heating of the sample to the end of the 
incremental measuring time for the release rate. 

The release rate curve for sample A (650°C) was proceeding as expected 
up to 332 hr; during this period the burst-type helium emission was in
creasing. Beyond 332 hr the burst-type helium emission increased tre
mendously. During the time period from 400 to 730 hr the sample was 
emitting above its production rate. Thus, the inventory accumulated 
during the first 400 hr at temperature was emitted during the 400- to 
730-hr period. Since the areas of the two regions are approximately 
equal, a very small helium inventory should remain in the sample. The 
data to be obtained after the 730-hr period will show whether this 
phenomenon is cyclic or whether the release rate will level off, as 
expected, at the helium production rate for the sample. The sample will 
remain at this temperature for 'v̂SOO additional hours. If the helium re
lease rate is equal to the production rate during this time the fuel 
pellet will be removed under inert atmosphere and observed. Part of the 
pellet will be sent for optical microscopy and another part studied by 
x-ray diffraction. The majority of the sample will be returned to the 
furnace, and the experiment continued for an additional 200 hr, after 
which the experiment will be terminated. 

Sample C (500°C) has undergone the same phenomenon as sample A; however, 
sample B (800°C) has not undergone this phenomenon. Since the helium 
release rates for this sample have changed very little in 750 hr, equi
librium was probably reached in a short period. The experiment will be 
continued to prove this. Part of this pellet will also be studied by 
optical microscopy and x-ray diffraction analysis such that the differ
ences between this pellet and sample A can be recorded. 



21 

The release of stored helium at 500 and 650°C may be caused by alpha par
ticles destroying the releasing units in the fuel. At these temperatures 
the damage caused by the alpha particles may be cumulative until the re
leasing unit can no longer accept any further damage and begins to be 
destroyed. The final helium inventory measurement at the completion of 
the long-term test should determine the amount of damage, and the studies 
by optical microscopy and by x-ray diffraction analysis should determine 
the type of damage which occurred. At a temperature of 800°C, radiation 
damage is annealed to some equilibrium level and the releasing unit is 
not destroyed, and release by this mechanism does not occur. 
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Fig. 5. Helium Release Rates Versus Time (0-900 hr) 
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Vapor Pressure (P. Angelini and J. C. Posey) 

The vapor pressure collection assembly was used in measuring the vapor 
pressure of curium metal. This provided a test to check both the unit 
and the range of agreement when an experiment was being performed on a 
radioactive element as reported in the literature. The equipment and 
procedure used by Smith et al.'^~^ in performing their experiments on 
^^^Cm metal were the same as those of Smith and Peterson" in their ex
periments on 2̂ '̂ Cm203. 

In our experiments a tungsten Knudsen cell was used. The temperature was 
measured by using a disappearing filament pyrometer. The black-body hole 
was located at the base of the Knudsen cell. The temperature values were 
corrected for pyrometer error, furnace window, and glove box window effects 
according to a calibration of the pyrometer and glass performed by the 
Standards Group of the Instrumentation and Control Division. The experi
ment was performed in the temperature range from 900 to 1600°C. The vapor 
pressure collection assembly remained cool during the experiment. The 
rotary seal worked very well, the turning was smooth and could be per
formed easily. A technique for handling the platinum metal sample col
lection discs was worked out, and the radiation background was kept to a 
very minimum. The individual collection discs were counted with an alpha 
spectrometer by personnel in the Analytical Chemistry Division. The 
least square curve with corresponding standard error of coefficients 
for the vapor pressure of '̂̂ '̂ Cm metal is 

logio P = (3.834 ± 0.411) - (17,939 ± 641)/T 

where 

P = vapor pressure in atmospheres 
T = absolute temperature in Kelvin 

The vapor species is assumed to be '̂̂ '̂ Cm. The vapor pressure as reported 
above is lower than the vapor pressure obtained by Smith et at. for the 
vapor pressure of curium. In the temperature region of 1100°C the dif
ference could be explained by experimental temperature differences of 
'̂ '30°C. Accurate temperature measurements and uniform Knudsen cell tem
perature are important factors in obtaining accurate vapor pressure data. 
The design of the furnace heat zone and Knudsen cell temperature measure
ment capability in our vapor pressure furnace is such that a minimum 
correction factor need be applied to the actual measurements. 

Vapor pressure data are required for the prediction of the volatile mi
gration of Cm203 in heat sources. Smith and Peterson^ have determined 
the vapor pressure of Cm203 in the range of 1570-2336°C; however, cur
rent interest is in the range of about 800-1400°C. The use of their data 
in the lower range involves a long extrapolation. Furthermore, the 
crystalline form of Cm203 changes at 1600°C, which is at the lower edge 
of their range of measurement. The slope of the pressure-versus-temperature 
curve will be influenced to some degree by this transition. 
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The Knudsen cell method will be used for the greater part of our measure
ments. Later, the Langmuir method will be used for the measurements at 
the lowest temperatures. This work is not a routine application of these 
methods of pressure measurement. The Knudsen cell method is used ordi
narily at pressures down to 10 ^ atm and the Langmuir method is used at 
pressures as low as 10 -̂̂  atm. We hope to go to 10 ^̂  atm at 1100°C. 
Extrapolation of the data of Smith and Peterson^ Indicates that below 
about 1100°C the pressure will be too low for determination. 

The optical pyrometer system used for temperature measurement required 
calibration because the light used for measurement passes through two 
pieces of glass: the furnace window and the glove box window. The ef
fect of the resulting light absorption on the pyrometer reading was mea
sured by the Instrument Standards Group of ORNL using pieces of glass 
identical to the two windows. The pyrometer was also checked against a 
Pt—Pt-10% Rh thermocouple in the base of the Knudsen cell. The two groups 
of data were in good agreement. (The thermocouple vaporized during this 
work. It can be replaced if measurements below the optical pyrometer 
range are needed.) 

In our application of the Knudsen cell method, the rate at which mate
rial leaves the orifice of the Knudsen cell is determined as follows: 
1) Small stainless steel targets are mounted in a holder at the top of 
the vacuum furnace. The holder can be rotated to bring any one of ten 
targets over a hole leading into the furnace, 2) When in position, the 
target is struck by a known fraction of the total molecular beam of curium 
oxide leaving the Knudsen cell. 3) The amount of curium deposited on the 
targets is determined by an alpha-counting procedure. 

It cannot be assumed with certainty that all molecules which strike the 
surface stick. In some similar reported cases, the condensation coef
ficient is much less than one.̂ '̂ '̂  (The condensation coefficient is the 
fraction of the molecules striking the surface which stick.) The size 
of the condensation coefficient is strongly Influenced by the nature of 
the surface. High values occur when the condensing molecules readily 
fit into the crystalline lattice of the surface. 

A series of targets with differing surfaces has been exposed in the vapor 
pressure apparatus. The surfaces were stainless steel, oxidized stainless 
steel, Nd203 deposited on stainless steel, lead oxide on stainless steel, 
and platinum. The curium deposits on these targets will be determined by 
alpha counting, A statistically significant variation in the observed 
rates of deposit will indicate the need of further investigation. 

The problem of error because of accidental contamination of the targets 
is serious. The deposits on the targets are of the order of only 10 ^̂  g. 
Deposits of this size can be accurately measured by alpha counting, but 
an extremely small amount of contamination will cause a significant 
error. Furthermore, the targets are used in equipment which has been 
previously exposed to curium. 
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The first targets exposed were leached by acid, and measurements were 
made of the total curium in the resulting solutions. The resulting data 
were badly scattered and were higher than expected. In two cases control 
targets which had not been exposed to the molecular beam showed greater 
curium deposits than any of the targets which had been exposed. The 
problem has been largely solved by counting the deposits while on the 
target and by the use of an appropriate masking procedure during the 
counting. Only the part of the surface which was exposed to the molecular 
beam is exposed during the counting. In one series of measurements with 
Cm203, six stainless steel targets were exposed at Knudsen cell tempera
tures which varied from 1202 to 1587°C. These targets were counted using 
the mask. The logarithms of the vapor pressures calculated from these 
targets were plotted as a function of the reciprocal of the absolute tem
perature. An excellent straight line was obtained with five of the six 
points. The other point was high. The target on which this point was 
based showed appreciable contamination on the unexposed surfaces. It is 
likely that some contamination was also present on the exposed surface. 

Numerical values will not be reported until questions of systematic 
error are resolved. 

X-Ray Diffraction (p. Angelini) 

The goniometer was realigned with the graphite crystal monochrometer in 
place. The monochrometer introduces a small loss in signal strength but 
increases the signal-to-noise ratio. After the final alignment procedure, 
scans of silicon and gold were obtained for use as standards under iden
tical experimental settings for future experiments. 

In October an x-ray diffraction scan was made on some pieces of a pellet 
which had been used in a seawater leach test, samples of which were 
scanned by x-ray in August, and stored in a seawater-filled container. 
The material was removed from the container, prepared on its mount under 
argon, and immediately inserted into the x-ray diffraction assembly. The 
system was evacuated and the scan was made. The original scan on this 
material had shown two patterns, a monoclinic pattern, probably Cm203, 
and a more intense fee pattern with a cell parameter of a" = 5.369 A. In 
the scan made after two months' storage in seawater, only an fee pattern 
was seen; the calculated cell parameter was a = 5.391 A. Also, the peaks 
were broader and less intense than had been the case in the first scan. 
Comparison of the two scans indicates that additional oxidation had oc
curred while the material was in storage in seawater, since the mono-
clinic pattern was not present in the second scan. The broader peaks in 
the second scan probably indicate additional radiation damage; and, the 
much larger fee cell parameter of the second scan Indicates that the 
sample had also hydrated. 

A pellet which had been exposed to dry air for approximately four months 
was tranferred to the x-ray diffraction process glove box. The pellet 
was crushed and a scan of this sample was performed under an air atmos
phere. Only an fee pattern was obtained. The calculated lattice parame
ter was a = 5.377 A. This lattice parameter is larger than the lattice 
parameter of freshly prepared and annealed Cm02 sample (a = 5.359 A). 
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A monoclinic pattern was not observed. Thus the original Cm203 pellet 
had oxidized to Cm02 in the length of time that it had been exposed to 
air. The larger lattice parameter and broad peaks indicate radiation 
damage to the crystal structure. 

Some of the remaining solid matter from the first boiling distilled water 
solubility experiment pellet was transferred to the x-ray diffraction 
system, and the sample was mounted under an argon atmosphere. The mate
rial seemed to be both in solution and in suspension in the distilled 
water. A scan was performed under vacuum immediately after the mount 
was placed in the x-ray system. Two patterns were observed: a very 
strong fee pattern and a strong hexagonal pattern. The fee pattern had 
a calculated lattice parameter of a = 5,398 A. The calculated lattice 
parameter of the hexagonal pattern was a = 6.396 A and c = 3.691 A. The 
peaks were rather sharp and intense in both patterns. The fee pattern 
is probably a hydrated form of Cm02 and the hexagonal pattern is attri
buted to Cm(0H)3. The lattice parameter for the hexagonal structure 
calculated from the data is very similar to the lattice parameter of 
various lanthanide hydroxides. Also the intensity and the number and 
position of tne peaks reinforce the conclusion that the pattern was that 
of Cm(0H)3. This was the only sample of the leach test materials in 
which the hydroxide compound was identified. 

Part of a pellet from the first set of pellets scheduled for use in the 
vapor pressure experiment was transferred to the x-ray diffraction process 
glove box (these fuel pellets were made from the purified curium oxide 
powder). A scan was performed over 22°-85°26, and the lines recorded 
showed the material to have two phases; both a monoclinic and an fee 
structure were observed. The monoclinic structure was attributed to 
Cm20 3 monoclinic form and the fee structure to a slightly reduced Cm02 
form. Since the presence of Cm02 showed that some oxidation of the 
Cm203 had occurred, the pellets were rejected, and a second calcination/ 
pressing cycle using the purified material was made. A scan over 10°-
85°26 was performed on a sample soon after the calcining procedure. Very 
strong lines were present, all of which were attributed to the cubic C 
form of Cm203. The material should be in the C form since the oxide had 
been taken to 1000°C in vacuum. Pellets were hot-pressed at 1450°C from 
the batch of calcined powder. A scan performed on one of the as-pressed 
pellets showed that the material had a monoclinic structure, with one 
line at 26,38°2e attributable to graphite. Another pellet was processed 
through the carbon burn-off procedure; a scan of samples from this pellet 
showed that this sample also had a monoclinic form. There was one un
accounted for line at 20.86°2e; possibly some impurity oxidized during 
the carbon burn-off. The 26.38°2e line was not detected, showing that 
carbon surface deposits had been burnt off the pellet. The lines of the 
scan on the pellet which had been through the carbon burn-off process were 
less intense than the lines of the scan on the as-pressed pellet. The 
monoclinic structures of both the pellets are attributable to the B form 
of Cm203, which forms irreversibly at the hot-pressing temperature. The 
lower intensity of the lines in the scan of the pellet which had received 
the carbon burn-off treatment indicate a distortion of the crystal lattice 
relative to the as-pressed pellet. Both pellets were pressed at the same 
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time, but the as-pressed pellet scan was made two days before the scan 
of the other pellet after the carbon removal procedure. The crystal 
distortion probably resulted from radiation damage, possibly influenced 
by helium effects rather than from the carbon burn-off process Itself. 

The results of these measurements indicate that the procedure used for 
pellet fabrication and carbon removal result in the desired fuel form. 
They also demonstrate the value of x-ray diffraction analysis as a tool 
for Identification of structure; this is useful for proper description 
of processes occurring in various experiments. The Cm02 indicated by 
the scan of the material which was rejected probably resulted from some 
exposure to air during the post-pressing handling or transfer operations. 
This again points up the necessity of exclusion of oxygen in Cm203 
handling operations. 

Emissivity (p. Angelini) 

The new furnace heat shields were fabricated and installed in the furnace 
which will be used for the emittance experiment. A graphite pellet was 
used for initial calibration experiments of the spectroradiometer. The 
new heat shield enabled the attainment of 1375°C as the maximum sample 
temperature at maximum furnace temperature. 

The test of the spectroradiometer with its readout instruments demonstrated 
satisfactory operation of the unit. The mechanical chopping frequency was 
changed from 16 to 2.42 hz, and the lock-in amplifier was used in its 
tuned circuit mode. These two changes have greatly enhanced the signal-
to-noise ratio from the instrument. Excellent readings could be obtained 
from the system with sample temperatures from 700 to 1375°C and spectral 
range of 3.0, 3.5, 4.0, 4.5, 5.0, and 5.5 microns in addition to the total 
radiation receiving mode. 

Heat Capacity (f. Ar^gelini) 

The system has been checked. Final preparations are being made before the 
cell becomes radioactive. 

Dimensional Stability (T. A. Butler and C L. Ottingev) 

Observations of the three 25-W test pellets made in September continued. 
The two 25-W Cm203 pellets — one of purified Cm203 and the other of 
production-grade material —• which had been stored under argon at '̂ 6̂50°C 
were checked on November 20. The pellet of purified Cm203 (PCM-P2) was 
intact and no dimensional changes had occurred; this pellet was fabri
cated on September 18. Inspection of the pellet of production-grade 
Cm203 (batch SRL-31) revealed that one large piece weighing 0,71 g and 
several small chips also totaling 0.71 g had broken off from one end of 
the pellet. This pellet was fabricated on September 27 and had last been 
inspected on October 30, at which time it was still intact. The pellet 
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of purified Cm203 (PCM-Pl) which had been stored in air was also inspected; 
there was no significant change. During the two-month storage of PCM-Pl 
in dry air it lost a total of 10.7% of its original weight. Essentially 
all of this loss occurred during the first week, with the first observable 
loss occurring 70 hr after the start of the air exposure. The loss was in 
the form of small chips flaking from the edges of the pellet ends. The 
body of the pellet has shown no evidence of swelling. 

Based on the observations made on these three pellets, it would appear 
that ^^Cm203 pellets of this size can be stored at ambient temperature 
('̂ 650°C average surface temperature) in argon for several weeks without 
significant physical change. However, exposure to air should be prevented 
or held to a minimum to preclude deterioration of the pellet. The break
age of the SRL-31 pellet was probably caused by mechanical or thermal 
stress since the container in which it is stored has to be handled 
frequently. 

Behavior of Hot-Pressed 001263 Pellet 
in Boiling Distilled Water (J. C. Posey) 

A test was made of the effect of boiling distilled water on a hot-pressed 
Cm203 pellet containing 13.1 wt % of ^^"Pu02. The procedure was the same 
as that used with boiling seawater. The pellet was held in a basket of 
platinum gauze (370-vim holes) immersed In 175-ml of water contained in a 
Pyrex glass flask. The pellet density was 7.8 g/cm^ and its area was 
0.561 cm2. 

Samples of the water were taken in pairs from time to time and analyzed 
for 2^^Cm. One sample was withdrawn through a sintered glass filter 
stick; the other was not filtered. At the end of the test the heat was 
turned off, boiling ceased, and all suspended material was allowed to 
settle for 24 hr. The water was again sampled. 

After about 8 hr the pellet started to disintegrate slowly. At first 
most of the material was present as large pieces which broke into pro
gressively smaller and smaller pieces until at 144 hr all of the material 
had sifted through the 370-ym holes in the basket. At the end of the 
test, the Cm203 was present as a powder, partly on the bottom of the 
flask and partly suspended in the water. 

The schedule of the disintegration of the pellet is given in Table 15. 
The concentrations of curium in the water illustrate the progressive 
break-up of the pellet. The curium concentrations in the unfiltered 
samples are dependent on the number of particles small enough to remain 
in suspension under the conditions of mild agitation as caused by the 
boiling water. The concentrations in the filtered samples are dependent 
on the number of particles capable of passing through the filter. The 
observation that both values Increased with time indicates an increase 
in the amount of curium in the form of very small particles. 
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Table 15. Disintegration of Cm203 Pellet in Boiling Distilled Water 

Time From 
Beginning 
Test (hr) 

Observations 
2̂ Ĉm Concentration 

(yg/ml) 
Filtered Unfiltered 

1 Pellet intact; water clear 0.037 0.060 

4 Pellet intact; water clear 0.044 0.076 

8.4 Pellet intact; one particle at _ — 
bottom of flask; water clear 

24 Large irregular pieces in basket; many 0,24 1.2 
particles at bottom of flask; water 
clear 

48 Less material in basket; water murky 13 28 

76 One very small piece remaining in 28 54 
basket; water very murky 

144 No material in basket; water very 32 59 
murky 

The concentrations observed after 24 hr settling at room temperature were 
8,7 yg/ml for the filtered sample and 7.8 yg/ml for the unfiltered sample. 
These values are much lower than the final values for the boiling solu
tion. The solution was clear at this time. 

The disintegration of the pellet was expected. Similar disintegration 
had been observed with air-saturated distilled water at room tempera
ture although a much longer time, 300-400 hr, passed before visible 
damage took place." Furthermore, Fullam and Roberts had observed a 
similar disintegration of pellets of Nd203, Pm203, and Sm203 in water. 
They showed that a hydration reaction occurred and that a hydrated oxide 
or hydroxide was produced. Because of the similarity of Cm203 to these 
oxides, it is likely that the reaction of Cm203 was the same. Free 
atmospheric oxygen is not present in boiling water, but some exposure 
to oxygen occurred afterward. In some of the powder examined using 
x-ray diffraction the presence of Cm(OH)3 and hydrated Cm02 were indi
cated. This work is described in greater detail in the "X-Ray Diffraction 
section of this report. 

To date, tests have been carried out using flowing air-saturated sea
water and distilled water at room temperature and using boiling seawater 
and distilled water. All of these tests used Cm203 pellets of compara
tively low density and high ^'^^Fu content; tests with low 2'+0pu content 
and higher density are planned. 
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2^'+Cm203 Radiation Measurements (K. w. Haff) 

The gamma spectrum of the 69.1-W source was rechecked and the data evalu
ated. The source will be defueled early in 1974. A report on the radia
tion measurements from the source was drafted; the final report should be 
completed in January. 

Curium From Power Reactor Fuels (T. A . Butler) 

The variations in Isotopic composition of curium recovered from power 
reactor fuels was discussed in a previous report.-^ Calculations and one 
set of experimental data indicated that significant increases in the 
abundance of the fissile nuclei, '̂̂ •̂ Cm and ^̂ Ŝ jĵ ^ ^^^ ^g anticipated 
relative to the product obtained from irradiation of plutonium targets 
in the Savannah River Plant reactors. Additional experimental evidence 
was found-^^ which supports the previous discussion. In this case, UO2 
fuel rods were Irradiated in the Vallecitos Boiling Water Reactor to 
'̂ 10 GWD/Mr(U) and then transferred to the Dresden boiling water reactor for 
additional irradiation. Curium isotopic contents of full-cross-section 
fuel rod samples were measured by mass spectrometry. The data are given 
in Table 16 with values normalized to a decay period of five years after 
fuel discharge. 

Table 16. Isotopic Abundance of Curium Recovered 
From Boiling Water Reactor Fuel 

Sample 
Number 

68 
69 
70 

235u 

u 
Enrichment 
atom %) 

3, 
2, 
2, 

.53 

.79 

.79 

Burnup 
IGWD/MT(U)] 

28.5 
25.3 
25.3 

Isotop 
2"Cm 

2.27 
2.55 
2.28 

ic Abund, 
2^^Cm 

92 
93 
93, 

.96 

.57 

.53 

ance (atom %) 
-̂̂ Scm 

4.26 
3.42 
3.76 

2^^Cm 

0.52 
0.46 
0,43 

The calculated production of ^^^Cva in enriched-uranium-fueled PWR's as 
functions of burnup and 235-[j enrichment has been reported.-^'^ The cal
culated yields for a 3,3% ^SSy fu^x enrichment given in Table 40 of 
reference 1 are in rather good agreement with measured data of ^^^Cm 
yields obtained from analyses of Yankee-Rowe reactor fuels. The Yankee-
Rowe is a commercial PWR and the 2 3 5^ fuel enrichment was 3.4% for the 
Core I from which the 2'+̂ Cm yield data were obtained as a function of 
burnup. The two sets of data are shown in Fig. 6. 

The information obtained to date on the yield of curium Isotopes and their 
isotopic abundances in power reactor fuels is summarized and Interpreted, 
particularly with respect to the power density of 24'+Cm203 fuels, in the 
following discussion. 
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Few experimental data have been reported on the curium content of spent 
power reactor fuels and even less on the isotopic abundances. However, 
the available data are in sufficiently close agreement with calculated 
values derived from assumed average operating conditions of reference 
reactor types to allow predictions by calculations to be made with rea
sonable confidence. Reference reactor models include the light-water 
moderated reactor (LWR), high-temperature, gas-cooled graphite moderated 
reactor (HTGR), and liquid-metal-cooled fast breeder reactor (LMFBR). 
The LWRs are of two types: the boiling water reactor (BWR) and pres
surized water reactor (PWR). 

ORNL-DWG 7 4 - 4 2 5 
1 0 0 I 1 1 1 , 1 1 1 

5 10 15 20 25 30 35 40 

BURNUP [ G W D / M T ( U ) ] 

Fig. 6. Comparison of Calculated and Measured 
Yield of 2'+4cm in Enriched-Uranium-Fueled PWR. 
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A projection of the growth of the nuclear power industry in the United 
States^^ indicates that the LWRs will predominate at least through 1985; 
therefore, the power density of 2't'+Ciii203 fuels available from reprocess
ing of these reactor fuels is of most practical Interest. The character
istics of curium recovered from BWR fuel are expected to closely 
approximate those from PWR fuel based on equal burnup of 2 3 5u_gĵ -j.£(,jjgj 
uranium and are not considered separately. However, beginning about the 
end of this decade, some of the PWRs are expected to be fueled with re
cycled plutonium. The effect of plutonium recycle is to increase the 
yield (about 50 fold) of curium and to reduce the abundance of the 2^^Cm 
isotope. 

Predictions of the isotopic composition of 2'+4cm203 fuels obtained from 
commercial reprocessing of fuels from various power reactors are specula
tive at this time. Several factors contribute to the uncertainty. It 
is assumed that high-level waste streams which contain the curium frac
tion will be accumulated as solutions in common waste storage tanks for 
periods of three to six years before curium recovery operations begin. 
Thus, curium originating in reactor fuels of differing composition, 
reactor flux spectra, and burnup will have an opportunity to homogenize 
during storage and average the differences in isotopic composition. The 
recent trend toward standardization of reactor designs in a mature nuclear 
power industry will make future predictions of curium isotopic composition 
more certain. 

Using the predicted nuclear power growth,-^^ it can be assumed that the 
majority of reactor fuels for reprocessing will derive from PWRs fueled 
with enriched uranium, with gradually increasing numbers being fueled by 
plutonium recycle. It is further assumed that chemical recovery and puri
fication of curium will be done after a decay period of four years to 
reduce the 2̂ 2̂ ^̂ ^ j.̂  negligible amounts, and that 2'+'+Cm203 fuels will be 
fabricated one year after the chemical recovery. Chemical processing 
removes essentially all of the plutonium residual and decay product but 
leaves an estimated maximum 3 wt % of other contaminants. 

The isotopic composition of curium in enriched-uranium PWR fuels varies 
somewhat depending on the amount of 2 3 5u enrichment and the burnup level 
attained. During power reactor start-up periods, lasting for two to 
three years, portions of the reactor cores are discharged with relatively 
low burnup values. The calculated effects of 2 3 5^ enrichment and burnup 
are shown in Tables 17 and 18. 

Table 17. Influence of 2 3 5u Enrichment on Isotopic 
Abundance of 2'+'+Cm at 33 GWD/MTU and Four-Year Decay Period 

Enrichment Isotopic Abundance of 2'+'+Cm 
(Weight %) (Weight %) 

1.5 89.76 

2.5 91,09 

3,3 92.08 
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Table 18. Influence of Burnup on Isotopic Abundance of 2'+'+Cm 
at 3.3% 2 3 5^ Reactor Fuel Enrichment and Four-Year Decay Period 

T, /̂ TT^ /̂I/T^TTN I s o t o p l c Abuudauce of 2 '̂+Cm 
Burnup (GWD/MTU) ^ / , , • ! , * - =/N 

(Weight %) 

3.3 98.18 

16.5 95.41 

33.0 92.08 

The information in Tables 17 and 18 shows that the 2't'+cm content of the 
curium fraction increases with increased enrichment of the reactor fuel 
and decreases with increased burnup. These two effects tend to be com
pensating if it is assumed that waste streams from the reprocessing of 
a variety of reactor fuels are mixed in aqueous waste storage tanks. 
Most PWRs are expected to be fueled with '\'3% 235u enriched uranium, •'•̂  
therefore, it is recommended that 92.08 wt % isotopic abundance of 244QJJJ 
at a four-year decay period be used as a most probable value. The cor
responding value for a PWR fueled with recycled plutonium and burnup of 
33 GWD/MTU is 86.92 wt % 2^4cm at the four-year decay period. 

In calculation of the probable power density of 2^^Cm203 fuels obtained 
from power reactor operations, previous assumptions must be borne in 
mind: the 2^2QJJJ content of the curium fraction is decayed to negligible 
amounts, 3 wt % of impurity oxides are present in the fuel but plutonium 
has been removed at the end of a four-year decay period, fuel form 
fabrication is done one year after chemical recovery, the other principal 
Isotopes of curium (2̂ 3(̂ jjĵ  2U5QJJJ^ ^^^ 246QJJJ) ^Q Ĵ ^̂  contribute signifi

cantly to the power of the fuel, and fuel density of 10.3 g/cm^ is at
tainable in hot-pressed pellets. The specific power of the 2'+4cm203 fuel 
will decrease by 3.74% during the holding period of one year between 
chemical processing and fuel fabrication due to decay of 2'+'+Cm to 2^0pu. 
Mass loss due to the escape of helium is negligible in this length of 
time. The power density of the two sources of 2^^Cm203 isotopic power 
fuels is summarized in Table 19. 

Table 19. Power Density of 2'+4cm203 Fuel Forms 

Source of Specific Power Power Density 
Curium-244 (W/g)^ (W/cm^)^ 

PWR, 235u enriched 2.215 22.8 

PWR, Pu recycle 2,09 21.5 

At five-year decay after discharge of the 
reactor fuel, density of 10.3 g/cm^. 
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The calculations given in Table 19 indicate that 2'+4cm203 fuels used for 
heat sources about 1980 should approximate fuel power densities of 
22.8 W/cm^ and decrease to a probable limit of 21.5 W/cm^ around 1990 as 
plutonium recycle fuels for the PWR come into greater use. 

Criticality of 24'+Cm203 Fuels (T. A. Butler) 

Critlcality of the actinlde elements has been reviewed by Clayton and 
Bierman. ° Of the curium nuclei which are present in power reactor 
fuels, those containing an odd number of neutrons, 2'+3(̂jjĵ  2̂ 5cjjĵ  ^^^ 
2̂ ''Cm, are classified as fissile and those containing an even number 
of neutrons, 2'+4cjn̂  246cjjĵ  ̂ ^^ ^^^Cw., are classified as fissionable. 
Fissionable nuclei are those for which a chain reaction is possible with 
most of the fissions caused by high-energy neutrons. Fissile nuclei are 
those for which a chain reaction is possible with the fissions caused by 
slow, or thermal, neutrons. The only data on critical experiments with 
curium nuclei is a material-replacement experiment with 2̂ Ĉm reported 
by Barton,-̂ ^ He estimated that the critical mass of a bare metal sphere 
of 2'+̂ Cm (density 13.5 g/cm^) is 27,7 ± 2.5 kg, Clayton and Bierman^S 
calculated the critical mass of a similar sphere of 24'+CJJJ J-Q ̂ g 23.2 kg. 

Preliminary calculations of the critlcality of four representative heat 
source systems indicate that there should be no problem with these systems 
even if the 24'+Cm203 contains 12% of the fissile isotopes 243ĵ _ p-̂.̂g 245^^^ 
The study will be completed in January 1974 and a detailed report made. 
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