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HELIUM BUBBLES AT GRAIN BOUNDARIES 
OF HIGH-DENSITY 238 Pu0 2 SHARDS* 

by 
. . t 

W. R. McDonell, J. E. Sheehan, and R. D. Sisson 

Savannah River laboratory 
E. I. du Pont de Nemours & Co. 
Aiken, South Carolina .29801 

ABSTRACT 

DP-MS-75-67 

Hydroxide~ and oxalate-base 238Pu0 2 shards that were sintered 
to high density at 1200°C or 1600°C and then aged for 6 months or 
more exhibited grain-boundary gas bubbles due to agglomeration of 
alpha-decay helium when heated to 1200°C and above. Conditions. 
for bubble formation depended markedly on shard microstructure; 
large-grained shards with few large residual sintering pores 
formed gas bubbles at lower temper~tures than small-grained shards 
with many pores. This behavior was especially apparent in oxalate
base 238 Pu02, in which small-grained shards resisted bubble.forma
tion·to above 1500°C; small-grained hydroxide-b~se shards with 
less internal porosity than oxalate-base shards formed bubbles 
at lower temperatures. 

Helium is apparently released from aged 238Pu0 2 spards at 
high temperatures by bulk diffusion within grains to the grain 
boundaries, where bubbles are formed and interconnect into net
works which permit helium escape. We postulate that helium is 
released by grain boundary diffusion at temperatures b.elow 
thresholds for grain boundary bubble formation. Small grain 
size and high residual porosity within grains inhibit the forma
tion of the grain-boundary gas bubbles by reducing the concen
tration of helium gas at the grain bounrlarie~. 

/ 

* The information contained in this article was developed during 
the course of work under Contract No. AT(07-2)-l wit.h the U.S. 
Energy Research and Development Administration. 

t J, E. Sheehan currently at General Atomic Company, San D:i.ego, 
California 92138. 
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INTRODUCTION 

Alpha decay of 238 Pu with a half-life of 86.4 years produces 

helium in Pu0 2 (isotopic purity 80% 238 Pu) at a rate 1.69 x lo- 0 

cm 3 (STP)/(g sec), or about 0.53 cm 3/(g yr). 1 The helium forms 

gas bubbles at grain boundaries when the oxide is headed to high 

temperatures. l- _
3 These grain-boundary helium bubbles have 

potentially deleterious effects on the mechanical properties of 

the 238Pu02 materials in heat source applications.~ The inves

tigation discussed in this paper was undertaken to establish 

conditions for grain-boundary bubble formation in high-density 

hydroxide- or oxalate-base 2 38 Pu02:. shards for comparison with 

other 238Pu02 materials. 

The helium that is produced by alpha decay remains in the 

238Pu0 2 l~ttice until the oxide is heated to a temperature of 

about 700°C, above which it is rel~ased at rates depending on 

specimen size and density. 1 Essentially complete release is 

observed within a few minutes above 1200°C for <210-µm microspheres 

containing large internal pores but for high-density pellets 

complete release requires heating above 1600.°C. 1 
• 
2 Measurements 

of steady-state helium release from the microspheres indicate 

that helium migration occurs by different processes in inter

·mediate and high tompernturo rnngo~ (Fig; 1). 2 At intermediate 

temperatures, up to about 1200°C, helium is released with al) 

activation energy of about 20 kcal/mole, but above this 

temperature_ release proceeds with an activation energy of 

80 kcal/mole. Some of the gas release occurs in bursts. 1 
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In high density (97-98% theoretical) 2 38 Pu0 2 heated above 

1000-1100°C, helium gas bubbles are observed in characteristic 

stringers along grain boundaries. 3 These grain-boundary gas 

bubbles produce volume increases up to about 10% and may contribute 

to the observed deterioration of mechanical properties of the 

material at high temperatures. 4 Helium bubbles are not generally 

observed within grains, although poorly resolved structures 

indicating extensive lattice damage and possible submicro~copic 

helium agglomerates are observed in the intermediate temperature 

range. 3 Gas release from high-density ~aterials in the high-

temperature range is generally presumed to occur by interlinking 

of the grain boundary bubbles into interconnected networks that 

allow rapid escape. 5
-

7 In porous, low density (80-85% theoretical) 

mate~ials, the grain-boundary gas bubbles are not usually observed. 

Gas release in the intermediate temperature region is presumed to 

occur by lattice-defect-assisted diffusion processes, with the 

defects (vacancies) created extrinsically due to impurities or 

substoichiometric. phases in the 238 Pu02 or generated by radiation. 2 

EXPERIMENTAL RESULTS 
' 

Shard Preparation and Microstructure 

The hydroxide-base 238 Pu02 shards that were used in this 

investigation were prepared at Mound Laboratory from a self

calcin.ed filter cake. 8 Plutonium hydroxide was precipitated 

from nitrate solution by ammonium hyd1·oxide, and the. precipitate 

was washed, filtered, dried, and then calcined to Pu02 by self-
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heating at about 700°C. The calcined filter cake was broken up 

into chunks, which were screened to specified size ranges and 

fired into. shards. One lot was fired at 1200°C, and the other 

lot at 1600°C, each for 4 hours, in flowing oxygen gas. The 

1200°C-fired shards were <297 µm in size, and the 1600°C-fired 

shards ranged from 177 to 250 µm. 

Microstructural examination bf the hydroxide-base 238Pu02 

shards after 10-14 months storage at room temperature revealed 

that both the 1200°C- and the 1600°C-shards had well-consolidated 
) 

structures, With only minor amounts of residual sintering porosity 

(Fig. 2). Grain size was fairly u.niform within shards, but varied 

.. markedly from shard to shard, apparently dependent on residual 

porosity in the shards. In the 1200°C-fired shards_, grain size 

ranged generally from about 5 µm in shards with high porosity to 

about 15 µm in shards with low porosity. In. the 1600°C-fired 

shards, grain size ranged from about 10 µm for the more porous 

shards to well over sq µm for the less porous shards. The 

residual porosity and occasional grain-boundary separations 

observed in the shards were attributed to incomplete sintering 

during shard firing. The differences in residual porosity (and 

concurrent differences in grain size) from shard to shard in a 

given batch were probably due to variations in density before 

firing at 1200°C and 1600°C.. 

The oxalate-base shards were prepared at SRL from·a cold

pressed 238 Pu0 2 powder compact. Plutonium oxalate that was 
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precipitated from nitric acid solution by reverse strike procedures 

was filtered, dried, and calcined at 735°C to form the 238 Pu0 2 • 

The calcined feed was ball milled 32 hours into a 2 µm powder and 

cold-pressed into pellets, which were crushed, sized, and finally 

fired into dense shards by heating for 6 hours at 1625°C in air. 

Shard size was <297 µm. Pore volume measurements indicated that 

the shards were greater than 92% d~nse. Other shards prepared by 

sintering oxalate-base 238 Pu0 2 at 1200°C had poorly consolidated 

microstructures and were not used in this study. 

The oxalate-base shards fired at 1625°C were examined within 

two months of fabrication and periodically thereafter during storage 

at room temperature for up to 21 months, during which time no 

changes in microstructure were evident. Residual s:i.ntering porosity, 

generally more pronounced than in the hydroxide-base shards, was 

distributed both within grains and on grain boundaries. Grain size 

again varied greatly from shard to shard; small-grained shards had 

typically 5-10 µm diameter grains, intermediate-grained shards had 

10-25 µm diameter grains, and large-grained shards had 25-50 µm 

diameter grains.· As for the hydroxide-base shards, the small

grained oxalate-base shards exhibited more finely divided porosity 

than the large-grained shards. 

Microstructural Effects of Helium Release 

Effects of helium release on the microstructures of the 

hydroxide- and oxalate-base 238 Pu0 2 shards were established 

after aging ·for various times at room temperature by heating 
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small (100-250 mg) samples in air to temperatures between 900 and 

1600°C. The shard samples were contained in thoria boats and 

heated in a Pt-Rh wire-wound resistance furnace. Temperatures 

were monitored with a Pt-Rh thermocouple at the sample location 

in the furnace. Heating times ranged between 1 and 36 hours; 

heatup times were generally 2-3 hours depending on maximum 

temperature. After the shards were heated, they were prepared 

for metallographic examination by mounting in "Bakelite" (Trade

mark of Union Carbide Corp), grinding with 600-grit silicon 

carbide paper, rough-pnlic;hing with 0.3-µm alumina in wat~r. a.nu 

fine~polishing with 0.5-µm diamond compound in water. Polished 

samples were etched in solutions of 10 cc HI, 10 cc HCl, and 

15-20 drops each HN0 3 and HF. Both the as-polished and etched 

surfaces were examined. 

Hydroxide-Base Sha:I'ds 

Metallographic examinations of hydroxide-base shards that 

were stored 10-14 months and heated at 1200°C and above revealed 

the presence of helium gas bubbles and other microstructural 

effects at grain boundaries. Heating the shards for about 1 hour 

at 1000°C produced nomicrostructural damage that could be iden

tified :J.t lOOOx magnification in as-polished or etched specimens. 

iioweve-r, heating for 1 hour at l 200°C and etching produced 

resolvable stringers of bubbles at grain boundaries of both large

and intermediate-grained shards of the 1600°C-fired oxide (Fig. 3). 

The intermediate- and small-grained shards of the 1200°C-fired 
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oxide .did not exhibit the grain-boundary bubbles after heating 

1 hour at 1200°C, although the small-grained shards displayed 

grain-boundary separations that may also be characteristic of 

helium damage in this material. A .somewhat finer distribution 

of residual sintering porosity in the 1200°C-fired shards, com

pared to the 1600°C-fired shards, may have inhibited the grain 

boundary bubble formation in the i"200°C-fired shards. 

Heating the hydroxide-base shards at 1400, 1500, or 1600°C 

for 1 hour produced grain-boundary helium bubbles in small-, 

intermediate-, and largo grained 3hard! of botli 1200°C- and 

1600°C"".fired oxide, with size and resolution of the bubbles in

creasing with increasing temperature (Figs. 4 and 5). Some 

instances of grain-boundary separation, apparently derived from 

linkup of the grain-boundary bubbles, were observed. No bubble 

formation within grains was detected.· 

Prolonged heating of the 1600°C-fired hydroxide-base shards 

for up to 36 hours at 1600°C produced elongated grain-boundary 

bubbles and grain-boundary separations, especially at grain

boundary triple points. Very little if any recovery of micro

structural damage occurred during prolonged heating under condi

tions that should have allowed helium to be completely released. 

Some large-grained, relatively pore-free shards exhibi-ted linear 

arrays of bubbles within grains after prolonged heating, but no 

uniform helium bubble formation within grains was detected 

(Fig. 6). 
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Oxalate-Base Shards 

Heating of oxalate-base 238Pu02 shards (1625°C-fired) in the 

temperature range 900-1600°C following aging at room temperature 

produced no resolvable microstructural effects until shards had 

aged about 6 months, when the characteristic grain-boundary 

bubbles were detected after etching in shards that were heated 

at 1600°C (Fig. 7). In shards aged 8 months, grain-boundary gas 

bubbles in the form of stringers were seen after heating at 1350°C 

or 1600°C for 1 hour .(Fig. 8). In shards stored 15-21 months, 

the gas bubbles were observed after heating 8 h9µrs at a·thTP.~hold 

temperature of about 1200°C and above. The grain-boundary gas 

bubbles, only occasionally detected in etched samples heated at 

1200°C, increased in size and ~efinition with increasing 

temperature up·to 1600°C (Fig. 9); above 1400°C the bubbles were 

also detected in the unetched condition. No. grain-boundary bubbles 

were detected after heating at 1100°C and below. No bubble 

formation was evident within grains after heating at any tempera

ture, although the many sintering pores in oxalate-base shards 

made detection of bubbles within t~1c grains uncel"Lain. 

The conditions for grain-boundary bubble formation in the 

oxalate-base shards depended markedly ori grain size and associated 

residual sintering porosity of the shards. Large-grained shards 

with a few large pores exhibited grain-boundary gas bubbles at 

lower temperatures than did small-grained shards with many finely 

distributed pores, and intermediate-grained shards exhibited an 
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intermediate behavior. Grain-boundary bubbles that formed 

near threshold temperatures (1200°C) were detected only in large-

grained, relatively pore-free shards, or on the boundaries of the 

largest grains in intermediate grai.n-size shards. In contrast 

to the hydroxide-base 238 Pu02, small-grained shards of oxalate

base 238 Pu02 with high porosity resisted grain-boundary bubble· 

formation to above 1500°C, and no :·other microstructural damage, 

such as grain-boundary separations seen in small-grained but less-

porous hydroxide-base shards, was evident. Comparisons of the 

grain-boundary bubble formation in l~n;~e- anrl smal.1 ... grai~ed 

oxalate-base 238 Pu0 2 shards are shown in Fig. 10. 

Detailed examinations re.vealed no· effect of shard size over 

the range 10 to 297 µm on grain-boundary bubble formation. More-

over, no bubble-free regions of grain boundaries near the surfaces 

of shards exhibiting bubble formation were evident. 

DISCUSSION 

The formation of grain-boundary helium bubbles in the hydroxide-

and oxalate-base 238 Pu02 shards agrees with observations of similar 

bubbles in high-density (97-98% theoretical) pellets at LASL, 3 

although the temperatures. required to produce the bubbles in the 

shards were somewhat higher than in the LASL pellets. The difference 

·in thresh.old temperature is more likely to be due to differences 

in microstructure of the 238 Pu02 materials than to specimen size, 
. I 

since no effects of particle size on bubble formation in the 

shards were. seen, Grain size of the LASL pellets ranged between 
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10 and 50 µm, approximately the same·as for the shards that were 

used in this work, but porosity of the pellets generally was much 

less finely distributed. A dependence of the temperature for 

bubble formation on porosity may also be indicated by formation 

of gas bubbles at lower temperatures in the small-grained hydroxide

base shards than in the more porous small-grained oxalate-base· 

shards. Large-grained shards of both type oxides with low porosity 

formed helium bubbles at about the same threshold temperature, 

1200°C. 

Effects of grain size on h~l ium l:rnbble formation in ·2 3 8Pu0:.! 

have not been previously reported. In gas release studies of 

other materials, notably U02 containing fission gases Xe and Kr, 

the grain boundaries have been generally found to serve as inert 

gas traps. 9 The observations of helium bubbles at grain boundaries 

of 238 Pu02 materials at high temperatures is in accord with these 

concepts, and the presumption of helium release through an inter

connected network of grain-boundary gas bubbles is well estab

lished. 5-7 These concepts generally assume the movement of 

helium within grains u1.:1.:urs by migratiOn of small gas bubbles. 

Bubbles within grains have not been observed in 238Pu02, suggest-. 

ing that the helium migrates as individual atoms, either inter~ti

tially 10 or associated with lattice defects.at these temperatures. 

The release studies indicate that inert gases are also 

mobile at temperatures below the thresholds for grain-boundary 

bubble formation, in U0 2 as well as in 238Pu0 2. The intermediate 
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temperature mobility has generally been attributed to a lattice 

defect-assisted migration of helium, with the lattice defects, 

most likely vacancies, created in a variety of ways including 

irradiation. In a polycrystalline material however, the helium 

would be transported to a grain boundary where, by.the above con-

cepts, it should be trapped until sufficient gas concentrations 

developed·t:o form interconnected bubbles, as at high temperatures. 

We can postulate alternatively that the inert gas release 

at intermediate temperatures occurs by grain-boundary diffusion. 
/ . 

Gas atoms trapped at·grain boundaries in concentrations too low 

for gas bubble formation at these temperatures would migrate 

along the grain. boundary with. the relatively low activation 

energies characteristic of such short~circuit diffusion paths 

until released at a sintering pore or external surface. For a 

material such as 238Pu0 2 in which grain-boundary diffusion at 

intermediate temperatures occurred, a small-grain sp~cimen with 

a high grain-boundary area would release gas more efficiently 

th.an a large-grain specimen with a small grain-boundary area. 

The gas concentration at grain ~oundaries would hA reduced, 

increasing the temperature that must be reached before the 

grain-boundary gas bubbles could form. Small grain size, as 

well as high residual porosity, could thus inhibit grain-boundary 

bubble formation, as observed in these studies of helium in 
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FIGURE 4. Microstructures of Etched 1200°C-Fired Hydroxide-Base 238 Pu02 Shards Aged 12 Months and Heated at 1500°C 
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