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HELIUM RELEASE FROM 238Pu0, MICROSPHERES

Peter Angelini
R. E. McHenry
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J. W. Prados

ABSTRACT

The release of helium from plasma-melted 238Pu02
microspheres was investigated under two experimental
conditions: disothermal steady-state release at 100

to 1300°C and release during and following a transient-
temperature rise from ambient to a constant final

value ranging from 900 tc 1900°C, with heatup time of

2 to 5 min. Release characteristics could be approxi-
mately described by diffusion models; however, different
correlations of diffusion parameters were required for
the two types of experiments.

The transient-heating experiments yielded two par-
ticularly significant results: helium release was
complete above 1300°C within 10 min (less at higher
temperatures) and mechanical degradation of the
microspheres was negligible.

A reasonable explanation of the mechanism for the
steady-state results is propecsed. The mechanism
of helium release under transient conditions is
unclear, but appears to differ significantly from
that at steady state.

INTRODUCTION

Several isotopic-power fuels under developmentlutilize the decay energy
of one of the alpha-emitting nuclides 238Pu, 244cm, or 210po. The alpha
decay of these substances continuously generates helium in fuel bodies
containing them. The design of safe and efficient isotopic-power fuels
will require a knowledge of the characteristics of helium release from
such bodies.

At present little is known of the motion of helium in actinide oxides.
One might conjecture that the process is analogous to the motion of
fission-product xenon and krypton in reactor fuel. However, in spite
of intensive research conducted on the latter problem over the past

20 years, neither an accurate mathematical description nor an accepted



explanation of the mechanism exists for the motion of fission-product
gases in the most common of reactor fuels, UC,. Detailed discussions
of this problem have appeared in recent literature.?=®

The present study was undertaken in an effort to provide helium-release
information of use to designers of isotopic-power supplies using plasma-
melted 238Pu02 microspheres as the heat source. Experimental measure-
ments of helium release from such materials were for two situations:
isothermal steady-state release of helium at 100 to 1300°C and release
during and following a transient-temperature rise from ambient to a
constant final value ranging from 900 to 1900°C with heatup times of

2 to 5 min. The steady-state experiments represent the condition of
isotopic fuels in storage or during normal operation of a power source;
the rapid heatup experiments represent conditions that might be encoun-
tered during atmospheric re-entry of a space vehicle or during a launch-
pad fire. Experimental results were correlated in terms of diffusion
models which allow prediction of helium-release rates from plasma-melted
238pu0, microspheres under conditions approximating those of the experi-
ments. Some conjectures on helium-release mechanisms were also proposed,
based on the experimental release results and metallographic examination
of the microspheres.

MATHEMATICAL MODELS FOR RELEASE

As previously noted, no definitive information exists on the mechanism

of release of helium or other inert gases from actinide oxides. In the
light of experience with reactor fuels, it is unrealistic to assume that

a classical diffusion mechanism will provide a full description of the
observed release behavior. However, the mathematics of diffusion often
permit the representation of release data in terms of relatively simple
equations with a small number of arbitrary parameters. Hence a diffusion-
model approach was employed in the present work, and mathematical relations
describing the release were derived under the following assumptions:

1. The basic helium-releasing unit is a sphere of effective
radius, a. This radius will probably be significantly
smaller than the actual microsphere radius because of
open porosity, grain boundaries, etc. in the microspheres.

2. The concentration of helium at the external surface of
each releasing unit is zero. This assumption is be-
lieved to be justified by the extremely low solubility
of inert gases in actinide oxides.’

3. The helium motion can be described by Fick's law, with
an effective diffusion coefficient, D, within each
releasing unit. This coefficient is independent of
position (but can vary with time in the transient-
heating experiments).

Additional assumptions for specific experiments are noted.



Steady-State Experiments

In the steady-state release experiments it was assumed that generation
of helium within the material occurred at a rate, P (cm3 of gas)/(cm3
of solid)(sec), independent of time and position. At steady state the
release rate of helium will equal the generation rate and under the
foregoing assumptions the concentration distribution of helium within
a releasing spherical unit is given by7

c¢(r) = concentration of helium at radius r, cm3/cm3,
effective radius of releasing unit, cm,
= effective diffusion coefficient, cm? /sec.

(e
!

The average concentration within the sphere, Cgy, may then be calcu-
lated as 8

.
av 15D*?
where D' = D/az, the effective diffusion-release parameter, sec—l.

Experimentally, the sample is maintained at the required temperature in
vacuum until the measured helium-release rate equals the known genera-
tion rate. The average helium concentration is then determined by
melting and degassing the sample, and an effective diffusion parameter,
D', can be calculated directly from Eq. (2).

Transient-Heating Experiments

(2)

The following additional assumptions were invoked in developing relations

to describe the transient-heating experiments:

1. Yo release of helium occurs up to some time, t,, measured
from the start of the heatup period; then release obeys
the usual diffusion laws.

2. The concentration of diffusing species is uniform at time
to. (The method could be applied as well if the initial
concentration profile were nonuniform but known. )

3. The experimental duration is short enough and initial
helium inventories high enough that the small continuous
internal generation of helium may be neglected.

Under these assumptions the theoretical fraction of helium released,
f (amount released)/(amount initially present), at any time, t, is
given by9



f =0 1= b, (3a)
f=1- o SR exp(-n®rZr) t =t (3b)
72 n=1 n2 ) ©
where Tt 1is defined by
t
T o= / D' at. (4)

For values of f below 0.77 (7 = 0.15), it can be shown that *0

I
£26\; -2, (5)
while for f above O.77 (7 = 0.15),
~ 6 2
1 - =y exp(-n=T). (6)

The use of these equations in data analysis is discussed in a later section.

EXPERIMENTAL
Material

The 238Pu02 microspheres that were examined in these studies were
prepared from Mound Laboratory by a plasma-melting technique and were
selected from typical material used to fuel radioisotopic heat sources.
Two samples of 238Pu02 microspheres in two size ranges were supplied.
The two samples were designated SN370/376 and Dart I, and their compo-
sitions and densities were given as 80.25 wt % 238Pu0, and 10.45 g/cm3
and 80.38 wt % 238pu0, and 10.00 g/cm®, respectively. The analysis date
for both samples was January 1967. The size ranges for the samples were
177- to 210-um diemeter and Th- to 88-um diameter.

The SN370/376 fuel was processed in January 1967 and then subjected inter-
mittently to temperatures of up to 800°C before the helium inventory was ’
measured at ORNL on April 10, 1968. Dart I fuel was also processed in
January 1967 and then subjected intermittently to temperatures of up to
1200°C until May 4, 1967, when it was subjected to temperatures of 1200°C
until April 4, 1968. On April 4, 1968, the temperatures were changed to
ambient. The helium inventory was measured at ORNL on June 6, 1968.



Apparatus

B ~ORNL-DWG-69-5927
Rapld—Heat Furnace TO MASS SPECTROMETER

The furnace in which the microspheres
were heated rapidly is shown in

Fig. 1. This furnace, which can

be operated at ~2000°C indefinitely,
is a water-cooled vacuum type with

a tantalum resistance~heating element.
A molybdenum sample tube contains

the capsule in which the microspheres
are lcaded and projects downward

into the hot zone of the furnace
through a water-cooled seal. Windows
and black-body holes are provided

for temperature measurements. The
furnace bonnet is attached to the
furnace base with a vacuum seal,
permitting easy access for furnace
maintenance. A mechanical pump
maintains the furnace vacuum, and
power for the furnace is supplied

by a variable voltage (0 to 42 Vv,

dc) 600-Amp capacity rectifier.

The power supply was motorized to
program the required rate of tempera-
ture rise. Fig. 1. Vacuum Furnace.
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Steady-State Furnace

The furnace used for measurement of the helium-release rates under
steady-state conditions had a platinum-wire-wound resistance element.
Power was supplied by a variable ac transformer. The furnace, which
was usable up to 1600°C, could be operated with either an argon or a
vacuum atmosphere in contact with the 238Pu02.

Helium Detector

The helium-release rates from 238Pu02 were measured with a National
Research Corporation Model 925 mass-spectrometer leak detector. The
sensitivity range of the mass spectrometer is 2 x 10-11 to 6 x 10-°

cm® of helium per second. The span range of the instrument for a given
set of adjustments (and calibration) is approximately four decades. The
leak detector was calibrated by using helium leaks standardized by the
Y-12 Plant. The signal from the leak detector was plotted by a suitable
recorder.

Pyrometers

The temperature of the rapid-heat furnace was obtained with a micro-
optical pyrometer manufactured by Pyrometer Instrument Company.



Glove Box

The furnaces in which the 238Pu02 microspheres were heated were contained
inside clear plastic glove boxes. The exhaust from the glove boxes was

connected to the building exhaust system through absolute filters and the
exhaust system maintained the atmosphere of the glove boxes at a negative

pressure of 0.5-in. water (gage).

The lines from the furnaces to the vacuum pumps and/or helium detector
which were outside the glove boxes contained filters to prevent possible
flow of radiocactive material. ©Safety devices were provided to remove
power from the furnaces in the event cooling water was lost or water

lines were ruptured in the glove boxes.

Procedure

Temperature Measurement

During the rapid-heat experiments

the temperature of the 2 8Pu02 micro-
spheres could not be observed directly.
Temperature measurements of the sample
tube recorded during the runs were
known to contain errors due to lack

of black-body conditions, lag of the
sample container temperature behind
that of the sample tube because of
heat transfer during heatup, and ab-
sorption of energy by windows. Cali-
bration runs were made for each tem-
perature ramp employed, and the tem-
perature of a black-body hole in the
sample container was measured simul-
taneously with that of the sample tube.
During the calibration runs a hole

was present in a dummy sample (see
Fig. 2). Corrections were made, where
required, by calibrating the pyrometer
with pure material of known melting
points (gold, Al,03, etc.). The tem-
perature of the furnace used in the
steady-state determinations was meas--
ured with Pt-PtRh thermocouples.

Transient-Heating Experiments

ORNL-DWG 69-6253
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Fig. 2.

LOCATIONS OF TEMPERATURE MEASUREMENTS

238py0, Sample Temperature
Measurement.

Pricr to a transient-heating experiment the power supply controls were
adjusted to program the furnace to the required temperature in the re-
quired time, and the furnace was degassed at 1800 to 2000°C. The quantity
of 238pu0, for each experiment was chosen to produce helium-release rates
near the upper limits of the sensitivity of the detector (e.g., 50 mg of
238py0, at 900°C and 5 mg of 238Pu0, at 1900°C).



The microsphere sample was glaced in the sample container, designed to
minimize any transfer of PuO, from the container either mechanically

or by vaporization, and the container was inserted into the sample tube

of the furnace, which was connected to the helium detector. The assembled
apparatus was thoroughly degassed by pumping, the leak detector was cali-
brated, and power to the furnace was turned on.

The temperature was recorded periodically and the helium-release rate
continuously until the release rate decreased to the lower sensitivity
limits of the detector. The total helium release as a function of time
was obtained by integration of the release-rate curve.

Steady-State Experiments

The quantity of 238Pu02 samples used during a determination of the
diffusion parameter at steady state was such that the steady-state
helium concentration in the sample was well within the sensitivity of
the detector. The helium-release rates at steady state were, of course,
equal to the production rate for the sample size used. (The helium
production rate was 1.65 x 10-8 cm3 of helium per sec per % of Pu0,)

The sample size was usually 200 to 300 mg. The sample of Pu02 was
brought to temperature in the furnace previously described and kept at

a steady temperature in either a vacuum or an argon atmosphere until

the helium-release rate closely approached the generation rate. The
release rate was monitored periodically. When the sample reached steady
state, it was quickly transferred to the rapid-heat furnace and the
helium inventory in the sample was determined.

Helium Inventory Determination

The helium concentration in the 238Pu02 that was rapidly heated to high
temperature was determined in the rapid-heat furnace, which was also
used to determine the concentration of helium in samples that had been
brought to steady state. The temperature of the sample in the furnace
was increased at the highest rate that would allow the release rate to
remain on the scale of the detector. The temperature was increased to
1900°C. Experiments on melting samples of PuO; as a eutectic (133 mg
of Al,03, 162 mg of BeO, 350 mg of Pu0,) indicated that the helium
release was essentially complete at 1900°C.

RESULTS

Steady~State Diffusion Parameters

Effective diffusion parameters, D', determined from 14 steady-state
release experiments at 100 to 1300°C are shown in Table 1. Two de-
terminations were made in an argon atmosphere. The diffusion parameters
were calculated from the helium production rate, P, and the average
helium concentration, Cgy,, using Eg. (2). The calculated diffusion
parameters did not depend significantly on microsphere radius, indi-
cating that the effective helium-releasing units were considerably
smaller than the microspheres themselves.



Table 1. Apparent Helium Diffusion Parameters Based on Determinations
Under Steady-State Helium Release Conditions

Temperature Atmospheric Time™ at R -1
5 T D sec
[¢ 1/7, °K Composition Temp, hr ’

SN370/%76 Fuel (177 to 210 um)

800 9.3 x 107% Vacuum 1136 4,78 x 1079
1000 7.85 x 107% Vacuum L80 1.31 x 1078
1300 6.35 x 1074 Vacuum 145 6.31 x 1077

Dart I Fuel (177 to 210 jm)

800 9.3 x 1074 Vacuum 1136 3.2 x 107°
1000 7.85 x 107% Vacuum 600 1.72 x 10°8
1100 7.3 x 1074 Vacuum 552 2.50 x 107°
1100 7.3 x 1074 Argon® 552 4.03 x 1078
1300 6.35 x 107% Vacuum 52 5.91 x 1077
1320 6.28 x 107% Vacuum 20 7.05 x 1077
1h00 5.98 x 10°% Vacuum 19 3.9 x 107°
1500 5.6% x 1074 Vacuum 21 1.02 x 1073
1560 5.5 x 1074 Vacuum 6 3.57 x 1075

Dert I Fuel (7% to 88 um)
1000 7.85 x 107% Argon® 1776 2.17 x 1078
1000 7.85 x 107% Vacuum 1776 3.65 x 1078
"Not time to steady state, which is less than these values.
b0.2 atm.
Cl atm.

The data in Table 1 are shown as an Arrhenius plot in Fig. 3. The
curve as drawn could be explained by the simultaneous and independent
release processes with activation energies of T77.1 and 17.9 kcal/mole,
respectively.
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Fig. 3. Correlation of Diffusion Parameter, D', with
Temperature for Steady-State Experiments.



Helium Inventory in Samples

The helium concentrations in the 238Pu02 microspheres, determined soon
after receipt at ORNL and again at a later date, are given in Table 2.
During the interval between determinations, the SN370/376 (177 to 210 um)
fﬁ;l retained 65% of the helium generated, while Dart I fuel retained

6L% .

Table 2. Helium Inventory in SN370/376 and Dart I 238py0, Fuels

Fuel He Inventory,
Date Designation Size, um cms/g of fuel
4-1-68 SN370/376 177-210 0.228
4 -1.0-68 SN370/376 h-88 0.238
6-6-68 Dart I T4 -88 0.127
6-6-68 Dart I 177-210 0.101
10-15-68 SN370/376 177-210 0.4k
10-17-68 SN370/376 177-210 0.39
10-15-68 Dart T 177-210 0.24
10-18-68 Dart I 177-210 0.20

Transient-Heating Experiments

Twenty runs were carried out in which 238pu0, microspheres were heated
at a rate of ~5.5°C/sec from ambient to a final temperature in the range
of 900 to 1900°C and held at this temperature until helium release fell
below the limit of detection of the apparatus. Typical curves of temp-
erature, release rate, and release fraction as functions of time are
shown in Fig. 4 (final temperature 1100°C) and Fig. 5 (final temperature
1700°C).

ORNL-DWG 68-12935

00006 06 1200
14
5 J L -
£ 00008 - 05 1000
3 ’..o
k] >
£ o g
2 00004 e 04 € 800 ~
| o W s
o - - &
2 0 i ~
X o & © RELEASE RATE - g
€ 00003 - - ® RELEASE FRACTION | 03 & 600 &
s o® ESTIMATED SAMPLE & i
" . TEMPERATURE z &
g o® & 2
o o o © 5 =
& 00002 -~ 02 £ 400
; L o] L
Ly Po
2 o |* %
w » <
o
o 0000t o5 o1 200
W ° .0 00000000
o o :°Doo°°
J o o®
° soo® 0 -0
) 200 400 600 800 1000 200 1300

TIME FROM START OF HEATING (sec)

Results of Helium Release Run No, 25.
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Fig. 5. Experimental Results on Transient
Heating to 1700°C in ~250 sec.

The procedure employed in analyzing the experimental values of the
releagse fracticn, f, as a function of time, t, is outlined in the
following steps:

1. From Eq.'s (3), (5), or (6) calculate the value of t
corresponding to each experimentally determined f.

2. TFrom experimental data and step 1 find the value of r
corresponding to each time, t.

3. Plot a curve of T vs t; the slope at any time is the
value of the diffusion parameter, D', at that time,
since from Eq. (U4)

7 dT
D' = 7% (7)

For most of the transient-heating experiments, the plot of T vs t
lies along the abcissa out to some given time, then rises almost
linearly until well over 90% of the helium has been released. The
slope of the linear portion is taken as D', while the intercept of

a line of this slope with the abcissas is taken as t,. It was found
in the present experiments that t, is well approximated by the time
at which 2% of the helium is released {f = 0.02).

Such a plot is shown in Fig. 6 for the run illustrated in Fig. 5. From
the slope of the linear portion of the plot a D' value of 3.0 x 10-3 sec-!
was estimated, while the horizontal intercept of this line gave a to value
of 220 sec. In Fig. T a curve of release fraction vs time calculated from
this pair of D' and t, values is compared with the experimental results.
The results of all 20 runs, including the D' and tp values calculated in
this manner, are summarized in Table 3. It is significant to note that
for final temperatures of 1300°C and above, all helium was released from
the sample in a few minutes. Times to release 90% of the gas were some-
what erratic at 1300°C, but at higher temperatures they were significantly
less than 10 min.
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The D' and t, values from all transient-heating experiments were corre-
lated as functions of temperature. Arrhenius plots were constructed as
shown in Figs. 8 and 9, and least-squares straight lines through the
points yielded the following correlating equations:

f% = 0.0717 exp(-égﬁ%gg) sec™™ (8)
D’ =198 exp(-giﬁggg) sec™t (9)

where T is the final temperature, °K; 900 =T =1900°K. Although these
correlations are not as precise as one might wish, they do provide a
means of estimating helium-release characteristics from 238Pu02 micro-
spheres under rapid transient-heating conditions.

Table 3. Summary of Results for Helium Release from 238Pu02
Microspheres in Transient-Heating Experiments

Time to a Time to
Attain Effective Release 90%
Final Final n’ Effective”  Final of Final
Run Temp., Temp., for Run, tos Release Fraction,
No. °c sec sec™t sec Fraction sec

370 Fuel (177 to 210 km)

31 900 165 h.box 107° 960 0.012 3210
25 1100 200 5.8 x 107° 625 0.572 1240
26 1100 330 2.5 x 10°° 825 0.349 1200

9 1300 300 9.0 x 107% 315 1.087 525
17 1500 270 1.5 x 1072 210 1.025 335
ok 1500 360 3.0 x 107° 235 0.872 295

7 1700 250 3.0 x 107° 220 0.940 280
16 1900 290 4.8 x 1073 165 0.928 205

370 Fuel (T4 to 88 um)

19 1300 350 2.8 x 1074 300 0.988 1200
21 1500 215 1.1 x 1073 270 0.48ub %75
22 1700 185 2.3 x 1073 200 1.098 270

Dart Fuel (177 to 210 um)
38 1100 155 7.8 x 1073 625 0.543 870
37 1300 320 5.0 x 107% 375 1.096 1040
36 1500 270 2.0 x 1073 195 1.078 290
30 1700 250 2,3 x 1073 230 0.821P 310
Dart Fuel (74 to 88 um)

46 900 125 8.2 x 1077 1030 0.125 3000
52 1100 150 5.0 x 1075 750 0.763 295
Lo 1300 300 1.1 x 1078 %25 0.649P 475
Ly 1500 290 1.6 x 1072 265 0.697P %95
L5 1700 180 5.2 x 1073 180 0.602P 215

Byalues give good representation of data up to about 90% of final release
fraction.

bValues believed to be 1.0 * 0.1; instrument calibration changed during
experiment.
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A qualitative, but highly significant, observation during the transient-
heating experiments was the almost complete absence of particle fragmenta-
tion or degradation, in spite of the rapid thermal transients and gas
release.

METALLOGRAPHY OF FUELS

Metallographic examination of microspheres composed of 238Pu0, showed
that nothing catastrophic occurs as a result of rapidly heating them in
vacuum. In the higher temperature experiments there is some evidence
that a small fraction of the microspheres blow apart. Quantitative
metallography was not possible because of the limited number of samples
and the difficulty in mounting the particles.

In the rapid-heat experiments only about 5 mg of microspheres could be
heated because of the sensitivity of the gas detector. For metallography
about four times this amount was needed and necessitated separate heat
treatments of the larger amounts. In preparing the metallographic
specimens, the heating schedules were identical to those obtained during
the rapid-heat experiments. During these preparatory runs it was not
possible to monitor the actual gas released; therefore, it is necessary

to assume that the larger samples used for metallography behaved similarly
to the smaller samples used to obtain quantitative release data.
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which is predominant below 1100°C, and the other process fitted by the
equation

D/r® = 5.76 x 10% exp (-86,800/RT) (11)

which is predominant above 1100°C.

Matzke® observed that radon diffuses in a=-Al,03 similarly by two processes
having activation energies of 21 and 80 to 85 kcal/mole as compared with
17.9 and 77 kcal/mole for helium in 238Pu02. He compares the activation
energy for the high-temperature process (80 to 85 kcal/mole) with the
activation energy for the self-diffusion of Al in Al,04 (~85 keal/mole)
and concludes that the high-temperature process is by volume diffusion.

He suggests that the self-diffusion of Al in Al,03 is controlling.

The migration of helium in UO, has been studied by Gulden® by observa-
tion of bubbles using an electron microscope. She concludes that at
temperatures (isothermal) of 1400 to 1500°C the helium migrates randomly
as bubbles by a volume diffusion process controlled by the diffusion of
uranium in the UO0,. The activation energy for bubble migration was 130 *
25 kcal/mole. Gulden,6 Matzke,5 and others?>3 conclude that the rare
gases diffuse in ionic metal oxides by diffusion of point defects which
are occupied by the rare gas.

Helium, due to its exceedingly low solubility,13 is believed to exist in
238Pu02 in point defects whose concentration and mobility would determine
the diffusion of helium; consequently those factors which would determine
the concentration of point defects are of interest. Kingerqu discusses
the enhanced low-temperature diffusion (extrinsic) and the high-temperature
diffusion (intrinsic) and gives examples of several ionic solids which
exhibit a knee in the plot of diffusion coefficient as a function of
temperature. In all cases he attributes the extrinsic diffusion to the
presence of temperature-independent cationic or anionic vacancies. Temp-
erature-independent vacancies are produced by divalent ions in tri- or
tetravalent compounds (cation vacancies) or anion vacancies in the case
of Zr0; to which Ca0 has been added. The activation energies reported
for extrinsic diffusion are low (25 to 35 kcal/mole), since only the
energy to mobilize, instead of the energy to create, a vacancy is
required.

Two other means by which point defects may be created in 238Pu02 are
anionic vacancies caused by a slight reduction of the 238Pu02 and
radiation-produced Fenkel defects; PuOy_, retains its fluorite structure
down to Pu01-61.15 Wechsler!® has discussed the enhancement of diffusion
by radiation damage.

Although at present sufficient information has not been presented to
establish conclusively the processes controlling the diffusion of helium
in PuO, at steady state, the information available suggests that, at high
temperature, helium diffuses as bubbles by a vacancy diffusion process
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controlled by the diffusion of Pu ion in PuOp. At low temperatures, the
presence of vacancies not created by thermal activation allows a low
activation energy process to predominate in the helium migration. No
choice among the possible mechanisms which would produce the vacancies
can be made at this time.

Transient-Heating Experiments

The results of the transient-heating experiments cannot be reconciled

with a classical diffusion mechanism in spite of the usefulness of the
diffusion equations in data correlation. Three major difficulties are
evident:

1. At the final temperatures below 1300°C, there is a significant
delay between the time that the peak temperature is attained and
the time at which the peak release rate occurs (see Fig. L4 and
Table 3).

2. The effective D' values calculated from the transient-heating
experimental results are 2 to 3 orders of magnitude above those
obtained in the steady-state experiments at the same temperature.

3. D' values appear to be sensitive to heating rate (see Table 3).

One may postulate that these effects arise due to the role of bubbles
in helium release during transient heating. The bubbles may nucleate
at a temperature-dependent rate, which is significantly slower than the
heatup rate below 1300°C. Subsequent bubble motion could be influenced
by temperature gradients arising during heating, as well as by the size
of bubbles attained. These effects could be completely different from
those obtained during steady-state release. It is also possible that
the enhanced release rates under transient conditions result from a
high number of radiation-induced effects which are present at ambient
temperatures at the start of the experiments, and might not be annealed
during the short time at elevated temperatures.

CONCLUSIONS

Experimental studies of helium release from plasma-melted 238Pu02 micro-
spheres revealed the following characteristics.

Helium release under steady-state conditions over the range 100 to 1300°C
can be correlated in terms of a diffusion model with a temperature-
dependent diffusion release parameter, D', which was independent of
microsphere size. A reasonable mechanistic model can be postulated to
explain the observed behavior.

With transient heating from ambient to a constant final temperature
ranging from 900 to 1900°C, with heatup times of 2 to 5 min:
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Helium release appears to be complete at final temperatures of
1300°C and above. The time for complete release decreases from
10 to 20 min at 1300°C to less than 2 min at 1900°C.

Helium release can be correlated in terms of a diffusion model
with two temperature-dependent parameters, an incubation time
to, and a release parameter D'. These parameters are probably
dependent on heating rate, but the present experiments were
unable to define this dependence. They are independent of
microsphere size,

At the heating rates, final temperatures, and initial helium
inventories encountered in this study, there was negligible
mechanical degradation of the microspheres during the release
process.

The mechanism of helium release under transient conditions is
unclear, but appears to differ significantly from that at
steady state.
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