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MEASUREMENTS OF HELIUM RELEASE FROM MATERIALS CONTAINING 2 3 8 P u O

by

R. N. R. Mulfosd
13. A. Mueller

ABSTRACT

Measurements of the isotherms I helium release rates as a
function of time for five materials containing SOfo 23Bpu a r e de-
scribed. The materials were plasms-torch microspheres, and
cylindrical 1/-I- by I/4-in. pellets of PuOa. Pu02-56 wife ThO2.
PuGg-? ivtn ZtOg. and Pu02-35 v:t% ZrOg. Attempts to fit the
data with a classical diffusion model, and the deviations there-
from, are discussed.

1. INTHODUCTiGN

The experiments described here involved po-

tential fuels for radioisotopic heat sources whose
238active component is Pt; in the form of oxide.

The buildup, storage, and release of helium due

to the trapping and subsequent release of alpha

particles from the radioactive decay process in

such solid fuels, either at operating temperatures

or when the power source experiences temperature

excursions, must be considered in the heat-source

design. The experiments had a twofold purpose.

One purpose was to characterize the helium re-

lease in terms that would be directly applicable in

making engineering evaluations. To this end, we

tried to fit the data to a diffusion model, although

it became evident that such a model does not com-

pletely describe the phenomenon. The second pur-

pose was to accumulate a body of experimental data

238,^Throughout this report, Pu means plutonium
consisting of about 80% of the 8 3 8Pu isotope, the
balance being mainly 2 3 9Pu. (See Appendix A.>

against whielv proposed release models may be test-
ed.

233
The materials examined were PuO, plasma-

torch microsphercs, and cylindrical 1/4- by 1/4-

in. pellets of 338PuO_. 233PuO_-S6 w--tf» ThO_.
21S '3fl

PuO_-35 and
2

338.

IK EXPERIMENTAL

A. The Samples

The production-grade """PuO, microspheres

were obtained from Mound Laboratory as part of

lot 93. made in March 1H67. Thus, they were about

2 yr old at the lime of the experiments. They ap-

parently had been stored in small enough batches

at ambient temperature so that their temperature

probably had not exceeded 50°C before the experi-

ments. Examination showed that the niicrosphcrcs

varied considerably in degree of fusion and pres-

ence of porosity for central voids! and impurity

phases. Thus 3 sample cansistt?d of a number of

dtasimllar individual spheres.
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We measured the particle size of the micro-

spheres by optical microscopy. The average cal-

culated diameter, counting broken bits as well as

complete spheres, was 0. 0086 cm. The standard

deviation from 144 measurements was 0.0022 cm,

and the extreme range observed was 0. 0025 to

0.0122 cm.

The 1/4- by 1/4-in. pellets were prepared

at this Laboratory as part of a Pu fuel-develop-

ment program. The dry oxide components were

blended, cold pressed into pellets, and fired for

6 h at 1650°C in a CO, atmosphere. Densities

determined from the dimensions and weights are

listed in Table I. Theoretical densities in Table

I are from Ref. 1 .

We examined the microstructures of only a

few pellets before making the helium-release

measurements, but examined fragments of all the

pellets by optical metallography after completion

of the experiments. The dimensions of all pellets

were determined to within 0. 003 in. before and

after helium release to detect swelling. At most,

100 days elapsed between the pellet sintering dur-

ing manufacture and the release measurements.

Therefore, the helium content of the pellets was

not so great as that of the microspheres. Also,

we found that some of the pellets, particularly the

PuO« composition, contained more helium than

could have been generated since they had been

fired, which suggests that the sintering did not

remove all the helium. Unless all of the gas is

evolved from a batch of pellets during sintering,

the pellets start their existence with various

amounts of helium. This makes application of

diffusion theory somewhat unsatisfactory, as one

cannot take accurate account of an unknown initial

helium concentration.

B. The Apparatus

Figure 1 shows the experimental apparatus.

Samples were contained in an open tantalum cruci-

ble lined with tungsten foil to prevent reaction be-

i.\\'tiiin the samples and the tantalum. Temperature

TABLE I
PELLET DESCRIPTIONa

Expt
No.

Length
(cm)

Diameter
(cm)

Weight Density
(g) (% theo.)

100% PuO2 <P t h e o = U.46 g/cni )

12582
12583
12584
12585

0.785
0.706
0.699
0.636

0.610
0.610

0.610
PuO2-56 wt% ThO2

2.294
2.056
1.833
2.011

10.65 g/cm3

87
87

88

12571
12572
12573

0.635
0.632
0.643

0.635
0.635
0.632

PuO--7 wt%

1.975
1.973
1.947

= 10.75 g/cm3)

92
93
91

12579
12580
12531

0.348
0.345
0.348

0.668
0.668
0.668

0.990
0. 989
0.980

76
76
75

PuO_-35 wt% = 8.60 g/cm3)

12574 0.643 0.648 1.486 81
12575 0.645 0.643 1.485 82
12576 0.612 0.645 1.438 84

Theoretical densities are from Kef. 1 ; calcu-
lated densities are probably slightly low because
of chipping at pellet edges.

was measured by sighting an optical pyrometer in-

to a blackbody hole in the crucible base. A suitable

correction was made for the quartz window in the

vacuum chamber. Estimated accuracy of temper-

ature measurement was ± 2°C.

We used a Perkin-Elmer Corp. Ultek, EAI

quadrupole residual-gas analyzer (RGA), model

200, to monitor the intensity of the mass-4 peak

while the sample was being heated. Under constant

pumping speed, the helium pressure, and hence the

mass-4 intensity, is proportional to the release

rate. The RGA was calibrated with a standard glass
—7 3

helium leak at a single rate (1.5 x 10 std cm

sec ), and the response was assumed to be linear

over the range of experimental measurements. We

measured the multiplier gain on mass 28 after each

experiment and corrected the data for slight gain

changes. Vacuums were of the order of 5 x iO"

Torr during helium-release measurements.



RGA Apparatus

Electrode

I-Mater strip

Fig. 1. Experimental apparatus for helium-release
measurements.

C. Procedure
Samples were heated to the desired temper-

ature as rapidly as possible, then held at temper-
ature, usually for about 24 h, while the helium-
release rate was monitored continuously. The
crucible reached a steady temperature about 2 min
after the power had been turned on. Fluctuations
in temperature daring the isothermal period were
always less than 10°C and usually less than 5°C.
Since we wanted fractional release data, we heated
the samples further, after the isothermal period,
until substantially all the helium had been released.
However, because the release rate from the pellets
was relatively slow, even at 1600 "C, and because
higher temperatures vaporized the sample, we had
to pulverize the pellet after the isothermal run had
been completed and then heat the powder until the
rate of helium evolution approached the helium
generation rate. (For the microspheres, pulver-
izing was unnecessary.) The area under the release
rate-vs-time plot is proportional to the quantity of
helium released. The fraction released at any time,
then, is the area up to that time divided by the total
area. Thus the fractional release data are inde-
pendent of equipment calibration and demand only
that the RGA be stable over 1 or 2 days. The total
measured helium inventory data, of course, depend
on calibration of the RGA against a standard leak.
We took a small piece of each pellet for metallo-
graphic examination when the pellet was pulverized
after the isothermal heating.

in. RESULTS

The data are presented as fraction released -
vs-square root of time in Figs. 2-6. Zero time is
the time that the furnace was turned on, and the
curves show that about 100 sec elapsed before the
helium release became significant, which is about
the time required for the sample to reach a steady
temperature from a cold start.

To apply chemical-diffusion theory, a single
diffusion coefficient D is assumed. If the geometry
is spherical, the sphere radius is a, and, in the



fractional-release equations, D/a appears as the

single parameter that characterizes the system at

constant temperature.

In Figs. 2-6, calculated curves for fractional

release are shown for comparison with the exper-
2

mental data. We selected the values of D/a (see

below) for the calculated curves to give reason-

able fits to the observed data, and adjusted the

calculated curves for nonzero starting times. Fig-

ure 2 shows that for the microspheres the fit of the

data to a simple diffusion model is relatively good,
2

so D/a values can be found which will provide a
reasonably useful description of their fractional

helium release, at least under the conditions of

these experiments. For the pellet samples (Figs.

3-6), however, the fit is less satisfactory. One

feature common to all the samples, including the

microspheres, is that the observed release rates

drop off faster than the diffusion model permits.

That is, as the released fraction increases, the

release rate decreases to less than that theoret-
ic

ically predicted from the initial rate. For some

of the samples, notably the PuO_-ZrO_ solid-

solution pellets, the rate drops nearly to zero at

less than 100% release, suggesting that, although

the first helium is released by diffusion, an ap-

preciable part of it is released very slowly by

some other process, or perhsps not at all.

400

Fig. 3. Fractional release vs square root of time
for 100 wt% PuC>2. Calculated line for
D/a2 = 4. 5 x 10-5 sec"1.

400

Fig. 4. Fractional release vs square root of time
for PuO2-56 wt% ThC«2. Calculated lines
are for D/a2 = 7.0 x 10-7 sec"1 at 1423°C
and D/a2 = 7.0 x 10"6 sec"1 at 1616°C.

1.0
s
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&
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Fig. 2. Fractional release vs square root of time
for microspberes. Calculated lines are
for D/a2 = 2. 3 x 10-7 s e c - l at 935»C and
D/a2= 1.7 x 10-5 sec"1 at 1129°C.

0.0
2°°. „

,/t<secl/2)

300 400

Fig. 5. Fractional release vs square root of time
for P11O2-7 wt% ZrOo. Calculated line is
for D/a2 = 7.4 x 10-4 sec-l .



400

Fig. 6. Fractional release vs square root of time
for PuO9-35 wt% ZrO2- Calculated line is
for D/a^ = 2.6 x 10"4 sec "*.

Table II contains additional helium-release data.

The tivnes for release of 50 and 90% of the helium

cont'-nt, respectively, are given in columns 3 and

4; ;,he measured helium contents as calculated from

calibration of the RGA against the standard leak
2

are given in column 5; the D/a 's calculated from
the 50% release time, as based on spherical geo-

2
metry (i, e. , for .50% release Dt/a =0.0310), are

shown in column 6; and the times between pellet

sintering and the release measurements are given

in column 7.

For the classical diffusion model, the diffusion

coefficient D is expected to obey the Arrhenius law:

D = D exp (-Q/RT). So the data for a particular

type of sample should fall on a straight line whose

slope is proportional to the activation energy Q
2

when plotted on log D/a vs 1/T coordinates. Fig-

ure 7 is a plot of log D/a2 vs 104/T. The D/a2

values are slightly different from those of Table II,

because they were obtained from the tau calcula-

tions (see Appendix B) and represent "instanta-

neous" values at 50% release. Of the materials

for which we obtained more than two data points,

only the microspheres yielded data that fell along

a reasonably straight line.

Another test to show how well the data fit the

diffusion model is afforded by assuming a time-
2

dependent diffusion coefficient. If D(t) represents

Expl.
No.

12582
12583
12584
12585

12571
12572
12573

12579
12580
12581

12574
12575
12576

11637
11638
11639
11640

Temp

1476
1613
1412
1364

1087
1423
1616

1412
1609
1240

1215
1082
1403

935
1056
1240
1129

TABLE II

HELIUM RELEASE DATA
t(50%) t<907o) He Content
(sec) (sec) (cm3/e)

3652
1127
4662

52926

84780
5100

239
102

119

5160
393

1922

1007»

4800

P u O 2

75480

PuO2

29190
706

PUO2

PuO2

0.29
0.26

0.22

-56 v/t% ThO2

0.056
0.046
0.063

-7 wt% ZrO2

0.23
0.26

-35 wt% ZrO-

0.15
0.12

5835 0.14

Microspheres

57600
2312

17200

0.73
0.71
0.79

D/a2

xlO5a

0.85
2.75
0.66
0.059

0.037
0.608

13.0
30.4

26.1

0.601
7.89
1.61

Age
(days)

178
182
220
193

92
102
108

155
161
167

167
176
193

599
611
619
635

TJerived from 50% release time.

10'

Iff3

10'

. Microspheres

100 wl% PuO,

the function describing the variation of D with time. Fig. 7. "Effective" diffusion coefficients vs 104/T,



it can be shown that the solution of the differential

equation for spherical geometry is the same as that

given in Appendix B, except that the characterist ic
2 2

parameter Dt/e is replaced by T where - = ( I / a )I t 2
D(t) dt. Thus D/a = dT /dt, and, from a set

of data comprising fraction released as a function
2

of time, one can obtain a value for D/a for each
data point. This is called the"tau calculation. " The

2
values of D/a from all the experiments are plot-

ted against fraction released in Fig. 8. The deri-

vation of the sensitivity of the tau calculation to

measurement errors is described in Appendix C.
2

Figure 8 shows that D/a can vary by ± 40%for ±5%
variation in the fraction released. Since we be-

lieve that the measured fractions are accurate
2

only to within 5%. the variations in D/a shown
in Fig. 8 seem truly characteristic of the helium-

release phenomenon and are probably not due to

experimental error.

The release characteristics of the various

kinds of samples are compared in Fig. 9, where

isochronal fractional release is plotted against

temperature. We chose the time period, 1600

sec, to take advantage of the best-behaved parts

of the fractional release curves in Figs. 2-6 and

thus avoid, as far as possible, the anomalous

parts.

A. Characteristics of the Helium Release

The release rates as recorded by the RGA

were not smooth, but appeared as extremely

"noisy" signals. Two general features can be

resolved. In one the helium appears to have been

released in intense bursts, each lasting only a

fraction of a second, causing many spikes on the

curve. Figure 10 shows this type of release. The

second type of release, which appears as slower

bursts, some persisting for 2 or 3 min and de-

caying exponentially, is shown in Fig. 11. For

some samples, both types of rate irregularity

appeared simultaneously, for others only the

spikes were observed. As the helium content of

a sample decreased, the bursts decreased in both

0.2 0.4 0.6 0.8 1.0
Fraction Released

1.2 1.4

Fig. 8. Time-dependent diffusion coefficient vs
fraction released.

intensity and frequency. Particularly noteworthy

is Fig. 12 in which both types of bursts appear

simultaneously along with some abrupt decreases

in rate.

We ran some tests to provide assurance that

the irregularities were not due to instrumental

artifacts. A crucible containing no sample was

heated in the system and, with helium provided by

the standard leak, a quiet steady signal was observ-

ed. Also, the normal electrical-noise background

0 1.0

£0.8
"O
Q>

to
g0.6
£
g 0.4

1 0.2

0.0

- All 0.64 * 0.64 cm cylinders except microspheres

. Lol 93 microsphere /35ZrO2 / /7ZrO2

1000 1200 1400 1600 1800
Temperature (°C)

Fig. 9. Fraction released in 1600 sec vs temper-
ature.



Fig. 10. Recorder trace of the signal from the
RGA showing helium bursts of very
short duration.

18 +observed for other mass peaks such as (HjO )
an , , ™

or (N_ and CO ), which are always present in
the vacuum system, was many orders of magni-
tude below the fluctuations observed at mass 4
when helium was being evolved from a sample.
B. Optical Microscopy

Metallography of polished samples after the
helium-release experiments were finished reveal-
ed that the samples contained large irregular
voids. Specimen 12584 was the only one examined
both before and after the release experiment.
Before the experiment, the ceramic was fairly
porous and the pores tended to be small and equi-
axed except near the edge of the specimen where
they were more irregular. After the experiment,
the pores had increased in both number and size
and had become more irregular- The void volume,
determined from photomicrographs, was 10% be-
fore the experiment (in reasonable agreementwith
the geometrically determined density. Table I) and
16% afterwards.

Fig. 11. Recorder trace of the signal from the
RGA showing large helium bursts with
exponential decay.

Fig. 12. Recorder trace of RGA signal showing
bursts of helium and abrupt decreases
in the release rate.



We found that helium was released compara-

tively rapidly from the ZrOo solid solutions. A

possible explanation was found when metallography

revealed that these samples consisted of three

phases: a matrix and two inclusion phases. One

of the inclusion phases had boundary cracks, prob-

ably caused by differential thermal expansion.

There was enough of this phase to have provided a

continous path for helium release through cracks

to the surface, and thus to have accounted for the

unusually rapid release. We observed no other

microscopic features that could be related to

helium behavior in these specimens.

C. Specimen Dimensional Changes

We measured all the pellets to ± 0.001 in. be-

fore and after helium release. In only one pellet

out of 13 was swelling detected. Two of the PuO_

pellets developed a few large cracks, whose planes

were perpendicular to the cylinder axis, and the

pellet lengths had increased by the width of these

cracks, but the diameters were unchanged.

IV. DISCUSSION

In a study such as this on helium release, the

most desirable situation would be to have available

some theoretical model that describes the release

mechanism. Experimental data could then be fit-

ted into the theoretical framework. At present,

however, there is no proven model for the re-

lease of helium from oxides.

Consequently, it is evident from comparing

diffusion curves and the data in Figs. 2-6 and 8
2

that simple diffusion, assuming a constant D/a ,
is not adequate to describe the results. In Fig. 8

2
the deviation from constancy of D/a is seen to

vary for the different kinds of materials, although
2

all show the same general behavior: D/a rises

to a maximum, then decreases. Although some

regularity of behavior was observed, use of this

model must be considered only as an empirical

fit to the data, in the sense that the model can-

not be used to predict behavior for conditions

other than those studied. For example, although

it is possible to plot D/a as a function of fraction

released and to obtain some correlations, there is

no guarantee that such information would be appli-

cable for longer times at lower temperatures. Also,

since the pellets behaved differently from the micro-

spheres, extension of the results of other geome-

tries, such as larger pieces, is problematical.

The similarity between helium release from

PuO_ and fission-gas release from UO_ is evident.

For xenon release from UO_, it has also been

found that simple diffusion theory is inadequate.

Fission-gas-release results are presently ex-

plained by a trapping model in which several kinds

of traps exist in the solid. Some of the traps, such

as closed pores, retain the gas atoms permanently,

others can anneal out and release the trapped atoms.

In addition, a trapping site can serve as a nucleus

for collection of gas atoms, eventually producing a

bubble. The bubbles can migrate in the presence

of a temperature gradient. Such a model might

well apply to the release of helium from PaOo.

Although it is not within the scope of this report to

attempt an application. Hurst has developed a

theory for gas release from a solid having closed

pores that act as permanent traps. The general

shape of Hurst's fractional-release curves is simi-

lar to that of the curves for the helium-release

data.

The PuO_ lattice can store damage from alpha

particles and recoil nucleii at room temperature.

Studies of the annealing of this damage show that,

for temperatures and times comparable to those

we used, much or all of the accumulated damage

can anneal out, as judged by lattice-parameter

measurements. Inasmuch as lattice imperfections

can trap helium atoms, it is possible that the

helium release may thus be largely controlled by

the annealing rate, or perhaps by a combination of

annealing and diffusion. In some of our data, it

appears that the release rate beomes slower with
2

time (D/a decreases). Thus a qualitative parallel
between amount of annealing and release rate can

be discerned.
8



APPENDIX A

HELIUM GENERATION BATE

238

The halMlfe of the Pu isotope is 86.4 yr.

The plutonium used in this work contains about
80% of the 238 isotope, the rest being largely
239

Pu. The decay rate of a given specimen
changes less than 2% in 2 yr. and was taken AS

constant for our purposes. For 1 g of pure oxide
containing 88.1 wtT0 of plutonium, 80 wt?> of which

238 ft 3
is °Pu, 1.69x 10 cm (STP)/sec tor 1.46 s

•3 3
10 cm (STP>/day) is the rate of helium gener-
ation it every alpha particle produces a helium

atom. In 1 yr, the total generation

0. S3 CBS 05TP)/u of ?,Q% enriched
* Is

losses are negligible for Sarsje pellets fesi R«»I be
considered for ralerospheres «he*e degree «jf paek~

ing deternsine* the extent of «wfaec hm ®t aiphz

particles. Th* range af a 3-MeV atyta panicle in
PuOj is estimated to fee about 10 sm sa thai Ihe
outer 10—re-shfcfc sfcetJ of a pfece wjil lase pan

of its helium as alpha particle* unless a
pfec« of wide is present «» sJ)»o»-{> ths«j.

APPENDIX B

CLASSICAL DIFFUSIOX THEORY

The theory based on Pick's laws far a con-
stant diffusion coefficient is well developed and

2 4discussed in many peaces. ' Only a summary

of pertinent results is given here.
For our experiments, two geometries, the

sphere and the finite cylinder, were of interest.
Generation is not included, because the experi-
mental data are for times so short that helium
generation in the sample can be neglected.

The differential equation for a sphere where
only radial flow is considered, is

r 3r J

where c is the helium concentration,
t is time,
D is the diffusion coefficient, and
r is the radial coordinate.

For a finite cylinder with both endwise and

radial flow.

„„
where x is distance along the cylinder axis.

Because h«lfum is generated tmtforf»l?
m:t lite sample, and the rate of difftssien at the
storage temperature for smalt pettcts is very ls«t.

the initial condition is taxen to be uniform
concentration at the start of the release meas-
urement* At the surface of ihe sample, s vapor-
ization condition (corresponding to radiation al

the surface for the analogous heat-flow problem)
can be applied. If solutions are obtained for this
boundary condition and the rate ef helium vapor-
ization at the surface is estimated. U eta be
shown that vaporization is so rapid compared to
the rate of arrival of helium at ihe surface that
the solutions reduce to those for zero surface con-
centration. Consequently. » boundary condition
of zero surface concentration can be used.

The solution desired is the fraction of the
initial helium content released as a function of
time, with D and the geometric parameters as
constants, Since the differential equation is in
terms of concentration, time, and distance, the
first solution will be concentration within the

specimen as a function of time, distance, and
initial concentration. This can be Integrated over

9
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APPENDIX C
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Substituting the limits on -2—• gives

3
a l *>!•{•«>«• i n ft*, f,

we hsv*
ir* Vttr the fraction rc-

may be fount! by rcplaeina the infinite sum

appropriate imegrats

2 2
<Js,

2 2
-a s (is.
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Since Tor every fraction released. F. there is a
corresponding O't. the expressions may be evalu-
ated for each F. The results are:
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Restricting consideration to values of F between
0.1 and 0.75, we see that far fp = 0.05 (3 rel%
accuracy in fraction released). f_ must be less
than 0.40. Although the derived restriction on
f_ is somewhat more complicated, this will suf-
fice as a test for the present data, almost all of
which show a variation of more than 40% in D*.
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