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ABSTRACT
.

An experimental investication of helium diffusion in a

simulated zine borosilicate nuclear waste glass is described.
-

>

The helium inventory was generated by Cm doping and the

influence of a damage dc.nonstrated. Diffusion at short times

and low fractional release values follows Arrehnius behavior

and the diffusion coefficient is given as D 2.1 x 10=g
exp (-15,000/RT) . At Icnger times and higher fractional

release values, trapping effects are observed, causing an

apparent decrease in dif fusivity by about one order of macnitude.

Some astimates are presented with respect to , atster pressuri-

zation as a function of storage time, temperature, glass'

geometry.
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1.0 INTRODUCTION

The incorporation of fission product wastes in a glass

matrix or in some other solid state form recuires a consider-
.

ation of the various aspects of radiation damage to the host

matrix, if optimum confinement is to be achieved. In reactor

- fuel wastes, tbc transuranium elements will be the majcr

source of solid state damage, through decay to more stable

isotcpes by emission of high energy a particles (%5.5 MeV per

event). In slowing to rest, the a particles capture two

electrons to become stable hellun atoms which must somehow be
physically incorporated in the solid, or diffuse out to the

surrounding atmosphere. It is the purpose of this report to

discuss an experimental study of helium dif fusion, in a simu-

lated zine borosilicate nuclear waste glass containing the

fission product element- in their expected proportions. The

influence of radiation damage on diffusion and possible impli-

cations with respect to long term waste storage are considered.

In this section, early literature and the vitrification process

are briefly reviewed.

A great deal of information on waste fixttion R&D prior to

1972 is contained in the Proceedings of the Syaposium on Manage-

ment of Radioactive Wastes, Paris, 1972.(1) Until recently, work

has continued at a relatively low level both in Europe and in the

United States, with near univcrsal agreement that a silicate-

based matrix is the ast promising near term solid form. In the

United States, the major and continuing ef f ort on waste vitrifi-

cation has been at Battelle's Pacific r!orthwest Laboratories, as

reported on a quarterly basis.I } The major features of the

Battelle class process nave recently been summarized by McElroy(
.

and a conprehensive program for glase characterization has
'recently been presented by Mendel. The work presented here

'

is part of a continuing characterization effort and is the second

1
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of a series of documents dealing with high-level waste fixation.

The first report, by Roberts, Jenks, and Bopp, ( ' dealt with

stored encray from radiation damage in the same glass system as

investigated in the present work.

The impact which most of the physical and chemical properties -

of the waste glass might have with respect to long term stability

is in p, art determined by the processing and early storage con-

ditions. In its simplest form, the vitrification process will

involve in-canister-melting of a blend of fission product oxides

and an appropriate glass frit. Due to self-heating, the %30 cm

diame.cr by 2 meter long canister will have an initial centerline

temperature (in air) of s800'C and a wall temperature 1400*C.

If the canisters are water cooled, centerline temperatures will

be %40]'C. The thermal power output for CO2 fuel waste reprocessed

150 days cat of reactor is shown in Figure 1, plotted as watts /

metric ton of fuel versus time. Helium generation is also shown

as relative concentration versus time. Althodgh a linear

relation is not strictly true, if the centerline temperature is

500*C at the time of vitrification, it will have fallen to < 290*C

af ter 10 years and to near ambient after 100 years. Clearly, the

helium ingrowth and associated radiation damage will for the

major part occur af ter the wa e is at ambient temperatures.

The thermal conditions experienced by the glass during the

first years of storage are inportant with respect to devitrifi-

cation phenomena.resulting in~possible actinide concentration

regions and cracking. Storage with water cooling will also

result in cracking f rom thermal shock. It follows that helium

release will be directly af fected and both monolithic and highly

fractured geometries will tharefore be considered in later dis-

cussion. Even if naintained vitreous, the glass will probably

not be homogeneous on the microscale with Pd metal, RuO and *

2,

CeO being expected second phases in the present glass. In2
addition, viscosity will probably not be low enough to allow

ccmplete removal of H 0/02 gas bubbles. These macro-defects, in
2

2
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. addition to r.eli .it ion dany;c a t the atonic l eve l , car. a l l be

e.v.p< e ta I t. o have a significant influence on hellun release

behavior, q,norally in the direction of lower -l i f f u s i .*i t y . '.
.

review of thornal and radiation danage effects tn the present
t:glass systen by Mendel and co-workers han been recently presented. ~

to,wasa cass

10 10
;:
c ?
B 8 - Le 5
h "e
$s - s.15s

E C
5

. ci-f.
4

2 -

as

0 - 0
1 10 15 iM If 1[ If

inn wass

FIGURE 1. Thernal power output and cumulative
heliun generation in f uel waste. (21)

.

= ('

*

\

3



2.0 EXPERIMENTAI,

2.1 GLASS PRF. PAR. TION

The borosilicate glass composition (excludinct actinides) is

given in Table I. One wt. f, Cm20; was added in powder form with
244 245 246

an isotcpic co:nposition Cm ( 8 2.1% ) , Cm(0.8%), Cm(4.3%),
247 240 '43

Cm(0.1%), Pu(ll.2%), Am(1.2%). The f rit-calcine raixture
'

was melted at 1200*C in platinum for 3 hours, with stirring.

Small buttons (%3 grams) were formed by pouring the melt oato a

stainless steel olate. The buttons were then pressed to discc

2.80 cm in diamet n and 0.165 cm thick in a graphite mold con-
tained in quarts, according to the following steos:

~31. 10 Torr vacuum while heatincj to 550*C,

2. 550-730"C 100 Torr N2'
3. 15 minutes 730*C in 100 Torr N2'

4. 15 minutes 730*C in 600 Torr N.,
j

5. Cool to 400*C in 600 Torr N and remove from furnace,
2

6. Surface polit. discs with 400 grit silicon carbide paper,

7. Uash with ETOH and outgas one-half hour at 10~ Torr,

500*C.

Following preparation, the discs were stored at s25*C, to
undergo a decay. Twelve discs were prepared from five different

melts, with some fine oubbles present. By microprobe examination,
p wder andCm was found to be uniformly distributed but RuO2

mall Pd metal spheres were present as diser 2re phas.es, not
aomogeneously distributed. Some SrMOO4 was also present as a

devicrificaticn product. The discs transmitted light through .

5-5C of their surfacc area depending on the RuO distribution.2
0.8 wt.S Pd) do notSince there inhomogeneities (1. 7 wt. t RuO2,

appear to have masked the qeneral trends to be discussed, we
will not f urt her consider t hin d. viation from idealiti. Actual

1
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wiste qi2ss s will airsist certc2 inly not be any more defect free
than those studied here. That the results obtained are reason-
ably coherent, sugaeats that the system complexity (35 elements)
does not prcelude obtaining systenatic, average properties. We

will nevertheless restrict the theoretical treatnant to the sirple,

diffusion. ase, and the discussion to empirical understanding.
rather than, for exa.mple, attempt determination of defect trappi.g
coastants in 3 m. ore sophisticated diffusion analysis,

mar 3LE I

CC"POSITIO'. CF sci gSILICATE GLASS 72-68
_

Constitucnt sr.- Constituent Wt.%

Sic 2S.21 Ag O 0.05y 2

B,0, 11.51 Cdo 0.06a

2n0 22.04 TeO 0.42y

Na.O 4.19 Cs O 1.68-
~

Ko 4.19 La,0 1.87y
3

C2O 1,53 CcO 3.75y

Mc0 1.53 Pr O 0.37-

o 11
Sr0 2.15 Nd,0 1.343

Ea0 2.44 Sm 0 0.232 3

Rb;3 0.21 zu,0 0.083

Y.C '.32 G 1,0 0.16y
3

Tr?, -.98 Fe O 0.88
'

y 3

"r3. 3.~1 Cr,0, 0.20 .

. ~

- 3

Ru0, '. . ' 5 '. i O 0.04_

Rh,'. 3.25 ^-
n .1"

- ~

_ .
.

Ju)J b& ' UiM=3L
a
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2.2 GAS ANALYSIS

Some qualitative gas release measurements were made using
a capacitance manometer apparatus described previously. The.

quantitative measurements were made using a quadrupole mass
spectrometer (Finnigan Corporation Mode] 400)-furnace r ystem shown

~
schematically '.n Figure 2. A calibrated helium leak (6.6 x 10

std cc/sec !10%) eras used as reference, response being checked
throughout the cource of every run. By use of the leak valve

and capacitance manometor (See Figure 2), helium leak rates were

systematically varied to establish a linear response to helium

concentraticn over tne full experimental range. Temperatures

were measured with Pt-Pt10%Rh thermocouples to !3*C. Furnace

temocratures were maintaineu to t2*C using a proportional band

controller. The furnace tube was quartz and the glass samples
were suspended with platinum wire.

s
( AP AC.! 8 Tt t

!c

hC6404 Md

.isw L wwuu.uaa
-~% , , ~ . .

st
,,, , , ;.

Nuvu */, .,y;,g-~3 "
c.ns a.sc

r i A

e 'Ost CtflL5.G.e g'
nw mii

,, p,L_ ._
f.- pWL-

...,.,,m.
"

Ste%4CI*
~

~=J= y
/ *

OtFI ,sJE Pw @e

FIGURE 2. Mass spectrometer s/ stem for helium
release reasurements.
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A typical release curve is given in Figure 3, plotted as
release rate versus time. Because of the need to conduct the
experiment in a glove box facility, the rass spectrometer vas
separated from the sampic by %20 ft o f 1/4 inch tubinc. The

-

subsequent release-detection lag was about 2 minutes, although
, pumping inefficiency for a rapid change (sample out of furnace,

Piqure 3) had some effect for >10 minutes. Areas under release
rate versus time curves were obtained by weighing sognented
graphs, giving cumulative em He(STP) as a function of time in
isothermal runs. In order to obtain fractieaal release values,
either the calculated inventory was assumed, or the measured
total content was used, whichever was the largest value (see
Tabla II). Although errors should not be more than Si, the

experiments were long term and there was no easy way to establish
overall accuracy for samples knoun to be somewhat variable in
true composition. Mo reo ver, in order to maintain the disc
geometry, the samples were not heated above 525*C (i.e., they

were kept below the glass trcnsition temperature), meaning that
the entire helium inventory could net be safely assumed to have
been released. Nevertheless, the isothermal runs did give total
release values in fair acreement with the calculated inventories,
as shown in Table II, for the three samples for which a total value
was obtained. If the standard leak uncertainty of :103 and an
experinental error of -31 are accepted, the deviations f ro.-
calculated inventories are not unreasonable.

TABLE II

HELIU:1 CONCESThTIOSS I?2 ISOTHER*GL PU;;S

Storage Calculated MeasuredTime Isotherm
(cm3[He] [!!a] afrm3 Glass(Da ys ) ('C) ? STP) (cm 3 STP) x 10-13

,

188 350 0.0381 0.046 1.1249 250 0.0515 -

1.5264 450 0.0535 %0.042 1.6
-

330 300 0.0669 -

2.0351 400 0.0705 %0.087 2.1

7
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FIGURE 3. Typical isothermal release curve (426*C)
plotted as release rate versus time.

2.3 DIFFUSION TilEORY

The dif fusion controlled release of inert gas from solid

slabs, cylinders, or s; heres, with an initial uniform concentration

of gas, is well described in standard texts. (8,9) ne Pick's law

solution for the slab is given in terms of fractional release

(P) as

exp -D (2m+1) n t/iPsM " 1 - rT=0 (2m+1) 2n

wherc D has the units em /sec, t is time (seconds) and i is the

slab thickness (centimetecs) . The expression in the case of a

sphere (which we will use in later analysis) is

sphere " I~3.1n-2 "*P.-Dtin 7,C''
"

6 1
~ ' '

P
,

3
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where A is the sphere radius (centimeterc) . Computer programs

were written to gercrate calculated release fractions by direct

summation as a function o f time, for selected values of D and

R (or A) . Alth> ugh it may be noted that the sumnations are

infinite, the series actually converge very rapidly in both cases

. because the summation indices m (for the slab) and n (for the
sphere) are squared and in the divisor. Consequently, even 4 or

5 terms given reasonable values in some cases (high D) and most

of the experimental results could be treated with a 100 term

expansion. In order to handle small D values (or large geo. metrics),

the programs were written to automatically terminate when the
-110exponential terns became smaller than 10 or exceeded a pre-

determined number of terms. For D = 10~ cm /sec and sphere

radii in the centimeter range, several thousand terms were

needed for accurate values at low F values.

In Figure 4, some calculated curves are shown for the
slab geometry used, as a function of D. These curves were used

to estimate D for a given isothermal experiment by comparison to
the form of the plotted data. By a series of iterative computer

runs, a calculated curve could be fit to experiment, with D

estimated to three significant figures. As will be shown, the

experimental release curves do not correspond to simple dif fusion
theory, but can be reasonably fit, assuming two release mechanims
with single apparent dif fusion coef ficients predominating at short
or long times.

This kind of behavior is common to radiation damaged materials.

Important contributions to basic understanding of the phenomena
have been made by Elleman and co-workers (10-13) and by Kelly and

'co-workers. It is generally believed that gas is trapped
'

at defect sites either ' permanently' or reversibly. Elleman has

, developed formalism in whic'1 the dif fusion equation includes
several trapping constants in addition to D, assuming that only one

kind of defect trap is involved. Stored energy measurements by

9
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Robe r ts,( 5 ) however, show that defects in the present system are
annealed over a broad temperature range, suggesting a distribution
of gas traps exist. A diffusion theory to handle this situation
does not ye+ exist. We will therefore treat isothermal release

curves empirically, as u a to release from untrapped gas (D
'U

and trapped gas (D ), as shown later.7
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FIGURE 4. Calculated release curves for the slab
geometry plotted as fractional release
versus time for various D values.
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3.0 RESULTS AND DISCUSSICM

There have not yet been any reports of helium solubility
or dif fusivity in very complex glass systems. There are, however,

several studies from which a range of probable behavior can be
~

defined. As a matter of convenience, we :>1ot in Piaure 3 tSe

laaarit hr of di f fusivity versus solubility for heli r at N0"J

in a nuriber of glass systems in which D ind S chances are due to

incorporation of alkali elements. (16-13) Solubility was

de te rmined for the present glass by equilibratina a glass disc
(no Cm doping) in 730 Torr helium at 400*C for four days. The

sample was then cooled in the helium atmosphere before reheating
in the mass spectrometer vacuum system. The isotherm (350*C)
was continued until the helium releast: rate fell below the
detection limit of the instrument, which occurred after three
days of observation. By graphical integration of the release

16rate versus time curve, a solubility value of S = 1.5 x 10
3atoms /cm was obtained. As suggested in Figure 5, this result

for the present glass may suggest a very steep dependence for
log D/ log S in borosilicate systems. Since both properties will

be af fected by " openness" of the class structure, sone correlation
betwunn D and S scens reasonable. The other glasses do show

' regular' trends with changing alkali content but with greati,-
differing slopes. As expected, the chances are in the direction

of lower D and S values as the interstitial positions are filled.
The borosilicate class ystem(l3I had an activation energy for
He diffusion increasino from 6.3 kcal/nole at 1.94 msle5 Na O to

-
2'10 kcal/ mole at 13.4 molci Na 0. For a hichly substituted nuclear2

waste glass, C 10 kcal/ mole miaht be expected. (We showD.
later that U 15 kcal/ mole in the present waste glass system.)=

g

The temperature dependence for solubility is much smaller and
for (Na 0,SiOy),2 trend with increasing Na,0 is not evident. (16)a

An energy value C % 1 kcal/ mole is expected IS = So exp (-E /RT) ] .g g~

More important to the waste problem is a recognitica that Henry's
law is obeyed for . rare gas solution in lasses to quite hich
pressures.(19''0)'

Accordinoly, S = kC where S is the cas con-q

11
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centration in the solid and C is the concentration in the gasg
phase. Using the measured solubility valut. in the present glass,

the llenry's law constant is k = 6 x 10~I. This constant,

although high by comparison to itsnic crystals or metals, neverthe-

less establishes that under equilibrium conditions in the closed

system described earlier, only 0.06% of helium generated will

rer.ain in solid solution. The other 99.94% of the gas must

collect as internal cas bubbles or dif fuse to the plenum. Con-

sciuences with respect to possible canister pressurization will

be considered later,

i
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FIGURE 5. Helium diffusivity and solubility at 200*C
in co::non glass systems compared to the present
glass.

Some preliminary measurements were made in constant heating

rate experiments to establish the general features of the

diffusion process. Six individual isotherms were also obtained

at 200, 250, 300, 357, 400, and 450*C.
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3.1 ICOTilCRMA!, EXPCRIMPNTS

The results of a series of consecutive isothermal experi-
ments are shown in Piqure 6, using the capacitance manometer to

neasure total gas pressure. Based on the calculated heliun
inventory and the systen volume, full release would have niven

-2
2.5 x 10 Torr. If the form of any one of these curves ' e.TP =

compared to the theoretical release curves niven in P24ure 4,
it is imn.ediately clear that while the initial release rates
are quite high, there is no single diffusion coefficient which
can describe both the high initial rate and rapidly decreasing
rate at longer times. Other experiments using the manometer
technique gat noch more gas than calculated, which we found to
be primarily oxygen and water. Por this reascn, the nass spectro-

meter was used to neasure lie concentrations directly, confirming
this qualitative demonstration of trappina effects in more detail.

The quantitative isothermal results are given in Figures 7,
8, and 9 plotted as fractional release versus /t. At low release

fractions, a linear dependence is expected (and observed), but
as bas already been suggested, the long tire data are less (in
fractional release) than predicted by theory, given a constant

D value. In Piqure 7, the sanple containina dissolved helium

(equilibrated in 730 Torr lie at 400*C for 4 days), can be fit
reasonably well to a single diffusion coefficient (1.5 x 10'8
cm /sec) over all release tractions. The curiun doped sarnle

(i.e., with radiation danace) requires a much snaller. D value to

fit long time data but nives good agreement with the danace-free
sample up to P = 0.5. In Fiqure 8, cood agreement for two runs

(di f ferent sampics) is shown at 350*C and a reasonable trend to
more rapid release at higher temperatures is deronstrated for
short time release. At the higher temperatures, neither the

respective positions of the long time curves, nor tocir slopes
60, Piqure 9), follow a regular trend. It can be(compare /t =

concluded that the trap characteristics chance with temperatute,-

sir:e Arrehnius behavior is not followed. The short time release

in other radiation damaged systems (10,13) is often independent of

13
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trapping phenomena and reflects damage free, ' normal' diffusion.
The experimental data for short times are plotted as log D versus
1/T in Figure 10 and do follow a linear relation. In agreement

with constant heating rate results discussed later, a line with

slope yielding E - 15 kcal/ mole is 6btained.
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FIGURE 10. Short time diffusion coefficients plotted as
log D versus 1/T.

3.2 CO!;STANT HEATI!;G RATE EXPERIME!;TS

If we consider the instantaneous release rate for the

diffusing. helium as a function of temperature cut at constant

helium concentration, then R = R exp w er s theO
activation energy for dif fusion, provided the release rate (R)

is diffusion cor. trolled. Experinentally, a constant helium

concentration was obtained by cooling the samples from the

highest desired temperature at 100'C/hr, having first allowed an

isothermal soak at the maximum temperature, to attain the desired

helium inventory (F3). Most of the data to be presented were

obtained by cooling from within the release re35cn where gas

trapping is involved. In this case, the time required for a

change in F of 0.01 was on the order of 6 hours, about the time3
involved for a ecmplete cooling-heating cycle.
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In Figure 11, results are shown (with coolino only) for four
different sampics with uifferent fractional inventories and

dif ferent absolute concentrations as well, both a f fecting position
with respect to the release rate axis. Plotted as in R versus

1/T, the slopes or the lines should give E/R. The difference

from sample to sample (compare 3 and 4) is greater than any apparent
trend as a function of r . In order to ooserve a dependence with, g
P, a single sample (1) was examined more carefully with completeg
cooling-heating cycles, as shown for F = 0.70(11 A hysterestsg
effect of 10*C is seen at the 100*C/hr heating rate whien we
did not exploro further but simply took the average value 1 (RC+
R )/2] as representing the true steady-state value. These dataH

are shown in Piqure 12, giving excellent straight lines. The
activation energy is plotted in Figure 13 as a function of r , g
showing only a small trend, especially since we place a icw
reliability on the high temperature point. Considering the sample

to sanple variations (rigure 11), the average of all the constant

heating rate runs is taken as the 'best' value, being E = 15 :1
heal / mole,
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To examine the possibility of the variety of helium-defect

complexes likely present, a release measurement was made on part

of a disc first ground to fine powder (<40 um). A rapid heatina

rate (9*C/ min) was used with the objective being as in a differ-
,

ential thermal analysis experiment--to resolve specific annealing /

release stages. As shown in Figure 14, with release rate plotted
*

versus temperature, only a broad release peak was observed,

compatible with the near featureless Dif ferential Scanning Calori-
}metry (DSC) curves given by Roberts on the same glass, also

curium doped at the 1 wt.% Icvel. The DSC curvea in the latter

work do have a much less peakea form and fall to zero only near

600'C.

3.3 DISCUSSION

The major features of the diffusien process include a short

time release (high F ) not af fected by trapping and followingg

Arrehnius behavior, a long time release (lower Fg) in which
trapoing occurs, giving apparent low D values, and an apparent

con;non activation energy for diffusion of 15 el kcal/ mole. This

last point can be understood by reference to Figure 15. A radiation

damaged sample is shown with trapped gas being released to the

undamaged matrix with some rate constant k We interpret they.
isothermal release measurements given earlier as resulting frem

release of untrapped gas (k ) at short times, until the matrix
2

is depleted of all but trapped gas. As this condition is approacl'7d,

the constant k becomes rate controlling with respect to absolutey

release rates from the surface. If, however, a relative experi-

ment is concacted by which concentrations do not significantly

change during the measurement, as in the present constant rate of

heating experirents, then the temperature dependence will relate

:,ainly to free gas diffucion as controlled by k2*

The release of trapped gas on an absolute scale should
'

proceed with rate constants (i.e., activation energy and pre-

exponential terms) which relate to annealing of defects. Since

we did not obtain Arrehnius behavior in this release region, there

19
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is no way to estimate these constants, nor is it strictly valid

to assume the 15 kcal/ mole activation energy, since, as discussed

above, this value relates to free gas diffusion. For the purpose,

*

of establishing order of magnitude, apparent diffusion co-

officients, we have nevertheless assumed the 15 kcal/ mole energy
value for both untrapped' (D ) and trapped (D7) gas diffdsion. g
to arrive at Arrehnius expressions

-3D = 2.1 x 10 exp(-15000/RT)cm /secU

and

~4 2D = 1.7 x 10 exp (-E000/RN m /sec.T

Calculated values based on those expressions are compared to the
curve fitted isothermal values in Table III. The agreement for

D, is good in comparison to agreement for D as expected.7,

TABLE III

DIFFUSION COEFFICIENTS (cm /sec)
D Dg 7

T('C) Calc Exp Calc Exp

-10 -10 ~1200 2.74 x 10 2.7 x 10 2.20 x 10 --;

~9 ~9 -10 -10250 1.25 x 10 1.4 x 10 1.00 x 10 1.6 x 10*
.

~9 -10; 300 4.,36 x 10 6.0 x 10~ 3.49 x 10 __

-8 ~9350 1.25 x 10 1.4 10~ 1.00 x 10 0.75 x 1G~
-8 ~9 -10400 3.05 x 10 1. 5 x 10~ 2.44 x 10 1.5 x 10
-8 -8 ~9 ~9450 6.59 x 10 3.5 x 10 5.28 x 10 1.9 x 10

!

.

.
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For parposes of canister pressurizat.c?. analysis, this work

clearly demonstrates that use of D values will be conservative,
U

since.D ! is $10. Trapping at radiation induced defects will
U T

only serve to increase the margin of ' safety' if helium generation

does even theoretically (i.e., assuming full release) become a

potential problem. This question is considered in more detail

in the followinc section.

3.4 CANISTER PRESSURIZATION

The results discussed in the preceding sections can be applied

to conditions relevant to actual waste storage. If we assume a

glass waste form with 30 wt.% fission products and providing a

10 vol.% plenum, then the maximum possible pressures arising

from helium generation (assuming complete release) are given in

Figure 16. The curves represent fuel waste processed 150 days

out of reactor af ter a burnup of 33000 mwd /MT, considering both
I I'CO nd UO -3.3%PuO fuels. The curves are based on Origen Code

2 2 2
runs provided by F. Roberts and in part reported in reference 5

as Figure la. For UO wastes, several hundred years' storage2
will be required 7 fore 15 psi He pressures become theoretically

possible, while . PuO2 enriched feel waste reaches this level
in a few years.

In solid forms, the rate of pressure buildup will generally

be less than the theoretical maximum, depending on the waste form

geometry and the diffusion coefficient. Using the expression

given previously for untrapped gas diffusion, we will consider
~1long time release (T = 25"C, D = 2.5 x 10 cm /sec) and con-

ditiens rerresenting short times for a lonn time accident

condition)--(T = 30'PC, D= 4.4 x 10' n /.,ec). For n inpl ie i t y,

we assume spherical geometry ar. . that a nonalithic form is a

sphere of 15 cm radius (the cylindric form has a few large cracks).

It seems likely however that waste glass will be thermally
I Ishocked. As a severe example we assume af ter Ross a thermal

shocked glass with a particle distribution as follows: 95.9%

22

vg
k. * -



radius = 1.25 cm, 41 r = 0.125 cm, 0.11 r = 0.0125 cm. In

Piqure 17 fractional release values are given for these particle
-1sizes plotted as a furetion of time for D = 2.5 x 10 cm /sec

. (25*C). If we consider the expression given earlier for release

from a sphere, it can be shown that the tima required to reach
some constant release fraction is directly proportional to the

.

square of the radius. As shown in this figure, for example,
3 5spheres with radii 0.0125, 0.125, 1.25 cm require 10, 10 10,

years respectively to reach P = 0.6.
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PIGURE 16 Maxinum helium pressures in canisters with a
10 vol.S plenum plotted as a function of time
for UO2 eind UO -3. 3 tPuo fuel wastes.2 y

In Figures 18 and 19 we show fractional release curves for
monclithic and fractured glass at 25 and 300"C, respectively.

*

The curves at 25*C are shown shaded in the direction of longer
tin cs to indicate the influence of t 2pping by radiation induced

23
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defects. At 25'C, where most o f the helium will be cenerated,

more than 10 years are needed to reach 101 release even for a

badly f ractured class. In monolithic form, and considering

lower D values arising from radiation damage trappino, 10 ' years

could be required to reach this release fraction. At 300*C

(Figure 19), times are relatively short even for a monolithic

waste, which yields 25' release in 10 years.

-.
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ne wn.
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FIGURE 17. Fractional helium release plotted versus time
for D = 2.5 x 10-14 2cm /sec and sphere radii
as indicated.

It shculd be pointed out that all of these curven (l'iquren

17-19) consider only the times required for fractional release

of some given constant concentration of heliun. In real waste,

the tine dependence for lie production must be considered. As a

simplification in th. conservative direction, we.have calculated

expected pressures assuming the helium inventory at a given time

is constant at that level from time ' O. As an example, in U02

waste, the maximum Ile pressure possible at 10' years is 300 psi

24
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(Figure 16). For a monolith at 25'C and diffusion occurrina
6

without trapping, a fractional release of 205 will occur in 10 .

years (Figure 18). Ilence a conservative estimate of pressuri-

zation is 0.2 x 300 = 60 psi. The curves given in Figures 20

and 21 were obtained in the same fashion and are conservative
estimates for CO and UO -3.3%PuO waste glass canisters,

2 2 2
respectively.
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FIGURI: 20. Estimated canister pressurization for UO2
fuel waste glass at 25 and 300*C, plotted
versus time.

For UO waste glass the inportance of temp < raturr- i t. e leme in -y

strated in Ficure 21. At 300*C, t. ho r e: i:. onl / .i umill e l i t e . i . .ii. . -
between monolithic and f ractured glass bec.iune- t he- helium

generation rate is liniting, and the curve for fractured glass

is identical to the theoretical maximum pressurization curve

given in Piqure 16. At 25"C, the particle size is considerably
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more im;ortant, with the times required to reach a given pressure
differing by a f actor of -50 for the fractured and monolithic
forms. The influence or radiation damage will be to cause a
further shift to longer times by a factor of 10 or more as shown-

b/ the shaded areas. There will be a smaller danage influence
at elevated temperatures where only part of the release will be
a f fected by trapping, as shown earlier. For CO fuel wastes,2
assuning a f ractured qlass ceometry, times on the order of 10 4

years will be required before the canister becor.es helium
pressurized.
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FIGURC 21. !Ntimated canister pressurization for UO -3.3't2Puo2 fuel waste class at 25 and 300*C, plotted
versus time.

Fcr t he (*0 - 3. 3 M'uo; was tes, the trends are similar as shown3

in Pigure 21, but the much niuher a activit; shifts the pressuri-
zation curves to lower t imes. Even i f r.onoli thic, 15 psi pressures
will l i kely be e:sceeded in less than ten years, considerinr the
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hich storace temperatures durinq the first d eca.ie . If the

canisters were vented a f ter reachina the ambient t empera t ure
rance ('.10 years), even f ractured class would not build back
up to significant pressures until 10 years had elapsed.

From a technical viewpoint, the maximum pressurization
curves given in Figure 16 might be compared in maanitude to
everyday usace of compressed gas cylinders at s2000 psi, and
water pressure 50-80 psi contained by thin walled copper tubing
in every home. In this frame of reference, it is cicar that

helium pressurization will not be a serious technical concern
for typical fuel wastes. The information in this document can

utilized for consideration of other storage needs which mightbe

arise if for example the actinides were partitioned from the
for separate disposal or to calculate pressures inwaste stream

microencapsulated waste forms, etc. It is sucgested that fienry's

law be assured (i.e., virtually no gas will remain in solution)

and that ' normal' diffusion coefficients be utilized to generate
conservative pressurization-time estimates in other glass systems.

3.5 OTilER llELIUM EFFECTS

The objective of the present work has been to experimentally
establish the natura of helium diffusion in nuclear waste class
and to make some estimates concerning canister pressurization.
A potential effect of helium ingrowth has not been examined;
namely, whether or not helium bubbles are formed and whether or
not stresses induced by ingrowing helium might result in extensive
crackina. This question has been considered briefly by i;cwman and

and by Ross and Newman.( Their analysis assumesI IQuimby

lienry's law holds and that the maximum internal stress concrated
in the glass is equivalent to the helium gas pressure which
would be required to achieve the equivalent :-iaarown concentration.
Depending on internal porosity concentration, stresses from a few

2hundred to several thousand Ibs/in were succested as possible.

The diffusion coefficients and llenry's law constant used in their
I I

a na l */s i s were of the correct order of maanitudc and the'
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actual values obt.iined in the '; resent work would not significantly

change conclusions arrived at by these authors. It is not clear,

however, that the basic assumption made (that external equilibrium

pressure is direct 1; related to internal stress) is entirely valid.
.

The use of kilobar pressures to dissolve large cuantitles

of inert qas by F.lille and Roy( ' does not appear to produce

an unstable, highly stressed glass. When heated, gas bubbles are

nucleated (presumablf containing high pressure cas) but stress

induced cracking was not reported. Werk by A. K. De et al . (~;)?

*
involvino lie bombardment of nuclear waste glass-ceramics also

6
demonstrated bubble formation even at room temperature after 10

,

ions /cm' (50 kev lle'). Because of the high implantation rate,

the latter result mai be a reflection of a thernal conponent in the

bomba rdmen t ..rocess. In actual waste glass it is still possible

that nicr-bubbles may form since the helium is deposited as a

high enerqy rarticle and localized thermal spikes will affect

the entire glass volume many tines over, even during the first

100 years. The present work, in demonstrating that only part of

i-ingrown helium is r.: leased via a simple atomic nechanis:1, could

be interpreted as due to the in fluence of gas-bubble traps. Since

the release ceasureme'ts required thermal treatment however, they

do not relate well to the real situation which will mainly consist

of storage at ambient temperatures (see Figure 1). We conclude

that there is not.yet sufficient in fornation to know whethe . or

not helium microbubbles will form in nuclear waste glass.
.

Pe.:ardless of whether or not bubbles form, there is no

n:v er :nen t a l e'tider - that serious internal strasses arise in cas

conta:nin: classes obtai:1ed either by high presuure equilibration

or throuoh :> article neneration by actinide decay. The curium.

doped discs used in the present work and a larce number of Jurium

doped qlass buttons remain visibly unchanged af ter storage times

equivalent to -500 years for actual waste. A preliminary.

mechanical streauth te: t also supports the nonexistance of any.

internal :t re :n hotidup due to i decai. Glass buttons approximately

:? 9
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3 cn diameter by 0.5 cm thick were fractured in a four point
load cell, shown schematically in Figure 22. Ten nonradioactive

buttons gave an average load-to-fracture value of 129 kg. Two

curiun doped buttons with an rn dose equivalent to 500 years
'

18storage (1.17 x 10 a/g ram) fractured at loads of 143 kg and
119 kg. Although a more detailed examination of mechanical
strength is just beginning, it is clear that a large effect due
to a damage is not expected.
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F IGC?.T 22. Schematic of four point load cell used for
glass button fracture tests.
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4.0 CONCLUSIONS

The maior conclusions concerning helium c;fects in the

present waste glass system are as follows:

e At short times and low fractional helium in.entory, diff.siin

follows Arrohnius behavior typical of undanaaed, ' normal'
glass as given by the equation D = 2.1 x 10~ exp(-15,030,'RT)

U

cm /sec.

e At long times and higher fractional helium inventory, an

Arrehnius temperature dependence ir, not observed due to the

ef fects of trapping at radiation induced defects. The

apparent diffusi?n coefficient is lower than at short times

by about one order of magnitude and is approximated as D,n
-4 2

1.7 x 10 exp (-15,000/RT)cm /sec.

e A hel.ium solubility value (730 Torr lie, 400*C) was measured
16

as S = 1.5 x 10 atoms /cm . As the temperature dependence

for rare gas solubility in glasics is small and Henry's lav:

is followed_, it can be expected that 99+% cf the helium
generated in nuclear waste glass will not remain in solid

solution but will diffuse t) internal pores or to t9e ~a7ister

plenum at rates depending on the dif fusion coef fic: ...

e Assuming a canister with a 10 vol.% plenum, the ma. r m:
6

possible helium pressures after 10 years fall in th. c.tge

of common experience, being less than 1200 lbs/in for

(UO,-3.3%Puo,) fuel wastes. For UO fuel wastes, even 4 f the
2

glass is not monolithic, press' ares exceeding 15 lbs/in, will
. ~

not likely be reached until times on the order of 10 years

are reached.

e There is insufficient experimental evidence to ascertain

whether or not helium bubbles will form at ambient temperatures.

It does not appear likely however that hel ium generat=3 througit

actinide decay will significantly af fect the strength of waste

glasses. '
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