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ABSTRACT

Glassy waste forms are often partially devitrified with dispersed small
size crystalline phaseg)and crystalline waste forms consist of multiple
phases. Also the radionuclides are inhomogeneously distributed within the
waste form. Under these conditions, differential stresses can arise at inter-
faces and the concomitant microcracking would be expected to enhance leach-
ability. In this work, we tabulate the data for radiation induced volume
change in microcracking. To explain this phenomenon, radiation induced
stresses and surface area increase are estimated with a first order approxima-
tion. For the stress calculation, we employ the stress distribution in a
sphere, in a shell, or in a hollowed cylinder as determined from the linear

are
isotropic elasticity theory. The calculations,de to assess stress from the

A
difference of elastic moduli, stress from the differential swelling among
phases and stress relaxation. The calculated stresses can cause micro-
fracturing in agreement with experimental results and microfracture could in-
crease surface area to a point where leaching behavior is significantly af-

fected. The present calculation method can be extended to estimate radiation

induced stresses from multibarrier waste forms.
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Introduction

Solidified high level radioactive waste (HLW) forms will receive massive
doses of self irradiation during their projected service life. Irradiation at
the levels anticipated in HLW forms is known to cause measurable density
changes in waste form materials: ceramics swell under irradiation, while
glasses may either swell or compact. In certain cases, these changes may be
accompanied by the formation of voids or (héliun) gas—filled inclusions.
Dimensional changes of this sort, if uncompensated for in package design,
might produce unacceptably high stress levels in various parts of the waste
package. Three cases are of particular interest: Many radionuclide (RN) host
phases in HLW forms are microstructurally inhomogeneous; glassy waste forms
are often partially devitrified with dispersed small size (1 to 1000 um)
crystalline phases; crystalline waste forms consist of multiple phases or
polyphase crystalline structures. In either case the radionuclides may be
inhomogeneously distributed within the waste form, resulting in an
inhomogeneous radiation dose. Under these conditions, differential stresses
can arise at interfaces or grain boundaries either from uniform swelling due
to differences in elastic constants including anisotropy (Case I) or from
nonuniform swelling or compaction in different phases (Case I1). For either
case, concomitant microcracking would be expected to enhance leachability.
Finally, even a uniform volume change in the RN host phase, without cracking
(Case III), would generate differential stresses in inert barrier components.

Such components include waste containers, inert glass or PyC coatings, etc.




The practical consequences of radiation induced stresses in HLW packages
~do not seem to have been widely investigated; in fact, we are aware of only
one intensive study. In this document we carry out a scoping analysis to
identify those cases (if any) where more detailed consideration may be war-
ranted. We begin by describing the relevant experimental data. This provides
a basis for an estimation of anticipated stress levels and their practical

implications.

Irradiation Induced Density Changes

Silicate glasses may either expand or compact under irradiation. The

effect is 1llustrated for a number of different glasses1 in Figure 1.

Zinc borosilicate waste glasses (72—65) compact under irradiation in both
amorphous and devitrified form; the effect appears to saturate with alpha-
dose at a volume contraction of about 1%. Both lead silicate and European
borosilicate (high silica) waste glasses swell due to internal alpha decay.
Weber, et al.,2 have studied the stability of 77-260 glasses doped with curi-
um. An overall swelling of about 1X was observed for the devitrified glass at

a mean dose of 5x10!® alpha decays/cm3.

Radiation also causes ceramics to swe113; refractory oxides such as Al,04
are known to exhibit swelling. Recently, neutron irradiation damage measure-

ments have been reported for synthetic barium hollandite, perovskite, and un-




doped SYNRM~ B“. Samples were irradiated at 75-100°C t'o a dose considered

equivalent to 2.2x10!8 alphas/g and the results are shown in Table 1.
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Figure 1. Density changes in glass doped with alpha emitters. From
Mendel, et al.l

Table 1. Average volume change (Z) in irradiated SYNROC B and SYNROC C
minerals.3

SYNROC B PEROVSKITE HOLLANDITE
SINROCB __ PEROVSKITE ___ HOLLANDITE
1.68 2.64 1.44




Weber, et al.” have extended their experiment of displacement damage by
alpha particles and recoil nuclei to ceramics such as gupercalcine, as well as
to the crystalline phase in partially devitrified glass. Table 2 shows the
maximum volume expansion in simulated waste forms, while Table 3 and Figure 2
represent the volume change to crystalline pha;e. It is noteworthy that the
crystalline phase expand more (maximum 6%) than the glassy phase. They also
have found that the volume changes saturate exponentially as dose increases.

Table 2. Crystalline materials studied at PNL by actinide doping and the
maximum volume expansion observed.

Swelling
AV/V Dose

Material (2) (a-decays/cm?)
Simulated Waste Forms
Partially Devitrified Glass® 1.0 5 x 10l8e
Celsian Glass Ceramicb 0.5 3 x 10l8e
Supercalcine, SPC-2€ 1.4 5 x 10l8e
Portland Cement, Type II4 <0.1 5 x 1017

————

8PNL-77-260 waste glass, cooled at 6 K/h (Weber et al., 1979).2

bgtudied in cooperation with the Hahn-Meitner Institute
(Berlin, West Germany).

CRusin, Gray, and Wald (1979).5

dcontains 10 wtZ similated PW-9 calcine.

©Dose at saturation.




Table 3.

Parent Solid

Crystalline phases observed to become X~ray amorphous.s

Volume Change

To Crystalline Phase

Amorphization
Dose®
(a-decays/cm?)

Form Crystalline Phase (Z2)
Partially Ca3Gdy(510,)5(P0,)0,2 3¢ 1.5 x 1018
Devitrified
Glass
Partially Gd,T1,0,P Not Measurable >5 x 1018
Devitrified
Glass
Celsian Gd,T1,0,° 1¢ 3.2 x 1018
Glass Ceramic
Supercalcine CayNdg(S10,)g052 4¢ 4.2 x 1018
SPC-2
Pure compound  CayNdg(S10,)¢0,2 >6d >6 x 1018f
zApatite structure type.
berochlore structure type.
CDetermined from XRD measurements.
dpetermined from density measurements.
€Volume averaged dose to complete sample.
fThis compound has not yet reached a complete x~ray amorphous state.




T l T l T l ] _| L I '
30 |- AMORPHOUS - — .-
< —PEROVSKITE
25 |- // AMORPHOUS i
3 }
<=eorF /¥ )
o ZIRCON
st AMORPHOUS -
o ——— 4
o L APATITE -
AMORPHOUS
. FLU?RITE (STABLE)  pyYROCHLORE i
s e P e l | | :- 1
% | 2 3 4 S

... _ ALPHA DECAYS/cm3x10'®
Figure 2. Lattice expanaiona as a function of intermal alpha-tecoil

dose. Note the volume gxpanaion is approximately three times
the lattice expansion.

Most studies of radiatién damagé in candidate waste forms have focused on
the displacement damage caused by alpha particles or recoil muclei. Accord-
ingly, these radiation experiments have been performed either by actinide
doping, ion bombardment, or neutron irradiation. It has been known for some
time, however, that ionizing radiation can also change the physical properties
of glasses. Shelby7 has found that borosilicate glasses exhibit an irradie-
tion induced volume compaction near room temperature which can be as much as
30 times greater than that observed in vitreous silica at the same gamma
dose. Volume compactions approaching 1% were observed at 10!9 rads
(Figure 3), a radiation dose which is at least an order of magnitude lower

than that anticipated in certain HLW glaco.‘




Irradiation Induced Microcracking

.

In the study of 77-260 glasses by W’eber:,-2 devitrification produced
crystalline gadolinium—apatite and cubic titanate phases. Microcracking was
observed in all slow-cooled samples receiving a dose over 5x1017 alpha/cn3
(Figure 4). The extent of the microcracking was strongly dependent on dose,
local crystal size, and crystal density. The cracking saturated at about the

dose level where X-ray amorphization of the crystalline phase is complete.
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Figure 3. Effect of dose on the_volume compaction of commercial
borosilicate glasses.
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Figure 4. Microstructure of the waste glass (77-260 glass) before and
- after microfracturing: (a) Slow cooled samples exhibiting no
microcracks after 2x1016 decays/cmas gb) Microcracks developed
in same area after 8x10!7 decays/cm?.
Neutron irradiation also caused microcracking in synthetic barium holland-
ite (Figure 5) and perovskite, which are component'phases of SYNROC, at a flu-
ence considered equivalent to 2.2x1018 alpha/g.“ SYNROC B consisting of

perovskite, hollandite and zirconolite showed much less severity in micro-

cracking than that encountered in the individual phase studies.
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Figure 5. Appearance of hollandite after neutron irradiation."

Estimation of Radiation Induced Stresses and Surface Area Increase

To understand the microcracking described above and to assess its conse-
quences, we simplify the problem by assuming the volume changes in the waste
form to be isotropic and elastic. First, we calculate the differential stress
developed at the interface of a small spherical or cylindrical inciuaion in a
matrix. The inclusion represents a small crystalline particle in partially
devitrified glass, a small grain or single phase domain in ceramic waste form,
and a gas bubble. The differential stresses arise either from the difference
in elastic modull among phases (Case I), or from the difference in volume ex- .
pansion among phases (Case II).

We consider both effects independently. By

comparing the calculated stresses to the strength of the glass and ceramics,

9




the nature of the microcracking is understood. Second, we estimate the total
surface area increase due to microcracking by an energy ba;ance method. We
use a criterion from impact test,s:lo that 12 of the elastic strain emergy

is transformed to surface energy associated with the newly formed glass by

cracking.

For the stress calculation, we employ the stress distribution in a sphere,
in a shell, or a hollowed cylinder as determined from the linear isotropic
elasticity theory. In the limit of infinite thickness of the shell or
cylinder, the solution becomes the stress distribution in a matrix around a
small inclusion or gas bubble imposed by a stress constraint from canister or
backfill materials. By taking the stress at interface of the inclusion or gas
bubble and the matrix, the maximum differential stresses are obtained. We
have considered both the radial and tangentiai stresses. For the estimatioa
of surface area increase, the elastic energy density is calculated upon the
differential stress. By mltiplying the volume of various sizes of existing
canisters, the total energy stored is given. Dividing 12 of the total energy
by the typical surface energy of glass and ceramics, the cracked surface area

is obtained. The details of the above description are attached as an appendix.,

Table 4 shows the calculated swelling pressure (o) developed in glass and

ceramic phases upon irradiation [Equation (3), Appendix].
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Table 4. Pressure developed by 12 volume swelling. E = Young's modulus;
v = Poisson's ratio; o = calculated pressure.

Ceramig Phaset Glass (Various Compositions)
E (MPa) (6.9-41.4)x10" (4.8-6.9)x10"
(psi) (1.0-6.0)x107 (0.7-1.0)x107
v 0‘15-003 002-0.3
o (MPa) (4.1-34.5)x102 (2.8-5.6)x102
(psi) (0.6~5.0)x10° (0.4-0.8)x105

*Data for alumina, zirconia and mullite

This table will be a basis for the calculation of differential stress and
the cracked surface area described below. It should be emphasized that the
pressure is calculated assuming no elastic or inelastic relaxation in

surrounding constraints.
(I) Stress From the Difference of Elastic Moduli

We assume the same 1% volume expansion among phases; here the difference
of the elastic moduli contributes the differential stress. The differential
stress p (see Equations 1 and 2) is obtained by subtracting the stress in omne
phase by the stress in theé other phase. The resulting stress at the interface
of inclusions in glass or gas bubbles in glass or ceramic phase are shown in

Table 5.

11




Table 5. The maximum stress of matrix at the interface of inclusions in
glass or gas bubbles in glass or ceramic phase.

Maximum Stress

Inclusion/Matrix Glass ‘ Ceramics
Ceramics (MPa) 2.8x103
(psi) 4.0x105

Gas Bubble (MPa) 1.2x103 -4,1x103

(psi) 1.8x10° -6.0x10°

In the calculation, the pressure of gas generated has been varied from
0.10-10.13 MPa (1 to 100 atm) and the backfill stress has been taken as the
fault stress of sandstone and lithographic limestone [i.e., (2.4-3.3)x102 MPa,

(3.5-4.8)x10" psi]. 1!

For the stress generated from the anisotropy of ceramic phase, the aniso-
tropy of elastic moduli among phases or grains has been varied from 1 to 10%.
Table 6 shows the maximim stress developed by 1% and 10% difference in the

elastic moduli.

Table 6. The maximum stress developed by 1% and 10X difference in
elastic moduli in ceramic phase.
Anisotropy Maximym Stress
(Z) in Elastic Moduli MPa 10* psi
1 6.2x102 9
10 3.4x102 5

12




Considering the elastic moduli can change by an order of magnitude depend-
ing on the orientation in a single crystal, the 1 to 10X estimation is not un

realistically high in polycrystalline materials.
(II) Stress From the Differential Swelling Among Phases

In (I) we have simply assumed the differential stresses are from the dif-
ference of the elastic moduli. However, the volume expansion among phases
maylalso be different as shown in Tables 2 and 3 and in Figure 5. This is
either from the difference of inherent radiation susceptibility among phases
or from the enrichment of radioactive isotopes in one phase as shown by
Weber?. We again assume a conservative 1I differential volume expansion (see
Tables 2, 3, and Figure 5) at constant elastic modull of ceramic phases, the
maximum stress is oﬁtained as shown in Table 7.

Table 7. Maximum stress of matrix at the interface of inclusions in glass

and ceramics due to differential expansion.

Maximum Stress
Waste Forms MPa 10 psi

glass or ceramics 3.4x103 5

Now we compare the calculated stress to the typical mechanical properties

of selected ceramics and glasses listed in Table 8.
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Table 8. Typical mechanical properties of selected ceramics and

glasses.
C&mpressive Strength Tensile Strength
MPa (psi) MPa (psi) Reference

Alumina up to 3. 8x103 (s. 5x105) 3. 1x102 . 5x10“) (12)
Zirconia up to 1 3x10 (1.9x10%) 1. 4:10 (2.1x10%) (12)
Mullite up to 1. 3x10 (1. 9x10") 1.1x102 (1. 6:10") (12)
Glass* 9.0x103 (1.3x10° ) 6.9x10 (1.0x10%) (13)
Waste glass™t 3.9x10 (5.7x103) 9)

+ Glass composition has not been specified.
ensile or compression has not been specified.

Note the stresses of Tables 6 and 7 are large enough to fracture the
glass, especially the waste glass. Also, since they are comparable to the
strength of the ceramic phase, the ceramic matrix may also fracture in part.
Further, the stress arises both from modulus difference and the differential
swelling similtaneously. Real stresse;, therefore, may be higher than the

estimation in Tables 5-7.
Stress Relaxation

The quoted short-term laboratory experiments have been performed in an
accelerated condition compared to the enviromnment presumably existing in a HLW
package. This fact cannot be overlooked in the glassy waste form for the pre-
sent assessment since the glass is known to relax simultaneously with the

stress generation described above. To correctly assess the radiation induced

14




cract.ng behavior in geologic time with the dose rate existing in a real HLW
package, we adopt a zeroth order approximation of the relation of volume ex-
pansion to dose rate and relaxation time which has been recently developed by

Martin?? for gamma irradiated borosilicate glass.
AV/V = KD (1 - exp(t/7))

where K is the dilatation per unit dose, D the dose rate, § the relaxation
time, and t the experiment time. Using this equation, we estimate the frac-

-tional decrease of (AV/V) and the concomitant stress decrease.

Table 9 shows the radiation conditionl? in the HLW package environment,

and Table 10 indicates the dose rate used in the laboratory test.

Table 9. Radiation conditions in the HLW package environment.

Radiation Total Radiation Duration Dose Rate
alpha 1018 x/g 102-3 years 3x107-8x/(g-g)
1019 o/g 105 years 3x105 o/(g-g)
beta, gamma 1012 raq 10¢ years 3x102 rad/s

Table 10. Dose rate used in the laboratory test.

Source Radiation Dose Rate
PNLZ 5 alpha 3x1010 «/(g-8)
Shelby gamma 2,3x103 rad/s

As can be seen in the above tables, the alpha test has an acceleration factor

of 102-103, while the gamma test has a factor of 10 for the first 1000 years

15
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in a repository. With the relaxation time obtained by Martin?? from Shelby's
data (t~2 years at 2odb), the ratios of (AV/V) in the waste environment to
(AV/V) 1in the accelerated condition are obtained: For alpha, the ratio ranges
from 2x10~2 to 2:10‘3, while it is 0.2 for gamma. These factors, in effect,
will reduce the stress generated in the amount of these ratios. In spite of
this reduction factor, the reduced stresses are still comparable to the

fracture strength of waste glass (refer to Tables 5, 7 and 8).

The relaxation time for alpha daﬁage in glass and the relaxation behavior
in ceramic phases are not known at the Present time. The relaxation in cera—
mics is speculated to be slower than the glassy phases. Also, the contribu-
tion of alpha and gamma rays are taking place simultaneously. Therefore, the
above assessment of relaxation after gamma irradiation upon glass may be con-
servative in a real HLW fackage; concomitantly the fadiation induced cracking
is considered to be a potentially important detrimental factor to waste form

integrity in the geologic time.

Effects of Cracks on Surface Area and Leaching

Using the 12 differential volume expansion at fixed elastic moduli, the
ratio of the surface area after cracking to the initial surface area ranges to
maximum 50 for glass and 30 for ceramics for various sizes of the existing
canister,?,1%,17 The surface energy used was 300 etg/cn2 for glass and

1000 erg/cm? for ceramics.

16




2 4

In the early study of Lobog doped and devitrified 77-260 waste glass,
appeared that microfracturing has no measurable effect on the net material
leached. However, since the localized radiolysis effect at the sample-

solution interface could have masked the effects of structural changes, it is

difficult to pull out the cracking effect separately from this study.

Recently, more systematic simulation has been performed by Perez,
et al.?! Cracks have been simulated by stacking glass pellets and platinum
wire spacers and then holding them together with a stainless clamp. They have
found that crack depth and crack width are important parameters in the release
from cracks and that there may be a minimum crack depth before leaching from
the cracks become important. More than factor two enhancement of leach rate
has been observed in the simulated cracked sample compared to glass monolith
as shown in Figure 6 where solid cylinder represeﬁts the monolith while pel-
lets are simulated cracked samples. It has also been found that the leach
rates from the crack surfaces are two to three times lower than the leach
rates of the outer exposed surfaces. Considering our estimation of the
surface area, increase is much higher than that of the present experiment, it
is possible that the leach rates are significantly affected by the radiation
induced microcracking in geologic time. More quantitative assessment is pre-

mature at the moment with the lack of a detailed experimental basis.

17
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Further Implications

As described in the attached appendix, we estimated the stress generated
at the interfaces of particles in metal matrices, coated particles and mole-
cular stuffed glass, and at the canister (Case III). 1In these cases, the

thi;kness of the shell and the cylinder is finite and the net stress p is sim-
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ply- a swelling pressure of the radionuclide lcaded waste form, since the dis-
placement damage in coating, cladding material, or canister is negligible
compared to that in the loaded waste. The calculated results are not pre-
sented here since the available experimental data are meager, except for HTGR
(High Temperature Gas-Cooled Reactor) coated particles. Rather, we simply
describe the possible consequences from this calculation associated with the

differential swelling analogous to the assessment of partially devitrified

glass and ceramics.

* With the radiation induced stress at the interfaces of particles in
metal matrices, the glass particles and a part of the ceramic particles
may crack. Likewise, the coatings (A1203,_Pyc or glass) may experience
cracking unless a properly engineered design reduces the stress, such
as using a microporous carbon coating before the ﬁain coating as in
HTGR fuel. Also, the cladding and the core regions of the molecular
stuffed glass may reveal similar cracking. This cracking may enhance

the radioactive isotope leachability.

* Upon swelling of the waste form, most metal containers may experience
imposed stress. The stress may lead to the yielding of most canister
materlials. The residual stresses stored by plastic deformations of
canisters will be a detrimental factor which could result in stress
corrosion cracking and hydrogen embrittlement, leading to a breakage of

the canisters in a repository condition.
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Summary and Conclusions

Our first-order calculation indicates that radiation induced stresses
might cause microfracturing in the radionuclide host phase of certain crys-
talline and glassy waste forms. This finding is in qualitative agreement with
Tecent experimental results. Further, the calculation suggests that micro~-
fracture could increase surface area to a point where leaching behavior is

significantly affected.

In certain multi-barrier systems, substantial stresses are calculated fof
inert layers or containers which constrain the RN host phase. If uncompen—
sated for, these stresses might cause premature barrier failure or reduce dur-
ability. Here only little relevant experimental data is presently available;
experience with HTGR particles indiéates that such stresses may be effectively
reduced either by the use of porous intermediate layers, or RN host phases

which are not fully dense.

The scoping calculation contains a number of uncertainties and simplifying
assumptions; quantitative estimates may be conservative, and must be consi-
dered subject to confirmation. We believe, however, that in view of the pre-
sent results, the possible effects of radiation induced stresses should re-

ceive explicit consideration in waste package designs.
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APPENDIX

Consider a sphere in a shell (3 dimensions) or a filled cylinder (2 dimen-
sions) as shown in Figure A.l, where Ro and R are the inner and outer radii,
and (r, 6, ¢) is a spherical coordinate while (r, 6, z) is a cylindrical coor-
dinate. P and q are the inner and outer pressure, respectively. The spher—
ical coordinate is pertinent to an inclusion in matrix and to particles in
metal matrix while the cylindrical coordinate is used in the calculation of

the stresses of the canister.

inner diameter
outer diameter
inner pressure
outer pressure

y

e o0 oo

q

Figure A.l. Schematic of an isotropic spherical inclnsion
of a hollowed cylinder.

In the spherical coordinate, the stress distribution 1s:(21)

PR, -qr>  (q-P)R ‘%’
o= +
r T 3 33 3

(1)
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And in the cylindrical coordinate,

R 2-pr3 (q-P)R%R 2 .
G = - °o_ . o _1
r 2 o2 22n 2 L2
[o] ()
qu-PR 2 (Q"P)RZR 2
G, = - o o 1 (2)
0 22g 2 2p 2 2
[o] [+]

To proceed further, one must determine the pressures p and q. The pres-
sure (or stress) q is simply that imposed by external constraints; for the
present case we take this as being due to the backfill or host rock material
around an emplaced waste package. The internal pressure p requires more de-
tailed consideration. We are unaware of any direct measurements of the pres—
sure which is exerted when waste form materials are irradiated in constrained
volumes. One can imagine two limiting cases: (A) The external constraints
effectively prohibit any significant expansion or compactiog of thé waste form
material. (B) The material expands or compacts to a degree which is sensibly
that which is measured under unconstrained conditions. Almost certainly, the
actual situation is an intermediate between these two cases; the equilibrium
pPressure p may depend sensitively on the degree of expansion or compaction
which has occurred. However, in the absence of relevant experimental data, we
have chosen to consider the "static” case (A): The pressure p is chosen as
that which is required to reverse given irradiation induced volume changes in
the waste form material. As mentioned, this prescription provides for no

elastic relaxation, and quite possibly over estimates maximum stresses. It
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has the advantage, however, of producing results which are independent of
scale, since a detailed analysis of strains is not required; moreover,
estimates are at least conservative. Adopting this prescription, and assuming
isotropic volume changes, the stress (or pressure) developed upon swelling is

given by13:

E AV
° =TT W (3
where, (AV/V) represents volume expansion, E Young's modulus,and v Poisson's

ratio.

The differential stress p is obtained by subtracting the stress o of one

phase from the stress o of the other phase, if required.

Inclusions are very small compared to the canister. Also, confining

ourselves to the interface of the inclusion and matrix,

Cr = =P
Og ™ Og = =2q +p

by the simplification of Equations (1) and (2) with
) SR
R/Ro + =
We extend our consideration to several other cases presumably taking place
in an HLW package. Equations (1) and (2) are equally applicable here also as

described below:
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Particles in Metal Matrix

At the interface of the small particles in the matrix, Equation (4) is
used. Here p represents the swelling pressure of the particles [Equation (3)]

and of the yileld stress of the metal matrix.

Coated Particles in Metal Matrix -

Equation (1) is used considering the stresses in the middle of coating [r
= (R+Ro)/2], where p represents the swelling pressure of the particles
[Equation (3)], q the yield stress of the metal matrix, Ro the radius of the

particles, and (R~Ro) the thickness of the coating.

Molecular Stuffed Glass

Equation (2) is used. P represents the swelling pressure of the core
tegion while q the yield stress of the metal canister. The thickness of the

cladding is (R-Ro).

Stresses in Canister

Equation (2) is used for a cylindrical canister. Ro represents the radius
of the waste form, (R-Ro) the thickness of the canister, P the swelling
pressure of the whole waste form [Equation (3)], and q the stress constraint
imposed by overpack. We confine the calculation to the stress at r =

(R+Ro0)/2.
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The positive signs of the stresses follow the direction shown in Figure 7,
while the negative signs are for the opposite direction. Also, the bigger was

chosen between radial stress and tangential stress.

For the calculation of the cracked surface area, the elastic strain energy

per unit volume stored upon swelling, e, 18 used:

c = E v, 2
T -2v) 3V

The cracked surface areas, s, are obtained by:

8 = 0.0l x € x canister volume
surface energy of waste form
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