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ABSTRACT

The present effort is part of an ongoing task to review the national high
level waste package effort. It includes evaluations of reference waste form,
container, and packing material components with respect to determining how
they may contribute to the containment and controlled, release of radionuclides
efter waste packages have been emplaced in salt, basalt, tuff, and granite
repositories. In the current Biannual Report a review was carried out to
determine the ability of spent fuel cladding to provide additional radionu-
clide containment capability should the container /overpack system fail
prematurely.
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EXECUTIVE SUMMARY

Based on published information, an evaluation has been made of the radio-
nuclide containment capability of Zircaloy and stainless steel spent fuel
cladding in repository environments. In order to assess mechanisms that could
cause breach of containment, it was necessary to first outline the articipated
environments in salt, basalt and tuff repositories, based on available data

~

! from testing and modeling sources. Near-field conditions include groundwater
chemistry, hydrology, thermal environments and stress conditions around the
vaste package. Estimates of the changing temperature and radiation dose with

,

time were based on current package designs and are' design-dependent. An'

inventory of the radionuclides to be contained by the cladding was obtained.
It has been estimated that up to 10% of the fission gases may be present in
the fuel-cladding gap. Rods release Xe and Kr and other gaseous / volatile
radionuclides present in the fuel-cladding gap to the repository environment.

The characteristics of the cladding material in a repository will be
influenced by the handling that the fuel rods have received during reactor
operation and storage in a spent fuel pool. It is believed that less than
0.01% of fuel rods currently fail in-reactor. Various waterside and fuelside
processes enhanced by neutron irradiation are responsible for the failures.
In-reactor, oxide layers / crud deposits form on the rods and are sources of
fission and activation products and transuranics. There is measurable radio-

' activity in spent fuel pools due to spallation and/or leaching of the depos-
,

its. The fractional release of activity from spent fuel while it is in pool'

storage is estimated to be in the range of 7.6x10-Il to 1.9x10-9 of the radio-
nuclide inventory (at discharge), not including gaseous fission products that
are released. However, based on the examination of cladding in pool storage
for 20 years, it was concluded that the storage pool conditions are not'

significantly corrosive for Zircaloy and stainless steel.
i

Possible corrosion failure modes for Zircaloy in a repository include
uniform corrosion, fuelside and waterside stress-corrosion cracking, and
hydride formation. Possible corrosion failure modes for stainless steels in a
repository include uniform, pitting, and crevice corrosion, waterside stress-

, corrosion cracking, and hydrogen / helium embrittlement. The most likely mecha-
nism for breach of containment in Zircaloy cladding is fuelside stress-corro-

-

sion cracking believed to be caused by aggressive gases in the fuel-cladding
gap. - Uniform corrosion processes of Zircaloy may be enhanced by the presence
of silicate ion. The most likely corrosion mechanism for breach of contain-
ment in stainless steel cladding is cracking in chloride and caustic

solutions.

Preliminary static leach tests at 25-30*C on defected and undefected fuel
rods and bare fuel in deionized water indicate that the undefected cladding

(1) releases measurable radioactivity to the leachant and (2) decreases by
several orders of magnitude the release rates of U, Pu and Cs. A conclusion
about the containment capability of the cladding cannot be made until (1)
there is a quantitative definition of containment in terms of the maximum
acceptable release rates and (2) the release rates of the predominant radionu-

. clides during the containment period from non-failed and failed rods under
repository conditions have been determined.

1
,

w n s - ,-,,.---e em-.,--,-w-------m --------,,,,v-, ,----,---r t.ve~.---~w-- -,--e..----m -e -n - - - - ----.re-w,<-n, -- ,,-n-ee-~ n a,



1. INTRODUCTION

In the licensing procedure for a high level waste geologic repository two
NRC criteria are of major importance with respect to the performance objec-
tives for the engineered systec. These are detailed in Final Rule 10 CFR 60
(Disposal of High Level Waste in Geologic Repositories) dated June 1983. The
first objective specifies that:

" Containment of HLW within the waste packages will be sub-
stantially complete for a period to be determined by the Commis-
sion taking into account the factors specified in subsection
60.ll3(b) (of 10 CFR 60) provided, that such period shall be not
less than 300 years nor more than 1,000 years af ter permanent
closure of the geologic repository; and

"The release rate of any radionuclide from the engineered
barrier system following the containment period shall not exceed
one part in 100,000 per year of the inventory of that radionuclide
calculated to be present at 1000 years following permanent clo-
sure, or such other fraction of the inventory as may be approved
or specified by the Commission; provided, that this requirement
does not apply to any radionuclide which is released at a rate
less than 0.1% of the calculated total release rate limit. The
calculated total relese rate limit shall be taken to be one part

in 100,000 per year of the inventory of radioactive waste, origin-
ally emplaced in the underground facility, that remains after
1,000 years of radioactive decay."

To meaningfully address these performance objectives it will be necessary for
the license applicant to consider:

How and when groundwater enters the engineered repository systema.

b. How and when groundwater penetrates the geologic packing material
(discrete backfill)
How and when groundwater penetrates the container system and causesc.

corrosion failure
d. How and when groundwater leaches radionuclides from the waste form
e. How and when the radionuclides are transported through the f ailed

container system, packing material and disturbed host rock to the
near field environment.

For these scenarios, in which the individual engineered barriers are
breached, probable chemical (corrosion) failure / degradation modes and mechani-
cal failure / degradation modes need to be identified and quantified. These
will depend on the specific design of the engineered system including selec-
tion of materials, local temperatures, local repository water conditions,
radiation effects, water flow rates, and lithostatic / hydrostatic pressures,
etc. It is only through a comprehensive knowledge of these factors that the
performance of the individual engineered barriers can be determined and
compliance with the above-mentioned NRC criteria demonstrated.

3



. . .-- _ _ . _ - - - .

The purpose of the current study is to outline in logical sequence the
important performance assessments for barrier components which may need to be
addressed for licensing with respect to demonstrating compliance with the
containment and controlled radionuclide release performance objectives. Fig-
ures 1.1 and 1.2 are schematics outlining the logic for performance assess-

! ment. They specify those failure / degradation modes which are considered to be
important for the materials and host rocks currently being considered in the
national high level waste terminal storage program. By accumulating a compre-,

' hensive data base on these failure modes, those which will ultimately be
controlling can be identified.

Although Figure 1.1 describes a plan for the comprehensive performance
assessment of the individual engineered barrier components it is not mandatory
for each component to be fully characterized. If the license applicant can
demonstrate that one component alone can meet an NRC performance objective
then a detailed characterization of the other engineered barriers is unneces-
sary. It would suffice to show that the other barriers are redundant and do

,

i not compromise the ability of the primary barrier to meet the objective. For
! example, if it can be shown that a container system alone can remain unbreach-

ed for 300-1000 years under anticipated waste package conditions, then a com-
prehensive data base on the performance of the secondary barriers would not be
needed to address the containment time. Similarly, if the waste form has a
radionuclide release rate which will meet the controlled release criterion
under anticipated repository conditions a detailed knowledge of the radionu-

! clide retardation capabilities of packing materials is also not needed. Thus,
a licensing strategy based on full compliance with an NRC performance objec-

3
tive by a single barrier would be a cost saving endeavor. On the other hand,
if compliance requires the conjoint action of more than one barrier, so that,

each barrier contributes partial compliance, the data base to characterize4

; performance will necessarily involve single-component and multi-component
tests to quantify interaction effects. Strategies which may be used to
demonstrate compliance are discussed in a separate report (NUREG/CR-2951,

'

1982).

1.1 Reference

! NUREG/CR-2951, BNL-NUREG-51588, " Draft Staff Technical Position, Subtask 1.1:
Waste Package Performance Af ter Repository Closure," M. S. Davis and D. G.

,

i Schweitzer, Brookhaven National Laboratory, September 1982.

I.
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i

!
I CONTAINMENT TIME FOR
j WASTE PACKAGE SYSTEM

i

i
:

Determine time for Determine time for
groundwater to Determine time for Determine time for for radionuclides

'

travel from the container system radionuclides to to travel from;

j host rock through to be breached in be released by waste form through
{ the packing mate- water / steam envi- waste form. PM to waste pack-

| rial (PM) to con- ronments. age boundary.'

tainer surface.
i
!

,

i

! Chemical Failure Chemical Failure Chemical Failure Chemical Failure

) . Uniform corrosion -

j . Increase in . Pitting corrosion Changes in radio-
t -- water flow by -- . Crevice corrosion . Leaching by water -- nuclide retarda---

formation of more . Calvanic corrosion or steam. tion capability
i perscable prod- . Stress corrosion of PM.

ucts in PM. . Selective leaching
;

| .H2 embrittlement
;

i

Mechanical Failure Mechanical Failure Mechanical Failure
. Major inertial . Stress from waste . Major inertial
changes or move- form swelling changes or move-
ment of PM . Seismic loading ment of PM

-- - Liquid limit -- Lithostatic -- . Liquid limit
changes in FM stresses changes in FM

. Cracking from . Hydrostatic . Cracking from
wet / dry cycling stresses wet / dry cycling
of PM. . Residual stresses. of PM.

Figure 1.1 Chemical and mechanical failure / degradation modes affecting containment
of radionuclides by the waste package system.
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.

RADIONUCLIDE RELEASE
FROM ENGINEERED SYSTEM

I

Determine release Determine release Determine release Determine release'
rate from waste rate through. rate through rate through

form. breached container packing material boundary of
system. (PM). engineered system.

_

Chemical Factors Chemical Factors Chemical Factors Chemical Factors

. Temperature

. Local water . Sorptive capabili-
- chemistry - . Not applicable. - + Changes in sorp- - ties of host rock.

. Water / steam flow tive capability . Presence of alter-

rate of PM. ation products.

. Eh/pH conditions,

. Solubility con-
straints

Mechanical Factors Mechanical Factors Mechanical Factors Mechanical Factors
. Major internal

. Local thermal / changes or move- . Cracking of host

. Presence of hydraulic condi- ment of PM rock

- cracks in waste - tions . Liquid limit . Local thermal /-

form. . Size and distribu- changes in PM hydraulic condi-

tion of container . Cracking from wet / tions in host

penetrations. dry cycling of PM rock.

Figure 1.2 Factors affecting radionuclide release from the engineered barrier system.

- __ _ _ - . ___ - _ - __
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2.- NEAR-FIELD' REPOSITORY CONDITIONS

2.1 Basalt

This section of the prograw has been completed and is reported in a
. previous Biannual Report (NUREG/CR-2482, Vol. 3, 1983).

.2.2 Salt

This section of the program has been completed and is reported in a
previous Biannual Report (NUREG/CR-2482, Vol. 3, 1983).

2.3 Tuff

This section of the program has been completed and is reported in a
previous Biannual Report (NUREG/CR-2482, Vol. 4, 1983).

2.4 Granite

This section of the program has been completed and is reported in a
previous Biannual Report (NUREG/CR-2482, Vol. 6, 1984).

.

7
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.3. WASTE FORM FAILURE AND DEGRADATION MODES

3.1 Borosilicate Glass
n

This part of the program has been completed and is reported elsewhere
(NUREG/CR-2482, Vol. 4, 1983).4

3.2 Spent Fuel Cladding Failure .
,

Earlier work in the Brookhaven National Laboratory (BNL) program has
addressed in detail the anticipated environments around emplaced waste pack-
ages in salt, basalt, and tuff repositories (NUREG/CR-2482,- Vol. 3,1983,
Vol. 4, 1983, and Vol. 6,1984) . Since new data have become available af ter
the publication of these reports, a brief summary will be given below to spec-
ify the anticipated environments to be expected around spent fuel waste pack-
ages. A knowledge of such conditions will- enable an evaluation to be made of
the most likely corrosion failure modes for spent fuel' containers and fuel
cladding. -At this time, the aqueous environment expected while the fuel isr

being stored in pools at the reactor site will not be addressed. They are,'

however, likely- to be far less aggressive than conditions expected in a repos-
itory system. This conclusion is supported by work done at Pacific Northwest

. Laboratories (PNL-3921, 1981), which entailed the examination of Zircaloy-clad
spent fuel af ter 10-20 years of pool storage.

3.2.1 Waste Package Environment in a Salt Repository
,

j
'

3.2.1.1 -Salt Brine Chemistry

Molecke (SAND 83-0516, 1983) has cataloged various brine chemistries of
relevance to the salt repository effort including test solutions being used in
supporting research programs. They fall into two categories, including high
Nacl or high Na-Mg-K-Cl content. These are given in Tables 3.1 and 3.2.
Brine A is. representative of the chemistry of brine inclusions in the salt,

'
whereas Brine B chemistries are typical of water in contact with halite at the
-repository level.

l
.

Under the hydrothermal conditions present during the repository post->

[ closure period, changes in the brine chemistry will result. Some laboratory
! tests carried out by Pacific Northwest Laboratories (PNL) and Sandia National

Laboratory (SNL) (Molecke, M. A.,1982) show that, in simulated waste package
_

tests, the pH of Brine B fell from 6.8 to 3.8 (Table 3.2). This was attribut-
ed to hydrolysis effects. However, another possible contributing' factor could

| be connected with the thermal release of gaseous constituents from the salt.
Uerpaann (1982) and Panto and Soo- (NUREG/CR-3091, Vol. 3, Appendix A,1984)'

have demonstrated that gases released include hcl, SO , 00 , H S, and H 0.2 2 2 2
j_ Some of these will dissolve in the brine to give acidic solutions. Later

I

IThe term " hydrothermal" is used here to denote reactions involving super-
1 heated water; i.e. reactions at any temperature above 100*C where pressure is
sufficient to maintain water in the liquid phase.' Note that, in strict earth
sciences nomenclature, such conditions involving temperatures between 100 and
373*C are "mesothermal."

.
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j Table 3.2. Brine "B-like" brine composition comparisons (mg/L).

(utPF/ ONME apailibrated
Gameric) Campesite Per= I ma Protest erine-sackfill posttest Flow Downtuote Flow Downtualm

Ion erise a permian P P me. 2 Pos.-suL Wes.-sssL Pa1L-sus. WIpp-12 WEsthm{2 ggg|g.$ ggggg.$

(+34)

ma+ 115,000 123,460 123,000 159,000 155,000 119,000 114,000 140,000 112,000 140,000

g* 15 39 39 2,550 2,370 5,000 3,100 3,200 3,800 4,8e0

| geg** 10 134 122 409 463 158 1,70s 1,400 450 270

ca+' see 1,560 1,10e 37e 695 267 418 Joe 49e 368
Itsr++ 15 35 35 le 43 34 15 --

199 e.5 - 0.62m++ 7.0 e < 2.5
--

Li* 20 22e 21e 240 205

an* 20
64cs* 1 - -

55 3.6 6.7 3.6 5.7re+++ 2 <5 -

ci- 175,8e0 191,300 191,000 190,000 231,000 197,e00 160,000 180,000 170,000 180,000

sqs** 3,5ee 3,197 1,910 2,0es6 3,237 16,300 17,000 18,000 16,000 14,000
,

a(as 30 -) 1,20e 16 11 1,200 1,20e* 960* 680* 74e*
*-- 54

escD * 700 30 23 7.8 15 0 2,600 2,400 2,600 1,see"
3,

I er- 400 32 24 430 460 000 729
; - 10

1.7r- 1.1 1.0 37 37 0 4.3 --

,
pse 6.5 7.e55 6.9 6.8 3.8 7.17 7.76 6.42 7.e2

Field Eh (ser) -211 -152'

:
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during the post-closure period, it is likely that brine pH will be increased
to give an alkaline solution, as a result of the radiation-induced formation
of colloidal sodium and the subsequent formation of sodium hydroxide. The
tests carried out by PNL and SNL also show that, under high temperatures, the

2S0 2 concentrations increased from 3,237 to 16,300 mg/L. These S0g levelsg
combined with the high Cl concentratious will cause the brine to be relative-
ly corrosive compared to other reposi ory groundwaters. Thus, a detailed
evaluation of corrosion failure modes of container /overpack materials will be
required for such brine chemistries. Also, spent fuel cladding corrosion data
will be needed if DOE intends to give credit to this component for
radionuclide containment.

3.2.1.2 Hydrology

Salt is considered to be an ideal host rock for nuclear waste because of
its low water content. However, it has been shown in several studies (for
example, Roedder and Belkin, 1978) that brine inclusions migrate up a thermal
gradient and eventually reach a waste package. Extrapolation of test data
indicates that, for a waste container with a thermal load of 2.16 kW and an
overall areal thermal load of 100 kW/ acre, the total brine inflow with a waste

package borehole will be about 8 L af ter 300 years, af ter accounting for the
decreasing thermal load in that period. For an areal load of 150 kW/ acre, the
amount would be about 11.5 L (0RNL/TM-7201,1980). Unless this brine collects
in an area not in contact with the waste container, it is expected to cause
corrosion. Corrosive species in the brine will not be depleted since it will
be in contact with adjacent salt, and oxygen and hydrogen will be generated by
gamma radiolysis effects (see below). It should be noted that some workers
(Roedder, E. 1982) consider that the brine inflow rate mentioned above could
be up to two orders of magnitude too low.

3.2.1.3 Thermal Environment

Recent calculations for the reference spent fuel package are given in
2Figure 3.1 for an areal loading of 49 kW/ acre (12 W/m ) (0NWI-438, 1983). The

maximum design temperature for the fuel rod centerline is =37 5 'C . It should
be noted that the calculated temperature is design-dependent and that current
conceptual designs do not specifically include the use of a packing material
(ONWI-438, 1983).

One important point needs to be made regarding thermal effects in rock
salt. Roedder and Belkin (1978) have shown that Carlsbad, New Mexico, salt
suffers decrepitation within days at atmospheric pressure. If large brine

inclusions are present, the decrepitation temperature may be as low as 60*C. ;

The resultant fracture of the salt releases moisture and the cracks could pro-
'

vide easier pathways for brine migration unless the fractures are sealed by
salt creep.

1

In other work by Levy and others (1981), it was shown that for salt, !

9specimens electron-irradiated to a dose of 5x10 rads fractured along crystal- l

lographic planes without any externally applied stress. The effect appears to
be associated with a radiation-enhanced decrease in the decrepitation tempera-
ture and is possibly associated with the generation of radiolytic hydrogen and

12
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oxygen in the brine inclusions. These gas pressures would be additive to the
vapor pressures within the inclusions and lead to earlier decrepitation.

3.2.1.4 Irradiation Environment

During the 300-1000 years radionuclide containment period, significant
doses of gamma irradiation will be administered to crushed salt packing and
nearby host rock. The anticipated total dose, however, will be dependent on
the types and thicknesses of the package components and the waste loading. An

9 10upper gamma dose level of 10 to 10 rads, however, is estimated for a spent
fuel package from recent work (ONWl-438, 1983). As mentioned above, Levy and
his co-workers have demonstrated in electron irradiation tests (used to simu-
late gamma irradiation effects) that large quantities of F-centers and col-
loidal sodium will be expected adjacent to the container /overpack system as a
consequence of irradiation. Compressive deformation creates internal defects
in salt which are shown to accelerate colloidal sodium generation rates.

More recent work at Brookhaven National Laboratory (BNL) (NUREG/CR-3091,
Vol. 3, Appendix A, 1984) focused on the implications of F-center and colloid-
al sodium generation around non-shielded salt waste packages. Salt samples
were gamma irradiated at 40 and 125'C with and without saturated brine being

irradiated at 40*C topresent. Dry granulated Carlsbad (New Mexico) salt0doses up to 10 rads gave highly alkaline solutions upon dissolving to the
solubility limit in deionized water. The pH reached a maximum value of about

99.3 after a dose of 2.9x10 rads and thereafter remained constant. During
irradiation, decrepitation occurred resulting in spallation of the rock salt
samples. During dissolution, there was audible popping and gas (probably
hydrogen) was generated. Dry salt, and salt in the presence of saturated
brine, irradiated at 125*C gave similar increases in pH and in the measured
total base concentration in solution. It is believed that the increases in
alkalinity of the brine are closely associated with colloidal sodium
interactions with water to give NaOH and H -2

An important feature of this work is that the brine adjacent to the salt
being irradiated at 125*C became acidic with time, reaching a value of about
3.5 after approximately 300 hours. This is thought to be attributable to the
thermal release of hcl, S02 and CO2 as described above. However, hydrolysis
effects involving MgCl2 may be a contributing factor.

To separate irradiation and thermal effects, dry Carlsbad salt was heated
over a range of temperatures and the annealed material dissolved in water. It

was found that the pH of the resultant solutions also increased in a similar
manner to that for irradiated salt, reaching a maximum of 9.5. The measured
total base in solution, however, was much lower than that measured for
irradiated samples.

Based on the above BNL experiments, it was postulated that both acidic
and basic brine may contact the container at different times during the repos-
itory post-closure period. If brine is present around the container during

the early period of irradiation, it may become acidic due to the release of
from the salt. Later, brine inclusions migrating through ahcl, SO2 and CO2

14
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colloidal sodium field would reach the waste package and their high NaOH
content would begin to neutralize the acidic brine. As more inclusions arrive
at the container surface, the brine would become basic.

Container /overpack materials and fuel cladding, therefore, need to be
characterized with respect to a range of anticipated pH conditions. In
addition; hydrogen generated by colloidal sodium interactions with brine and
radiolytic hydrogen need to be addressed in terms of their potential to cause
embrittlement of metallic barriers.

3.2.1.5 Stress Environment

Claiborne and others (ORNL/TM-7201, 1980) calculated the pressure envi-
ronment within a waste package borehole as a function of time. They con-
sidered several scenarios including (a) emplacement without packing materials,
(b) emplacement with packing material with the hole sealed, and (c) the hole
is sealed without packing material. Based on considerations of brine inflow
rates and gas pressure buildup they showed that for the three cases the maxi ,
mum pressure within the borehole occurs af ter 10-15 years and reaches valbes'
between 2.6 to 3.2 MPa. After 15 years, these emplacement hole stresses
dropped very quickly.

Lithostatic pressures at repository depth have been calculated to be 16.2
MPa (ONWI-438, 1983) and in the long term these will determine the loads on
the waste package.

3.2.2 Waste Package Environment in a Basalt Repository

3.2.2.1 Basaltic Water Chemistry

Candidate basalt repository horizons at the Hanford site are located
within the Grande Ronde formation. Table 3.3 gives the nominal compositions
of GR-3 and GR-4 groundwaters. Besides the components listed, GR-3 basaltic
groundwater has been found to contain the following gases: 25 ppm N , 10 ppm2

Ar, and up to 700 ppm CHg at 25'C. The water is thought to be extremely low
2in oxygen because of the oxidation of Fe + in the basalt mesostasis phase to

3Fe + (DOE /RL 82-3, 1982). In fact, it has been postulated that the ground-
water will be so reducing in nature that container corrosion may be inhibited
(DOE /RL 82-3, 1982) . A summary by BWIP of anticipated Eh/pH changes with time
is given in Figure 3.2 (BWIP/ DOE /NRC Workshop, 1984).

Recent work by Gause and others (BNL-NUREG-34297, 1984) investigated
changes in GR-3 groundwater chemistry and pH with and without gamma irradia-
tion. In this work, an autoclave system was designed in which an internal
heater was used to impose a thermal gradient across a carbon steel sleeve
(which simulated a waste container) and a 75 percent crushed basalt /25 percent
(by volume) sodium bentonite packing material. The packing material was sat-
urated with simulated Grande Ronde groundwater. In this study a non-
irradiated control test has recently been completed in which the cover gas in
the autoclave was methane. This gas was used to evaluate the effects of meth-
ane which has been detected in the water sampled from some BWIP boreholes.

15
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I 2-Analysis at room temperature of the reacted groundwater shows that S04
i. levels increase, Cl remains unchanged, and the dissolved oxygen decreases
i . from 8.3 ppa in the starting solution to a value close to zero. The obtain-

ment of a DO value close to zero from these unirradiated, short-term whole
package tests may indicate that long-term tests may attain a reducing environ-'

ment. However, under realistic conditions it should be noted that gamma radi-

i olysis may provide an oxidizing environment near the package. More details of
irradiation tests carried out in the BNL effort in whole package testing are,

given below in Section 3.2.2.4.

Table 3.3. Composition of synthetic Grande Ronde groundwaters.
!

'

GR-3 GR-4
Nominal Nominal

; Composition Composition
(ppm) (ppm)

Chemical Species (RHO-BW-SA-315P, 1983) (SD-BWI-TP-022, 1984)

Na+ 358 3344

| Cl- 312- 405
2S0g - 173 40

Si (as SiO ) 76.2 96.42
: Inorganic C (as HCO ~) 100 92.03
. F- 33.4 19.9
! K+ 3.4 13.8

2'
Ca + 2.8 2.2

2Mg + 0.032 ----

,

4

|

| In a second study at BNL (NUREG/CR-3091, Vol. 3, Appendix D,1983), the
main emphasis was to assess water migration characteristics through a basalt /

! bentonite packing. However, measurements of groundwater chemistry af ter reac-
' tion at a maximum temperature of 250*C for 30 days ;-ovided useful informa-
i tion. It was found that considerable changes occurred in the composition of

the synthetic Grande Ronde water used in the tests, in contrast to Gause and
others (BNL-NUREG-34297, 1984) who detected only small changes at 150*C.
Changes in dissolved species are given in Table 3.4.

2A comparison of the initial and final compositions shows that K+, Ca +,
2 2Fe , Si and S0 g - levels are significantly increased; Na+, Mg + and Cl are

slightly increased; and F~ concentrations are significantly decreased.

From these experiments, it is clear that container /overpack and spent
fuel cladding corrosion experiments should be carried out in the presence of
packing material and irradiation because of the altered chemical and Eh/pH
conditions that will prevail after repository closure.

|
Another ef fect that could perturb the composition of the groundwater is

! the likelihood that during the emplacement and early post-closure periods in
[ the repository the groundwater in the near-field host rock may be converted to
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steam leaving behind previously dissolved solids. Alteration of the basalt
along the groundwater flow paths is also likely to occur at high repository
temperatures. After repressurization of the repository, when steam conditions
subside, it is possible that water entering the waste package emplacement
holes will be considerably concentrated since it would tend to redissolve pre-
cipitated solids and alteration products. This effect has not been adequately
characterized.

Table 3.4. Concentrations of selected species in samples of synthetic
basaltic groundwater after reaction with basalt / bentonite
packing at 250*C for 30 days (ag/L) (NUREG/CR-3091, Vol. 3,
Appendix D, 1983).

Element GR-3 Unreacted Liquid Inside
or Nominal Groundwater Packing Material

Ionic Species Conc. Solution (3 Samples)

Na+ 358 350 510 500 490
K+ 3.43 18 120 120 120 -

2Ca + 2.78 3.5 182 144 175
2Mg + 0.032 0.38 0.95 0.86 1.2

Fe 0 <0.5 10.7 7.7 7.9
Si 35.3 69 300 310 240
F- 33.4 25.8 2.68 4.30 4.08
Cl- 312 320 358 380 370

2S0 g * 173 196 899 744 855

2AS0g did not increage after oxidation with H 0 . Therefore, total S2 2
is attributed to S0 g

3.2.2.2 Hydrology

The hydraulic conductivity is a measure of the ability of a particular
geologic medium to transport water under a hydraulic gradient. Although its
units are length per unit time, this parameter is not a velocity; it is,
rather, a measure of the volume rate of flow through a unit cross sectional
area. It is a property of both the geologic medium and the groundwater under
the temperature and pressure conditions in the waste repository. There is
considerable uncertainty in the hydraulic conductivities for Grande Ronde
basalt. Flow is relatively fast in sedimentary interbeds compared to columnar
material. Some estimates by the Basalt Waste Isolation Project (BWIP) for the
horizontal hydraulic conductivities in the flow top and columnar zones are,
respectively, 10-10 to 10-3 and 10-13 to 10- 12 in/sec (DOE /RL 82-3, 1982).
Actual flow paths are believed to be up vertical cracks in the basalt and
through the repository and then along flow tops to the accessible environment
(DOE /RL 82-3, 1982; Salter, P. F. and others,1982; and Deju, R. A. and
others, 1983). At present there do not appear to be any measured values for

18



vertical hydraulic conductivities, but vertical flow through the repository
horizon may be relatively high because of buoyancy effects.

3.2.2.3 Thermal Environment

Figure 3.3 shows the anticipated time-temperature profile for spent fuel
waste package components emplaced in basalt. The anticipated thermal loading
is 1.74-2.16 kW per package. It corresponds well to the general schematic for
temperature changes given in Figure 3.2. The s' pent fuel at the fuel center-
line and the container reach a peak temperature of about 260*C, 20 years af ter
emplacement in the presence of dry packing material. It is assumed that the
cladding temperature could not exceed this maximum'value. After 300 years,
the temperature decreases to about 150*C. Estimations of cladding failure
rates should focus, therefore, in the 150-260*C temperature range.

300 i e i g i s ei e i i | isi i e igisiig i i g i sisi

WASTE PACKAGE
CENTERLINE

260 PsMoo oesCsuPTioes Tines avre -

CANISTER i H(r004 Tony 06Const48600N00 49 90
11 It06T ie0CE SATUHAT50 3N 3OB
IN CONTAssed64T DEStoM LIFE 58f05 1.005 1.005

/U IV BACEPILL flESATWilAT50 1.000 = l.000 "
,

g EMPLACEMENT
HOLE SUHFACE

150 -
-

A55U4466:

a 9 CANIE1Eli14ltit04AL
pf LoAceno . icmw

' g'",b,,,,too --- .___ -___ ___- -
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|
-

| Figure 3.3. Temperature-versus-time curves for dif ferent components of a
I vertically-emplaced spent fuel waste package in a repository

located in basalt (DOE /RL 82-3, 1982). (Note calculations
| performed assuming presence of dry packing material.)
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It should be noted that the design maximum temperature limit for spent-
fuel cladding is 300*C as stated in DOE /RL 82-3 (1982) but is 380*C as stated
in RHO-BW-CR-136 (1982).

3.2.2.4 Irradiation Effects

Gamma irradiation fluxes are not available for a finalized spent fuel
waste package design. However, early work estimates that the initial flux at
the surface of a pressurized water reactor spent fuel package are approximate-

ly 2.9x10" arem/h (AESD-TME-3142,1982). Thisgivesatotalgammadoseover7the 300 year containment period of about 10 -10 rads, assuming that the dose
rate decreases linearly to zero during this time.

Prior BNL work has summarized gamma radiolysis effects in pure water
(NUREG/CR-2482, Vol. 2, 1983). These are expected to give a good indication
of the types of radiolytic specie that will be present around non-shielded
waste packages emplaced in basalt. The following reaction summarizes products
formed by gamma radiolysis:

0H, e aq, H 0+, H , H 0 , OH , H0HO >H., 3 2 22 22

Dissolved oxygen in the groundwater will increase the yield of H0 , and 0 ~2 2
may also form. The yields of altered species produced by radiolysis are
usually defined in terms of the number of molecules produced per 100 eV of
adsorbed irradiation; this is termed the G value. In neutral pure water

typical values are:

G(H.) = 0.60
G(H ) = 0.452
G(H 0 ) = 0.7424G(H 0 ) = G(e aa) = G( 0H) = 2.6 1 0.33

G(H0 *) = 0.02 (02 absent).2

Decomposition of H 02 2 will yield 0 .2

Some experiments have recently been completed at BNL to investigate local
conditions around a waste package in a basalt repository. The wot:k consisted
of autoclave tests in which a carbon steel sleeve and a basalt / bentonite pack-
ing material were reacted in the presence of gamma irradiation (3.8x10" rads /
h), Grande Ronde GR-3 basaltic water, and methane. The gas was included in
some of the tests si..ce some groundwater samples from the BWIP site were found
to contain methane (DOE /RL 82-3, 1982). Three separate experiments were
conducted at a carbon steel temperature of 150*C:

Phase I - a two-month hydrothermal test using an inert argon cover gas
under a gamma flux;

Phase II - a two-month hydrothermal test using a methane cover gas under
a gamma flux;

Phase III - i two-month hydrothermal test using a methane cover gas
without irradiation.

l
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| Table 3.5 summarizes analyses made for selected constituents of filtered water
samples taken from the basalt / bentonite mixture after completion of the tests.i

2Levels of Cl remain constant and S0g concentrations were nearly doubled.
The Si level based on the Phase I study decreased and it was likely caused by
the formation of an Fe-Si-Ca-Al rich colloid. For all three tests, the measur-
ed dissolved oxygen levels (DO) fell in the range 0.2 to 0.6 ppa. Based on

;

; similar values obtained with the oxygen meter on chemically reduced solutions,

} it is concluded that af ter 90 days of reaction at 150*C the water in the
basalt / bentonite packing contains little dissolved oxygen. This indicates that'

the basalt and the carbon steel sleeve are capable of maintaining very low dis-'

solved oxygen levels even though gamma radiolysis creates oxidizing species.:

Metallurgical analysis of the carbon steel sleeve, in fact, verifies that the
4

I surface reaction-layer contains iron, silicon and oxygen. hevertheless, there
are apparently no data obtained for realistic waste package conditions that

,

j prove that the oxygen levels are sufficiently low to give reducing conditions.
i

; Other work by Gray (RHO-BW-SA-315 P,1983) shows that Grande Ronde ground-
water saturated with methane and irradiated at much higher dose rates in the

!- absence of package components forms polymeric material containing 1.0 to 2.9
' weight percent oxygen. These short-term tests (three days) permitted an evalu-

8ation to be made as to the effect of an accumulated gamma dose of =10 rads on

the groundwater chemistry. In the BNL experiments, the simulated waste package
congacting methane-saturated groundwater was irradiated to dose levels of8=10 10 rads and yielded a completely different type of colloidal material;

' suspended in solution. A comparison of Gray's and BNL's work highlights the
{

importance of performing irradiated whole package tests to determine the cha-
; racteristics of the environment that the package will produce and will
j experience.
i

! Table 3.5. Average water compositions after 60-day hydrothermal tests
! at a temperature of 150*C (BNL-NUREG-34297, 1984).*

h Chemical Composition Measured at 24*C (ppa)
Starting Phase I Phase 11 Phase III,

Parameter ** Value (y + Ar) ( y + CH g) (CHg)

|

Cl- 312 313 296 409
2

| Sog - 165 280 246 231

! Fe 0 <2 1. 0.5
| Si (as SiO ) 79 34 not meas. not meas.2

DO 8.7 0.6*** 0.2*** 0.5***'

pH 9.8 6.9 6.6 7.1
!
! * This temperature is the maximum value and was maintained at .the carbon
' steel heater sleeve. A thermal gradiert was present due to heat loss

at the autoclave well.i

** Other species were present but were not measured.
;

!
***These dissolved oxygen values are similar to those measured for chemi-

cally reduced water, indicating that af ter 60 days of testing the

; actual D0 level is close to zero.

4

I

j 21

i

i

!
.- -.-.-.--_--------.-- --_-- --.-., - -



Measurements on the reacted water in the BNL tests showed that af ter 90 -
days the pH decreased from 9.8 to values lying in the range 6.6 to 7.1 (Table
3.5). This, again, is in general agreement with BWIP data (DOE /RL 82-3,
1982).

3.2.2.5 Stress Environment

During repository operations, the stress on the waste package will be
approximately 1 atm. After repository closure, however, water ingress will
raise the stress towards the hydrostatic stress level (11 MPa). If the host
rock settles, the stresses in the waste package would rise to the lithostatic
stress (33 MPa) as shown in Figure 3.2. It should be noted that the -litho-
static stress is a _ vertically applied value estimated on the basis of .the rock
overburden at the repository horizon. No estimates appear to exist for the
horizontal component of the stress on the waste packages. This is possibly an
important consideration since it has been shown that the horizontal stresses
at the Stripa granite mine in Sweden are up to two times as large as the lith-
ostatic stress [0NWI-9(4), 1980]. A similar situation may be present in a
basalt repository. Although some relaxation of these horizontal stresses will
occur because of the presence of the package boreholes, the net stress on the
waste package will be determined by the magnitudes of the lithostatic and the
horizontal stress components.

3.2.3 Waste Package Environment in a Tuff Repository

3.2.3.1 Tuffaceous Water Chemistry

The current reference location of the tuff repository at the Nevada Test

Site is in the Topopah Spring Member of the Paintbrush Tuf f at Yucca Moun-
tain. At the repository horizon, the tuff is in the unsaturated welded devit-
rified zone (UCRL-89988, 1983). The rock has a porosity of 12 oercent and
contains 5 percent water by volume. Water samples have not bet. taken at the'
repository horizon but the groundwater chemistry based on J-13 well water
taken from below the water table is available and given in Table 3.6. The
water contains 5.7 ppm of dissolved oxygen. Since the host rock is porous,

water from the surface percolates past the repository horizon at an estimated
flow rate of 8 mm/ year (UCRL-89988, 1983).

The porous nature of the host rock creates a significant dif ference
when compared to salt and basalt systems. Since the repository will not pres-
surize after sealing, water approaching the waste will boil at =95'C (the
boiling point at the repository horizon) and steam will form and be dissipat-
ed. Presumably, dissolved salts in the water will be deposited along water
flow paths and these will be redissolved, either fully or partially, by down-
coming water as the repository cools. It is, therefore, highly probable chat
the water that eventually contacts the waste container will be considerably
more concentrated than the J-13 water composition given in Table 3.6.

Some data cited by McCright (UCRL-89988, 1983) to justify high tempera-
ture corrosion tests in J-13 water are misleading. He showed that for crushed
tuff /J-13 water interaction tests at 90 and 150*C the composition of the
reacted water was similar to the J-13 composition, although an increase in pH
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was detected. Such tests, however, do not take into account the effect of
; precipitated salts on the tuff which would be expected to give an increased

dissolved salt level. No estimates of concentration effects are currently'

available.

Table 3.6. Reference groundwater composition for tuff repositories
(based on composition of Jackass Flats Well J-13 at the
Nevada Test Site).

Concentration
(ag/L)

Li+ 0.05
Na+ 51.0
K+ 4.9

2Mg + 2.1
2Ca + 14.0
2Sr + 0.05
2

| Ba + 0.003
Fe 0.04

3A1 + 0.03
61.0SiO2

F- 2.2
Cl- 7.5

' - 0.0C03
H00 - 120.03

2S0g - 22.0
NO - 5.63

3P0g - 0.12

pH - slightly basic (7.1)

4

Before the waste packages have cooled to the point where boiling ceases
it is expected that a steam / air environment will be present. It is possible
that gaseous or volatile constituents could be formed around the waste pack-
ages because of high temperature tuf f/ steam / air reactions but this is
speculative at this time.

3.2.3.2 Hydrology

As mentioned above in Section 3.2.2.1 it is estimated that the water flow
rate down to the repository horizon is about 8 mm/ year (UCRL-89988, 1983).*
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This calculation is based on annual precipitation rates.at the Nevada Test
Site. For the first few hundred years, however, steam / air conditions will be
present at the repository horizon. These will be superseded by liquid water /
air conditions as the repository cools. Boiling of groundwater adjacent to
the container will cease after about 150 years.

3.2.3.3 Thermal Conditions

The most recent assessment of thermal conditions within a spent fuel
waste package is given in Figure 3.4 (UCRL-80820,1983). Note that the calcu-
lations made for this figure do not include the presence of a packing material
component. The maximum fuel temperature is 330*C and the maximum temperature
of the reference Type 304L stainless steel container is about 250*C. It is,
therefore, assumed that the maximum temperature of the cladding lies in the
temperature range 250*C-330*C.

350 .. .g...g...g ..g...g...g.. g...g .iii_
. .

/-Maximum fuel ;
300 F-

-

. .

. .
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E :

.
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Figure 3.4. Temperature histories of waste package components and
host rock for vertically emplaced BWR spent fuel in tuff
(UCRL-80820, 1983). (Note that calculations do not assume
the presence of packing material.)
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It should be noted that the maximum package centerline and canister tem-
peratures that will be experienced by the package will be a function of the
diameter of the waste package and power output of the waste form, that is, the
design. Thus, the peak temperature can be a critical factor in establishing
whether a particular diameter and waste package power is acceptable. Peak
centerline temperatures have been calculated by Hockman (1984) assuming six
PWR fuel assemblies per container with a package power level of 3.3 kW/ canis-
ter. Some centerline temperatures that were calculated were in excess of the
design maximum of 350*C. Further calculations are in progress assuming four
fuel assemblies per container.

3.2.3.4 Irradiation Effects

There do not appear to be any detailed calculations of gamma fluxes for
the latest spent fuel waste package designs for tuff which will incorporate a
stainless steel container and no metallic overpack (UCID-19926, 1983). In an
earlier design study by Westinghouse (0NWI-439,1983), an iron / steel overpack
was considered and the calculated maximum gamma flux was 7.8x10 mrem /h. Over
a go year irradiation period, this will give a total dose of approximately
10 rads, assuming for simplicity that this dose rate over the 300 year
period decreases linearly to zero.

Since steam conditions will prevail for the first 150 years (UCRL-80820,
1983), reduced radiolytic effects are likely because of efficient recombina-
tion reactions among the radiolytic species (SAND 81-1677, 1981). As the~

repository cools, however, and moisture levels increase, there is a likelihood
of nitric acid formation because of the formation of nitrogen oxides from

N /02 mixtures. These oxides will dissolve in water to give acid. Other2
radiolytic species which could form are described in Section 3.2.2.4, above.

3.2.3.5 Stress Environment

The por'ous nature of tuff at the Nevada Test Site precludes pressuriza-
tion at the repository horizon. . Water and steam pressures will be close to
atmospheric (UCRL-89988, 1983). Lithostatic stresses on the waste package
will be present at the repository horizon if the host rock settles. Based on

3an average tuff density of 2.2 g/cm the lithostatic stress at a depth of 400
m will be approximately 8.6 MPa.

3.2.4 General Listi-ng of Anticipated Waste Package Conditions Af ter
Emplacement

Based on the above discussions it is possible to generally predict the
corrosion and stress conditions around waste packages in salt, basalt and tuff
repositories. These will be strongly dependent on final waste package geome-
tries, designs, and materials selection. Tables 3.7 through 3.9 give semi-
quantitative estimates of waste package conditions for the various repositor-
ies. These will be used in this effort to evaluate the integrity of spent
fuel waste packages.
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Table 3.7. List of estimated spent fuel waste package conditions for a
salt repository.

Estimated Value
Operations Thermal Period Tranettion Feriod Geologic Control

Parameter Period (0-300 yr) (300-1000 yr) D1000 yr)

Temperature at 375'c man. Approntmately 150-Il0'c <!!0'c
Centerline

(Thermal q/m )
-

ing 12.4 W

Total Caena 10'-1018 Little Little

Dose (rad) additional additional
irradiation. Arradiation.

Brine Flow Total of about 7 Little Little
Rate 11tereperbgrahole additional brine additional brine

for 24.7 W/m inflow infinv
thermal loading.

Brine Chealetry Srine A or Brine Brine A or Srine B Brine A or Brine B with NaOH present.
B cheelstrice with significant

depending on NaOH levels.
repoettory
location.

pH (measured at Stese/ air plus Initially acidic Probably alkaline. Probably alkaline.

25'C) small amounts of brine (pH =3.5)
HC1/50 /CO /8 8. due to dissolution2 2 2

of scid gases.
Changing to alkaline
brine because of
dissolution of
colloidal sodium by
brine inclusions.
pH could rise to 9.5
based on esperiments
with irradiated salt
and detonised water.

pH (et high Lower than values measured at 25'c but no reliable values can be
temperature) opecified because of comples hydrothermal reactions and irradiattoa

effects.

Bodos Conditiona Omic Probably oxic due Approaching Anomic Probably anoste.
to brine radiolysis.

Stress (MPa) 0.1 Inittelly 0.1 MPa. rising to lithostatic strees of 16.2 MPs es host
rock settles.
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Table 3.8. List of estimated spent fuel waste package conditions for a
basalt repository.

Estimated Value
Operations Thermal Period Transition Period Geologic Control

Parameter Period (0-300 yr) (300-1000 yr) (>1000 yr)

Temperature at 2$0*C 263*C max. 140-125'c <!25'c
Centerline after =35 yr.

(ThermalLong-)ins 13.0 w/m
7 8

Total Gaana 10 -10 Little No additional

Dose (red) additional irradiation.

trradiation.

Vertical Unknown, but likely to be much greater than
Hydraulic that for horizontal flow because of buoyancy

Conductivity effects.

(a/sec.)
2

Water Cheelstry Steam /str. Signi!! cant increases in K+, Ca +, Fe, $1, Not known, but

and SW -2 in the packing material water at there should
higher temperatures. F" to reduced in be a tendency
concen retion. to return to

cristnal Grande
Ronde water
chemistry.

pH (measured Initially 8.0 in pack- Increasing to approminately 9.0.
at 25'C) ing material water,

decreasing to 6.5-7.5.

pH (at high Lower than values measured at 25'e out no reliable values can be
temperatures) specified because of comples hydrothermal reactions and irradiation

effecte.

Redos Conditione Osic. Probably omic due Approaching anonic. Probably anonic.
to water radiolyels.

Strees (MPa) 0.1 Initially 0.1 MPs, rising to a value between hydrostatic and
lithostatic stresses (!! to 33 MFe).
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Table 3.9. List of estimated spent fuel waste package conditions for a
tuff repository.

Eattmated Value
Operations Thermal Period Tranettion Feriod Geologic Control

Farameter Period (0-300 yr) (300-1000 yr) D1000 yr)

Temperature et 330'c mas. to 100*C 100-60*C (60'c
Centerline *
(Thermal leading
12.6 W/a )

Total Genna =1010 Littie additional No additional
Dose (rad) treadiation. 1rradiation.

Water Flow Stesa/ air Stesa/ air for first About 8 as/yr. About 8 an/yr.
Rate conditione. eeveral hundred

years followed by
liquid water flowing
at about 8 ma/yr.

Water Chestetty Stesa/ air Probably steller to Frobably staller to J-13 well water but
conditions. J-13 well water af ter could be more concentrated if precipitated

steam conditione sub- salte redissolve.
side. May be more
concentrated than
J-13 water if precip-
itated salta redle-
solve.

pH (Measured 7.1 for J-13 well =7.1 e7.1
at 25'C) water. May be acidic

because of radiolyele
of N /0 /H 0 mistures.2 2 3

godos Osic Omic Osic Osic
Conditione

strees (Mra) 0.1 Initially 0.1 MPs. rising to the 11thcotatic strees of 8.6 MPs as
host rock settles.

* Calculations were made for weste package without packing asterial.
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3.2.5 Cladding Containment Analysis

3.2.5.1 Inventory of Radionuclides in Spent Fuel

In practically all light water reactors, the fuel designs utilize uranium
dioxide fuel enclosed predominantly in Zircaloy cladding. (Some of the clad-
ding materials in fuel rods is made of Types 304, 304L, 316 and 348 stainless
steel.) This report will therefore emphasize Zircaloy cladding. The fuel is
in the form of cylindrical pellets sintered to a high density (approximately

295% of theoretical). The cladding is a zirconium alloy, Zircaloy-2 for
3boiling water reactors (BWRs) and Zircaloy-4 for pressurized water reactors

(PWRs). Fuel rods are arranged into assemblies by structural elements (spacer
grids, tie plates and fitting devices). The projected cumulative discharge of
spent fuel assemblies is shown in Figure 3.5.

In-reactor, the fuel pellets and Zircaloy cladding undergo various and
complex changes due to neutron irradiation processes and due to exposure to
the pressures and temperatures encountered in the reactor core. After the
fuel is spent, it is destined to remain in water storage for periods ranging
from several years to decades. This storage phase constitutes a change in the
temperatures and pressures encountered by the fuel pellets and Zircaloy and

,

also a change in the predominant radiation environment out-of-reactor. Fol-
lowing removal from storage, the spent fuel will be confined to a repository,
where once again it will be subjected to a change in environmental condi-'

tions. These changing environments will impact on the ability of the Zircaloy
cladding to contain the radioactivity within the rod.

Spent fuel f rom light water reactors contains all of the long-lived and
stable nuclides that result f rom in-reactor operation of the fuel. See Tables
3.10 and 3.11 for an inventory of nuclides at various times f rom discharge.
These nuclides include isotopes of the noble gases krypton and xenon and also
some elements that are readily volatile or that can form readily volatile com-
pounds in certain environments (viz., carbon, hydrogen, and iodine). See

Tables 3.12 and 3.13 for an inventory of gases f rom discharge through the con-*

tainment period. The presence of gaseous / volatile radionuclides in spent fuel
is a special concern when breach of containment of cladding is being consid-
ered. Presently there is no stipulated value for the maximum acceptable leak
rate from spent fuel that would still allow the cladding to "contain." Mini-
mum values for containment need to be established perhaps based on the inven-
tory sometime af ter discharge. See Table 3.14 for the proposed EPA cumulative
release limits to the accessible environment for 10,000 years after disposal.
The possibility of radioactivity leakage during the containment period will

Zircaloy-2 has the nominal composition 1.5% Sn, 0.12% Fe, 0.10% Cr, 0.05% Ni,2

and the balance is Zr.

Zircaloy-4 has the nominal composition 1.5% Sn, 0.20% Fe, 0.10% Cr, less than3

0.005% Ni, and the balance is Zr.
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Table 3.12. Amount'and activity of gases produced in a BWR fuel rod irradi-
ated to an average burnup of 27,500 mwd /MTU as a function of.
age.a

At Discharge '300 Years After Discharge

Gas Weight (g) Activity (Ci) Weight (g) Activity (C1)

2.153E-04b 2.076E00(3 ) 9.792E-12b 9.440E-08(3 )H H
H2

3.133E-02c --

He 7.006E-04c --

9.731E-04d 3.124E-05(36C1) 9.722E-04d 3.121E-05( 3''Cl)C12
Br2 5.257E-02b N.R.f 5.259E-02b N.R.f

2.244E01(85Kr 8.317E-Olb 8.598E-08(85Kr)Kr 8.892E-Olb
7.527E-05(129))1 5.705E-Olb 7.619E-05(129 )5.805E-Olb 712

Xe 1.294E01b N.R.f 1.272E01b N.R.f
Cs 6.784E00 ,e 3.230E02(134Cs) 3.676E00 ,e 7.619E-05(135Cs)b b

1.035E-03 Cs) 2.502E-01(137Cs)135

2.503E02({37
4.754E-11(222 ))

Cs
Rn 3.952E-12b 6.084E-07(222Rn)Rn 3.944E-15b

TOTAL- 5.978E02g,h 2.504E-011

aThis table is adapted from ORIGEN-2 calculated values presented in
ORNL/TM-6008 (1977) for a 8 x 8 geably assumed 'to contain 63 rods.
All volatile materials, such as 8Te and I"C, have not been included.
For example, =8.0E-05' moles of I"C are produced as fission and activation
products. Some of this may be present in the form of gaseous-compounds.

b eight shown-includes weight of.all isotopes present.W
' cThis is the amount of He produced. It does not include He added
djgringmanufacture. 36'Cl is formed as an activation product. Weight shown is only for C1.-
*Cs'is a volatile fission product. The vapor pressure P~(in torr) of Cs
.in the range 200-350*C can be calculated using the formula:

logio P = K) +
* *

f .R. indicates not reported.N
8This activity represents =0.15% of the inventory at discharge.
h otal activity at 10 years from discharge due to these elements is-T
2.230E02 Ci. This represents =23.2% of the inventory 10 years after
discharge.

iThis-activity represents =2.30% of the inventory 300 years after
discharge.
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Table 3.13. Amount and activity of gases produced in a PWR fuel rod irradi-
ated to an average burnup of 33,000 mwd /MTU as a function of
age.a

At Discharge- 300 Years Af ter Discharge

W'ight (g) Activity (C1)Gas Weight (g) Activity (Ci) e

1.918E-04b 1.849E00(3 ) 8.722-E12b 8.408E-08(3 )3 H
H2

2.781E-02cHe 5.103E-04c ----

7.828E-04d 2.513E-05(36C1) 7.828E-04d 2.511E-05(36C1)C12
Br2 4.897E-02b N.R.f 4.898E-02b N.R.f
Kr 8.348E-Olb 2.141E01(85Kr) 7.799E-Olb 8.201E-08(85Kr)

5.422E-Olb 6.971E-05(129 ) 5.309E-Olb 7.078E-05(129 )1 1
12
Xe 1.199E01b N.R.f 1.199E01b N.R.f
Cs 6.221E00 ,e 3.494E02(134cs) 3.277E00 ,eb b

8.387E-04{37 Cs)
8.402E-04(135Cs)135

137

2.346E02( 222 )) 2.345E-01(222Cs)Cs
2.879E-11( Rn 3.636E-12b 5.598E-07( Rn)Rn 2.632E-15b

TOTAL 6.073E02g,h 2.354E-011
,

aThis table is adapted from ORIGEN-2 calculated values presented in
ORNL/TM-6008 (1977) for a 15 x 1{2gssembly assumed to contain 204 rods.
All volatile materials, such as mTe and I"C, have not been included.
For example, =6.0E-05 moles of I"C are produced as fitsion and activation
products. Some of this may be present in the form of gaseous compounds.

b eight shown includes weight of all isotopes present.W
cThis is the amount of He produced. It does not include He added
during manufacture.

36d36C1 is formed as an activation product. Weight shown is only for C1.
8Cs is a volatile fission product. The vapor pressure P (in torr) of Cs
in the range 200-350*C can be calculated using the formula:

logio P = g) + 6. M .

f .R. indicates not reported.N
gThis activity represents =0.13% of the inventory at discharge.
h otal activity at 10 years from discharge due to these elements isT

2.107E02 Ci. This represents =23.6% of the inventory 10 years after
discharge.

iThis activity represents =2.44% of the inventory 300 years after
discharge.
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depend on several factors (1) gas tightness of the fuel rod, (2) amount of
radioactive gas produced (i.e. extent of burnup) and amount released from the
fuel matrix into the plenum and not reacted with other materials and (3) rela-
tive pressures of gases inside and outside the fuel rod (ORNL-5578,1979). In
the discussion that follows, corrosion mechanisms that would allow leakage of
the radioactive gases or leaching of fuel pellets by water entering through
cracks or pits in Zircaloy cladding are emphasized. It should be noted in the
discussion on failed rods below that most of the gas in the fuel cladding gap

has been released in a reactor and would not be available for release in a
repository.

Table 3.14. Release limits for containment requirement of the disposal

system as specified in proposed 40 CFR 191.

Cumulative Release to Accessible
Environment for 10,000 Years After

Radionuclidea Disposal in Ci/kg leib

225 3E-06Ra
243 4E-06Am
241 lE-05Am
Other alpha-emitting radionuclides: lE-05
237 2E-05Np
126 8E-05Sn
90 8E-05r
23 lE-04Pu
240 lE-04Pu
242 lE-04Pu
14 1E-04
23 4E-04Pu
137 5E-04Cs

5E-04gernon-alpha-emittingradionuclides:
Cs 2E-03

89 1E-02Tc

aNuclides are listed in order of least to most cumulative release
t

limit.
Releases are given in Ci/kg HM. In the proposed 40 CFR 191, they are
given in Ci/MTHM.

bSum of fractions rule is to be applied if a mixture of radionuclides|
is present in the waste.

,
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A -study by Fish 'and Einziger (HEDL-TME 81-3, 1981) suggested that Kr,'Xe
and He are the only gases ' released from the fuel rod in significant quantities

3as a result of cladding breach. Based on an estimate of 75x10 MTU/ repository
and 1%' gas release f rom the fuel pellets, the data in Figure 3.6 indicate that
if all the rods in the repository were simul'taneously breached after 200
years, =7.5 Ci would be released. .,

Our calculations (see Tables 3.12 and 3.13) show that based on the con-
tent derived from the ORIGEN calculation presented in ORNL/TM-6008 (1977) the
gaseous or' volatile elements comprise =23% of the inventory 10 years after
discharge and =2% of the inventory 300 years after discharge. Assuming 10% of
these gaseous / volatile materials are availabic in the plenum, a very conserva-
tive' assumption, this would make-2.3%-0.2% of the inventory readily available
if the cladding is breached af ter discharge and during the containment per-
iod. If we assume that only 1% of the gas is available for release to the
repository, the percentage of inventory in the plenum would range f rom 0.2%
to 0.02%. Recent work (PNL-5109, 1984) has indicated that the release of Xe
and Kr from spent PWR fuel pellets is in the range 0.2-0.3%; i.e. less than
1%. See Section 3.2.5.4.1 below for further discussion. Whether releases to
the environment of this amount of activity constitute breach of containment

~ ill have to be determined.w

3.2.5 4 Loss of Containment in Reactor

3.2.5.2.1 Failure Rate of Fuel Assemblies

The integrity of the fuel rod cladding and the internal conditions of the
fuel rods established during their reactor residence are of particular impor-
tance as regards disposal in a repository. If the cladding is failed in-reac-

tor, the following will occur: (1) release of gases, mainly Kr and Xe, (2)
leaching / dissolution of the fuel pellets in the presence of water, and (3)
oxidation of the fuel, with resulting expansion. -

In the Inventory of spent LWR fuel, one can estimate that the cladding of
at .least one fuel rod in each 10". rods (0.01%) has failed in-reactor (HEDL-TME
83-28, 1983). Earlier BWR failure rates approached 1%. Fuel failures are

ultimately identified and isolated either by visual means in the cane of
relatively large defects or by techniques such as sipping, the detection of
the activity increase outside a fuel rod due to the release of fission prod-
ucts. Other techniques include gamma scanning, mensural, eddy current, and
ultrasonic. In the case of BWR fuel assemblies, sipping'can be performed
either in-core or out-of-core, whereas PWR fuel assemblies are normally sipped
out-of-core.- It should be-noted that sipping indicates solely that a fuel
assembly contains one or more failed fuel rods. The identification of indi-
vidual failures can be accomplished only when individual rods can be removed
from the assembly and sipped separately. This is seldom done. Values for
failure fraction should be considered to be estimates and do not arise from
precise determinations of the number of failed fuel rods.
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Mechanisms by which pre-storage cladding degradation has occurred include
hydriding, pellet-cladding interaction, water-side corrosion, cladding col-
lapse, and fretting. In those fuel rods in which cladding penetrations occur,
localized hydriding leads first to blistering and then cladding cracks as a
result of the lower density of the hydride. The greatest susceptibility for
localized hydriding seems to be shown by welds and the surrounding heat-
affected areas.' The hydriding phenomenon has been eliminated by drying the
UO2 pellets prior to their insertion into the Zircaloy cladding. Pellet-
cladding interaction is manifested by stress-corrosion, cracking of the clad-
ding starting on its inner surf ace. Because it requires the presence of
aggressive gases, it occurs at the locations of pellet pellet interfaces and
transverse cracks through which fission , products can reach the cladding. Less
than 0.002% of failures have resulted from water-side corrosion. The blockage
of heat flow by corrosion layers or by " crud" deposits (e.g. in early BWRs)
results in higher Zircaloy temperatures and corrosion rates. See Section
3.2.5.2.2 below for a discussion of crud-induced localized corrosion (CILC).
Although cladding collapse has affected a significant number of PWR fuel rods,
it is reported that only a small percentage of the collapsed rods released
fission product activity (see Figure 3.7). It has been totally eliminated

since 1973 by pressurization of the PWR fuel rods. Fretting failures which
are caused by flow-induced vibration are responsible for less than 0.01% of
the failures. Graphs of average failure levels due to specific causes are
shown in Figures 3.8 and 3.9.

3.2.5.2.2 Radioactive Crud Deposits on Fuel Rods

As part of the cladding containment analysis, contamination of the clad-
ding by activation products, fission products, and transuranics was considered
as a possible form of breach of containment.

| Figure 3.10 shows a thin Zr02 layer on a fuel rod surface and other
superficial oxide deposits (crud layers). [ Post-reactor examination has shown
that external cladding oxidation thickness ranges from 1.3 um to 27.9 pm,
depending on the alloy, operating conditions, and time in core (HEDL-TME 79-
20, 1980).] The deposits form from circulating corrosion products that either
dissolve or spall from reactor coolant system surfaces. Since the deposits

| are exposed to a neutron flux, a fraction of the atoms become radioactive and
activation products are formed.- The deposits are principally mixed oxides of
Fe, Cr, and Ni, with smaller amounts of Co, Mn, Zn and W. See Table 3.15 for
the most important activation product isotopes that are carried into spent
fuel pools.

The second type of radioactivity found on spent fuel arises from fission
products that enter the system because of fuel cladding defects. Soluble fis-
sion products circulate in the reactor coolant and some adsorb on the fuel
surfaces, particularly on the crud layers. These may desorb upon contact with
water. See Table 3.16 for a list of the principal fission products transport-

ed to spent fuel pools by mixing with reactor coolant or desorption f rom spent
fuel assembly surfaces. At the time of disposal in a repository, these

|

|
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- Table 3.15. Principal activation products released from fuel assemblies
during pool storage (IAEA-218, 1982)..-

Nuclide Half-life

184 a 24 hoursw
65 Nia 2.5 days

-51 Cr 28 days
59Fe 45 days
sa co 72 days65 Zn 243 days
54Mn 310 days
60 Co 5.3 years.

aOnly significant. in at-reactor pools.

Table 3.16. Principal fission products released to spent fuel pool
waters (IAEA-218, 1982).

Isotope Half-life

131 a1 8.05 days
126Sba 12.4 days
124 Sba 60.2 days
95Zr 95Nba 65-35 days
1""Ce 285 days
106h 106Rha 1.0 year to 2.2 hours

<

134 Csb 2.1 years
125 Sb 2.7 years
3
H 12.3 years

90
r 28.8 years

13 Cs 30 years

aOnly significant. in at-reactor pools.
b 133Formed by neutron activation of Cs.
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nuclides will have probably decayed to insignificant levels with respect to
breach of containment. The third type of radioactivity is due to the produc-
tion of transuranics, e.g. , Np, Pu and Am. If failed cladding is discharged

or handled at spent fuel pools, the concentration of these nuclides may be
measurable and they may adsorb on the crud layer also. The half-lives of the
TRU nuclides are long and the amounts present at time of d 3posal in a
repository may be significant.

l
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Figure 3.10. Metallographic cross-section of irradiated toel rod from
Shippingport Reactor (USA) showing relationship of crud
deposit, oxide layer and Zircaloy fuel cladding (IAEA-218,
1982). (Note maximum thickness of crud layer is =12 pm.)

PWR deposits are dark and very adherent (IAEA-218, 1982). The BWR depos-
its are two-layered: an adherent inner layer and a loose red-brown outer lay-
er of hematite. Particulates may spall during transport and handling in spent
fuel pools. These types of deposits may affect the containment capability in
two ways: (!) the deposits contain radioactive species and (2) the crud layer
and its characteristics, such as homogeneity, cracking and uniformity, may af-

i

|
feet the corror. ion of the cladding in a repository environment, even if

|
radioactivity has decayed to an acceptable value.

There is a type of water side corrosion, crud-induced localized corrosion
(CILC), that was mentioned previously. It is responsible for failure of some
rods in-reactor. Oxide nodules may form on Zircaloy-2 fuel cladding under
irradiation in the oxygenated BWR coolants (GEAP-10371, 1971; Garzarolli, F.,

1971; Johnson, A. B., 1977). PWR experience generally indicates an absence of
oxide nodules except possibly during periods of relatively high oxygen concen-
tration in the primary coolant. Fuel rod failures inave been attributed to
CILC (NUREG/CR-3602, 1984). Nodular attack in-reactor depends on nuclear flux
and develops in oxygenated reactor coolants. It has been suggested that

uniform concentrations of dissolved oxygen alone do not cause the large
nodules which frequently develop on BWR fuel rods (Johnson, A. B., 1977).
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Localized water chemistry associated with flow disturbances may be a signifi-
cant factor in the nodular attack in-reactor. Out-of-reactor, a similar type
of attack has been observed on Zircaloy coupons in cold-rolled or extruded
conditions after autoclave treatments at 475 and 500*C in steam at 1500 to
1700 psi. It will have to be determined whether this type of attack would
occur in a repository environment at lower temperatures and in the absence of
a significant neutron flux.

3.2.5.2.3 Estimated Release of Inventory to an . Aqueous Environment

Some data exist on the concentration of radioactive species in spent fuel
pools. An examination of these data would allow an. estimation of the amount
of activity released to an aqueous environment at low temperatures by the
presence of failed rods and crud deposits. (See Section 3.2.5.1 for the esti-
mates of the release of gaseous nuclides to the environment.) for BWR and PWR

Figure 3.11 in-
dicates the ranges and average beta / gamma activities in Ci/m
pools. The low end of the ranges probably corresponds to periods soon af ter
reactor startup, and the upper end corresponds to refueling periods in reac-
tors where cladding defects have developed during the reactor exposure. Fig-
ure 3.12 indicates the percentages of the total beta / gamma activities that are
accounted for by Cs isotopes. The ggher domggant isotopes in spent fuel pools
are the cobalt activation products Co and Co.
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Figure 3.11. Summary of total beta / gamma activities in spent fuel pools
(IAEA-218, 1982). (Figures in parentheses indicate number
of pools for which data were summarized.)
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| Figure 3.12. Cesium isotopes as a percentage of total beta / gamma activi-
ties in spent fuel pool waters (IAEA-218, 1982). (Figures
in parentheses indicate number of pools for which data were

! summarized.)
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Table 3.17 indicates the 'few alpha activity values reported for storage

pools. Alpha activities generally are 'an order of magnitude or more below the
corresponding beta / gamma activities.

Table 3.17. Alpha activity levels in the water of spent fuel pools
(IAEA-218, 1982).a

3
Reactor Type Alpha Activ'ity (Ci/m )

PWR 3x10-7b
BWR 2x10-7, lx10-5, lx10-5, lx10-5

aSurvey obtained very limited information for these activities.
bUp to 2x10-6 Ci/m during refueling was reported by one reactor.3

Using data given in IAEA-218 (1982) for the average number of fuel assem-
blies stored in pools, the data given in Figure 3.11 and Table 3.17 for maxi-
mum concentrations of activity in pools, and data given for the radioactive
inventory at discharge for a PWR and a BWR assembly in ORNL/TM-6008 (1977), an
estimation of the fractional release of the inventory was made. Pools range
in size f rom 10-20 m in length to 7-15 m in width. The average racking is

2=5 MT heavy metal /m . It is assumed that there is 0.575 MTHM per PWR assembly
7and that it contains 9.25x10 Ci as total inventory, excluding activity in

crud deposits. It is assumed that there is 0.195 MTHM per BWR assembly and
7that it contains 2.56x10 Ci as total inventory, excluding activity in crud

2
deposits. For an average pool area of =90 m , thg0 total activity at discharge
due to the stored PWR assemblies would be =7.2x10 Ci and the total activity

I0at discharge due to the stored BWR assemblies would be =5.9x10 C1. Assuming
3an average activity concentration in a PWR pool to be =5x10-3 Ci/m and the

in a BWR pool to be =10-I Ci/m33

for an average pool volume of =1100 m{see Figure 3.11),average activity in Ci/m
the fractionalit is estimated that ,

activity {eleasedfromtheinventoryatdischarggforthePWRassembliesis
= 7. 6 x10- 1 and in the BWR assemblies is =1.9x10 . It muet be emphasized that
these fractional releases do not include gases that have been released. If

these are representative of the fractional release values in a repository,
the question can be raised as to whether this very small amount of release
constitutes " containment."

3.2.5.3 Effect of Storage on Loss of Containment

3.2.5.3.1 Assemblies in Storage

The oldeut BWR spent fuel in storage was discharged in 1969, whereas the
oldest PWR spent fuel in storage was discharged in 1970 (DOE /NE-0017-1, 1982;
HEDL-TME 83-28, 1981). Spent fuel discharged in prior years has been repro-
cessed. As of September 30, 1982, there were 31,928 LWR fuel assemblies in
pool storage; 20,090 BWR fuel assemblies and 11,838 PWR fuel assemblies (DOE /
RL-83-1, 1983). The fuel assemblies stored in Morris, Illinois (1212
assemblies) and West Valley, New York (750 assemblies) are not included in

44



these totals. On the basis of uranium weight, this amounts to a total of
8586.4 MT; 3620.7 MT from BWRs and 4965.7 MT from PWRs. It is estimated that
=3% of the total fuel assemblies in storage contain fuel rods clad in stain-
less steel (HEDL-TFE 79-20, 1980). See Figure 3.5 for the projected
cumulative discharges of spent UWR fuel assemblies.

3.2.5.3.2 Water Pool Chemistry

The storage pool environment is considered to be much less aggressive
than the reactor or repository environments. In general, spent BWR fuel is
kept in deionized water pools. In a survey (IAEA-218, 1982), the maximum
reported operating temperature for this type of pool was 52*C. Moreover,
pools normally operate at 40*C or less. The oxygen concentration in the water
at this temperature would be 4.9 ppm. The pH is nearly neutral to slightly
acidic. Spent PWR fuel is generally kept in pools containing =13,000 ppm of
boric acid (=2000 ppm B). The water also contains lithium in the range 3 ppb
to 2.2 ppm. The PWR pool pH values are mildly acidic (pH of 4.5-6) at pool
temperatures. See Figure 3.13 for a summary of ranges of the above parameters
along with conductivity and chlorine concentration data.

3.2.5.3.3 Effect of Pool Storage on Cladding

Based principally on visual observations and radiation monitoring of pool
water, there has been little evidence that either Zircaloy or stainless steel
LWR fuel rods degrade during pool storage (BNWL-2256, 1977; Johnson, A. B.,
1979; NUREG/CR-0668, 1979). In the case of fuel rods with breached cladding,
no progressive deterioration has been exhibited (NUREG/CR-0668, 1979).

Eight fuel rods from two bundles (0551 and 0074) of Shippingport Core 1
blanket fuel underwent extensive metallurgical examinations to assess the pos-
sible ef fects of extended pool storage on the integrity of Zircaloy-2-clad
fuel (PNL-3921, 1981). The Shippingport Core 1 blanket fuel was clad in
Zircaloy-2 rather than Zircaloy-4 and was not exposed to boric acid in the
coolant as is typical for a PWR rod. Fuel rods f rom bundle 0551 were stored
in deionized water (DIW) for nearly 21 years prior to examination in 1980.
Bundle 0074 had been stored in DIW for 16 years. None of the examinations
produced evidence of cladding degradation that was caused by water storage.
No significant changes in the appearance of the fuel rods, cladding dimensions
or mechanical properties, fission gas release fractions, hydrogen content or
distribution in the bladding, or, the thickness of the external oxide films
were found af ter extended water storage. In addition, localized corrosion or
hydriding was not detected.

Water was detected in some of the samples collected for fission gas p.nal-
ysis but was attributable to leakage into the sample vials rather than defec-
tive fuel rods. Additional support for this interpretation was obtained from
the burst tests where the bursting pressures and appearance of the ruptured
fuel rods were independent of the water content in the gas samples.

Small cladding defects were observed at a few locations on internal clad-
ding surfaces. The defects were probably formed during fabrication. Some
microcracks (=50 pm deep) may have possibly formed by SCC during reactor
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Figure 3.13. Summary of spent fuel pool chemistry data (IAEA-218,'

1982). Notes: Some data reported in the survey appear to
be design parameters rather than from actual experience.
The average (-0-) is only of the reported actual data. The
range reflects the upper and lower limits of the reported
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coolant is 2.2 ppe. (d) All reactors.
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eperation in the highly irradiated rods (estimated average burnup was 18,000
mwd /MTU) from bundle 0074 due to cladding-fuel interaction. However, at least
one mechanism by which fuel assembly degradation may occur apparently exists.
It is reported that the top nozzle separated from a spent Prairie Island PWR
fuel assembly during handling after a storage period somewhat less than six
years (PNL-4342, 1982). The problem was attributed to SCC that developed
while the assembly rested in the storage pool (HEDL-TME 83-28, 1983).

It does not appear that storage of spent fuel in aerated neutral or
slightly acidic water at =40*C causes significant corrosion of Zircaloy or
stainless steel cladding.

3.2.5.4 Potential for Loss of Containment Under Repository-Type Environments

Once the fuel rod is breached, radioactive gases can escape, water can
leach / dissolve the fuel pellets, and/or the UO2 fuel can be oxidized causing
expansion of the fuel and rupture of the rod. The cladding can be corroded
internally and externally, i.e. fuelside and waterside. [It has been esti-
mated that the cladding contains <0.1% of the inventory (at discharge) (EUR-
7671 EN,1982; International Atomic Energy Authority,1983.] The following
discussion emphasizes Zircaloy corrosion. A brief review of stainless steel
corrosion in repository-like environments is presented at the end of the dis-
cussion on Zircaloy. The main types of corrosion that could lead to breach of
containment of the Zircaloy cladding are uniform, stress corrosion cracking,
and hydriding. Nodular corrosion in-reactor was discussed-in a previous sec-
tion and is not probable as a failure mode in the repository. It should be

noted that the following statements have been made:

1) Below 425'C, no cladding breach mechanism is predicted to be opera-
tive during the 1000-year thermal period (HEDL-TME 81-43, 1982) and

I 2) Iodine-induced SCC would not cause Zircaloy cladding breach until the
; temperature reached 600*C. This temperature is more conservative

than that predicted by Blackburn (HEDL-TME 78-37, 1978).

3.2.5.4.1 Uniform Corrosion of Zircaloy

Corrosion Under Reactor Conditions

Waterside corrosion is responsible for <0.002% of fuel rod failures
(HEDL-TME 83-28, 1983). This failure mechanism is more common in BWRs where
the radiolytic production of oxygen from water is not suppressed by hydrogen
addition, as it is in PWRs. Information is available on in-reactor corrosion
ef Zircaloy from short-term tests but little information exists on Zircaloy
corrosion under the expected repository environments given in Tables 3.7
through 3.9. This is primarily due to the fact that Zircaloy is not a candi-

| date for use as a container material. However, a comprehensive review of
available aqueous corrosion data was performed by Hillner (1977) on Zircaloy-2
and Zircaloy-4 for water reactor environments. It was shown that in the tem-

,

perature range 260 to 400*C the uniform corrosion rate (weight gain) initially
follows a t1/3 time dependence which, at " transition," changes to a faster
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2linear rate. Hillner showed that after transition the weight gain in mg/da -day
is given by the following relationship:

8AW = 1.12x10 exp [-12529/T(*K)] .t
1

Woodley (HEDL-TME 83-28, 1983) used this equation to calculate weight increase lrates for temperatures between 250 to 400*C, inclusive (Table 3.18). From these
values the 300 year metal losses may be obtained assuming that the weight gain is
solely from oxygen interaction to fora Zr0 . Note that a conversion factor2
(0.044) has been used to obtain an estimate of the cladding thickness (mm) cor- )

roded in 300 years from the weight gain values for Zircaloy which are normally
2given in units of ag/dm .d. The results in Table 3.18 show that the metal loss in

300*C water is about 0.2 mm. This may be compared to BWR and PWR cladding thick-
nesses of 0.85 and 0.65 mm, respectively (HEDL-TME 83-28, 1983). Under repository
conditions, where the cladding would only be attacked after the metal overpack
fails, the amount of uniform corrosion would be far less because of the lower
temperatures involved.

Table 3.18. Summary of Zircaloy uniform corrosion data.

Rate of Metal 300 y
Test Test Weight Loss Metal
Temp. Time Environmental Increase Rate Loss

2(*C) (d) Conditions (mg/dm -d) (cm/y) (mm) Reference

250 Varies Aqueous 4.45x10-3 0.02 Woodley, (HEDL-TME-
300 3.60x10- 2 0.2 83-28, 1983)" "

350 2.08x10-1 1.0" "

400 9.25x10-1 4.4" "

250 Varies Air or Steam 1.75x10-3 0.008 Woodley, (HEDL-TME-
300 2.35x10-2 0.1 83-28, 1983)" "

350 2.09x10-1 1.0" "

400 1.34 6.3" "

250 90 Anoxic basaltic 0.26 1.2 Pitman, S. G.

water (1981)
(pH 7.7-8.5)

250 28 Deoxygenated 0.0001 0.3 Braithwaite, J. W.

WIPP Brine A (1980)
(pH 6.5)

250 58 MgCl-Nacl 0.14 0.6 Pitman, S. G.

solution (1981)
(pH 9)

=250 1134 Air / natural 0.11 0.5 Griess, (ORNL/TM-
salt 8351, 1982) 1
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I Corrosion Under Air and Steam Conditions
.

Another study by Boase and Vandergraaf (1977) evaluated data on;
' Zircaloy-2 corrosion in dry air, laboratory air, and steam. The results were

also used by Woodley (HEDL-TME 83-28, 1983) to obtain weight increase rates at
250, 300, 350 and 400*C (Table 3.18). The values obtained are quite close to
those obtained for aqeuous conditions. At 300*C, the metal loss after 300
years would be 0.1 mm. This result may have some pertinence to a tuff reposi-
tory environment for which air / steam conditions are present during the first
few hundred years af ter repository closure.

Corrosion Under Simulated Repository Conditions and In Situ Testing

The small amount of data on'Zircaloy uniform corrosion for repository
conditions are from early short-term screening studies carried out during the
selection of reference container materfals in the U.S. program. Pitman and
others (1981) showed that in a 90-day test in 350*C anoxic basaltic water (pH

27.7 to 8.5) the rate of weight increase of Zircaloy-2 was 0.2 mg/dm -d. This

corresponds to a metal loss of 1.2 mm in 300 years (Table 3.18). Although
this indicates that the cladding would fail, the value represents a conserva-
tive estimate since the cladding will probably be much cooler than 250*C when'

water contact is initiated.

In a parallel experiment, Pitman and others (1981) showed that the 300-
year metal loss in a 250*C MgCl-Nacl solution (pH 9) would give a metal loss
of 0.6 mm (Table 3.18). Braithwaite and Molecke (1980) found that in a 28-day
test in WIPP Brine A at 250*C (pH 6.5) the Zircaloy-2 corrosion rate was
0.0001 cm/y. In 300 years, a metal loss of 0.3 mm would be expected under
isothermal conditions, assuming that the corrosion rate is maintained (Table
3.18).'

Some data on Zircaloy-2 corrosion were reported by Griess (ORNL/TM-8351,
1982) from the Avery Island Salt Mine tests. These involved exposing a vari-
ety of metals and alloys to high, temperatures in boreholes in the floor of a
mined tunnel. The samples were in an air environment and spaced approximately
5 cm from the salt borehole surface. A Zircaloy-2 specimen showed a weight

2gain of 1.28 mg/cm after three years exposure at about 250*C. Assuming that

this gain is caused by oxygen interaction, the 300 year metal loss would be'

O.6 mm, assuming isothermal conditions were maintained (Table 3.18).'

Specific Factors That Influence Corrosion Rate

f The main factors which could conceivably cause an enhanced rate of
uniform corrosion include the effects of specific ions with the initial and
reacted groundwater composition, groundwater gamma radiolysis, and pH values

I which deviate significantly from the near-neutral conditions used in many cor-
rosion tests. These factors have yet to be adequately quantified with respect

| to Zircaloy corrosion in a repository environment.

|

|

|
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Effect of Silicate Ion

An ion that has specifically been implicated in the uniform corrosion of
Zircaloy is silicate. The effect of this ion on the weight gain of Zircaloy
has been studied (KAPL-M-6748, 1968). At a silicon concentration of 0.12 ppm,
the 14-day, 400*C steam" weight gains of sensitized Zircaloy are =7.75 mg/
cm -d, corresponding to a uniform corrosion thickness of =0.3 mm in 300 years2

(KAPL-M-6748, 1968). At a silicon concentration of 1.30 ppm, the cladding
thickness that would be corroded in 300 years is =0. 7 mm. In reactor-grade

Zircaloy that is not sensitized, the corroded cladding thickness in 300 years
is =0.1 mm based on 14-day data from autoclave tests using deoxygenated and
deionized water having a silicon concentration of 4.70 ppm. The silicon con-
centrations (as SiO ) in GR-3 basaltic and J-13 tuffaceous groundwaters are2
=76 ppm and =61 ppm, respectively. A high silicon content has been found in
unfiltered samples of distilled water in contact with the nonwelded, zeolitiz-
ed tuff of Calico Hills at 150*C and 325*C after one to 21 weeks of reaction
(LA-9328-MS , 1982; LA-9846-PR, 1983). Concentrations were >200 ppm at 150*C
and >500 ppm at 325'C. Distilled water was used because water from condensed
steam -- essentially distilled water -- from the loaded repository will be a
lower bound on the dissolved-solids content in water / tuff interactions.
Although the test results were obtained at higher than anticipated tempera-'

tures in steam, this effect of silicate ion in large quantities on the corro-
sion of Zircaloy under expected repository conditions should be investigated.

Ef fect of Gamma Radiolysis Products and pH

From Tables 3.7 through 3.9 it may be seen that during the early thermal
period in a repository, significant gamma fluxes will be present. For a salt
repository, there may also be initial decreases in pH of the brine due to the
thermal liberation of acid gases from the host rock. This will probably be
followed by large elevations in pH as brine interacts with colloidal sodium
formed by the gamma radiation of salt.

No data are apparently available for Zircaloy but preliminary information
indicates that the corrosion of titanium alloy 12 in 90*C W1PP Brine A hardly

7increases when subjected to a gamma flux of 10 R/h when compared to non-irra-
diation (gamma) conditions (Braithwaite, J. W., 1980). Although Braithvaite
and Molecke attribute the small increase to radiolytic oxidizing species in
the brine, it is interesting to note that other experiments carried out in the
same study show that brine at 250*C, containing 600 ppm of dissolved oxygen

"The water placed in the autoclave was deoxygenated and deionized, was purged
with argon, and had a pH of 6-7.
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gave a corrosion rate of 0.0004 mm/yr compared to 0.003 mm/yr for deoxygenated
brine. One may, therefore, infer that gamma radiation will only slightly
alter the corrosion rate of Zircaloy in brine and that the irradiation may, in
fact, be beneficial. Early work at Oak Ridge National Laboratory summarized
by Cox (1968) shows that electron irradiation (and presumably gamma
irradiation) had a negligible ef fect on the corrosion of Zircaloy-2 exposed to
oxygenated solutions.

With respect to pH effects on Zircaloy corrosion another review by Cox
(1976) shows that pH variations over the range 1-12 in sulfuric and nitric
acids, and ammonium, sodium or potassium hydroxides do not significantly alter
the corrosion rate.

Effect of Decreasing Temperature

A recent thermal analysis for a spent fuel waste package in a salt envi-
ronment showed that the fuel rod centerline temperature will initially be
about 370*C at emplacement, and will decrease to 220*C af ter 100 years, and to
150*C after 300 years (0NWI-438, 1983). If, for example, the overpack fails
af ter 100 years, and the fuel pins are inundated with water, the Zircaloy
cladding will be required to contain the radionuclides for the remaining 200
years to meet the NRC 300 year containment criterion. Corrosion will, there-
fore, take place at temperatures decreasing from 220 to 150*C, assuming that
the water cr. crud on the rods does not alter the rate of heat transfer. If

one assumes that the temperature dependence of the corrosion rates listed from
Woodley's work (REDL-TME 83-28, 1983) in Table 3.18 apply, then the rate
decreases by about an order of magnitude for each 50*C decrease in tempera-
ture. Thus, the 300 year metal loss values given in Table 3.18 are likely to
be one or two orders of magnitude too high since they were calculated from
250*C data. However, it should be noted that Zircaloy may exhibit memory
effects in its corrosion behavior and that a decrease in temperature or oxygen
level with time may not show a corresponding decrease in rate and vice versa
(Bradhurst, D. H., 1972; Phadnis, S. V., 1983).

Overall Evaluation of Zircaloy Cladding Failure by Uniform Corrosion

The data in Table 3.18 give very conservative estimates of the metal los-
ses to be expected when Zircaloy cladding is corroded af ter the overpack fails
in a repository. The 300 year metal losses for basaltic water and brine at
250*C are, in fact, close to the cladding thicknesses. However, it is not
likely that the cladding will fail by uniform corrosion during the 300 year
radionuclide containment period since:

a. Significant cladding attack will only occur after the overpack has
failed;

b. The temperature when attack occurs will probably be less than the
250*C values given in Table 3.18, and it will continue to decrease
with time;

c. Many of the measured corrosion rates are from short-term tests during
which the rate of attack is relatively fast. Corrosion rates may
decrease with time as the surf ace oxide increases in thickness.
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3.2.5.4.2 Stress Corrosion Cracking of Zircaloy (Fuelside)

Identification of Aggressive Substances

Zircaloy is subject to stress corrosion cracking (SCC) which is caused by
the presence of an aggressive substance and residual and/or applied stresses
in the metal. Zircaloy specimens stressed in tension ,may crack in the pres-
ence of iodine, metal iodides (such as FeI , ALI ), and Cd at temperatures2 3
commonly found in water-cooled reactor fuel sheaths (=300*C) (Shann, S. H. ,
1983; Shimada, S., 1983; Wood, J. C., 1983; Kohli, R., 1984). Fuel rods in-
reactor show this type of failure mode. There does not seem to be a differ-
ence in the SCC of Zircaloy-2 and Zircaloy-4 (EPRI NP-1329, 1980). This sub-
ject has been reviewed in depth elsewhere (EPRI NP-1472, 1980; Shann, S. H.,

1983).

It remains unclear what the operative mechanisms are and, even, what the
responsible agents are. For example, iodine vapor has been used in simulated
cladding tests to induce SCC. Minimum iodine concentrations for this to occur
have been stipulated (Wood, J. C., 1972; Shann, S. H., 1983; Nishimura, S.,

1984). In a study by Wood (1972), SCC did not occur after 1000 hours when the
2iodine available to Zircaloy surf aces was less than 2x10-5 8 1 /cm Zircaloy2

surface. Peehs (1979) suggested a minimum concentration of lx10-6 gj e,2, 5
Shann and Olander (1983) reported a minimum 12 Pressure of =10-5 MPa for SCC

6
of Zircaloy to occur . Yet, iodine concentrations and pressures of this mag-
nitude are not present inside fuel undergoing irradiation (Davies, J. H.,

inside irradiated fuel believed
to be possible is =10 3"11brium pressure of 1
1979). The largest eq 1 2

MPa at 327'C (Goetzmann, 0 ,1983). Malinauskas
(1978) showed that very little iodine is present in volatile form in the fuel
cladding gap.

Evidence exists that the SCC mechanism involves solid surface iodides on
the Zircaloy and does not involve gaseous iodine / iodides (EPRI NP-1329,
1980). The details for the chemical elements found on the inner surfaces of
irradiated fuel rod cladding are only known in a qualitative manner (EPRI NP-
218, 1976; Cubicciotti, D. , 1977, 1978) . In an experimental PWR-type fuel
rod, a reaction layer or duplex layer was observed between the fuel and clad-
ding and contained the elements U, Zr, Cs, Pd, Ba and Te (Bazin, J., 1975).
The following elements were observed at the fuel-to-cladding interface in PWR
fuel rods of current design: large amounts of Cs and U, smaller amounts of I
and Te, and lesser amounts cf C1, Mn, Fe, Ag, Si, Ba, Cu, Na and Ca (EPRI

SUsingestimatedsurfaceareas{oraGEBWRZircaoly-2rodandaWestinghouse2PWR Zircaloy-4 rod of =1400 cm and 1100 cm , respectively, and the
from ORIGEN-2 calculations, it was determined that =5% ofproduction of 12

the iodine inventory would need to be available in the fuel-cladding gap to
achieve this concentration.

61f all the iodine produced (=0.5-0.6 g) was available in the fuel-cladding
gap, the corresponding pressures of iodine would be =0.2 MPa at room
temperature.
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NP-218, 1976). In these and other studies, cesium and/or iodine have been
reported to concentrate at pellet-to pellet interfaces (NUREG/CP-0005, 1979).

At this time SCC in Zircaloy has also been induced in the laboratory by
using gaseous FeI2 and AlI3 and Cd (Shann, S. H., 1983). The minimum pressure

is =10-5 MPa. The minimum pressure for Cd tofor FeI2 and AlI2 to produce 12
produce SCC is =2.6x10-7 MPa. It appears that dif ferent mechanisms with dif-
ferent gas pressure ar.d stress dependencies are applicable. Cesium iodide
once was believed to be an SCC agent but was shown not to be so by Shann and
Olander (1983).

It should also be remembered that laboratory tests on unirradiated Zirca-
loy coupons may not be producing results that are valid for in-reactor Zi rca-
loy cladding. Our concern is that SCC processes which have remained dorrant
during the storage period for spent fuel may become active in the repository
due to the resumption of temperatures in the range 300-375'C and the corres-
ponding increase in gas pressure inside the fuel-cladding gap. Failures in
rods while in-reactor are usually associated with power ramps during which the
fuel matrix reaches temperatures of =1400*C, with subsequent thermal expansion
of the natiix, increase in release of fission products from the matrix, and
the resulting gas pressure increase. Without knowledge about the identity of
the specific SCC agents and their aggressive behavior and the operative mecha-
nism's , it is not possible at this time to state whether there are sufficient
aggressive substances present in the spent fuel to support SCC processes
during the thermal period for spent fuel isolation.

Estimation of Gas Pressure and Average Hoop Stress in a Fuel Rod Under
Repository Conditions

The minimum hoop stress required for crack initiation in iodine-induced
SCC experiments has been reported to be 200-220 MPa at 400*C (Nishimura, S.,

1984). This result is in good agreement with an earlier determination of 216
MPa at 300?C (Wood, J. C., 1972). The following simple analysis is an attempt
to estimate the hoop stress inside a fuel rod under repository conditions. We
are not considering refinements to the minimum hoop stress criterion, such as
ratio of axial-to-hoop stress, effect of irradiation, or chemical / physical
processes that cause a reduction in the gas which leaves the fuel matrix and
pressurizes the gap. It should be noted that mechanically-induced cladding
fatigue-crack propagation of deep cladding flaws (i.e. on the order of 20% of
the cladding wall , thickness) under the anticipated applied loads in a reposi-
tory is not an active degradation mechanism, as concluded by Bosi (HEDL-TME
80-84, 1981).

Ceneral Electric began using 0.3 MPa (3 atm) He prepressurization in BWR
fuel pins in late 1978 (0RNL-5578,1979). In the same time period, Westing-
house began using a helium prepressurization of 3 to 3.4 MPa (30 to 34 ata) in
PWR fuel pins. Prior to this time,'the prepressurization of He inside fuel
pins was =0.1 MPa. Additional pressurization is generated by fission gas pro-
duction during irradiation. Hann and Wilson (BNWL-2256, 1977) estimate that
the majority of stored PWR assemblies have pressures of 1.7 to 3.7 MPa (17 to
37 ata) and occasionally 5.4 MPa (53 ata) at temperatures at the surface of
the fuel pins during storage, i.e. <60*C. They also estimate a maximum
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pressure in BWR assemblies during pool storage of 1.4 MPa to 2.0 MPa (14 ata
to 20 sta). Jenks (ORNL-5578, 1979) has estimated maximum total pressure in a
PWR fuel rod to be =9.2 MPa (91 atm) at 100*C and in a BWR fuel rod to be =3.1
MPa (31 atm) at 100*C. We have compiled two tables (3.12 and 3.13) from
ORIGEN values presented in ORNL/TM-6008 (1977) to show the amount of gas pres-
ent in a single BWR rod and a single PWR rod at discharge and at 300 years
after discharge. From this inventory, the total number of moles of gas pro-
duced within the fuel rod was estimated to be in the range 0.10 to 0.16, vary-
ing with type (PWR or BWR) and/or inclusion of produced He and volatile Cs in
the gaseous inventory. (In our calculations, it is assumed that the tempera-
ture is such that all the Cs volatilizes.) Most of this gas, however, is not
present in the void volume, as will be discussed later.

Estimates of fission product inventory released to the gas plenum of fuel p

pins from the fuel matrix have been published (WASH-1400,1975; NUREG/CR-0091,
1978; ORNL-5578, 1979). Fission gas release has been estimated to range from
less than 0.4% (ORNL-5578,19/9; PNL-5109,1984) to =10% (WASH-1400,1975;
NUREG-0418, 1978) . See Table 3.19 for fission gas measurements performed on
the MCC Approved Testing Material PWR spent fuel (PNL-4686, PNL-5109, 1984).
In the calculations that follow, we use a very conservative estimate of =10%
of the fission produce inventory release to the fuel-cladding gap. Therefore,
the number of moles of gaseous fission products in the gap is considered to
range from 0.01 to 0.016 moles. For gas pressure estimations, the moles of He
introduced during prepressurization will be added to the value of 0.016 moles
of fission products. If we assume He prepressurization was performed at 25"C,
then the number of moles of gas necessary to achieve a pressure of 0.3 MPa in
a BWR fuel-cladding gap (void volume of =30 mL) is 3.68x10-3 moles of He. If

we also assume He prepressurization to 3 MPa was performed at 25'C on a PWR
fuel rod having a void volume of =20 mL, then the number of moles of He are
calculated to be 2.45x10-2 moles. In summary, we have estimated the gas pres-
sure inside the fuel rod due to He prepressurization and due to fission
product generation.

Using the Ideal Gas Law, the pressure inside a BWR fuel rod due to =0.02
moles of gas at 300*C is =3.1 MPa (31 atm) and at 100*C is =2.0 MPa. The
pressure inside a PWR fuel rod due to =0.04 moles of gas at 300*C is =9.4 MPa
(94 atm) and at 100*C is =6.1 MPa.

The hoop stress on the fuel rod has been identified as a determining fac-
tor in whether SCC will be initiated by iodine. The following is an estima-
tion using the dimensions for the radius (r) and thickness (t) of a General
Electric BWR rod in an 8x8 assembly (r = 6.26 mm, t = 0.864 mm) and a Westing-
house PWR rod in a 15x15 assembly (r = 5.36 mm, t = 0.617 mm) (HEDL-THE 83-28,
1983). See Table 3.20 The average stress (a) in the hoop for a thinwalled
cylinder can be calculated by use of the formula, o = pr/t, where p = pres-
sure, r = radius of the cylinder, and t = thickness of the cylinder wall. By
use of this formula, we estimate an average hoop stress during the containment
period in a BWR rod at 300*C to be =22.7 MPa and in a PWR rod at 300*C to be
=82.5 MPa. These results are below the 200-220 MPa hoop stress needed to ini-
tiate SCC in the presence of iodine. However, different aggressive substances
have lower etress thresholds to initiate cracks. Also, if surface defects are
present in . Zircaloy from fabrication, localized stress intensities may be
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Table 3.20. Machanical design parameters of typical BWR and PWR fuel
assemblies (11EDL-TME 83-28, 1983).

General Electric BWR Westinghouse PWR
Rod Array 8x8 Rod Array 15x15

Fuel Assemblies
Transverse Dimension 14.016 cm 21.402 cm
Assembly Weight 272.16 kg 644 kg
Overall Assembly Length 434.8-452.6 cm 409.7 cm

Fuel Rods
Number per Assembly 63 204

Rod Pitch 1.626 cm 1.430 cm
Length 409.2 cm 380.2 cm
Fueled Length 370.8 cm 365.8 cm
0.D. 1.252 cm 1.072 cm
Diametral Gap 0.0229 cm 0.0190 cm
Cladding Thickness 0.0864 cm 0.0617 cm
Cladding Material Zircaloy-2a Zircaloy-4b

Fuel Pellets
Density (% TD) 95 95

Diameter 1.057 cm 0.9294 cm
Length 1.067 cm 1.524 cm

Tie Plate
Material 304-SS 304-SS

Spacers
Number 7 7

b Inconel-718Material Zircaloy-4

Springs Inconel Inconel-718
Plenum Springs

Working Length 26.9-30.6 am 17.27 cm

Material Inconel Inconel-718
Compression Springs

Working Length 2.13 cm
Material Inconel ----

Guide Tubes
20Number
1.382 cmUpper 0.D.
0.043 cmWall Thickness b

Material Zircaloy-4

Instrument Tubes
Number

- 1

1.382 cm0.D.
Wall Thickness 0.043 cm

b
Material Zircaloy-4

aZircaloy-2 has the nominal composition: 1.5% Sn, 0.12% Fe, 0.10% Cr, 0.05%
Ni, and the balance is Zr.

bZircaloy-4 has the nominal composition: 1.5% Sn, 0.20% Fe, 0.10% Cr,
<0.005% Ni, and the balance is Zr.
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sufficient to permit the occurrence of SCC. Examination of some internal '

cladding surfaces revealed small fabrication defects =50 ya in depth (PNL-
3921, 1981). Further, there is good indication that crack initiation occurs
at chemical inhomogeneities (EPRI NP-1329, 1980). These are described as
higher-than-normal concentrations of certain alloying additives (Fe, Cr, Ni)
or impurities (A1, Si, other). Iron seems to be encountered particularly fre-
quently. In addition, hydriding may cause crack initiation (Cox, B., 1978).
See section on hydride formation.

In summary, the factors influencing the potential iodine-induced SCC of
2Zircaloy for short periods of time at 300-400*C are weight of 12 Per em of

Zircaloy surface area and the average hoop stress. Our estimates for these
parameters suggest that enough iodine could be present in the fuel / cladding
gap if it is not trapped in the fuel pellets or combined with other elements.
However, the average hoop stress is not sufficient to initiate SCC. Also, the
identity of the aggressive substances in the irradiated fuel and the corres-
ponding threshold stresses for SCC are not known. In the absence of suffi-
cient high average stress, localized stresses due to defects and inhomogenei-
ties that exist in the internal cladding surface may be sufficient to cause
SCC. Additionally, the mechanisms for SCC may involve the deposition of sol-
ids, which upon irradiation would give high localized concentrations. During
reactor operation, sufficient solid may be deposited so that at the elevated
temperature in the repository, SCC may eventually develop.

3.2.5.4.3 Hydriding of Zircaloy

SCC may be enhanced by other forms of corrosion that may be occurring,
such as hydriding. Hydrogen is present in as-manufactured Zircaloy tubing to
the extent of about 20 ppa, the approximate solubility level at room tempera-
ture. The largest single source of hydrogen in a reactor is from the coolant,
which interacts to form a corrosion layer of Zr02 on the external surfaces of
the cladding with the liberation of hydrogen. Some of the hydrogen diffuses
through the oxide layer and is absorbed in the Zircaloy to a concentration of
20-40 ppa 10 a BWR environment, and 100-200 ppa in a PWR environment (GEAP-
12205, 1971; IAEA-221, 1983). This means that the H2 content reaches super-
saturation in the Zircaloy. [The solubility of hydrogen in ppm by weight,

;

i Ca, in zirconium and Zircaloy-2 and Zircaloy-4 at temperatures ranging from
5

! 300* to 500*C is given by Cm = 1.2x10 exp (-4305/'t) where T is in Kelvin -
'

(Kearns, J. J., 1967; KFK 2677, 1978).] In light. water reactors, =50% of the

fission product tritium remains in the Zircaloy cladding (KFK-2677,1978).
Tritium is nonuniformly distributed in the cladding (GEAP-12205, 1971) in con-
centrations of =0.07 ppe ( =2 appm) (EPRI-RP-455-1,1976). At reactor shut-
down, any excess hydrogen in the cladding is precipitated as zirconium hydride
platelets. The orientation of the platelets is determined by the prior mech-
anical working history and stress level at the time of formation. In cold-

| worked, stress-relief-annealed tubing the mode of orientation may be either
radial or circumferential, in a recrystallized tube it tends to be random.'

-(Radial hydride precipitation has generally been assumed to be undesirable and
liable to lead to low-ductility failure.) The sources of hydrogen in the
repository environment can be from the radiolysis of groundwater and galvanic
reactions in which zirconium acts as the cathode and hydrogen accumulates in
the metal. However, it should be noted that evidence exists that dissolved
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hydrogen lowers the corrosion rate of Zircaloy irradiated in high-temperature
water (Asher, R. C., 1970; Burns, W. G., 1976).

3.2.5.4.4 Stress Corrosion Cracking of Zircaloy (Waterside)

Chloride ion has been implicated in the cracking of zirconium and
sitconium alloys. Stress corrosion cracking (SCC) of Zircaloy-2 is known to
occur in the presence of acidic ferric chloride solutions (BM-RI-5784, 1961;

-Thomas, K. C., 1965). Previous studies on corrosion in neutral aerated
chloride solutions of unstressed zirconium and zirconium alloys (not Zircaloy)

specimens have also been performed (Maraghini, M., 1954; Hackerman, N.,

1954). Zirconium and the alloys studied were readily corroded and pitted in
thepresenceofghlorideion,evenwhenonlysmallanodiccurrentsofthe
order of 1 pA/cm were impressed. Data for stressed and unstressed specimens
seem to indicate that this type of corrosion should be investigated as a pos-
sible mode for breach of containment of the Zircaloy cladding in a salt

repository.

3.2.5.5 Corrosion of Stainless Steel Cladding Under Repository Conditions

Stainless steel cladding (Types 304, 304L,.348 and 316) is used in sever-
al operating PWRs and BWRs. It is estimated that =3% of the total fuel 4.nem-
blies in storage contain fuel rods clad in stainless steel (HEDL-TME 83-26
1983). The following is a general description of the types of corrosion that
may lead to breach of containment of stainless steel cladding in a repository
environment. A detailed review of stainless steel corrosion in a salt or
basaltic environment was presented in dUREG/CR-2482, Vol. 3 (1983). A discus-
sion of its corrosion in a tuff repository was provided by Pescatore and Soo
(1983).

The primary modes of possible chemical failure for Type 304L-stainless
steel are uniform, pitting, crevice corrosion, stress corrosion cracking and
hydrogen /heliur embrittlement.

3.2.5.5.1 Uniform and Pitting Carrosion

Several materials we 3 exposed to deoxygenated brines and seawater at
250'C for 28 days (Braithwaite, J. W., 1980). The corrosion rates for Type
304L-stainless steel in WIPP Brine A, Brine B, and seawater were reported to
be 18, 10, and 6 pm/yr, respectively. In 300 years time, this represents los-
ses in thicknesses of 5.4 mm, 3 m, and 1.8 mm, respectively. All of these
values exceed the average thickness of cladding. PNL (PNL-3484, 1980) exposed
22 different metals to MgCl -Nacl brine at 250*C for up to 72 days. The2
descaled weight change for Type 304L-SS was reported to be -5 mg/dm2 ( =0.32
pa/yr). This corresponds to a loss in thickness in 300 years of 0.096 an,
which is less than the usual cladding thickness.

The corrosion behavior of Type 304L-stainless steel was also investigated
in Hanford basaltic groundwater at 250*C in 90-day tests (PNL-3484, 1980).
The corrosion rate was determined to be less than 0.076 pm/yr which
corresponds to a thickness loss in 300 years of less than 0.02 mm.
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Data are also being obtained on the corrosion of candidate steels Type
304L, 316L and 321 under steam / air conditions that will prevail in a tuff

'. repository during the containment period (UCRL-89404, 1983). Sensitization of
- this class of steels represents one of the more important potential problems
! since it could lead to intergranular attack.

1 Experi' mental work reported by Burns (1983) may have application to corro-
sion conditions in a tuff repository. Air-saturated pure water was gamma

5
i irradiated in the presence of air at a dose rate of 1.5 x 10 rad /h for 96

days at a temperature of 30*C in sealed Type 304 stainless steel containers.
! Hydrogen and oxygen were formed in amounts that were less than one-tenth of

the maximum possible for continuous aqueous radiolysis but the increase in
oxygen appearing as gas was less than that equivalent to the hydrogen formed
from the water present, indicating that corrosion of the Type 304 stainless
steel had occurred. From the experimental description and data provided, we

2estimate a weight gain of 0.079 mg/dm /d. The loss in cladding thickness over
a period of 300 years at this corrosion rate would be approximately 0.1 mm.
In the absence of irradiation, no change in gas composition was observed.
When the air in solution and in the gas space inside the test vessel was'

replaced by argon or by hydrogen, radiolysis and corrosion were virtually sup-
j pressed. Irradiation-enhanced unifnca corrosion should be investigated as

part of cladding containment testing under tuff repository conditions.

Pitting is a form of localized attack that usually occurs in stainless

| oteels where passivity has been destroyed. There are many environmental vari-
ables which can influence pitting behavior. Increasing the chloride concen-'

tration of a solution significantly increases the tendency for pitting. This

,
is likely to be a consideration in a salt repository. Of the other halogen
ions, bromides will also cause pitting, but fluoride and iodide solutions do1

not promote pitting. Among metal ions cupric, ferric, and mercuric ions in
. chloride solutions are particularly aggressive (Sedriks, A. J., 1979). Among

. snions that reduce the tendency to pit in chloride solutions, as indicated by
2,| e displacement of the pitting potential in the noble direction, are S0g

OH , Clog , and NO ~. Their inhibiting effects depend upon their concentra-'
3

tions and the concentrations of chloride ions in the solution (Leckie, H. P.,

1966). There is relatively little effect of pH in the range 1.6 to
approximately 10.

An increase in temperature generally results in an increased tendency for
3

j pitting. .It has been observed that pitting attack may increase abruptly once

j some critical temperature has been exceeded. Tests by Brennert (1937) in 3N ,

; codium chloride solution indicated a critical temperatur<. of =54*C for Type
*

304 stainless steel. Similarly Uhlig (1941) found that with Type 304 stain-
' .less steel corrosion tended to increase sharply above 60*C and to reach a max-

imum at about 91*C. At higher temperature' the lower solubility of oxygen
tended to reduce the intensity of pitting attack.

Pitting studies of stainless steel cladding under repository conditions
are required if credit for containment is to be given. Testing under the

; various conditions of temperature, radiation, solutions, etc. should be
performed. A characterization of the environment in and surrounding the pit

i

4
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would aid in the determination of the controlling mechanisms. Statistical

analyses to characterize pitting behavior are required usi,ng long-term test
data.

3.2.5.5.2 Crevice Corrosion

Crevice corrosion may occur if a metal surf ace is shielded in such a way
that areas of limited access to corrosive solutions exist. Peterson and
others (1970) have reported intense crevice corrosion of Type 304 stainless

~

steel-in seawater. Ellis and LaQue (1951) have shown that for stainless steel
crevices in seawater, decreasing the crevice area or increasing the area of

material.outside the crevice (bold area) results in an increase in crevice
attack.

'The maximum depth of crevice corrosion attack after a 30-day exposure to
seawater at 15'C was reported to be 0.28 mm (=3.4 mm/yr) (Sedriks, A. J.,

1979).. The effect of increasing temperature on crevice corrosion is not easy
to predict. Transport processes and reaction kinetics would be accelerated by
increasing temperature but the solubility of oxygen would be reduced.

Braithwaite and Molecke (1980) exposed welded coupons with clamped crev-
ices made f rom Type 304L stainless steel to deaerated WIPP Brine B at 70*C and
200*C. Crevice corrosion problems sere not reported in these deaerated
solutions; however, numerous pits occurred around the welded areas at 70*C.

3.2.5.5.3 Stress Corrosion Cracking

For the austenitic steels, it is well known that failure by stress
corrosion cracking can occur in chloride and ca' stic solutions (Truman, J. E.,u
1976). Failure will occur for chloride concentrations between 10-1800 ppa if
the tests are of sufficient duration (Warren, D., 1960). Short-term
laboratory tests, lasting for days or weeks, may be totally inadequate in the
prediction of stress assisted failure. The traditional engineering viewpoint,
based on practical experience (Moxie, E. C., 1977), is that chloride cracking
can occur at temperatures above 60*C provided that the material is exposed for
' very long times.

Type 304L stainless steel has been found to catastrophically f ail by SCC
in dilute chloride solutions'at 49'C during a two year period of service in a
feedwater deaerator system (Van Der Horst, J. M. A., 1971). The feedwater
chloride content was about 160 ppm but the overall chloride level at the steel
surface was probably much less. After careful analysis it was concluded that
stress corrosion cracking induced by thermal gradients caused the failure.
Work by Braithwaite and Molecke (1980) indicate that oxygen in water in the
range of parts per billion could enhance chloride SCC.

It has been known for some time that for certain combinations of caustic
concentration and temperature stainless steels can exhibit caustic cracking
(Edeleanu, C., 1957; Agrawal, A. K., 1970). A recent summary of available
caustic cracking data for Type 304-stainless steel indicates that there is an
inherent danger of caustic cracking in strong caustic solutions when the
temperature approaches 100*C (Sedriks, A. J.,1979).
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Levy and others (1980) have shown that the expected radiation levels from I

an unshielded waste package could produce large quantities of colloidal sodium j
in salt. This raises the possibility of brine solutions containing large
caounts of sodium hydroxide and caustic SCC , occurring in a salt repository.

Pescatore and Soo (1983) have commented on the possibility of SCC of Type
304L stainless steel occurring in a tuf f repository under liquid water and
cteam conditions in the presence of traces of 02 and Cl . Extensive testing
is required since this is thought to be the most likely mechanism by which
early failure will occur in waste packages emplaced in tuff.

3.2.5.5.4 Hydrogen / Helium Embrittlement

The source of hydrogen in repositories is likely to be a natural conse-
quence of aqueous corrosion, but it may also be generated by the radiolysis of
water by gamma irradiation. The austenitic stainless steels are a frequent
choice for immunity to hydrogen embrittlement; however, hydrogen embrittlement
has been observed in Types 304 and 304L stainless steel (Holzworth, M. L.,
1969; Seys, A. A., 1974).

Eliezer (1981) has studied the hydrogen embrittlement of Type 304L stain-
less steel by cathodic charging of thin tensile specimens. Hydrogen induced
slow crack growth was observed at room temperature when the specimen was
stressed while undergoing cathodic charging. Room temperature cathodic charg-
ing of unstressed specimens for 15 days resulted in intergranular attack
during subsequent tensile testing in air.

The ductility loss in Type 304L stainless steel in the presence of hydro-
gen has been studied by Thompson (1974). The elongation of sheet specimens
wts measured without exposure, and af ter exposure for two months at 475'K
(202*C) in air and also hydrogen at a pressure of 69 MPa. It was found that
the Type 304L stainless steel experienced a sharp decrease in ductility of
cbout 50%. ,The proposed mechanism involves dislocation transport of hydrogen
snd accumulation of the hydrogen at interfaces between the matrix and non-
metallic inclusion particles. Fracture then occurs by normal, though
sccelerated, ductile rupture processes.

The effect of hydrogen on the mechanical properties of stainless steels
has usually been considered to be independent of isotope type. However, anal-
ysis of long-term exposure to tritium is complicated by .the fact that it
dscays to belium. Some earlier studies concluded that degradation of mechani-
cal properties due to the presence of helium in austenitic stainless steel
(maximum concentration 50 appm helium) occurred only af ter high temperature
canealing caused helium bubble formation (Louthan, M., 1975; CONF 750989-P4,
p.98, 1975; Thompson, A. , 1975). Our interest in helium embrittlement arises
b1cause of the high pressurization of some rods with helium and the presence
of tritium in the cladding.

|
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Louthan and others, on the basis of short-term simulation of long-term
tritium decay ef fects, concluded that helium had little ef fect on the mechani-
cal properties studied of Types 304L and 309S stainless steels exposed to more
than one atmosphere pressure at 27'c for 25-50 years (CONF 750989-P4, p.98,
p.117, 1975).

More recent experiments performed by West and Rawl has revealed a poten-
tial concern for helium embrittlement in tritium processing equipment or CTR
(controlled thermonuclear reactor) inner ("first") walls (CONF 800427, 1980).
Austenitic stainless steel samples thermally charged with hydrogen and tritium
revealed little dif ference in mechanical properties (usually tested are loss
of ductility and yield strength change) when testing was conducted immediately
after charging. However, dramatic dif ferences were noted in aged specimens,
which exhibited time dependent ductility losses. No evidence was provided
that bubble formation was required to cause degradation. Additionally, evi-

3dence for ambient temperature helium degradation (280 appm He) in Type 304L
and 21-6-9 stainless steels tested for 66 months af ter charging with tritium

was presented when dramatic changes in both ductility and fracture mode were
noted (Rawl, D, Jr., 1980).

Thomas and Sisson found that below 900K, more than 99% of introduced hel-
ium is retained in the sample, regardless of heat treatment conditions
(SAND 80-8628, 1980). Initially, the tensile specimens of Types 304L and
21-6-9 stainless steel were charged (500 appm He) at 354*C for 17 months un-
der 47 MPa and subsequently stored for 66 months at 270K. The total room tem-

perature exposura af ter aging was approximately seven months. Surprisingly,
3 3the fraction of He released varied inversely with the de content. Similar

experiments on tritium-soaked samples of a variety of metals indicated that
over 90% of the helium atoms generated during low-temperatura storage were
retained in the solid during subsequent thermal desorption (Thomas, G, 1979).

Donovan has reported that helium, produced by tritium decay, af fects the
strength and ductility at Types 304L, 309 and 21-0-9 stainless steel (CONF-
800427, 1980). In general, the effects are very temperature dependent. These
stainless steels fail af ter high temperature annealing by intergranular frac-
ture due to helium bubble formation on grain boundaries. However, high tem-

perature annealing was not necessary to cause helium embrittlement. Helium-
charged Type 21-6-9 stainless steel was severely embrittled and failed inter-
granularly at room temperature. The probable reason given was that tritium
was trapped at microstructural features and that' decay caused high localized
concentrations and subsequent embrittlement.

Bisson and Wilson have given the following explanation for the deleteri-
,

ous ef fects of small amounts of helium trapped in a metal (CONF 800427,^

1980). (Helium is normally not that soluble in a metal, but tritium is and
decays to helium). Helium trapped in a f ace-centered cubic lattice has a high ,

. '

binding energy for other helium atoms. Continual trapping of helium atoms by
previously trapped helium atoms is energetically favored. The energy of the
decay of tritium is insufficient to disrupt the crystal lattice of the metal.
Although the helium does not have suf ficient energy to recoil a substantial
distance, it will subsequently migrate or diffuse through the metal via i

'

thermally-induced forces until it meets another helium atom. Five helium
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interstitials clustered together will spontaneous 1'y drive a metal atom off its
lattice site creating a self-interstitial and a vacancy containing the five
helium atoms. Also, beta particles from those tritium atoms which decay near
the surface of a metal will provide a reducing atmosphere, which will tend to
react to some extent with any protective oxide layer, increasing uptake of
additional tritium.

3.2.5.6 Cladding Containment Tests

A spent fuel testing program is under way to study and compare the re-
lease rates of radionuclides from failed / defected fuel rods, undefectec fuel

rods, and bare UO2 fuel pellets (HEDL-TC-2353-2, 1983; UCRL-89869, 1984). The
purpose of this program is to determine how much credit can be given to the
cladding for containment of the radionuclides selected for the preliminary

240 137leaching studies, i.e. U, 239Pu, Pu, and Cs. The scoping portion of the

experimental work consists of leaching bare fuel and 5-inch sections of PWR
spent fuel rods (discharged November 1975) with defected and undefected Zirca-
loy cladding under static conditions in deionized water (250 mL, BNL estimated
SA/V =0.18) at hot cell ambient temperature (25-30*C) for periods from two to
six months.

Concentrations of selected radionuclides were determined in the leachate
along with amounts of radionuclides deposited on quartz rods that were placed
in each test vessel. In the defected-cladding specimens the leachant com-

2 9 240 137pletely surrounds the fuel matrix. Results showing U, Pu, Pu and Cs

concentrations in solution and on the fused quartz rod samples for 180 days
are shown in Figure 3.14. It is of interest to note that the analytical tech-

niques used and the corresp' ''-e detection limits are as follows: U, fluor-
23sPu e - ru, alpha-spectrometry, 2 pCi/mL, 0.00003 ppm;gggence, 0.01 ppm;

Cs, gamma-spectrometry, 1000 pCi/mL, 0.00001 ppm. Absolute quantities
detected in solution could be determined by selecting the appropriate concen-

tration in Figure 3.14 and multiplying it by 10 mL, the size of the aliquot.

These data seem to indicate that:

1) static leaching in deionized water at 25-30*C of undefected cladding
yields measurable activity in solution;

2) defected cladding allows release of more of these radionuclides than
undefected cladding;

3) bare fuel releases more of these radionuclides than undefected and137defected cladding except for Cs after 100 days of leaching;

4) the presence of undefected cladding decreases the release of
radionuclides to solution by two to three orders of magnitude.

It should be emphasized that (1) these results were not obtained for
repository-like conditions and (2) the scoping studies do not include the
nuclides that contribute the most activity during the containment period.
Since this review is concerned with the containment capability of the clad-
ding, it is noteworthy that the undefected cladding is itself a source for
measurable radioactivity in the leachate. The definition of containment b,ased
on quantities allowed will determine whether the leaching of these nuclides
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from the cladding under a more severe regimen condition, i.e. repository-like, ,

will be considered as breach of containment. |

3.2.6 Summary and Conclusions Regarding Cladding Containment Capability Under
Repository Environments

The purpose of this review and evaluation was to assess the potentia? -

spent fuel cladding (Zircaloy or stainless steel) to meet the containment L.1-

terion in 10 CFR Part 60. The major conclusion of this study is that both
non-failed and failed fuel rods will release some radioactivity to the reposi-
tory environment. Some rods fail in-reactor (estimated to be =0.01%) and
release the fission gases Xe and Kr that are present in the fuel-cladding
gap. . Storage does not seem to degrade the cladding material significantly.

In a repository environment, the failed cladding will permit the ground-
water to contact the UO2 fuel. Non-failed rods that are placed in a reposi-
tory, and remain unbreached, will still release radioactivity by (1) leaching
of the crud deposits which contain adsorbed fission and activation products4

and transuranics, (2) uniform corrosion which may release nuclides to the
water if the oxide layer is breached, (3) diffusion of gases through the clad-
ding and oxide layers. Non-failed rods may be breached in the repository
environment by waterside chloride-induced SCC of stainless steel and fuelside
SCC of Zircaloy. If the rods are breached, they will release the fission
gases and permit oxidation / expansion and dissolution / leaching of the fuel
matrix.

There is a need for evaluation of the radionuclide inventory in the spent
fuel as .a function of time to permit the study of those nuclides that are con-
tributing significant activity. There is also a need to determine the loca-
tion and forms in which the nuclides are found in the fuel rods, i.e. inven-
tory in the cladding, on the cladding surfaces (inside and outside), in the
fuel-cladding gap, and in the fuel matrix (internally and externally). Then
containment and controlled release studies should be made on those nuclides
that are most predominant and that are most likely to be released.

Since some activity will be released to the repository environment by
failed and non-failed fuel rods, there must be a quantitative definition of
what level of radioactivity constitutes effective containment. Then, once the
release rates from spent fuel in a repository environment are measured, the
containment capability of the cladding can be established.

s
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4. CONTAINER SYSTEM FAILURE AND DEGRADATION MODES I

Prior BNL Biannual Reports have addressed container failure / degradation
modes for basaltic and salt repository conditions. Materials evaluated
include carbon steel, staiuless steel and titanium-based alloys (NUREG/CR-
2482, Vol. 2, .1983; NUREG/CR-2482, Vol. 3,1983; NUREG/CR-2482, Vol. 4,1983;
NUREG/CR-2482, iol. 5, 1984).

5. PACKING MATERIAL FAILURE AND DEGRADATION MODES

5.1 Basalt . Zeolite- and Bentonite-Containing Packing Materials

Earlier BNL Biannual Reports have addressed the subject materials mainly
with respect to the basalt repository program (NUREG/CR-2482, Vol. 3,1983;
NUREG/CR-2482, Vol. 4, 1983).

5.2 Crushed Tuff Packing Materials

This part of the program has been completed and is reported in a prior
BNL Biannual Report (NUREG/CR-2482, Vol. 5, 1984).

5.3 Crushed Salt Packing Materials

This part of the progras has been completed and is reported in a prior
BNL Biannual Report (NUREG/CR-2482, Vol. 6, 1984).
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