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ABSTRACT

Major results of tritium and rare gas diffusion research conducted under
the contract are summarized. The rare gas diffusion studies were concerned with
an investigation of trapping effects on xenon transport in solids. The more
recent work has been on generation of basic diffusion data for tritium in fission
and fusion reactor.structural materials, These baéic'data have been applied in
mathematical models to predict tritium transport rates in pressurized water
reactors and in the blanket regions of the Reference Theta Pinch Fusion Reactor
design. The materials studied were austenitic stainless stéels, Zircaloy, and
niobium.

In all three of the metal systems investigated, tritium release rates were
found to be inhibited by surface oxide films. The effective diffusion coefficients
that control tritium release from surface films on Zircaloy and niobium were
determined to be eight to ten orders of magnitude lowervthan the bulk diffusion
coefficients. A rapid component of diffusion dué to grainboundaries was identified
in stainless steels. The grainboundary diffusion coefficient was determined to
be about six orders of magnitude greater than the bulk diffusion coefficient
for tritium in stainless steel.

Calculations based on models that considered different diffusion coefficients
in bulk and surface regions on fission reactor claddiné_materials showed that
the basic tritium diffusion data for stainless steelsvand Zircaloy were comn-
sistent with the tritium distributions in reactor fuel pins repbrted by other
investigators. In Zircaloy clad fuel pins, ;he permeatibn rate of tritium
through the cladding is rate-limited by the extremely slow diffusion rate in the
surface films. |

Tritium diffusion rates through surface oxide films on niobium appear to be

controlled by cracks in the surface films at temperatures up to 600°C. Beyond




600°C, the cracks appear to heal, thereby increasing the activation energy for
diffusion through the oxide film, Reducing atmospheres such as hydrogen and
lithium appear to be able to reduce the oxide layers above 600°C resulting in
tritium release rates that are controlled only b& bulk diffusion coefficiénts.
The steady-state diffusion of tritium.in a fusion reactor blanket has been
evaluatéd using the Los Alamos Theta Pinch reactor as a reference system. The
purpose was to calculate the equilibrium tritium transport rate, approximate time
to equilibrium, and tritium inventofy in various regions of thé reactor blanket
as a function of selected blanket parameters. Values for these quantities have

been tabulated for blanket conditions which appear reasonable for the reference

system.




INTRODUCTION

This report summarizes the work performed from‘February 1966 until June 1975
under Contract #AT—(40-1)3508 on diffusion of rare gases and tritium in nuclear
reactor materials. Until November 1970, the primary emphasis was on understanding
the méchanisms of rare gas diffusion in uranium dioxide and other compounds which
could simulate reactor fuels. Since then, the major effort has been to obtain
basic diffusion data for tritium in fission and fusion reactor structural materials.
All of the work which has been described in earlier annﬁal reports is briefly
summarized in this finai report. The investigations which w;re carried out over
the last contract period of sixteen months and which are as yet unpublished are
described in greater detail. |

Fission product transport in reactor materials has been a subject of con-
siderable interest fromfthe very beginning of nuclear power programs throughout
the world. Inert gas diffusion in uranium dioxide is an important consideration
in the design of nuclear fuel from the standpoint of both safety and fuel per-
formance. The first section of this report summarizes the major findings of
the research carried out to investigate trapping effects on the transport
mechanisms for fission product xenon in UO2 and other nonmetallic solids.

The rest of this report deals with tritium diffusion in reactor structural
materials. Nucle&r-energy generating systemé such as_iight water reactors and
high temperature gas-éooled fission reactors of tﬁe type in use cufrently, as well
as advanéed‘systems of the future such aé liquid-metal coéled fast breeder
reactors (LMFBR) and~¢ontrblied thermonuclear reactors (CTR), all produce tritium
in abund&nt.éuanﬁities. As aﬁ example, a 3600 MWTh LMFBR would produce about
15,000—20,006 Ci/year of trifium‘aﬁd a CTR'of comparab1e poﬁer is expected to
breed about 109 Ci/yeér.- The alloﬁable tritium release from these facilities to
the environment is an extremely small fraction of the tritium generated. Basic

to the problem of tritium containment is the need to understand tritium transport
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characteristics of materials used in these systems.

The work on tritium diffusion was initiated with bulk diffusion coefficient
measurements in austenitic stainless steels and in Zircaloy-2 because of the
widespread use of these alloys as cladding materials in existing light water
reacfors. The rate-controlling mechanism for the release of tritium from these
-‘materials was identified to be permeation through thin oxide films on the surfaces.
These studies yielded bulk diffusion coefficients as well as surface film diffusion
coefficients which, when ﬁsed in classical multi-region.diffusibn models for
reactor cladding, gave tritium release rates that agreed well with literature
data obtained by reactor fuei pin irradiations. This work was later extended to
niobium because of its potential use as a structural material in fusion reactors.
The results again showed that the surface oxide film effects control the release
rate of tritium at low concentrations. The oxide film characteristics were
studied, and the results are reported in detail in this report. The diffusion
data generated from this work as well as data reported in literature for other
systems were used to compute the steady-state tritium concentration and fluxes in
the torus of the Reference Theta Pinch Reactor which is one of the current con-
cepts for a fusion reactor power plant. This work is also discussed in detail
in this report.

Each of the following major sécffbps is eséentially self-contained and
presents results of prior work, experi@enta1 findings, mathematical models; dis-

cussion of results, and conclusionms.
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RESULTS

1. RARE CAS DIFFUSION IN SOLIDS

The principal activity from January 1966 until November 1970 was to better

define the relationship between trapping of rare gases in solids and post-irradiation

gas release experiments with reactor fuel materials, Alkali metal halide and cal-
cium -fluoride single crystals were used as substitutes for fissionable materials
in order to allow delineation of specific effects. Rare gas retention in surface
films, trapping at radiétion-induéed defects, and gas concentration effects were
didentified and studied.

Diffusion coefficents of xenon in these two ﬁaterials at low defect con-
centrations have been measﬁred. Trap concentration and xenon retention time in

traps in CaF, and UO2 single crystals also have been determined. These trapping

2

parameters when applied to appropriate trapping models, appear to give effective

diffusion coefficients for UO2 which are in agreement with a number of literature

‘values.

1.1. - Classical Rare Gas. Diffusion

The early literature on rare‘gas diffusion in solids contains surprisingly
few examples of classical diffusion behavior. The term, 'classical diffusion,"
is used here to imply'a.coﬁdition;where:

1. Tﬁeutimelra;é.of gas réleasé is éonsistent with solutions to Fick's

diffusion equations with constént diffuéion.coefficient D.

2., The temperatute'dependeﬁce:of D is qf3the:genera1 form:

 e~AH/KTu
(o]

D.=D .
3. Gas diffusion is controlled by thermally generated defects.

Gas diffusion experiments were carried out for the purpose of establishing

whether classical diffusion of a rare gas could be obtained when radiation damage




and gas concentration effects were minimized. Single crystals of CsI, RbI, and

KI were grown from a melt doped with 1331 which is the precursor of radioactive

133Xe. The resulting crystals contained a homogeneous distribution of radioactive
rare gas at low concentration with negligible radiation damage to the lattice.
Diffusion experiments were performed by isothermally annealing the crystals and
radioassaying the released 133Xe as a function of time. The measured gas diffusion
coefficients were reproducible and met criteria (1) and (2) for classical diffusion,

Experiments in which 133Xe was recoiled into the surface layers of crystals
through fission of an external uranium foil were also employed to study rare gas
diffusion. The diffusion coefficients calculated from the béck—diffusion of 133Xe
from the surface 1ayers of the recoil doped specimens agreed with the values
determined. from 1331 doping as long as fission recoil fluences were kept below
appfoximately 1012 fissibn fragments cm-z. The two experiments were so greatly
different that identical results appear justified only if the Xe diffusion is
contéélled by thermally generated defects in both cases.

The experiments indicate that it is possible to obtain classical diffusion
kinetics for rare gas diffusion if radiation damage levels and gas concentrations
are low. Table 1.1 summarizes-the characteristic diffusion coefficients and

133

enthalpies measured for Xe diffusion in four solids.

Table 1.1. Measured Diffusion Constants for 133Xe Diffusion in Alkali Metal
Todides and Calcium Fluoride.

Do | ONH
Solid -(cmz/sec) ' (eV) _ - Temperature Range
KI 1.40 +3.44 1.03 £+ 0.05 ' 150 C - 500 C
-0.84 |
RbI 0.082 £ 1% 0.93 £ 0.05 150 C - 500 C
CsI 0.57 F2:%0 1.00 £ 0.04 150 C - 500 C
CaF 9,5 x 106 4.42 750 C - 1000 C




1.2. Gas Atom Trapping in "Growth Induéed” Defects

It was found that alkali halide single crystals could be grown which con-
tained considerable strain as the result of defects introduced during the growth
process, These crystals were cloudy ir appearance and gave indistinct‘X-ray
diffraction patterns, indicative of strain. The.defects were presumably small
voids and low angle tilt boundaries but no direct observations of the defects
were made.

Xenon diffusion measurements on cloudy CsI single crystalé gave'valpes for
the diffusion coefficient which appeared to decrease with heating time, which
was consistent with a trapping process in which gas atoms.we;e being immobilized
at defects while they diffused. Application of the trapping model developed by
Hurst(l) showed that the experimental results were consistent with a trap con-
centration of approximately 1.2 x 1011 traps cm_3 and a long retention time in
the traps. It was possible to eliminate the traps by annealing the crystals
befoéé the 1331 decayed to 133Xe and the higher the annealing temperature, the
greater the fraction of traps annealed. After the gas atoms ﬁecome immobilized
at the traps, they apparently stabilized the traps as heating at this stage

did not result in trap annealing.

1.3. Gas Atom Trapping at High Gas Concentrations

A series of experiments were carried out to show the éffect of gas concentra-
tion on rare gas diffusion kinetics. Three";ypeé'of experiments were performed:
1. Total Xe qoncéntrafions wefe‘varied by growing alkali halide crystals
in a Xe atmoépﬁere‘withpdiffering Xe partial pressures. The gas tag
was introduced thfough incorporation of.1331 infé the melt.
2. Total Xe was:varfed by irradiating alkali halide crystals with
' 128

different thermal neutron fluences to generate stable Xe through

the reaction:




‘distribution but they did not permit &as wide a range of possible gas concentrations

127I(n,7)1281

128 B 128

1_25mE Xe
. P . . 133
The gas tag was again introduced through incorporation of I

into the melt.
3. Total Xe was controlled by varying the amount of 1331 tag added to the
alkali halide melt.
The fifst technique permitted a wide range of Xe concentratidns, but it was
not possible té insure uniform gas distribution in the solid. Transmission
electron microscopy was used to show that at least some of the Xe was inhomogeneously

distributed as bubbles. Methods (2) and (3) produced an initially homogeneous gas

as method (1). Also, some fast neutron radiation damage was produced by (2) even
though this was kept to a minimum by irradiating specimens in the reactor thermal
column,
. . . ] 14 0 16 -3
Crystals with relatively high rare gas concentrations (10 '-10"" atoms cm )
exhibited lower diffusion coefficients than the crystals with low rare gas con-
. 1 - , .
centrations (10 0-1013 atoms cm 3), apparently reflecting trapping of gas atoms
in small gas clusters or bubbles. Values of D were lowered at all of the studied

temperatures for the high concentration cases and the observed D was constant

for the gas release at any given temperature.

Flux limitations 6n our reactor prevented a study of concentration effects
over wide concéntrationtlimits. However, the experiments do sh&w that rather
pronounced effects (an-érder of magnitude reduction in the observed diffusion
coefficient) occurs when<gas concentrations aré as high as 10 ppm. Experiments
with KI single crystals show effects oﬁ ﬁhe'diffusion coefficient which appear to

result from gas concentration effects at gas concentrations as low as 0.004 ppm.




In any event, effects due to gas atom clustering clearly occur in alkali halides

in the concentration ranges frequently employed for rare gas diffusion experiments.

1.4, Gas Atom Trapping at Radiation-Induced Defects

It was found that radiation produces defects that trap diffusing gas atoms,
Radiation damage was produced by doping alkali halide and calcium fluoride crystals
through the fission recoil technique at moderately high fission recoil concen-
‘trations (> 1012 fission fragments cm-z). Each fissioq fragment deposited an
average of 30 MeV, of which approximately 5% was dissipated in displacement type
interactions, so a relatively large fraction of the atoms were displaced. The
trapping behavior observed in these crystals differed significantly from the
trapping defects produced by high gas concentratioﬁs or grown-in defects. The
radiation-induced effects ‘annealed at high temperatures, and the best fit of the
trapping model to the experimental data showedvthat the trap concentrations were
considerably higher and the mean gas retention time in traps considerably lower
than was observed with the crystals containing growth-generated defects. The
radiation-induced traps had a concentration of at least 106 higher than the traps
produced by growing defective crystals., Annealing of the radiation-induced defects
was not affected by gas stabilization of the traps since the trap concentrations
exceeded the gas concentrations.

A detailed analysié was carried out of the trap concentrations and retention
times in traps for fission doped CaF2 single crystals. The model proposed by

(1)

Hurst was modified for use with fission recoil gas concentration profiles, and
trap concentrations and gas retention times were calculated from gas release
experiments conducted at two concentrations and four temperatures. The trap con-
centrations were found to be too high to be explained in terms of gas atom

clustering and must have resulted from radiation damage., Semi-log plots of trap

, o i -1 ) .
concentrations and trap retention times versus (temperature) gave straight lines,
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implying that these quantities were adequately represented by single values for
the activation energies o&er the temperature range studied,

The experiments summarized in Sections 1.2, 1.3, and 1.4 indicate three
distinct gas atom trapping processes which can occur in solids -— trapping at
small voids and other defects produced during crystal growth, trapping through
gas atom clustering at high gas concentrations, and trapping at radiation-induced
defects. Each trapping process led to somewhat different gas release kinetics

and a different temperature dependence for diffusion.

1.5. Mechanism of Gas Diffusion

The classical diffusion results were interpreted in terms of possible gas
diffusion mechanisms. The two most well-established diffusion brocesses, inter-
étitial diffusion and vacancy diffusion, are incompatible with much of the available
data on rare gas migration, including the results of the present study. The
principal objection to an interstitial mechanism is the wide discrepancy between
calculated and observed diffusion activation energies with the observed values
greatly exceeding the calculated values. This diécrEpancy was supported by the
present study where the measured diffusion activation energies for Xe diffusion
in KI, RbI, and CsI were observed to be approximately three times the calculated
migration energies for interstitial'diffusion.(z)

Objections to simple'vacancy diffusion are based upon the absence of an

(3-6)

impurity effect on the observed diffusion coefficient,
(7,8)

channeling results

with alpha-emitting rare gasés, and the wide discrepancy between rare gas

diffusion results and self;diffgsion.results where self-diffusion is known to

occur by a vacancy mechanism.(g) The present work has noted the absence of an
impurity effect for Xe diffusion in'Cu20 and Ba12 doped.crystals aﬁd the large
difference between the Xe and self-diffusion‘coefficients.V

The two mechanisms that are most frequently discussed as applicable to rare

(10)

gas diffusion are the trapped-interstitial model proposéd by Norgett and Lidiard



11

(11)

and the mobile defect cluster model firsﬁ suggested. by Matzke. The trapped-
interstitial model assumes that rare gas atoms diffuse interstitially but that
they also become trapped at‘éefeéts such as vacancies, The release rate from the
vacancy traps can be the rate-determining step in gas diffusion under certain
conditions and the measured diffusion activation energy will therefore be higher
than that predicted for interstitial migration, The mobile defect cluster model
assumes that gas atoms associate with mobile defect clusters in the lattice and
move with these clusters through the latticé.

The principal inconsistency between the trapped-interstitial diffusion model
and the present work lies in the fact that nnusually high_defect concentrations
are required to explain the low temperature, fission recoil diffusion results
where the gas atoms move extremely short distancés before release at a surface.
The mobile cluster model‘appears qualitatively consistent with the experimental

results, and it appears to be the better choice of the two to explain rare gas

diffusion in alkali halides,

1.6. Diffusion and Trapping in UO. Single Crystals

Diffusion studies were performed with UO2 single crystals using fission-

133 X

recoil doping and radioassay of the released e, It was observed that below

11 -2
a fission fragment dose of 3 x 10 ff cm ,| classical diffusion solutions would

fit the gas release, implying that radiation-induced defects did not affect the

diffusion process. The classical diffusion coefficient could be represented by

D =2.88 x 10° exp(-110 kcal/RT)cmsec” © W

. . [s] .‘ . . . . )
_over the temperature range 1065 C to 1300°C. Increasing the recoil concentration

to 3 x 1012 fission fragments/cm2 (3 x 10-8 fission.atom fraction) prodnced

anomalies in the gas release curves which probébiy resulted from gas atom trapping.

The gas release curves at this fission fragment dose were consistent with the
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(12)

trapping model of Ong and Elleman. The trap concentrations and retention

time in the traps could be determined at 3 x 1012 fission‘fragments/cm2 at three

different temperatures.
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2, TRITIUM DIFFUSION IN FISSION REACTOR CLADDINC

This section summarizes the previous years' work on tritium diffusion
studies in reactor cladding materials (stainless steels and Zircaloy) and dis-

cusses in detail this year's work on grainboundary diffusion in stainless steel.

2,1, Tritium Transport in Stainless Steels

2,1.1., Summary of Prior Years' Work

Sﬁainless steel was a fairly common cladding material in nﬁclear power
reactors of the late 1960's and is used in current reactors as the cladding
material for burnable poison rods in light water reactors. It is also proposed
for use as the first wall material in at ledst two of the current designs for
controlled thermonuclear reactors. Previous hydrogen diffusion measurements in
stainless steels were obtained by either perﬁeation studies or by exposing the
specimens to hydrogen gas and measuring the concentration profile. In both types
of séﬁaies, the results will be influenced by various interferences such as
surface effects.

In order to measure diffusion coeffigients uninfluenced by these effects
and to understand the rate-controlling steps in tritium release from stainless
steel, tritium was introduced into c¢ylindrical spécimens by recoil~injection from
a 6LiF surface blanket irradiated with thermal neutrons to produce 6Li(n,5)3H
reaction. The irradiated samples were electfopolished to remove thin layers which

~

were assayed for tritium to ascertain that the recoil injection produced a linearly

(13)

decreasing concentration profile as expected+

diffusion-annealed at known constant temperatures and subsequently electropolished

Other irradiated samples were

to generate tritium concentration profiles. 'The kinetics of tritium release
‘ .

during diffusion anneals were also monitored, The experimental methods used and

the results are described by Austin and Elleman.(la)
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The concentration profiles showed three components of diffusion which were

identified as a surface trapping region with high concentration in 2-5 ym at the
surface, a bulk diffusion region and a long-range grainboundary component. The
bulk diffusion components in 304- and 3l6-stainless steels were consistent with

(13)

classical diffusion solutions from which diffusion coefficients in the bulk

region could be determined. These are represented by
' 2 =1
D = 0.018 exp(-14 kCal/RT)cm -sec (2)

in the temperature range,ZSOC to 222°C. There was no apparent differenée between
304- and 316-stainless steels.,

The grainboundary diffusion compbnents were determined up to depths of 2000 um
into the sample by sectioning using a combination of lathe and electropolishing.

(15) (16)

These concentration profiles were fitted to Fisher's and Suzouka's models
to obtain grainboundary ‘diffusion coefficients. The values obtained from the two
models agreed to within a factor of 1.4. Fisher's model gave values represented

by the Arrhenius expression

D, = exp(8.85 + 1.2)exp(-10.3 % 0.7 kCal/RT)cm’-sec (3)

G

over the temperature range -78%C to 185°C. Only a relatively small fraction
(about 1-47%) of the injected tritium was found in the grainboundary diffusion com-

ponent during the relatively short annealiné times used in the experiment. These
|

. !
grainboundary diffusion coefficients are about eight orders of magnitude greater

than the bulk diffusion coefficient represented by equation (2). The grain-

(17)

boundary diffusion results are discussed by Calder, et al,.

The nearésurface'trapping in stainless| steel was studied by following the
kinetics of tritium release at constant temperature. A two-region classical
!
diffusion model which assumes different diffusion coefficients in the surface

region and in the bulk region could fit the surface release results although the
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model did not explicitly take into account tritium trapping and the build-up of
tritium in the surface layer. The apparent diffusion coefficients for the surface

region determined by this model gave the Arrhenius expression
-4 2 -1
D =3.0 x 10 “exp(-15.4 kCal/RT)cm -sec )

in the temperature range 25°C to 184°C. These surface-layer diffusion coefficients
are lower than the bulk diffusion coefficients quoted in equation (2) by about

2 to.3 orders of magnitude. The possibility was considered that the near-surface
trapping was caused by the recoil-injection procéss in which helium (@-particles)
were injected to a depth of 3 ym and possibly produced heliuﬁ stabilized vacancy
clusters. fo check this, concentrétion profiles were measured in stainless steel
foils which were implanted with monoenergetic ﬁelium ions from a tandem Van de Graaf
accelerator prior to tritium injection and diffusion anmeal at sufficiently large
Dt to allow the tritium to diffuse past the helium region. They showed no dis-
cernible evidence of -tritium trapping by the helium layer. It is believed that

the surface trapping is caused by a thin layer of oxide region on the sample

surface. These surface effects results are discussed in a paper by Austin, et

al.(ls)

2.1.2, Grainboundary Diffusion in 304L-Stainless Steel-Predicted Permeation
|

Rates. . ;

Based on the bulk and grainboundary diﬁfusion coefficients, we have investi-

_ !
gated the question of by how much the tritium permeation rate would be influenced
by grainboundary diffusion. This section discusses the results of these computa-

tions. This information has not been presented in prior annual reports and is

therefore treated in. some detail,

2.1.2,1 Grainboundary Diffusion Model

Permeation rates through grainboundaries in a finite slab can be computed

. " 19
by adapting the mathematical model developed by Levine and MacCallum.( ) This
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model assumes a uniform, time-independent concentration of tritium on one side

of the specimen. It is assumed that diffusion takes place through the boundaries

into the grains and not vice versa. The grains merely act as infinite sinks.
Following the arguments of Levine and MacCallum, tritium concentration C'(y,t)

in the grainboundaries at a distance y from the surface is given by the balance

equation,
‘-ggl :F% D! QE%L --glft G(t - v)dv ' (5)
. ay o

where

D' = the grainboundary diffusion coefficient,

g = total surfaée area of the grains,

€ = the volume fraction of grainboundéries

in the specimen,

and

G(t) = The Green's function for the flux into a grain from the
sufrounding grainboundary.
For a grain of diffuéivity D, G(t) is given by
G(f) = (D/rrt)l/2 exP(-4€2Dt/62) (6)
§ = the width of the graiﬁboundary
Consider a finite slab of‘thickness L, through which the diffusant is permeating.

The boundary conditions are

C'(L,t)

)
o

_ for all t =20 N
c'(o,t) =1

For conveniende,-We assume the surfacé“conCﬂntration to be unity at the inlet

side. The initial condition is given by

C'(y,t) =0 fory >0 and t <0 (8)
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Taking Laplace Transforms of equations (5) and (6) and of the initial and boundary

conditions, it can be shown that

Lc'(y,t)} =C'(y,8) = o T 20&L1 )
e

where v
3 1+ (€ +———> ]} ) (10)

The concentration @(y,t) averaged over the grains and the grainboundaries on any

plane at a distance y from the entry side can be written as .
t
6(y,£) =€C'(5,8) + o [ C'(3,M6(t - Vv (11)

It follows that

N

$00,0) =8z, =€ [1+ (& +2 &%) Ji (12)

The release rate per unit area R(t) from the surface y =L may be written as

R(t) = Bﬁéy t) (13)
y y =L
where D is the bulk diffusion coefficient. Therefore
L£{R(t)} = -D B'Zg 5)
y y =L
E a D [ ( ) ] 1 -
1+ \€ + Slnh(aL) . (14)

The release rate per unit area through the‘grainboundaries that are exposed to

the exit side is given by

8

3n (15)

R'(t) = - §AD' —— aD' (y,t)

y=L
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where A = the total length of all grainboundary trace exposed per unit area.

Therefore,

£{R'(t)} =-ﬁ'(S) - - _3§T.-.T 5)\D' aca'}(’z S)

y =L

=3 s &L
" 3 S AD s Sinh(colL) (16)

Inverse transfofmation of equations (9), (12), (14), and (16) would give
the concentration in the grainboundary, the average concentration along any
plane parallel to the faces of the slab, the release rate from the exit face
and the release rate from the grainboundaries exposed at the exit face, respectively.
Analytical inversion of these equations is not possible because of the complicated

nature of a(s) defined by equation (10). Here, we resort to the numerical inversion

method described by Bellman and Kalaba.(zo) They have shown that the Laplace
Transform equation
* st
o) = [ e r(vyar (17)
o

may be solved.for f(t) by defining a variable x = e_t, such that f(t) becomes

f(-4n x), hereafter called g(x) and given by
. ,

f(s) = j xs—lg(x)dx : | , (18)
0 . -

Applying numerical quadrature to the integral term and letting s assume N

different values results 'in a linear system of N -equations

Bk +1) = T oxfgtx), k=012 ...0N-1) (19)

. 1+ r, a,
Bellman and Kalaba have shown - that xi'ﬁ-—vi——i and wy =-2% where r, are

roots of Legendre polynomials of order N and a, are Christoffel weights. r.
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) (21) .
and a, are tabulated. From equation (17),
N-1 .
= i . 2
g(x) =, 5 B, F(k + 1) | (20)

. . . k
where Bik are the elements of the inverse of the matrix with elements Aik = wixi'

Bik are tabulated by Bellman and Kalaba for values of N upto 15.
Equation (18) gives the approximate inverse transform of F(s) at time
ti = in X, . To obtain the values of the function at other values of t, one may

use the relationship

N-1 B, T<k + 1>
ik

f(-a fn xi) = kEO — (21)

The inverse transforms of C'(y,s), B(y,s), R(s) and R'(s) could be computed
by the above numerical scheme. The following topological relationships given
by Levine and MacCallum were used to calculate g, \ and € from the mean grain
size, ¢ and the grainboundary width, §,.

i

- - =26
o= , A= 37 and € = 7

=1

The grainboundary diffusivities were taken from the measurements of Calder, et

a1$17) (14)

and the bulk diffusivities from Austin and Elleman.

2.1.2.2. Bulk Diffusion Model

1

One-dimensional bulk diffusion in a sl%b satisfying the initial and boundary
conditions given by equations (7) and (8) results in a concentration profile
C(y,t) given by, ‘

@ 2 2
_q .Y _2 s <nwy> (_.n 77 Dt)
Cly,t) =1 i~ o zlslqw exp| — (22)

The release rate from the exit face at y =L is given by

o 2 2
R(E) =§ [1 +2 2 D" exp<- P-—”—}EH | (23)
L
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2.1,2,3. Computational Results

Using the models. presented in the previous sections, tritium concentration
and release rates due to grainboundary and classical bulk diffusion in thin
stainless steel slabs at various temperatures were computed. The bulk diffusion
coefficient and the grainboundary diffusion:coefficient were calculated from the

(14) (17)

rate equations given by Austin and Elleman and by Calder, et al., respec-
tively. Calculations were made for slab thicknesses of 0.0254 cm and 0.0445 cm
(cladding thickness of the Fast Flux Test Facility). An average grain size of
50 pym and a grainboundary width of 5°A were‘assumed.

Figure 1 shéws the tritium concentration profiles in a stainless steel slab
of thickness 0.0445 cm at 500°C (typical cladding temperature of LMFBR fuel
pins). The solid lines were the results of computations using equations (9) and
(12) and the dashed curves were éomputed from equation (22). The grainboundary
diffusion model predicts.a much quicker buildup of tritium in the slab than does
the bulk diffusion model. The first term in‘equation (12) represents the total
concentration of tritium in the grainboundaries and the second term represents
the goncentration accumulated in the graims. Separate comput;tion of these two

terms revealed that the amount of tritium retained in the grainboundaries is

about five orders of magnitude smaller than the amount in the grains., This implies

that even though the grainboundaries act as'Qapid diffusion paths, net concentra-

tion in the solid is controlled by the tritiLinn the grains,

Figure 2 shows the releasé rafes per unifnarea at the outer surface of the
slab. Curve a is the.release rate through the gréinboundaries as calculated by
equation (16). Curve b is the'reléasé rate through the lattice due to grain-
boundaries rapidly tranSportiﬁg_the tritium{Lhroqgh‘the specimens and feeding
into the grains using equation (14). Cﬁrvelr'represents the release rate predigted
by the bulk diffusion model equation (23). The equilibrium release rate through

the lattice from the grainboundafy diffusion model is the same as that from the
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classical bulk diffusion model. However, the release rate through the grain-

boundaries is about 55 times greater than through the lattice. Furthermore, the

grainboundary model predicts extremely rapid equilibration of the tritium permea-

tion in the slab. However, the permeation experiments reported in the literature
are consistent with the lower bulk diffusion coefficients and do not show the
short equilibration times predicted by the grainboundary model.

Thus, the question arises as to why one is able to observe fast diffusion
through grainboundaries in sectioning experiments but at the same time, not be
able to observe grainboundary éffects in permeation studies. Several réasons may
be postulated fof this discrepancy. For example, it is possible that the solu-
bility limit for hydrogen in-grainboundaries is much less than that in the lattice,
so that precipitation may occur in the grainboundaries and impede the transport
via grainboundaries. Furthermore, if surfaée effects control the desorption of
hydrogen near the surface, the release rate could be significantly reduced. In
order to gain insight into possible mechanisms that inhibit grainboundary trans-
port, autoradiographic examination was carried out in stainless steel specimens
which had been charged with tritium. These experiments are discussed in the

following section.

2.1.2.4., Autoradiography

2,1.2.4.1. Techniques

Type 304L staihless steel foils (supplied by Hamilton Precision Metals)
5 mils thick and cut to %" x %" size werevstrain annealed for two hours at
1050°C at a pressure df 4'x:10_5 Torr.- The average grain size of the heat
treated samples was souﬁ. Samples with three differenﬁ (unpolished) surface

characteristics weré studied: unpolished, eiectrOpolished and electropolished

and etched. Electropolishing'was carried out in a 60% H3P04 - 40% H2804 solution

at ,0°C and at 3 volts for 3 minutes. Etching was performed electrolytically in
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seconds. All samples were washed well in deionized water and ethyl alcohol.

a 50% HNO, - 50% H,_O at ambient room temperature using 1-5 volts for 10-15

Tritium charging was carried out by either exposing the samples at room
temperature for about 10 days in a glass chamber containing about 0.5 Ci of 3H gas
or by recoil injection through neutron transmutation of 6Li in a 6Li2CO3 blanket
placed on contact with one side of the foil sample. The concentration of the
tritium at the surface of the recoil injected samples was estimated to be 3 x 10
atoms/cm3.

The tritiated specimens were washed, dried and mounted on microscope slides.
Kodak AR-10 stripping film which has a 5 ym layer of emulsion in a 10 ym gelatin
base was used for autoradiography. The mean diameter of the AgBr grains was 0.2 pum
which could give an overall resolution of 2.5 ym. Small sections of the emulsion
were floated on water with the emulsion side downward and then picked up care-
fully on the stainless steel sample in a manner to assure good emulsion contact
with‘fhe Spécimen. Exposure times ranging from 0.5 to 10 hours were used for the
absorption charged samples, while for recoil injected samples, the exposure time
was 100 hours,

After.development, the emulsions were stripped from the specimen, floated

on water and picked up on glass slides for microscopic observations.

2.1.2.4.2, Tritium Segregation at Defects

Tritium distributions on the surfaces of the Speciméns were highly non-
uniform; tritium appeared to segregate at cqystallographic defect structures such
as second phases, twin and grainboundaries Jnd_at non-metallic inclusions. Typical
resultskarevshown in Figures 3, 4, and 5. Figure 3 is a stripped autoradiograph
from an unpolished specimen while the correéponding micrograph of approximately
the same region of the metal surface is shown in Figure 4. The tritium is observed

to segregate at defect structures visible in the radiographs. The martensitic

bands and other second phases probably were formed from storing the tritium charged
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specimens in liquid nitrogen. Such spontaneous phase transformations have been

reported by Reed.(zz)

The randomly distributed dark spots seen in Figure 3 are
presumably due to tritium concentration at non-metallic inclusions in stainless
steel., Figure 5 is a stripped autoradiograph from an electropolished and etched
specimen showing tritium segregation at twin boundaries. The twinned
regions generally contained a higher concentration of tritium than the grains
surrounding them.

In samples with absorption charged tritium, large concentrations of tritium
in irregular patterns covering many grains were visible on autoradiographs.
Figure 6 shows one such patch on an electropolished and etched specimen. Repeated
heat treatments of the sample at up to 185°¢ did‘not remove this feature and

electron microprobe analysis of this region did not show any significant differences

in composition. It is presumed to be highly oxidized regions which trap tritium.
(23)

Such regions have been observed by Roy on the surface of oxidized Zircaloy

specimens.

Recoil injected specimens showed autoradiographs with uniform distributions

except at second phase formations until heat treatment or long duration anneal
at room temperature when grainboundaries were visible. This is to be expected

since the recoiled tritium enters the lattice uniformly and therefore grain-

boundary-lattice contrast on radiographs wi}l be visible only after some diffusion
of the tritium has occurred.

All of the above features demonstrate trapping of tritium at surface or bulk

defects and may account for the retarded releasé of tritium from stainless steel

surfaces as observed by Austin, et al.(lg)

2.1.2.4,3, Grainboundary Diffusidn

Autoradiographs of specimens from which a surface layer of approximately
1-2 ym was removed electrolytically following diffusion anneal showed that tritium

was essentially confined to the grainboundaries., A typical case is shown in
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Figure 7. The tritium presumably moved rapidly along the grainboundaries and
became trapped at the grainboundary sites by bulk diffusion. Repeated auto-
radiographs of the same surface taken over a span of several weeks showed the
same distribution of tritium at.the grainboundaries,

Tritium was recoiled into only one sidé of the specimens in the recoil
injection experiments. However, autoradiographs of the back faces following
heating at 185°C for two hours showed considerable tritium trapping on the back
face. Figure 8 shows one such autoradiograph from an elect:op&lished and etched
specimen. The precipitation at the grainboundaries on the surface even at low
concentrations may be explained by near-surface trapping. The required rate
of transport for tritium to appear at the back face exceeded the values
predicted by the bulk diffusion coefficients and implied rapid diffusion along
grainboundaries.

.ﬂeat_treatment and subsequent cobling increased the precipitation of tritium
along grainboundaries. Figure 9 shows a stripped autoradiograph from a polished
and etched 3pecimen: The grainboundaries are not clearly discernible. Figure 10
is a radiograph of the same region of the specimen after it had been heated at
185°C for two hours. The grainboundaries are now clearly visible,

Grainboundaries near the surface therefore apparently act as tritium sinks
rather than rapid diffusion paths. This effect may be due to trapping of tritium
in the oxide films wﬁich occur at the surface since the earlier observations in
this section imply rapid diffusion along the gfainboundaries in bulk,

Grainboundaries‘aenqded of tritium could be observed uhder certain conditions,

Figure 11 is an autoradiograph of a specimen|which had been etched prior to

tritium exposure and shows low tritium concentrations at grainboundaries. This
behavior was consistently observed with specimens. treated in this fashion. The
absece of tritium is consistent with rapid diffusion along grainboundaries but

it is not clear why the etched specimens exhibited little surface trapping at
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grainboundaries while the unetched specimens showed high grainboundary concen-
trations. |

Autoradiographs of specimens which had been eléctropolished but not etched
gave no indication of grainboundaries., The surface concentration of tritium as
observed from autoradiographs was generally much lower on unetched samples than
on etched samples., The reason for this behavior is not clear.

In presenting the above results, it has been assumed that localized darkening
on the autoradiographs represented high local concentrations of tritium. Louthan,
et al.(za) have pointed out that such variations in darkening could also be due to
high local diffusivities and resulting tritium release. In éur study we have
seen the same relative darkening between regions when autoradiography was repeated
on the same specimens after as long as three months following tritiﬁm charging.
This makes it unlikely that the observed local variations in optical density were

due to high diffusivities.

2,1,2.5. vDiscussion and Conclusions

Results of the computations using the grainboundary diffusion model of

(19)

Levine and MacCallum along with experimentally measured tritium diffusion

(14)

coefficients in stainless steel for volume diffusion
7)

and for grainboundary

diffusion show that permeation rates should be controlled by transport along
grainboundaries, However, the published lieerature on hydrogen permeability
measurements in austenitic stainless steels show little contribution from fast
diffusion along grainboundaries. There are |several possible explanations for
this anomaly which appear consistent with the autoradiography experiments.

The permeation of tritium'through‘stainless.steel could be controlled by

trapping on the surfaces of the specimen. There is some evidence for surface

(18)

trapping in the autoradiographs and in the earlier work of Austin, et al,

The persistance of high concentrationsof tritium.at grainboundaries on the surface
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" even after repeated heat treatments indicates that the tritium at the surface was

trapped. Furthermore, for the absorption cﬁarged specimens, the electropolished
foils had to be etched‘priof_to.charging toémake grainboundéries visible on auto-
radiographs which implies that a surface 1ajer at the gr#inboundaries had to be
removed before gaseous tritium would enter the boundaries in sufficiently high

concentrations to be observed. In the caselof recoil injected specimens, surface

trapping was observed both at the front and the back faces within the grain-

boundaries.

Another explanation for the discrepancy may be‘that in permeation experiments,
the source term for the exposed grainboundaries is less than that at the exposed
grains, possibly betause-of lower hydrogen solubility in the grainboundaries as
compared to that in the grains. The model of Levine and MacCallum assumes a
constant uniform concentration everywhere on the.front face and therefore it
would show large contributions to permeation from rapid‘grainboundary transport.

(17)

The grainboundary diffusion_experiments by Calder, et al. showed that about
3.6% of the total tritium was associated With grainboundary diffusion, Therefofe,
an upper limit of the ratio of equilibrium.grainboundary concentration to thev
equilibrium lattice concentration may be obtained from Calder's.data and from

the calculated concentration profiles in the grainboundary and bulk diffusion
o |

models. The amount of tritium in the grainﬂogndary diffusion component is

7JL @(y, t)dy, where 7'=~the’fatio of equilibriumfcoﬁcentration in the boundary to

that in the lattlce and ¢(y,t) is the average ‘concentration at depth y in the

grainboundary model. The total tritium in the sample is fL C(y,t)dt + v JL¢(y,t)dt
S 0

where c(y,t) is the concentration in the bulk model. Equating the calculated

fraction to the measured fraction, y was determined to be 0.037 which is con-

siderably below the value of 1.0 expected for equal tritium solubility in grains

and grainboundaries. If one uses this reduced grainboundary concentration, the
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2.2, Tritium Transport in Zircaloy-2.
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vratio of equilibriﬁm release rate through the boundaries to that through the
lattice at 500°C, 570°C and 698°C is found to be 2.05, 1.7 and 1.2 reSpectively.
The corresponding values assuming no difference in équilibrium concentration
between the grainboundaries and the lattice are 55, 42, and 32, Thus it appears
that low solubility of.t:itium in the grainboundaries could explain the absence

of a significant grainboundary corntribution ito hydrogen permeation of stainless

‘The following conclusions are drawn from the grainboundary diffusion work:

The idealized model of grainboundary diffusion used.in this study
overestimates the actual movement of tritigm.along grainboundaries.
The grainboundary diffusion model predicts a much earlier release of
tritium from the back face than thé predicted by bulk diffusion model.
It also predicté equilibrium release‘rates through grainboundaries
that are 30-60 times greater than that predicted by bulk diffusion
between 500°C and 700°C.

While autoradiography of tritium tagged stainless steel foils éhow
that grainboundaries are indeed rapid diffusion paths, their con-
tribution to the overall permeatioﬁ rate appears to be minimized

by surface trapping and possibly b? low solubility of tritium within

) |
the grainboundaries..

|
Tritium segregates at various crystallographic defects such as second

phases, twin boundaries and stacking faults as well as around slip
bands on cold-worked specimens. It also concentrates on the specimen
surface in large patches which are believed .to correspond with oxide

layers.

2.2.1.

Summary of Prior Year's Work

No new studies on Zircaloy were undertaken during the last renewal period

of this contract.
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|
Literature data for bulk diffusion coefficients of hydrogen in Zircaloy
differed over 4-10 orders of magnitude in the temperdture range 50°C-400°C. It
was believed that a reason for this disagreement between the results of various

|
methods of measurement might have been surface effects which could inhibit both

the absorption of hydrogen into the bulk and the release of hydrogen from the
bulk. Recoil-injection, as in the case of skainless steel studies, appeared to
be a possible way to introduce tritium into the bulk region without being affected

bby surface effects,

The Zircaloy-2 samples Weré prepared in a similar manner to the stainless
sfeel samples described earlier. It was found that reproducible measurements of
tritium concentration profiles could be made by remdving thin sections by chemical
polishing and assaying the polish solution for trifium after distillation.

Diffusion anneals were performed either using an oil bath or using a molten tin

tritiﬁm from the samples by flowing P-10 gas around the specimen and then through
a proportional counter. The experimental methods and the results are discussed
by Austin, et al.(ls)
The concentration profiles. of diffusion-annealed specimens consisted of two
components: a high concentration on the surface within a 1-3 um region followed
by a bulk diffusion region. No significant graipboundary.componeﬁt was observed,

The bulk diffusion component was consistent with classical one-region diffusion

model and yielded bulk diffusion coefficients given by the éxpréssion
2 -1 e
D(cm™ - sec ") = 0.00021 exp(-8.5 KEal/RI) , (24)

in the temperature range'-?SOQ to 204°C. These values are in close agreement

with the measurements repdrted by.Kearns(zs)’and are well above the values

obtained from experiments where surface effects could have been significant.
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The surface région diffusion coefficients were obtained by analysis of the

|
(18) as in the

tritium release kinetics data using the two-region diffusion model
case of stainless steel data. The resulting apparent diffusion coefficients gave

the Arrhenius relation :
|

D(cm2 - sec-l) =0.12 x 10-13 exp(-5.5 kCal/RT) (25)

in the temperature range 25°%C to 411°%. The;e values are lower than the bulk
diffusion coefficients by seven to eight ordFrs of magnitude and were found to
be the rate-limiting parameters for tritium Evolution from the specimens. It is
believed that the low‘releaée rate from the surface layers of Zircaloy is due to
oxides of zirconium tﬁat form readily upon exposure to air.

Tritium transport through Zr0, surface films was studied further by forming

2
oxide layers on Zircaloy-2 specimens by controlled oxidation in oxygen at 200 Torr
and studying the kinetics of release of recoil-injected tritium from these specimens.
In séite of long-term diffusion anneals at up to 60000, there was little break-
through~release from the bulk region through;the oxide layer (although based on

the surface layer diffusion coefficients givén by equation (25) breakthrough

release would have been expected). The total tritium released in these experiments

came from what had been originally recoiled into the oxide layer. Thus it appears

that the diffusion coefficients given by equation (25) may be upper limits for

the values that control'tritidm.pErmeation through oxide films on Zircaloy.

2.3. Tritium in Light Water Reactors

It is of interest.to consider the iﬁpli:ations of the diffusion results dis-
cussed to nuclear power reactors.” From the standpoint of environmental safety,

the quantity of interest is the amount of tritium in the primary coolant. Light

water reactor plants keep this’éoncentrétion‘within reasonable limits by frequently

replacing a portion of the primary system water with fresh water. There have
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(26)

been efforts by reactor manufacturers to correlate the observed primary system
tritium activity to the activity due to boron and lithium reactions in the primary
water and assign the difference between these to release of tritium from fuel

pins and burnable poison pins. In general, the results show that most of the
tritium in stainless steel clad pins is released, Such programs for following

tritium in power reactors do not, however, predict. the time-dependent release

rate from the pins,

2.3.1. Summary of Prior Year's Work

A tritium release model that included surface effects in cladding was formulated
in order to check whether the basic tritium diffusion data would predict release

rates from fuel pins which are consistent with observations in pressurized water

"reactors. The model assumed a cylindrical fuel rod generating a constant power

with all of the tritium diffusing classically within the fuel; the tritium atoms
released from the fuel were assumed to dissolve into the cladding surface and
diffuse classically through an inner surface layer_énd a bulk region and an outer
surface layer with diffusion coefficients in each region given by equations (24)
and (25) was assumed, The model and the predicted release rates for fuels pins of
PWR and BWR types are discussed by Abraham, et al.(27)

The results showed that in a year of ifradiation, about 80% of the tritium

generated in the UQ, fuel would be expected to diffuse out of the fuel and in

2

stainless steel clad fuel pins, almost éll~§f this tritium would permeate through
the cladding into the coolant water, However, in Zircaloy clad pins less than

1% of the t;itium‘generated in a year would be éxpected to enter the coolant if
the Zircaloy has outside layers on either side which are 2 ym thick. This

|

difference between stainless steel and Zircaloy.cladding occurs because of the

|

dramatic difference in tritium surface layer diffusion coefficients. In stainless -

steel the surface region diffusion coefficient is only about 200 times smaller
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. than the bulk diffusion coefficient, ‘whereas in Zircaloy the corresponding

difference is a factor of about 108. Since an 1150 Mw light water reactor would
generate about 15,000 Ci of tritium/year in. the fuel,.even 1% of it if released
into the coolant would result in about the same amount of tritium in the PWR
reactor coolant as is produced through boron reactions. This result indicates
that even though surface films on Zircaloy are nearly perfect barriers to tritium
diffusion, release of ternmary fissibn tritium from stainless steel clad elements
should be considered on an equal basis with other sources of tritium in light
water reactors. .These conclusions are generally in agreement with reports in

(28-31) They are also consis-

literature of measurements on irradiated fuel pins.
tent with the general observation that reactors with stainless steel clad cores
have shown about 50 times higher tritium acéivity in the coolant than those with
Zircaloy clad cores.

In order to compare plant data with model predictions, the tritium activity
in coélant water resulting from 10B(n,2a)3H and from 7Li(n,an)3H reactions were
calculated for Carolina Power and Light Coﬁpany's H. B. Robinson Plant for an

|
80-day period.in the middle of the first cycle. Actual boron and lithium con-
centrations and time-dependent let-down rates from plant records were used. The
results were compared to plant data on 3H activities in the primary system water.
The comparison showed that about 50% of -the observed activity resulted from the
boron and lithium reactions, thus implyiﬁg that the rest must have been the
result of tritium release from fueivpins and'burnable'poispns{ Release of about
0.5% of the tritium from fhe fuel pins‘éloni‘woﬁld be sufficient to account for

this difference. -

2.3.2. Work in Progress - A Computer Code for Tritium in PWR's
Based on a request from a utility‘compaﬁy; a computer code to calculate
tritium activity in the primary system of pressurized water reactors is being

compiled currently. The code calculates production rates of tritium in all types
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of sources within a.PWR'and.computes release rates from the various sources into
the primary coolant. Based on these release rates and the coolant let—down.and
make-up rates, it calculates the time-dependent tritium activity in the coolant.

The predictions from this code will be compared against extensive data from
the H. B. Robinson #2 nuclear plant and parametric studies will be conducted to
establish the sensitivity of the results to parameters that are most uncertain
in the model., It is expected that this code can be made available from the

Argonne Code Center for general use.
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3. TRITIUM DIFFUSION IN FUSION REACTORS

3.1. Tritium Transport in Niobium

Niobium and niobium alloys are prime candidates for use as a structural
material in CTR's, Measurements of hydrogen diffusion coefficients in niobium by

32) ., .. . .
(32) indicate that in the temperature range of operating

a variety of methods
CTR's (SOOOC - lOOOOC), these diffusion coefficients are nearly as high as for
liquids. Because of the possible problems this might introduce in CTIR blankets,

it was felt than an investigation of rate-limiting steps in the release of tritium

from niobium is important,

3.1.1., Summary of Prior Year's Work

Cylindrical specimens of niobium were recoil-doped with tritium up to a
maximum tritium concentration of 0,005 ppm by weight. It was verified by electro-
polishing 1-2 um sections that the concentration profiles in the bulk region at
room‘gemperature was consistent with tritium diffusion coefficients quoted by

Hickman.(33)

Large concentration of tritium was observed in a 1-2 um surface
layer of the samples, indicating that surface trapping of tritium,

Release rate of tritium from the recoil-injected specimens was monitored.
Below 600°C the total release of tritium over a 4- to 5-day period was no more
than about 3% of the total tritium in the sa@ple. The apparent diffusion co-
efficients for release of tritium from surfa%e layer as determined from this
data were seven to ten orders of magnitude lbwer than the bulk diffusion coefficients
in the temperature range 600°C to 900°C. ‘

Above 600°C, it was possible to observe tritium from the bulk region per-
meating through the surface layers. This reiease through the surface film could
be analyzed according to two different modEIg. If one hypothesized that this
release was occuring freely only through cracks in the surface film, based on the

(34)

model of Inthoff and Zimen, one could calculéte the effective fractional
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surface areas through which the tritium release occurred, These fractional surface
areas ranged from 10'-3 at 600°C to 10-1 at 960°C. It was also possible to analyze
the fritium release data using mass-transfer‘model in which case one assumes that
the flux at the surface is.proportional to the surface concentration of tritium.
From such a model, the mass-transfer coefficient could be determined at various
temperatures. While the mass-transfer model could fit the experimental results
reasonably well, it was not consistent with the observation that the build up of
tritium at the sufface occurs over a depth of 1-3 ym and is not strictly a surface
effect.

 A11 of these results for niobium are discussed by Peﬁnington, et al.(35)
It was clear that the surface layers on niobium act as very strong barriers to
rglease of tritium and that release rates calculated using only bulk diffusion
coefficientsbwould grossly ovefestimate the true release. However, the surface
film characteristics, their stability in a strongly reducing environment (such
as iéwcontact with lithium in CTR's) and the model that appropriately describes
diffusion through these films were unclear”ffom this work. Therefore, it was

decided to pursue further investigation on tritium diffusion through niobium

surface films.

3.1.2, Tritium Diffusion Through Oxide Films on Nb
\

3.1.2,1. Techniques

Cylindrical niobium specimens, strain-annealed at 800°C in high vacuum, were
either electropolished,to remove ény‘sufface films or electropolished and heated
in air to obtain oxide films of different thicknesses énd adherence. Following
recoil implantation of t;itium into these specimens, the tritium release rate
from the surface was measured as a function of.time.by-miging'the tritium with
P-10 counting gas and flowiﬁg through a proertional countér. Some specimens
were heated through a series of temperaturesfto establish release rates at each
temperature while other samples were heated only at a single temperature (denoted

as a "fresh" sample in the text)., The maximum initial tritium concentration in

the specimens was approximately 0.005 ppm H31by weight,
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tained tritium. Details of this experimental technique have been described

.earlier.(35)

kinetics. For direct observation, niobium foil samples were coated with nickel
layers approximately 0.001 inch thick following a standard procedure described

by the Buehler Corporation.(36)

~at NASA Langley and at the Physical Electronic Industries, Inc., Minneapolis,

determining concentration progressively.

|
sweep release tritium into the proportional cgunter. Some oxidation of lithium

occurred during heating but the ribbon remained in contact with the niobium sur-
face. Tritium in the lithium was determined by dissolution of the lithium in

water followed by liquid scintillation counting of the neutralized solution.

3.1.2.2. Results and Discussion

3.1.2.2.1. Diffusion in Bulk Niobium

An.estimate of the tritium diffusion coefficient within niobium at room

temperature was obtained by three techniques.

Direct measurements of tritium profiles were made in some specimens through

removal of surface layers by electropolishing followed by measurement of the con-

Oxide film thicknesses were measured by direct observation with an optical

microscope, Auger spectroscopy, or indirectly through anomalies in tritium release

The foils were mounted in lucite with one edge
exposed and polished or polished and etched for observation. The method was not
particularly successful and often yielded oxide film thicknesses which were at

variance with the other techniques. The Auger spectroscopy studies were performed

Minnesota. Compositional depth profiles of various elements present on the sur-

face were obtained by "sputtering' away the surface at a predetermined rate and
y P g y p

In order to determine if surface oxide films on niobium can be maintained in
the presence of lithium on the surface, release experiments were run by wrapping

specimens with lithium ribbon and heating. A P-10-hydrogen gas purge was used to
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Tritium profiles were measured to a depth of approkimatglyVSO p in three
niobium specimens by electropolishing layers from the injection face soon after
tritium injection. Foliowing a high tritium concentration in the first 1-2 ym,
the concentration profiles appeared to be nearly flat even though diffusion times
were.only 1 to 2 hours at 20-40°C. These profiles were found to be in general
agreement with the profile predicted by Hickman's equation (Figure 13) but not
the expression -proposed by Ogurtani (Figure 13). The diffusion solutions for an
initial recoil concentration distribution have been presented by DiCola and

(13) and profiles for specific values of Dt were presented in an earlier

(35)

Matzke
publiéation. The measured gradients are quite small and higher diffusion
coefficients would produce even flatter profiles so the calculated value of D
shown by point a in Figure 13 is regarded as a lower limit.

In the second method, tritium was injected into one face of a 0.010 inch
thick foil and sections were removed from the back face for tritium measurement.

(37) observed

This Qariation of the preceding method was carried out since Westlake
that electropolishing could force hydrogen into vanadium specimens and produce
anomalously flat profiles. Polishing from the back face would prevent anomalously
high D's by this process. The annealing time was 1.5 hours at room temperature
and the observed tritium profile was essentially flat. It was possible to esti-
mate the lower limit of the diffusion coefficient required to produce an essentially
uniform distribution at the back face and this value is shown as point b in
Figure 13.

In the third method, the rate of 'lateral' diffusion of tritium within a
specimen was measured. Approximately one-half of the injection face of a niobium
foil was coated with Li,CO_ and irradiated. Levels of tritium were determined

273

subsequently in surface layers on both the front and back faces of the uninjected

half of the sample as a function of aging time. From these values it was possible

to obtain an estimate of the rate of 'lateral' redistribution of tritium as a
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function of time. Using a solution presented by Crank(38) (eq. 217) a lower limit
diffusion coefficient value was calculated from these measurements and is shown

as point ¢ in Figure 13, Since all three methods yielded diffusion coefficients
reasonably consistent with Hickman's values, it appears .that the tritium is
diffusing rapidly within the specimens and the flat profiles obtained by the first

method are not an anomaly produced by the polishing method.

3.1.2.2.2. Tritium Release Results
Tritium release rates from niobium were significantly lower than the rates

(33 Below

predicted from the bulk diffusion coefficients reported by H{ckman.
600°C the disparity was extremely pronounced. The total tritium released over
a four-to-five-day period was lesé than 10% at temperatures up to 500°C whereas
bulk diffusion coefficients would imply essentially complete release after one
second at room temperature. |

Figure 14 shows a set of experimental release fraction vs t% curves along
with a curve which shows the predicted release fractions at 25°C from the reported

'bulk' diffusion coefficient value.(33)

A linear dependence with t% was observed
over the very low release fractions measured. The data for 400°C and 500°C were
obtained from samples which were preoxidized at 200°C for 1 hour in air prior
to tritium implantation. The data for temperatures 25°C and 200°C were obtained
from samples which were not subjected to any additional treatment following
annealing. |

Figure 15 shows tritium release curves at higher temperatures and release
fractions. The (t)l/2 dgpehdence observed.for 1§w'release1fractions disappeared
and the fraction was linear with time for all the temperatures up to release
fractions of 0.4 or 0;5. The data at 9009CVshdw a decrease in release rate with

time but the decrease was most apparent above f = 0.5 where the depletion of the

tritium in the specimen would be expected to show such an effect. A calculated
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curve at 300°C derived from bulk diffusion coefficients is included in Figure 15
to illustrate ﬁhe disparity between observed and predicted release fractions.

If the trifium release rate decreased in proportion to the average concen-
tration of tritium remaining in the specimen, the ffactional release curve would

be of the form:

£(t) =1 - (26)
where

k = a constant

A plot of 1In(l - f) versus t would then give a straight'iine for all release

fractions. Figure 16 shows the higher temperature data plotted in this fashion.
Up to release fractions of approximately 0.9, linear behavior was obtained. No
data above release fractions of 0.9 were included as there was some uncertainty
associated with the determination of total tritium in the specimens which
accentuated the error in (1 ~ f) at high fractions,

Figures 14, 15, and 16 illustrate a release pattern in which the tritium

(¥}

]

release fraction is proportional to t° for very low fractions and then stabilizes
at an essentiaily constant release rate which decreases in proportion to the
total tritium remaining in the specimen. This pattern is not consistent with a
single-region bulk diffusion sqlution but can be ekplained by surface controlled

release as might result from the presénce of a surface oxide film. The following

section describes one model which can be used to represent the experimental

results.

3.1.2.2.3. Tritium Releasé Model

All of the experimental results can be .qualitatively ekplained on the basis
of classical diffusion in niobium cylinders with a 1-2 pm:thick surface region

that controls the tritium release rate. This model is depicted schematically in
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Figure'17. Tritium concentrations in the two regions are described by the equations

Region I: D, 7€, ( _acl ‘
egion I: 1 1(r,t:) =3C a<r«<b (27a)
. , 2 o€,y
Region II: D2V C2(r,t) =3 0<r<a (27b)
with the boundary and initial conditionms,
Cl(b,t) =0 t >0 (28)
BCZ - ) '
'5;_—] =0 |, | t>0 \ (29)
r =0
Cl(a,t) = C2(a,t) (30)
aC C
1] _2’) o
D, — =D, — (31)
1 or r =a 2 3r r =a
C.(r,0) =C [l - 22X a<r<b (32)
1 o b ~R ’
C(r.O)=C[l-b-r] Rsrga (33)
2" o] b - R ?
Cz(r,O) =0 , ~ O0<r <R (34)

where D1 = the diffusion coefficient in the sﬁrface region and'D2 = the bulk
diffusion coefficiént.

The initialycondi;ions.qésﬁme_tbat the recoiled tritium is distributed linearly
with a surfacé concenﬁratiqﬁ.co at r = b‘and zero concehtration at r =R, The
quantity (b - R) is phg':ecoiivfange of tritium in nisbiUm,".ThiS'initial distri-
bution is shown to be.épprOpriate for‘recoil—implanted diffusant atoms by DiCola

and Matzke.(13)
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The above set of equations can be solved by eigenfunction expansion method as

(39)

outlined by Ozisik but numerical computation using this solution is generally
inefficient, Furthermofe,.a two-region slab approximation for the cylinder would
be sufficiently accurate since the radius of the niobium samples is about 0,25",
In this case the thickness of the slab will be equal to the radius 'b' of the
cylinder andvall of the equations (26)-(34) with independent variable 'r' changed
to x would apply. Such a set of equations was solved numerically using standard
finite-difference approximations. A second-order correct finité-difference analog
was used to compqﬁe the concentration profile as a function of reduced time
variable 7 = Dlt/(b - a)z‘for the following vaiues of the reduced parameters:
D2/D1 = 104, (b - R)/( ~-a) =21, and b/(b - a) = 6.35 x 103. Figure 18 shows
the concentration profile for five different values of 7. After a sufficiently
long time, the concentration profile in the bulk region becomes esssentially uni-
formland the profile in the surface layer is nearly linear. The release rate for
this case must be approximately constant with time until the bulk concentration
becomes depleted and the gradient across the surface layer gets smaller,

From the finite-difference program, it was possible to calculate the frac-
tional release as a function of reduced time T,.using Fick's first law. Figure
19 shows the results for 10-'2 < T <2 X 103. The surface film initially contained
about 10% of the total tfitiﬁm. The 5-67% release obtained up to 7 = 2 is primarily
release of this tritium present initially in the surface layer. For 7 > 103, the
release rate appears to be essentially constant implying that a quasi-steady

state has been reached. For surface layers that are thinner than the 1 ym

assumed in this calculation, the steady-release rate would be reached at smaller

values of ¢ than 103. After this quasi-steady state has been reached, the
release rate is controlled by the gradient of the concentration in the surface

region which is -Cz/(b - a), i.e.,
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c

,
=0, (%) =nc, | (35)

D _ail_]
16}{ X =

where h is the mass transfer coefficient at the surface of the bulk region and

b

h =D1/_(b - a).
The above formulation implies that at long times the release fractions

may be computed from a one-region model with a mass transfer boundary condition.

Using the same notations as in the case of the two-region slab model, the

equivalent one-region slab model is represented by

2%, (x,t)

2 :
D = , 0<x<a (36)
2 ax2 ot '
BCZ
___] =0 , . t>0 (37)
ax
X = a
aC, |
Dz-a—x—-hcz:o, ] x =0 | t>0 (38)
. -
Cz(x,p) = Co(l - 'ﬁ) -, 0 <x <R (39)
Cz(x,O) =0 |, R<x<a (40)

The solution to this'problem is easily obtained by the integral transform tech-
| (39) '

nique discussed by Ozisik and the,fractiona} release as a function of time

is given by

-D252t |
Sin B a e’ m _ ' (41)

wino

£(t) =1 - EAm

where Bm,are calculated from

(42)

UI:J‘

Bmtanﬁma = ;
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A =23 [sin g a+ (1/8 R){Cos(B a) - Cos[B (a - R) ]}1 (43)
m 2077 "m “m m ) m ' .
Bm
and
s= (82 + n’/p2y/{a(gl + b2/%) + /)] (44)

The dotted line in Figure 19 represents the results of this model for the
range 101 <7< 104. ‘The initial amount released from the surface film (approxi-
mately 5.5% as shown by the two-region model) has been added to the values obtained-

from the above one-region model, since the latter does not take that into account.

'The two-region model results and the one-region model results appear to converge

for 7 of the order of 5 x 103. Unfortunately, the finite-difference computations

could not be extended beyond 7 =2 x 103 because of computational restrictions.

Figure 19 also shows the fit of results predicted by the model of DiCola and

(13)

Matzke according to which the initial fractional release is given by

o = fB | (45)

v

It is clear that the initial release from the oxide film in the two-region model

essentially coincides with the release calculated by the above equation (45).
A further simplification can be made for computing release rates at long

times by ignoring thevdiffusional resistance withinvthe bulk.A Since the sur-
face fiim resisténée i$ s;veral orders of magnitude higher than the bulk diffusional
resistance, thié-seems justifiable, In that case thé release rate would decrease
in proportion .to thevaverage concentration of tritium remaiﬁing in the specimen,
i.e., o |

dC2 - :
v g== = -h-A-C, : ' (46)

where v and A are the sample volume and surface area respectively. This equation

can be rewritten as

(1 - £) _ (47)
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where £ is the fraction released. The solution to this problem has been given

earlier by equation (25). In this case
A . .
k= (48)

The results using this formula [equation (26) ] are shown as circled points on
Figure 19. The long time release is well represented by this simple expression.
Furthermore, as pointed out earlier, In(l - f) is a linear function of time which
agrees with the experimental observations in the temperature range 600°¢-900°C
(Figure 16). For kt << 1, £(t) ~ kt which shows that at relatively short times,
the fractional release is proportional to time. (Figure 15).

Log h values are plotted versus % for each individual sample in Figure 20,
The lines connect results for identical samples, For all the samples a distinct
break is observed in the plots at about 600°C. Below this point, the activation
energy charééterizing a least-squares fit to>the data was 5.3 kCal/gm mole. The
activ;tion energy values for the least-squares fit obtained above 600°C was 23.2

kCal/gm mole,

The least-squares, best-fit values of h from Figure 20 are given by:

-6
- -6 + 8.69 x 10
h(em sec 1) =6.39 x 10 - 3.62 : 10-6 exp[~(5260 i,1170 Cal) /RT ,
200°c < T < 600°C  (49)
n(em sec”) =0.277 ¥ 02 expr (23180 & 2150 cal)/RT]

600°c < T < 900°c  (50)

The sample to sample’vatiation in the h values in Figure 20 are considerable,
Since h = D1/(b - a) where'b - a is the thickness of the surface film, the most
plausible explanation seems to be a change in surface film thickness values. TFor

two of the samples an unexpected decrease in the release rate was observed when
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heated from 300°C to 400°C (Figure 20). Accidental oxidation of the surface

(thus a change in b - a) is believed to be responsible, -

3.1.2.2,4, Temperature Cycling

Specimens were heated through various temperature cycles and the tritium
release rates measured at each temperature. These experiments showed that

tritium release rates at a given temperature could be influenced by the specimen-

_temperature history, presumably as a result of changes in the surface films

during heating.

Tritium release rates at temperatures above 60000 Qere dnaffected by cycling
specimens to lower or higher temperatures, This fact is illustrated in Figure
21A where the 600°C and 700°C release curves for a sample heated through the
sequence 400°C, 600°C, 700°C (marked I); 400°C, 600°C, 700°C (marked II) are
plotted. The tritium release properties of the surface film were apparently
unclanged for the two GOOOC,vand the two 700°C heatings. It was similarly observed
that a sample could be cycled through any temperature sequence between 100°C and
500°C without changing the release rate at any given temperature. Figure 21B
shows the results from a typical experiment with a heating sequence 300°C, 400°C,
500°C (marked I); 400°C,'3000C (marked II). However, the reproducibility of low
temperature (< SOOOC)_release ratesvdisappeareinf the temperature exceeded
600°C during a cycle. For example, in Figure'ZiA the reléase rate at 400°C during
the second heating (marked as II) was virtually zero. The‘tgtal fraction of
tritium reléased was far below the total contained in the specimen so the result
reflects changes in the properties of the surface film réther than tritium
depletion,

Thermally stressing.a specimen produced changes in the surface film. A
specimen giving low tritium felease ratés ét 400°C following heating to temperatures

> 600°C, would again begin releasing tritium when the sample was suddenly cooled
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to room temperature or lower and heated back to 400°C. Curve II in Figure 21C
shows the new release rate at 400°C after sudden cooling to room temperature for
a sample initially giving no release at 400°c (marked I).

When a sample con;aining tritium was electropolished to remove 4-5 m of
metal from the surface, release rates at all temperatures reached values higher
than those obtained for a freshly implanted annealed sample., The behavior des-
cribed above during temperature cycling could then again be reproduced.

A possible explanation for this behavior is the existence of channels, cracks,
or other defects in the surface film which control tritium release at temperatures
below 600°C for the annealed and freshly implantéd samples. The low activation

energy observed for tritium release below 600°C (Figure 20) supports this inter-

"~ pretation. The activation energy in this temperature region is close to the

(33,59) This would be

values reported for bulk diffusion of hydrogen in niobium.
observed if the tritium release at low temperatures was controlled by bulk
diffusion while the effective sample surface area was constrained to some low

(40) have proposed a similar

value by a network of cracks. Strehlow and Savage
model to explain their hydrogen permeation results for oxidized steel specimens.
Exposure to high temperature (> 6000C) presumable results in 'healing' of these

cracks and the tritium release is then controlled by diffusion or solubility of

‘the tritium in the oxide film, Oxygen diffusion rates in niobium become signi-

ficant above 600°C which could promote crack healing. This interpretation is

consistent with the .cycling results.

©3,1.2.2.5. Film Thickness Effe@ts

The tritium released from specimens at room temperature gave initially
linear f versus t? plots which then dropped to a negligible release rate at very
. - ) . ;
low release fractions. A release fraction linear in (time)™ is characteristic

of a one-region diffusion solution which has the. following form for a recoil-

injected slab:
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f(t):% Dt por DE oy ' (51)

where-

s
]

tritium recoil range (cm)
D = diffusion coefficient (cm2/sec)

annealing time (seconds)

(ad
i

From Figure 19, it is apparent that the release drops significantly when 507%
of the tritium in the oxide film is released (the remaining 50% diffuses into
the metal). The release fraction associated with a rapidly decreasing release
rate at low temperatures was assumed to correspond with 50% of the initial tritium
in the oxide and the oxide thickness was calculated accordingly.

Film thicknesses calculated by this approach are subject to a number of
assumptions and uncertainties, not the least of which is the assumption that a
specific film thickness exists. Oxygen profiles taken with an Auger spectrometer
show an oxygen gradient in the specimen surface layers but not a discontinuity
which could mark a metél—oxide interface (Figure 22). The film thickness cal-
culated above identifiés only a surface layer from which tritium release is rapid
andbﬁhich'may or may not correspond to a physical oxide barrier on the specimen

surface. The thicknesses calculated are believed to represent lower limits since

some tritium release occurred during irradiation (believed to be less than 15%)

and some small additional amount of tritium could bé_removed from the surface
layers by heating above room temperature,

The film thicknesseé.calchlated from the room temperature release studies
were used as 'B—a' to obtain valpes»of»Dl‘from thé plot of gn h in Figure 20.

D o
since h =L . These Dl's are plotted in Figure 23 as fn Dthru vs 1/T and repre-

b-a
sent effective diffusion coefficients for tritium transport through the surface
film as represented by equation (35). It should be noted that the spread in

results is considerably diminished from that presented in Figure 20 which suggests
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that tritium release rate decreases with increasing oxide thickness over the

measured range of film thickness from ~ 200A° to 3000A°. Values of Dthru are
given by:
2 -1 -11 +2.51 x 10711
Dthru(cm sec ) =9,02 x 10 -1.96 % 10-11 exp[ - (6060 + 320 Cal)/RT]
200°C < T < 600°C  (52)
D, (em®sec™l) =2.59 x 1078 10-89.% 1070 [-(23630 + 600 Cal) /RT ]
thru - -0.66 x 107> P ;

600°C < T < 900°C  (53)

The activation energy in equation (52) differs slightly from that in equation (49)

because several specimens with thick oxide films were not used in the least-
squares calculation Of.Dthru' The D's identiﬁied as DS in Figure 23 represent
diffusion coefficients fof release of tritium from the surface film and were cal-
culaféd from the initial slope of the release curves and equation (51). These

values are represented by:

Ds(cmzsec_l)vz 1.38 x 10_15 exp(-1300 Cal/RT) (54)

N

It was possible to measure these low values of Ds without significant inter-

-ference from tritium diffusing through the film because the tritium in the bulk

metal was uniformly dispersed prior to the release experiment whereas the surface
film tritium femained.concentrated nearithe‘surface. 'Tritium release rates from
the surface film therefore exceeded the release rates through the film during the
initial stages’of an:eXperiment even éhdugh thé‘diffusion coefficients for trans-
port through the film were much‘larger than the surface-layer D's,

The observatidh of different oxide diffusion coefficients for the tritium
initiaily at rest in the oxide (DS) and the tritium diffusing through the oxide

from the substrate (Dthru) is at variance with the model in Section C which
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assumes a single diffusion coefficient (Dl) for transport through the surface

film. This difference is not unexpected physically since the diffusion rate of
tritium within the surface film crystallites could be lower than the diffusion

rate between the crystallites. Also the model assumes that the tritium concentra-
tion is continuous across the oxide-metal interface which is not necessarily true
in the real case. A partition coefficient other than unity would produce different

apparent diffusion coefficients for transport through the film and release from

~the film.

Because of the difficulties in determining an effective oxide film thickness

and the actual tritium concentration in the oxide at the interface, the quantity

h in equations (49) and (50) and in Figure 20 is a less ambiguous representation

of the effect of oxide surface films than the values D expressed in equations (52)
and (53).
Thick oxide films tended to spall from the metal-Surféce and were no more
effeétive than thinner films in retarding tritium. The tritium release rates
from the oxide were complex and appeared to represent several different release
rates, A typical release curve from a highly oxidized specimen is shown in
Figure 24 which illustrates the several components to the release curve. The
results suggest that it is thin, adherent oxide films of several hundred to several
thousand Angstroms thickness which are mostleffective in retarding tritium release.
Oxide film thicknesses from Auger spectra were estimated by arbitrarily
assuming that the film terminated whenvoxygen concentrations dropped to 20% of
the surface concentratioﬁ (Figure 22), AugerISpectroscopy, direct observation
and surface-film tritium release showed»tﬁe same trénds for film thickness changes
from specimen to Spécimen but agreement between the absolute values was poor.
Table 3.1 presentsvmeasured-thickﬁesseé for the three methods for different
specimen treatments.
The résults-show that it was possible to modify tritium release rates

somewhat by controlling specimen oxidation but it was not possible to obtain




Table 3.1. Sample Film Thicknesses As Determined By Various Methods

Techniques
Employed

Sample Pretreatment:
As annealed, gxposed
to He at >700 C and
cooled to room temper-
ature

Sample Pretreatment:
Oxidized in aér
(1 hour at 400" C)

Surface film
release method

Auger Analysis

Direct Observation

Sample Pretreatment: Sample Pretreatment:
As annealed As annealed and
electropolished
1730 = 760 A° 282 & 52 A°
183 + 125 A 32.5 £ 3.5 A
110,000 A° 2500 - 5000 A°

Not determinable

27.5 + 3.5 A°

6,000 A°

180 A°

20,000 A°

oY
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sufficiently clean surfaces by electropolishing or vacuum annealing to significantly

increase tritium release.

3.1.2,2.6. Effects of Reducing Atmospheres

Attempts were made to lower the oxygen potential during tritium release by
adding hydrogen to the flow gas or wrapping specimens with lithium metal ribbon.
The purpose was to determine if the surface oxide film could be sufficiently
altered by the reducing environﬁent to increase tritium release rates from the
specimens.

Heating in 22% H,, 78% P-10 (mixture of 10% methane in Argon) gave tritium

27
release fractions below 500°C which were unchanged from earlier values but
release fractions at_7OOOC and 800°C wefe increased dramatically and were con-
sistent with the release fractions expected for bulk diffusion controlled release.
Experiments between 500°C and 700°C showed a transitional behavior and gave
release fractions higher than those observed with a P-10 gas flow but lower than
the values predicted from bulk diffusion coefficients. The release rate at 500°¢C
increased steadily with time and reached a maximum value 15 to 16 hours after

the initial heating, implying kinetic effects on film removal.

Lithium metal is more reducing than hydrogen and would maintain a lower
oxygen potential than hydrogen at equilibrium. Release experiments at ZOOOC,
4000C, and 500°C in the presence of lithium metal aﬁd’hydrogen P-10 gas flow
gave tritium release fractions which were increased éubstantially from the values
obtained with hydrogen oniy, showing further destruction of the oxide film.

The experimental relgase fésults are preéénted in Figure 25 as a semilog
plot of tritium fraétional release rate (R) versus (Temperature)—l.

In the low temperatufe_hydrogen experiments where release was still con-

trolled by the surface film the release rate is proportional to Dll(b—a) (or

D . . . .
more appropriately thru) and tritium concentration, as given in equation (35).

(®-a)
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The release rates were observed to drop slowly as bulk concentrations decreased
and it is the initial release rates which have been tabulated in the figure. The
data band shown in Figure 25 indicates the initial release rates obtained from
the data in Figure 20 which were obtained with a P-10 gas flow. It is apparent
that release results below 500°C were unchanged by Hz flow but were significantly
increased by the addition of lithium.

The pronounced increase in release rate at higher temperatures was believed
to reflect removal of the oxide film, The release rate for a uniform distribution

1
-
fOr ShOIt time

of diffusing gas is strongly time dependent with R dropping as t
periods, The release rate tabulated is therefore an average value for the first

1 to 5 minutes of heatiﬁg and a similar average was taken for the upper dotted
curve which presents the predicted release rates determined from the bulk diffusion

(33), The use of an averaged release rate for

coefficients proposed by Hickman
the high temperature data is not a completely satisfactory method of presentation
but is one way of representing the transition from bulk-controlled to film-controlled
release on a single plot.

Figure 26 shows that the high temperature tritium release in hydrogen was
consistent with published diffusion coefficients and one-region bulk diffusion
at all release fractions. All data points consistent with these D's will 1lie
on the'heavy black line since the bulk diffusion D's were used in the calculation

(38)),_ Agreement of the 800°C and 900°C data

of the abscissa values (see Crank
is excellent, the 70000 results lie somewhat below the 1iné, and. the SOOOC data
begin to show a significant surface film effect; 

The stability of the surface oxide film in hydrogen at temperatures below
500°¢C may be due tovtrace moisture impuriﬁies'in the hydrogen. Five different

(41)

types of oxides can form on the niobium sample: two suboxides — NbOx and

NbOZ, the exact composition for which are not known, and the three oxides — NbO,

Nb204 (or NbOz) and Nb20 Thermodynamic data for the suboxides are unavailable

5°
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so the following discussion is limited to the three known oxides. The oxide

reduction reaction in H2

-may be written:

K
1
(1/y)Nb0y 2 (1/y)Nb + (1/2)02 (55)
%
H, + (1/2)02 = H,0 (56)

where K1 and K2 are the equilibrium constants.

Assuming the solids have aﬁ activity of unity, the prodgct Kle gi&es the
equilibrium preséure of water vapor divided by the pressure of hydrogen,
P(HZO)/p(Hz). This ratio is plotted in Figure 27 for the three known niobium
oxides using values of K.l and K2 from Schick.(Az) The presence of as little as

.01 ppm H, 0 as an impurity in the hydrogen is seen to be sufficient to stabilize

2
all oxides at temperatures below approximately 450°C. Alternatively, at 800°C

all oxides are reduced even if the moisture concentration is allowed to go as

high as 1 ppm. 1In spite of efforts to reduce moisture concentrations by cold-
trapping, it seemed unlikely that values below .0l ppm were obtained with the
equipment used and the apparent stability of the oxide film below 500°C can be
explained by the presence of a small amount of moisture in the flow gas. This
interpretation is supported by the experiments with lithium which can maintain

a much lower équilibfium oxygenbpoténtial_than hydrqgen aﬁd which exhibited

higher tritium release rates. The‘tritiumvreléase rates in the presence of lithium
were lower than ;he values expected if the'oxi&e_had been completely removed.
However, post-heating ana%ysis of the lithium'métal showed sufficient tritium in

the lithium for the specimen release to have occurred at rates characteristic of

the metal with no surface oxide.. The lithium metal results in Figure 26 should

therefore be regarded as lower limits,

In view of the difficulty in maintaining known, low oxygen potentials in

flow systems, no further experiments were carried out on film stability. From
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the earlier results, it seems reasonable to infer that no oxide film effects on
tritium release from niobium will be observed if the oxygen potential can bé
maintained at a value below the equilibrium potential for the known oxides,

An apparent effect of oxide films and oxygen potentials is evident in the
literature on hydrogen permeation of niobium. Results have been reported by

(43) (44) (45)

Steigerwald, Stickney, The permeability

and by Rudd, Vose, and Johnson.
coefficient data reported for the temperature ranges between ~ 400°¢-750°C show

a strong temperature dependence with an apparent activation energy of ~ 51 kCal/gm
mole. However, above 7OO°C—7$OOC, the activation energy characterizing the

(43,45)

permeability data, falls to ~ 3 kCal/gm mole., Figure 28 shows the per-

meability data reported by Steigerwald(43) (45)

and Rudd, Vose, and Johnson along
with the data in the present study from Figure 25. The change observed with
temperature is similar for the two sets of data, The permeability data, therefore,
appears to reflect an oxide film effect within the temperature range ~ 500°¢-750°C.
Any ékperiment carried ouﬁ with commercially puré hydfogen (~ 1 ppm H20) would

not remove the surface oxides in this temperature range and would be suspect,.

3.1.2.3, Conclusions

1. The several diffusion coefficients estimated for tritium in bulk niobium
by sectioning experiments are consistent with the Arrhenius relationship proposed
by Hickman. |

2, Tritium release from niobium specimens in nonreducing atmospheres is
controiled by the surface oxide film. A tﬁo-region diffusion model which assumes
lower diffusion coefficients in the surfacé layers than in bulk can fit the
experimental results. -

3. Tritium release rates from the niobium specimens ‘which had been electro-

polished, stored in a room atmosphere, and'injected with tritium are given by:

1 - 1) ' (57)

£
]
&la

hA
< ¢
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| where
-1 -6 +8.69 x 10°°
h(em sec ') =6.39 x 10 ~ _3'¢g _ 19-6 exp[~(5260 £ 1170 Cal)/RT]
200°%C < T < 600°C  (58)
h(em sec™) = 0.277%0 1%2 axp[-(23180 + 2150 cal)/RT]

600°C < T < 900°c  (59)

The uncertainty in the above e#pressions includes the variation which &és observed
for specimens wifh different oxide film thicknesses.

4. Tritium release above 600°C is characterized by a different activation
energy than release at lower temperatures. Tritium release appears to occur
through cracks or defects in the oxide film below 600°C with transport through
an intact film at higher temperatures. Subjecting specimens to stress increased
tritium release rates below 60000, presumably through the introduction of film
defects.

5. Tritium release fractions at short heating times were proportional to

1
4
? and are attributed to tritium release from the surface films. Release fractions

t
at longer times were due to tritium transport through the surface films and were
proportional to t;lthe‘release rate eventually dropping in proportion to the
bulk tritium cohcentration withiﬁ the speéimen.

6. Increasing the oxide film thickness'decreased tritium release rates
over a limited thickness range (200°A t§ 30000A), the maximum reduction being a
factor of ten. The D's for tritium diffusion_tﬁréugh the oxide film are given
by:

2 -1 -11
Doy ylom sec ) =9.02 x 10 °" exp[-6060 Cal/RT]

200°C < T < 600°C  (60)
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2 - - :
Dy (em sec ™) =2.59 x 107° exp[-23630 Cal/RT]

600°c < T < 900°C (61)

when film thickness is calculated from the initial tritium release fraction,
The diffusion coefficient for tritium initially at rest in the surface

oxide is given by:

D_ =1.38 x 107" exp(-1300 Cal/RT) ,  200°% < T < 500°%C  (62)

7. The oxide films could be removed with a reducing hjdrogen atmosphere
to give tritium release consistent with bulk diffusion coefficients at temperature
above 700°C. Problems in obtaining a sufficiently low oxygen potential resulted
in persistence of oxide surface film effects below this temperature,

8. Apparent anomalies in permeation results cited in the literature appear
to be_eiplainable in terms of oxide surface film effects and the results exhibit

the same general trends as the present study.

3.2, Tritium in Fusion Reactor Blankets

Two potential problems with fusion reactors concern the possible diffusion
release of tritium to the environment and the possible buildup of undesirably
large tritium inventories within structural components. Many metals have a
relatively high hydrogeh4permeability so‘diffusion release must be considered
for the reactor blanket, recovery, ané injeétion systems. Acceptable tritium
release rates to thglenviroﬁmenﬁ have beeh estiméﬁed as about 3 Ci/d,(46) and a
typical plant inventory'may'be'107—108 éi so the allowéble fractional release
rate is quite low. Also, since the tritium worth is high,‘it will be highly
desirable to maintain the invenfdryfof disgolved tritiuﬁ in the system as low as
possibie.

Calculations of tritium permeatioﬁ rates or inventories are speculative at

best since there are many uncertainties in the tritium transport process and the
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system designs are in an early stage. Nevertheless, it is useful to evaluate

tritium release rates from reference systems as a giiide to establishing the
critical system parameters and approximate values for_tritium distributions.

The present section gives results for calculated equilibrium tritium permeation
rates and inventories for the reactor blanket of the Los Alamos Theta-Pinch fusion

(47,48) This reactor was selected simply as a reference system for the

reactor,
calculations., Steady-state conditions were assumed so the values presented repre-
sent upper limits. The purpose of the study was to assess the steady-state trans-
port rate of tritium to different regions of the blanket and to determine the

-effect of different system parameters in influencing the tritium concentration

distribution or release rates,

3.2.1., The Model

3.2.1.1, Equilibrium Diffusion
| . The reactor blanket was assumed to be approximated by a series of concentric
cylinders with uniform materials and thermal properties, The temperature within
each region was.assumed constant to allow a constant value for the tritium
diffusion coefficient. Temperature gradients within the blanket were accommodated
by step temperature changes at the interface between regions,
The time independent,vFick's Law diffusion equation for multiple regions

assuming linear tritium trapping rate is given by:

{r) - .LC.(r) + 5. = :
D,¥DC;(¥) - o€ () + 8 =0 | (63)
o e NV . th )
Di = tritium diffusion coefficient in the i region
_ , . o th
C.(r) = position dependent tritium concentration in the i region
i .
' . . . th .
ai = trapping coefficient for the i  region (assumed constant for
a given region)
s . th .
Si = tritium source term for the i region (assumed constant over

that region)
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Solutions to this equation have been programmed for a reactor blanket involving
n regions, subject to the limitations described,

The trapping coefficients are intended to represent hydrogen precipitation
at defects within a region or chemical combination. There is no present sound
basis for assigning values to these coefficients so they were included only to
-provide maximum flexibility to the model and to allow assessment of the effect of
arbitrary values of (X on the results,

Tritium source terms occur for the beryllium layer, the natural lithium
coolant, and the enriched lithium breeding layers. Tritium .diffusing from the
plasma was accommodated by specifying a given tritium concentration at the plasma-
first wall interface. Values of Si were either obtained directly from Los Alamos

design reports on the theta-pinch concept(47’48)
(47-49)

or else were calculated from
the average neutron fluxes reported, A tritium source was assumed to be
uniformly distributed in any given region. The tritium partial pressure above
the ;oolant in a given region was alsc assumed to be uniform over the entire region
surface.

Tritium diffusion coefficients were determined from literature values of
hydrogen diffusion coefficients or by extrapolation of results for similar systems

(33’35’50_52)_ The solubilities and diffusion coefficients

when data were unavailable,

employed for the principal méterials in the‘biankEt'are tabulatea in Table 3.2.
The sequénce of materials invthe blankéé and their apérokimate dimensions

were taken directly from Loé Alamos desigﬁ reports for:the Reference Theta Pinch

(47) A representatioﬁ of the blanket layers shows as many as 34 separatev

Reactor.
regions in moving from the plasma'to the outer shield (Figure 29). It quickly
became apparent that most of these iayers-did not influence tHe tritium distri-
butions and that six of seven critical -1ayers were controlling. Most calculatiéns

werc performed using just the critical regions after first verifying for represen-

tative cases that the results were identical to those obtained using all regions.
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Table 3.2. Diffusion and Solubility Datal
2 ,
Do ¢D So ¢s
9 (Stdce/
Material (cm”/sec) (Kcal/mole) mole/atm) (Kcal/mole)
A1,0, 1.82 x 1072 21.0 1.32 x 10° -35.1
(upper value)
A1,0, 0.183 34.8 1.32 x 10% -35.1
(most probable
value)
2 4
A1,0, 1.08 x 10 63.3 1.32 x 10 -35.1
(lower value)
Niobium 5.77 x 10°% 3.0 ‘ 0.956 8.44
Beryllium 2.95 x 107/ 4.42 1.40 x 1072 4.33 x 10°%
Copper 1.32 x 1072 11.3 5.20 x 1072 8.70

The expressions for the diffusion coefficient, D, and solubility, S are D = D

exp(?¢D/RT), S = Soexp(QS/RT) where R = the universal gas constant. °

2 . . -
Graham's Law is used to convert data given for hydrogen for application to tritium.
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Two témperature distributions were considered, One assumed a ''conventional"
low temperature Li-Na-steam system while the second was based upon a high-
temperature advanced system with a potassium topping cycle. The radii for the
critical regions and the assumed region temperatures for the two concepts are
listed in Table 3.3.

Tritium diffusion through the graphite moderator is highly uncertain, but
considering its porosity, instantaneous tritium redistribution in this region was
assumed. The calculated uniform tritium distributién within the graphite was
included in the inventory calculations.

Several boundary éonditions at the region interfaces are possible. The
expected condition is that the surface tritium concentrations would be in equilibrium
with the vapor phase and the tritium concentration distribution across the inter-
face would simply equal the inverse ratio of the Sievert's Law constants. In

this case, at an interface at r = a -between the i and the (i + 1) regions,

Ci(a) = k-iPlf(a) : ‘ (64)

If Pi(a) = Pi+1(a) then

c. (a) k.
1

= =B, ' (65)
Ci+1(5§ ki i _

- Values of Bi for thévmaterials‘and temperatures used were calculated from
the pressure-solubility equations in Table 3.2, The special case of uniform con-
centration across an interface (B =1) might be a better approximation for some
boundaries and was the uéual assumption employed when partition data were unavail-
able, A third, but little used boundary condition, assumed that the concentration

difference across an interface was proportional to the flux. That is,

C. =h.0. ' (66)

C(i+1) RS i¥i
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Table 3.3. Temperature Estimates for the Reference Theta-Pinch Reactor Core
Region Layer No. Tempeiature OK Tempexéature OK
l . Title (Material) OQuter Radius (cm) HTP~ Case LTP~ Case
First Wall 1 (A1203) 50.0 1390 800
' (0.03 cm thick)
: 2 (Nb) 50.1 1360 770
I Beryllium 1 (Nb) 53.2 1320 730
-2 (Be) 55.7 1500 900
l 3 (Nb) 55.8 1350 760
l ca® 1 (Nb) 67.7 1320 760
' (0.1 cm thick)
Cooling 2 (A1203) : 62.73 1420 830
I 3 (Nb) 67.83 1500 920
4 (C) 82.57 1500 920
I 5 (Nb) 82.67 1500 920
l 6 (A1203) 82.7 1520 940
7 (Nb) 82.8 1450 870
I Stagnant 1 (Nb) 0.6 1400 780
Lithium (0.1 cm thick)
l Magnet 1 (Nb) 88.95 1340 760
Cooling (0.05 cm thick) 4 4
2 (A1203) 89.5 800 520
1HTP = High Temperaturé Plant
I 2LTP = Low Temperature Plant
l _ 3Temperature in the inner graphite region are cor.lside‘red the same
These represent an estimate based upon the assumption that the implosion coil
l temperatures will be the same as for the compression coil.
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Such a bounddry condition might apply when an oxide film was present on one
surface and transport was controlled by permeation through the film. Fick's first

law of diffusion for a slab is
a¢ '
¢ = -Dg, N

where ¢ is the flux of diffusing atoms at the plane where %i is measured. The
difference in tritium concentration between either side of a surface film of thick-
ness AX would be given by
_ Q{) ‘
C(i+1) -G = ( D/, ¢i (68)

which is identical to the boundary condition in equation (66) when hi = Q%?) .
The parameter "h'" in equation (66) may therefore be viewed as analagous to a
film thickness divided by a diffusion coefficient for tritium in the surface film,

. The remaining boundary condition which was always used with the above three

options specified continuity of flux at each interface:

oC, oC,
D; 3 ‘ =Di+1"§a]:iLl . (69)
i i

Analytical solutions to equation (63) for the three types of interface con-
ditions were programmed to p?ovide values of tritium flux at each interface and
tritium.inventory in each¢regiog for selected values of Di’ ai, Si, Bi (or hi)
for N concentric regioﬁs (nv< 10). TheseFCalculations were performed separately
for each composite region éeparated by sinks.

Figure 30 represents a partial cross section of the RTPR (Reference Theta

Pinch Reactor) core as simplified for the mathematical analysis.

3.2,1.2, Equilibration Times

The equilibrium diffusion solution may grossly overestimate the actual

tritium release rate if the time to attain equilibrium greatly exceeds the
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projected life of the reactor. Equilibrium conditions have been used because
time dependent solutions for multi-region diffusion problems become excessively
complex, However, it is desirable to have some measufe of the time required to
attain approximate diffusion equilibrium as a guide to the amount of conservatism
inherent in the steady-state solutions.

A gas diffusing through a slab will approach a constant release rate with
time if the concentration of gas at the entering féce is maintained constant, A
plot of total released gas versus time will linearly extrapolate to a positive
time value identified as a "breakthrough" or '"lag" time which marks a time at which
the diffusing gas begins to be released at the exit face in significant quantities,
Ash, et a1f53) have derived general expfessions for the diffusion lag time in
multiple layers for slab, cylindrical, and spherical geometries. These expressions
involve computational problems for large numbers of regions but they are satis-
factorily approximated by the one-region solution if there exists one region for

which.X2/D[(thickness)z(diffusion coefficient) ] significantly exceeds the comparable

value for any other region., The one-region lag time for a cylinder is given by:

R R
2,2 B o 1
= [Rl + RO) in Ro (R1 - Ro)]/4D 1n T - (70)

o}

)

where R1 and RO are respectively the outside and inside cylinder radii for the

region and D is the tritium diffusion coefficient in the region. Values of tﬂ
were calculated for each region in thé~system as a rough guide to the time required

for tritium to reach each sink in ‘the system.

3.2.2, Results

A series of standard conditions wefe adopted as reference when the effect of
any given parameter ﬁas being investigated.' These standard conditions assumed Bi =
for ali regions and the values for the most probable diffusion coefficients for |
Al1.0, in Table 3.2. The tritium partial pressure on the plasma side of the first

273

wall was assumed to be 10_2 torr based updn the design condition of 45 mtorr

1
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neutral gas pressure (50% D, 50% T) for 2/3 of the cycle and 10 mtorr for the

remaining 1/3 of the cycle.(47)
The tritium production rates in the stagnant lithium and in the beryllium

blanket were taken as 1.67 x 10—11 moles cm~35ec-1 and 8.89 x 10"13 moles cm'.sxsec_1

respectively. These numbers were based upon a proposed tritium consumption rate

of 484 moles of tritium per day (12,000 Mw thermal power) and the breeding ratios

(4)

and region volumes outlined by Dudziak. The tritium vapor pressure in the

flowing lithium coolant was taken as 10_10 atmospheres based upon calculations by

(54)

Maroni related to tritium extraction. When tritium production rates were the
defined primary quantities, concentrations were obtained by equating total tritium
production in a region to the tritium fluence from4the region. When vapor
pressures were Specified,vSievert's Law relationships were used to calculate sur-
face tritium concentrations, Both the high temperature and low temperature options
in Table 3.3 were considered as standard and calculation were generally conducted
for ééch option.

A typical plot of the equilibrium tritium concentrations for high and low

temperature cycles is presented in Figure 31,

3.2.2,1. Insulator Effects

The alumina insulator exerted a significant effect on tritium transport

because of the low postulated diffusion coefficient for tritium in Al Figure

203.
32 presents the tritium flux in Curies/yr from the plasma to the first wall,
into the inmer coolant channel from the static lithium, and into the magnet coolant
channels for the assumed high, low and "most probable'" expression for the alumina
diffusion coefficients. The calculated flux varies by several orders of magnitude
over the range of possible D's., Tritium release to the magnet cooling channel
could constitute a possible path for the release of tritium to the environment.

It is noteworthy that the tritium flux to the magnet coolant channels can be

significant (2 x 105Ci/yr for the worst case tabulated in Figure 32).
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Fowler, et al.(ss) have reported preliminary results for tritium diffusion
coefficients in A1203 as well as o#her ceramic materials of potential interest to
the fusion program — Y.,0 | BeQ, SiC, and pyrolytic carbon, Tritium was injected

273

into specimens and the diffusion coefficients measured from the time rate of
tritium release during heating. The diffusion coefficients for both single
crystal and sintered A1203 specimens were closer to the values represented by

rather than D in Table 3.2, Below 700°C, the measured D's

(most probable)

were even lower than the assumed expression for D so the insulator would be

v (low)
expected to exert a major influence on tritium permeation, Diffusion coefficients
for other ceramic materials have also been observed to be quite low so the insulator
may control tritium transport, irregardless of the particular material selected.

It is also of interest that the tritium leakage rate out of the plasma
becomes at least a visible fraction of the total fueling rate for some conditions,
For the high temperature plant and high diffusion coefficients for alumina, the

leakage becomes 4 x 107 Ci/yr or about ,1% of the fueling rate.

Use of the B, boundary condition derived from Sievert's Law coefficients

produces little change in tritium flux from the plasma for the high temperature

plant but results in considerably lowered values for the tritium release to the
magnet cooling channels and the tritium flux from the plasma for the low tempera-

ture plant (items 1 and 7 in Table 3.4).

3.2.2.2, Effect of Oxide Films
(58)

Chandr& et'al. have reported tﬁat'tritiUm‘release ffom niobium under
inert atmospheres is controlled'by oxidé films on éhe specimen surfaces which
significantly lower tritium rélease rateé. ‘TheVQalues of 0/X) [equations (49)

and (50) ] determined from these stﬁdies QQre~used as valﬁes of "h" for the film
controlled boundary condition in the present study to simulate the effect of oxide

films on the niobium components. The films produced some change in permeation

rates (items 11 and 12 in Table 3.4) principally an increased tritium release to
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the flowing lithium and the magnet coolant as a consequence of slightly increased
equilibrium tritiuﬁ-p;e#Sthshin the static lithium,

‘Selectively allowinglgﬁe'oxide film to occur on only certain niobium surfaces
produced pronounced changes in tritium flow patterns and inventories. For example,
making the unlikely assumption that the oxide film occurred only on the niobium
faces adjacent to the stagnant lithium resulted in increases of several orders
of magnitude in the tritium permeation rate to the flowing coolant and magnet
cooling channels (items 13 and 14 in Table 3,4) plus an increase of about a
factor of 10 in the total tritium inventory., - The niobium surface films have not
been observed to persist in the present of 1ithium(§6) which is consistent with
thermodynamic considerations. It is not apparent that oxygen potentials will be

sufficiently high anywhere in the blanket region to sustain oxide films, Never-

theless, the results show that oxide films could play a significant role in con-

‘trolling tritium flow and inventories if conditions favored their formation,

Oxide films or other non-metallic barriers may even be used to advantage to re-

strict tritium permeation to certain portions of the system.

3.2,2.3, Tritium Inventorieé

The total tritium inventory in the blanket ranged from slightly over 600
grams to as muchras 7300 grams for the different conditions investigated., The
inventory calculation was confined to the fixed structural components and excluded
tritium in the static-or floWing lithium, Over 90% of the tritium in each case
resided in the beryllium 1ayér. While differenées could be obtained for the
tritium in the A1203 or Nb 1éyeps,'these differences were not significant when
compared with the total tritium in the blanket...Table 3.4 presents typical
tritium inventories for some of the condiéions evaluated. An inventory of 7 kg
represents a rather substaﬁtial investméﬁﬁ in unused fuel. The inventory could

likely be lowered by fabricating the beryllium layer in a manner to allow more

rapid release and recovery of the transmutation produced tritium.
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Table 3.4,

Run No,

Calculated

Conditions

Tritium Permeation Rates and Lag Times

First Wall
To Plasma

Remarks g(Ci/yr) tl(yr)

rrp (D)

D(0)
g=1

HTP
D(0)
B=1
LTP
D (+)
a=1

HTP
D(+)
E=1

rre(H
D(-)
a=1

HTP
D(-)
g=1

LTP
D(0)

Bi

HTP
D(0)
B.

L

-159 2076 -

6 6

2.7 x 10 7.5 x 10

4 4

-9.1 x 10 1.3 x 10

7 7

4,2 x 10 5.1 x 10

_3-

-1.6 x 10 760

3.8 x 10

5.4 x 10

2.5 x 10 .076

2.9 x 10 7.6 x 10

Beryllium To

Coolant
@(Ci/yr) tl(yr)
2.5 x 100 .63
2.5 x 10’ .25
2.5 % 100 .63

7 -
2,5 x 10 1.1 x 10
2.5 x 107 .63
2.5 x 10 .25
2.5 x 10’ .63
2.5 x 10’ .25

Stagnant 1Li To
Inner Coolant Channel

To Magnet‘
Cooling Channel

¢(Ci/yr} ty (yr)
3.9 % 0% .o19

4.9 x 107 1.1 x 10°
7.4 % 10° 1.0 x 10
3.5 x 10° 3.2 x 10°
3.9 197

2.2 x10° 2.6 x 18%
2.6 x 152 .o19

3.5 x 10° 1.1 x 10°

g(Ci/yr)

£, &)

6.5 x 10° 3.2 x 10

300

390

1.6 x 10°

3.5 x 10°

6

28

54

.048

>106 yrs

>106yrs

>106yrs

99
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Table 3.4. Continued

First Wall
Io Plasma

Run No. Conditions Remarks @(Ci/yr) tl(yr)
9 vre (D 15 5.4 x 16
D(+)
. B
' 7 =7
10 HTP 3.4 x 10° 5.0 x 10
: D(+)
B; ‘
’ . . . 6 =6
11 HTP . Oxide 2.7 x 107 7.6 x 10
D(0) Film
=1 On Nb
12 HTP Oxide 3.1 x 10’ 5.1 x 10
D{+) Film S
=1 On Nb
13 LTP Oxide-  -157 .076
D(0) Lithiwm -
g=1 Side Only
14 LTP Oxide-  =-1.03 x 10" 3.8 x 10
D(+) Lithium -
p=1 Side Only
(1) HTP = High Temperafure.Plant
LTP - Low Temperature Plant
D(-), (low); D(0), (Most Probably); D(+), (High) Value for Al
B =1 ’ ’
B=18;

g

[}

1

Beryllium To

Coolant
@(Ci/yr) tl(yr)
2.5 % 100 .63
2.5 x 100 1.1 x 10°
7
2.5 x 10 .25
2.5 x 100 1.1 x 10°
2.5 x 10’ .63
7
2.5 x 10 .63

h J Possible Boundary Conditions Described in Text

2

04

D

Stagnant Li To
Inner Coolant Channel

To Magnet
Cooling Channel

@ (Ci/yr) ty (yr) @(Ci/yr) t, (yr)
-4
5.0 1.0 x 10°  ~0 54
3.5 x 10° 3.2 x 10° 2.6 x 10°  .048
7 -9
6.1 x 10 1.1 x 10° 374 28
5.3 x 100 3.2 x 10° 2.2 x10° .048
1.9 x 1o6 1.0 x 10%  0.34 >106yrs
1.8 x 10’ .019 2.0 x 10*  >10%rs
4
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) The tritium concentration in the beryllium resulting from transmutation
exceeds the one atmosphere solubility limit in a matter of several days. Ex-
pressed another way, the ﬁritium overpressure required to maintain the tritium

.in solution in the beryllium at equilibrium is of tﬁe order of 70 to 500 atmospheres.
It does not seem reasonable that hydrogen partial pressures of this magnitude

could be sustained so it is likely that tritium would precipitate as bubbles in

the beryllium., The beryllium layer can be subdivided into three regions consisting
of two surface regions where the tritium solubility is not exceeded and one central
region containing a constant. concentration of diffusing tritium maintained at the
solubility limit. The tritium precipitation rate in the central region can then

be determined from the difference between the total source strength and the sum

of the flow rates through the outer layers. If an acceptable hydrogen partial

pressure above the beryllium can be established from a knowledge of the physical

-system, this value can be used to establish a hydrogen solubility and an equili-

brium hydrogen precipitation rate in the beryllium can then be determined.

3.2.2.4. Lag Times

Four transport paths for tritium in the blanket would appear to be of
greatest interest, These involve tritium transfer between the plasma and the
coolant, the beryllium and the coolant, the graphite and the coolant, and the
static lithium and the magnetic coolant chanrnels, Calculated values of the lag
time for tritium breakthrough aléng the§e paths‘ére'in¢1uded in Table 3.5. Lag
times for tritium tfanséort to the magnét;ccoling channels exceed the reactor life
in almost every case, ,The tritium releaéé rates.caléulatéd for tﬁe magnet cooling
channels are therefore ﬁpper’limits and time dePendeﬁt diffusion solutions may
well project considerably 10Werj£ritium release rates over the reactor life,
fhe lag times for the other tranéﬁorﬁ processeé are sufficiently low that équili-

brium diffusion solutions would appear to provide a satisfactory approximation to

the transport process,
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Table 3.5. Calculated Tritium Inventory

Run No. . Conditions Remarks

1 . a LTP
- ()
=l

A1,0,
(g)

2.7
2.8
6.9
2.6
378
2.8
8 x 10°

8 x 10~

Nb

(g)

6.8

1.4

2.3

2.4

.79

Iﬁventbfx
Be
(8)

;641
624
1641

624

1641

624

1641

1624

Graphite

(8)

62

43

62

5.6

62

43

1x 10°°

‘II'-I e

o All
Materials

gtotalzgg)'
1710

672

1712

633

1710

669

1644

625

69
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Table 3.5. Continued

InVeﬁtofz
A1é03 Nb Be Graphite All
" Materials
Run No. Conditions : Remarks (8) _ (8) (2) (8) (Total) (g)
9 ' LTP - ) 8 x 1077 2.6 1638 1x 107> 1641
_ D(+) - :
| By ,
10 ' HTP - 9 x 1073 1.4 624 0.1 626
D)
. Bi ’ R - . . )
11 . HTP . Oxide 3.5 1.7 627 54 690
DO . Film
8=1 : - . 0On Nb
12 , © HTP Oxide 3.4 2.0 627 54 687
. D Film
=1 o On Nb
13 T LTP © Oxide- 351 105 2450 3220 6120
o : . D) .~ Lithium
g=1 Side Only
14 - LTP  oOxide- 357 104 2450 4450 7360
‘ D(+) _ Lithium :
8=1 Side Only
~
(=
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3.2.2.5. vGeneral

The plasma, flowing lithium, or static lithium can be either sources or sinks
for tritium. The lithium will always be a tritium source in a functioning reactor
but, depending upon the efficiency of the separation system, may appear to be a
sink in the blanket in that tritium can diffuse into the lithium from adjacent
sources such as the beryilium layer. The directiqné.of flow will be controlled
by the selection of tritium partial pressures or concentrations in the various
sources. ‘Beryllium dlways was a tritium source for the parameters investigated
whereas the magnet cooling channels were always a sink. No tritium transport
through the biolégical shield could be calculated since no tritium was assumed
to pass the mégnet cooling channels,

The plasma switches from a source to a sink as the tritium partial pressure
above the first wall is decreased. Tabie 3.6 shows results for six cases in which
the plasma tritium partial pressure ranges from 10_2 to 10-6 torr. The tritium
fluxhﬁhrough the first wall varies from 4.2 x 107 Ci/yr out of the plasma to
1.5 x 106 Ci/yr into the plasma for the conditions picked.

It should be recognized that the assumption of a constant tritium partial

pressure above the first wall may not be a satisfactory approximation. The

central cavity will be purged after each pulse to remove impurities so tritium

concentrations will change rapidly. Also, energetic tritium atoms escaping the

' plasma and coming to rest in the first wall constitute an additional tritium

source. - I
The energetic particle flux of total changed particles at the first wall

is expec:ed to.be approximately‘lo16 cm-?éec-l whereas the above tritium permeation

~2. =2 . -
fluxes correspond to fewer than 100 tritium atoms cm sec- . Since tritium atoms
will constitute anvappreciable fraction of the total charged particle flux at’

the first wall, this flux would appear to constitute the principal tritium source

from the plasma.
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. Table 3.6. Effect of Plasma Side Partial Pressure Vafiation
T2 Partial Permeation to.the Plasma
Pressure Permeation Rate Permeation Rate
(Torr) (Ci/yr) (Cifyr)_
CASE: HTP:D(0):3=1 CASE: = HTP:D(t):fr=1
1072 2.70 x 10° 3.43 x 10’
1074 1.35 x 10° 1.72 x 10°
107° -1.25 x 10° -1.54 x 10°
~ CASE: HTP:D(O):B=RSC _CASE: HTP:D(+):Q=RSC
1072 2.88 x 10° | 4.20 x 10’
1074 2.87 x 10° 4.20 x 10°
107° 2.85 x 10° 4.16 x 10°
CASE: LTP:D(+):3=1 CASE: LTP:D(+):Q=RSC
1072 -9.09 x 10° | 14.5
1074 -9.09 x 10 1.43
1076 -9.09 x 10" ' | 0.14
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The tritium flux to the magnet cooling channel is a strong function of the
assumed temperature at the channel. Figure 33 shows how the calculated tritium

flux varies for different assumed values for temperature,

3.2.3. Conclusions

1. Ceramic materials, such as the insulator required for the theta-pinch
concept, can strongly influence projected tritium inventories and transport rates
in a fusion reactor blanket.

2. The large variation in'tritiuh inventory (greater than a factor of 10)
resulting for selected paraﬁeﬁers in the blanket suggests tﬁét actual tritium
inventories are subject to comsiderable uncertainty.

3. The stabilization of oxide surface films on metal components by high
oXygen potentials could strongly influence tritium distributions within the
blanket.

"4, The lag time for diffusiomal tritium transport through the blanket layers
to a point of potential release to the environment (the magnet coocling channels)
is ‘generally greater than the anticipated reactor life. However, the simple
geometry employed does not allow assessment of more realistic diffusion.release

paths which might exist in a constructed reactor.

5. Projected tritium levels in a beryllium metal blanket exceed the solu-
bility limit which could result in tritium precipitation within the metal,
6. Tritium flow both into and out of the plasma is obtained for the different

blanket conditionsfgonsidered.
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Figure 3.

Stripped autoradiograph from unpolished specimen
(6 hrs exposure; 406X)

Figure 4.

Micrograph corresponding to Figure 3. (750X)



Figure 5. Stripped autoradiograph (3 hrs exposure; 750X)

Figure 6.

Autoradiograph of electropolished and etched specimen
(3 hrs exposure; 180X)




Figure 7. Stripped autoradiograph from etched specimen showing
denuded grain boundaries (9 hrs exposure; 810X)

Figure 8. Stripped'autbradiograph from etched specimen showing
tritium precipitation along the edges of grain
boundaries (9 hrs exposure; 810X)



Figure 9. Stripped autoradiograph from an electrpolished and
etched sample (7% hrs exposure; 750X)

Figure 10, Autoradiograph from the same reglon of the specimen
as in Figure 9 'but heated at 185°C for 2 hrs
(4-day exposure; 750%X) -
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Figure 11l. Stripped autoradiograph from an electropolished and
etched speciman when surface layer had been removed.
(Arrows indicate artifacts; 36 hrs exposure; 750X)

Figure 12, Stripped autoradiograph from back face of a tritium
recoil injected specimen (electropolished and etched)
(100 hrs exposure; 750X)
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I. SUGGESTIONS FOR FUTURE WORK

A large amount of tritium diffusion data that is pertinent to computing
tritium distributions in fission reactors has been determined during the course
of this contract. However, in attempting to apply these data to fission reactor
systems, several blocks of ﬁissing information could be identified.

Among all of the sources of tritium that contribute to activity in the

coolant, it appears that the tritium release from boron containing burnable poisons

is a very significant source. These poison rods currently consist of either
borosilicate glass or boron carbide (B4C) rods encased in stéinless steel tubes,
To our knowledge there is little basic data for hydrogen diffusion in BAC' It
would seem desirable to make tritium diffusion measurements in BAC'

There is little information on tritium partition relationships between fuel
pellets and the inner surface of the cladding. In the tritium model mentioned
in Section 2.3.2, we have assumed that all of the tritium released from.the fuel
surface immediately produces a constant distribution at the fuel-clad interface,
but it is not clear that this is acceptable. An investigation of tritium parti-
tion at ceramic-metal interfaces would also be of interest to controlled thermo-
nuclear reactors.

Of the tritium that builds up in the primary coolant system, it is uncertain
how and what fraction of this tritium redistributes itself in the rest of the
reactor plant. It is EﬁoWn that tritium levels in the reactor building air can
build up to sufficient concentrations éo be ofvéoncern'in maintenance work.

Basic tritiumbdiffuéion data is lacking fof fusidn reactor materials and
particularly for,cera&ics. Furthermore, it is apparent that hydrogen diffusion

in ceramics is strongly dependent on trace impurity concentrations. Some studies

on ceramics are currently underway at our laboratories.




II. STUDENTS SUPPORTED

One of the less tangible results of this contract has been the large number

of graduate students who were financially supported and trained by this program

and currently occupy responsible positions within the nuclear industry.

Rare Gas Diffusion:

Name
Ronald Christman
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I1I, PUBLICATIONS RESULTING FROM CONTRACT

Rare Gas Diffusion

Pagers:

1. T. S. Elleman, L. D. Mears, and R. P. Christman, "Rare Gas Diffusion
in CsI - The Use of Fission Recoil Doping Technique,' Jour, Amer. Ceram.
Soc., 51, 560-564 (1968).

2. T. S. Elleman, L. D. Mears, and R, P, Christman, "Effect of Radiation on
Rare Gas Diffusjon in Crystals,'" Trans. Amer. Nucl. Soc., 10, #2, 509
(1967).

3. T. S. Elleman, C. R. Fox, and L. D. Mears, "Influence of Defects on
Rare-Gas Diffusion in Solids," Jour. Nucl. Mat,, 30, 89-106 (1969).

4, T. S, Elleman and A, Sy Ong, "Surface Effects on Diffusion Release of
Rare Gases,' Phys. Stat. Sol. (a), 3 (1970).

5. A. Sy Ong and T. S. Elleman, "Effect of Trapping on the Release of Recoil
Injected Gases from Solids,” Nucl. Instr. & Meth., 86, 117-125 (1970).

6. L. D. Mears and T. S. Elleman, "Rare Gas Diffusion in Alkali Metal
Iodides," Phys. Stat. Sol. (a), 7, 509-521 (1971).

7. A, Sy Ong and T, S. Elleman, 'Diffusion and Trapping of Rare Gas Xenon

in Calcium Fluoride Single Crystals," Jour. Nucl. Mat., 42, 1702-1724
(1972).
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1. T. S. Elleman, USAEC Report OR0O-3508-1 (1967).

2, L. D. Mears and T. S. Elleman, USAEC Report OR0-3508-2 (1967).
3. T. S. Elleman, USAEC Report OR0-3508-3 (1968).

4. T. S. Elleman, USAEC Report ORO-3508-4 (1969).

5. T. S. Elleman, A. Sy Ong, and L. D. Mears, USAEC Report OR0-3508-5 (1970).

Tritium Diffusion Work
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1. J. H, Austin and T. S. Elleman, 'Diffusion of Tritium in Austenitic
Stainless Steels,' Jour. Nucl. Mat., 43, 119 (1972).

2, T. S. Ellehan,‘J. H. Austin, and K, Verghese, "Tritium Diffusion in
Zircaloy-2 and Stainless Steels,'" Trans. Amer. Nucl. Soc., 13, (1)
229 (1972).
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3. J. H. Austin, T, S, Elleman, and K. Verghese, "Surface Effects on the
Diffusion of Tritium in 304-Stainless Steel and Zircaloy-2," Jour. Nucl.
Mat., 48, 307-316 (1973).

4, C. W. Pennington, K. Verghese, and T, S. Elleman, "Tritium Release from
Niobium,'" Trans. Amer. Nucl. Soc., 17, 151 (1973).

5. R. D. Calder, T. S. Elleman, and K, Verghese, 'Grainboundary Diffusion of
Tritium in 304~ and 316-Stainless Steels,' Jour. Nucl. Mat, 46, 46-52
(1973).

6. J. H. Austin, T. S. Elleman, and K. Verghese, UTritium Diffusion in
Zircaloy-2 in the Temperature Range -78 to 204°C," Jour. Nucl. Mat., 51,
321-329 (1974).

7. C. W. Pennington, T. S, Elleman, and K., Verghese, "Tritium Release from
Niobium,'" Nucl. Tech., 22, 405-415 (1974).

8. T. S. Elleman and K. Verghese, "Surface Effects on Tritium Diffusion in
Niobium, Zirconium and Stainless Steel,' Jour. Nucl. Mat., 53, 299-306
(1974).

Reports:

1. T. S. Elleman, et al., USAEC Report OR0O-3508-6 (1970).

2., J. H, Austin, et al., USAEC Report ORO-3508-7 (1971).

3. P. M. Abraham, et al., USAEC Report OR0-3508-8 (1972).

4, P. M. Abraham, et al., USAEC Report OR0-3508-9 (1973).

Papers in Preparation:

1.

2.

D. Chandra, T. S. Elleman, and K, Verghese, "Tritium Diffusion Through
Oxide Surface Films on Niobium,'" (Submitted to Jour. Nucl. Mat.).

P. M, Abraham, T. S. Elleman, and K. Verghese, '"Grainboundary Diffusion
of Tritium in 304-Stainless Steel," (Submitted to Acta Metallurgica),

J. M. Mintz, T. S. Elleman, and K. Verghese, '"Tritium Diffusion in Fusion
Reactor Blankets.," :

K. Verghese, T. S. Elleman, P. M. Abraham, and A. Kowalczwk, 'On the
Release of Ternary Fission Tritium in Light Water Reactors."
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ATTACIMENT IV
Diffusion of Gases in Solids --
Practical Benefits
f
The final report oh Contract AT-(40-1)-3508 discusses the technical

accomplishments of the rgsearch. There;exists additional evidence that the
w&rk produced practical benefits which justify its conduct. This attachment
summarizes some of these items. |
1. The rarevgas trapping:studies helped to identify'tﬁe importance of

defeéts in controlling rare gas release from solids, Tbis work

along with a'numbér of other studies at other laboratories, have

formed the basis for the current ﬁnderstanding of rare gas release

rates from reactor fuels,
2, The’resulté of the xenon diffusion studies in alkali ﬁetal halides

&ére used as supporting evidence for rare gas diffusion models

(1-3)

developed at other laboratories . The results for CsI led to

~a special consideration of diffusion models for b.c.c. alkali halides(B).

'3, It was indicated to us that the reported tritium diffusion coefficients

in austenitic steels were used as the basis for calculation of

-~ diffusional tritium release from' FFIF fuel elemeats.

4. Representatives from Westinghouse and B & W maintained contact on

the status of the tfitium diffusion_studies fofiapplication to their
own work in this‘area; ’
5. Nineteen publiéations in refgrred jourﬁals resulted froﬁ ;he research.
6. Fourteen graduate studeﬁts receivedlprincipal suppoft from the con-
tract prior to reééiving-gradugte deéreés. 'In a number of cheée‘
cases, griduate study appeared not t§ have besn.possible_withou:

che contract support. Host nf these graduates are currently

employcd in some phase of the atomic energy field., A number of




ry

~additional students working in the contract area received partial

assistance from the contract. ¢ larger number of students than

those indicated actually conduéted their research in the contract
subject area as unsupported students. The funded group servéd as
a nucleus to attract additional unsupported students,
7. The faculty salaries charged to the contract were feturﬁed to the
university as release time funds. These moneys comstituted a prin-
cipal source of support for the feaching assistants needed for the
conduct of-ogr educational program.
. 8. The contract produced collaborative efforts among several depart-
bment faculty members and'productive research in other areas which
might not otherwise have occurred.
9. A collaborative program with Carolina Power and Light Company to
ﬁéveIOp tritium release médels for their power feacﬁors.has deQeiOped
as a‘direcp conseQﬁence of the funded research,
10. A current c0ntréct with the CTR biﬁision of ERDA tovstudy'tritium
_diffusion in nonmetallic solids of interest_for fusionvreactor;
has been a direct result of the skiils and interests developed underv
the supported research,.
I think it is not too §trong a’sﬁatement-tb-pote thaﬁ;thg'existeqce of the
entire graduate program in nﬁciear engineéring at odé uniﬁersityvis_very strongly

dependent upon.the'existenqe of research contracts such as the program cited.
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