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TRITIUM DIFFUSION IN REACTOR CLADDING MATERIALS

ABSTRACT

Analysis of tritium release data in Austenitic Stainless steels has
revealed a significant amount of permanent trapping in the surface region.
These data have been fitted to an existing trapping model to give values for
the trapping parameters that obey the Arrhenius rate equation.

Gas release studies from Zircaloy-2 samples have been extended to the
temperature range 25°C - 411°C and apparent diffusion coefficients in the
surface region calculated. These coefficients are represented by

13

D =012 x 10 3 exp 5,500 Cal/RT | an’sec”

and are less than the bulk diffusion coefficients in Zircaloy-2 by a

factor 107 - 108.

A few measurements of tritium release from Zircaloy-2 samples which

have known amounts of oxide on the surface have been conducted. The samples

were oxidized for different times in 200 Torr pressure of oxygen at 500°C.
The oxide thickness was measured by scanning electron microscopy. There
is some indication that thick oxide layers (> 0.2 pym) do not provide any
additional barrier against tritium release.

In order to assess the effects of surface regions with low diffusion
coefficients on stainless steel and Zircaloy claddings on tritium release
through the clad, a 3-region diffusion model of the cladding has been
formulated, solved analytically and numerical results computed for typical
PAR and BWR clad thicknesses. The computed release fractions are in good

agreement with literature data from fuel pin irradiations.
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A calculation of the tritium production in the primary coolant of
the H. B. Robinson No. 2 PAR Plant at Hartsville. South Carolina has been
performed. It shows that the tritium produced in the coolant can not fully
account for all of the tritium found in measurements of the primary water
at the plant, implying that. tricium diffusion from the fuel to the coolant

is a contributing source of tritium.
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INTRODUCTION

Tritium diffusion studies in austenitic stainless steels and in
Zircaloy-2 have been undertaken to assess the contribution made by ternary
fission-produced tritium to activity in the primary coolant system in
Caiculations of tritium diffusion through reactor

nuclear power reactors.

cladding") based on bulk diffusion coefficients in these materials suggest

that tritium release will be high. However, suct: predictions have been

contradicted by preliminary observations in actual reactors which indicate
that less than 0.1% of the ternarvy fission tritium diffuses through Zircaloy
cladding.<2) Previous results from the present: research pl‘Oject<3> have
shown that a possible mechanism for this low release is tritium trapping

in surface oxide layers resulting in apparent diffusion coefficients from
the surface which are smaller than the bulk diffusion coefficient by a factor
of 107 - 108 in Zircaloy and about ‘102 in stainless steel.

This report reports on further results on surface trapping in stairless
steel and Zircaloy-2 and a model that makes use of these results to predict
an upper limit for the release of tritium from reactor cladding. A
calculation of tritium activity in the primary coolant system of pressur-
ized water reactors resulting from boron and lithium reactions is also

presented and compared with actual plant data from an operating PWR. Scme

preliminary results on the behavior of tritium diffusion through Zr02

films on Zircaloy-2 are also reported.
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A detailed discussion of the tritium diffusion experiments and results
has been reported in the past two annual reports and publications. These
are:

Annual Program Reports: 'Diffusion of Gases in Solids," USAEC

ORO-3508-6 11/69 to 10/70
ORO-3508-7 11/70 to 10/71

(Available from: Superintendent of Documents. U. S.
Department of Commerce, Washington, D. C.)

"Diffusion of Tritium in Austenitic Stainless Steels,' Jour.
Nucl. Mat 43,119 (1972).

"Grain Boundary Diffusion of Tritium in 304- and 316-Stainless
Steels,' Jour. Nucl._ Mat. (In Press).

" Tritium Diffusion in Zircaloy-2 and Stainless Steels,' Trans.
Amer. Nucl. Soc. 15, (1) 229 (1972).

A review of the major results presented in these pcblications are
summarized here as background information.

1, Reproducible measurements of tritium concentration profiles resulting
from diffusion in stainless steels and Zircaloy can be made by recoiling
tritium into specimens through transmutation of a *LiF surface blanket,
removing thin sections by electropolishing or chemical polishing, and
assaying the polish solution for tritium after distillation.

2. Three components to the diffusion can be identified in stainless
steel which involves trapping in the surface layers, bulk diffusion and grain
boundary diffusion. The first two components are observed also in Zircaloy-2.

3. The bulk diffusion components in 304- and 316-stainless steels is
consistent with classical diffusion solutions and Arrhenius plots of the

diffusion coefficients yield straight lines. They are represented by

D = 0.018 exp (14,000 Cal/RT) an’-sec T
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in stainless steels in the temperature range 25°C to 222°C and
_ 2 -1
D = 0.00021 exp (-8500 Cal/RT) an -sec

in Zircaloy-2 in the temperature range -78°C to 204°C.

There was no apparent difference between 304- and 316-stainless
steels, as expected.

4. The grain boundary diffusion coefficients in stainless steel were
determined by a combination of sectioning using a lathe followed by electro-
polishing to obtain the tritium profile to depths of the order of 2000 ym
into the sample and fitting the data to Fisher's and Suzouka's model. The
values obtained from the two models gave straight lines on the Arrhenius
plots and agreed to within a factor 1.4. Fisher's model gave values

represented by

()]
i

- grain boundary diffusion coefficient

exp (8.85 & 1.2) exp (-0.45 = 0.03 eV/KT)cm’-sec &

over the temperature range -78°C to 185°C. Only a relatively small

fraction (of the order of 1-4%) of the injected tritium was found in the

grain boundary diffusion component during the relatively short annealing

times used in the experiment. These grain boundary diffusion coefficients

are about 8 orders of magnitude greater than the bulk diffusion coefficient.
5. The near-surface trapping was studied by following the kinetics

of tritium release from tritium doped specimens at constant temperature.

It was shown that a two-region classical diffusion model which assumes a

diffusion coefficient in the surface region which is different from the

bulk diffusion coefficient could fit the surface release results although
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the model did not explicitly account for tritium trapping and hence the
observed buildup of tritium in the surface layers. The apparent diffusion
coefficients for surface region determined by this model gave a linear

Arrhenius plot for stainless steel, represented by

D = 0.00030 exp (-15,400 Cal/RT) cmz-se'c_l

in the temperature range 25° to 184°C. In the last annual report, there
were only a few surface diffusion measurements for Zircaloy-2, but it was
indicated that the surface diffusion coefficients were about 107 - 108 less
than the bulk diffusion coefficients.

6. The surface trapping is believed to be associated with oxide films
on the surface. However it is also conceivable that the helium which is
injected to a depth of about 3 ym along with the tritium also could con-
tribute to trapping through the generation of helium stablized voids. This
latter possibility was investigated by diffusing tritium through a layer
of helium which was produced by prior implantation of monoenergetic helium
ions into stainless steel foils. No trapping in the helium layer was
observed .

7. The surface trapping effects could explain at least qualitatively
the fact that tritium release rates from Zircaloy clad fuel elements is
very low in contrast to the high release observed from stainless steel clad

elements.
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CURRENT RESULTS

Investigations in the past year included further tritium release studies
on Zircaloy-2 and stainless steels, calculation of tritium in the primary
coolant of pressurized water reactors, a calculation of tritium diffusion
through reactor cladding using a 3-region classical diffusion model and some
preliminary studies on tritium diffusion through ZrO2 surface films on

Zircaloy.

I. Further Results on Surface Trapping in Ausienitic Stainless Steels

(3)

The previous annual report gave the Arrhenius plot of the apparent
diffusion coefficient for tritium release from the surface region obtained
by analysis of the gas release curves at short times using the two-region
diffusion model. This model, however, would not be expected to fit the
gas release kinetics at very long diffusion times if trapping plays a major
role.

In order to better define the trap characteristics, tritium release
measurements were made over long annealing times and the results are
expressed in Figure 1. The curves indicate that the tritium release rate
goes to zero after long diffusion times. The limiting release fraction is
less than unity and increases with temperature. The saturation of these
curves at values significantly below unity confirms trapping of some of the
tritium atoms with no release from the traps. For the case of homogeneously
distributed trapping sites with no release from the traps, Ong and EIIeman(A)

X . L
have shown that the f vs t® curves should have a plateau with a limiting

release fraction given by

£ “E(D/k)%
- R 1
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where klis the trapping rate constant. Assuming that this trapping model
can be applied to the near surface region after long diffusion times, kl can
be determined from the limiting fractional releases shown in Figure 1.

Figure 2 is an Arrhenius plot of the rate constant kl' Although there are

only four data points to date, the data appear to fall on a straight line

which can be represented by

ky = 160 exp (—8;800 Cél/RT) sec”!

over the temperature range 46°C to 180°C.

11. Tritium Release from Zivcaloy-2

(3)

In the previous annual report ™" it was shown that for three different

temperatures at which diffusion was carried out, the tritium release from
Zircaloy-2 was very small and the diffusion coefficient in the near surface
region was about seven to eight orders of magnitude below the bulk diffusion
coefficient.

To substantiate these findings over a broader temperature range,
additional tritium release measurements in the temperature range 25°C to
411°C were carried out. The measurements were made by heating the samples
in either a constant temperature oil bath or in a molten tin bath while
flowing P-10 counting gas over the sample and measuring the activity of
the flowing gas with a gas flow of proportional counter.

Figure 3 shows typical release curves from Zircaloy-2 samples. Less
than 1%of the total tritium was released from all of the samples. Figure
4 gives the near-surface diffusion coefficient calculated from the two-
region model.(?’) The gas release data have a fair degree of scatter but

there is little doubt that the surface layers control the gas release




to give apparent diffusion coefficients which are less than the bulk

7

diffusion coefficients by about a factor of 10" = 108, The best fit of

these apparent D values gives
_ -13
D =0.12 x 10 exp | 5500 Cal/RT | cm2sec-1

111. A calculation of Tritium Diffusion through Fuel Cladding

Calculation of tritium diffusion through claddings typically treats
the clad as a single homogeneous region. From the diffusion data presented
here and in the earlier report(3) it would appear that the diffusion rate
limiting regions are the surfaces and therefore a more realistic represen-
tation of the clad should provide for:

a) an inner oxidized region in contact with the fuel,

b) a middle region of normal bulk material, and

c) an outer region also composed of an oxidized layer.

The surface regions in an acutal cladding would change with the operation
of the reactor and are therefore difficult to characterize. The objective
of the calculation presented here is to predict an upper limit for the
tritium release from reactor cladding with simple oxide surfaces and
apparent diffusion coefficients identical to those measured in the present
study. At least in the case of BWR cladding, it is known that the
surfaces of the Zircaloy tubing are oxidized to thicknesses of the order
of 1-3 pm, (4) during fuel element manufacture.

The geometry assumed in this calculation is shown in Figure 5.

Transport of tritium is believed to be by diffusion in U0, followed by

2
release into the fuel-clad gap, The tritium is then absorbed on the
inner wall of the cladding and diffuses through the three regions of

the cladding. The following assumptions are made in developing the

mathematical model:
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1. The residence time of tritium in the gas plenum is short compared
to the diffusion times; so that tritium released from the fuel is very
quickly absorbed on the cladding surface. This assumption is justified by
the observations in actual fuel pin irradiations by Goode and Cox, (5)
Melehan(6) and by Grossman and Hegland(7) which show undetectable or negli-
gible amounts of tritium in the gas plenum. Furthermore, this assumption
would tend to give an upper limit for the amount released from the clad
surface.

2. Tritium arriving at the outer surface of the cladding is released
immediately into the coolant. This assumption is made because there is
insufficient data available now to enable a rigorous treatment of the
sorption and desorption behavior of tritium at the clad-coolant interface.
This assumption is also conservative since it will give high values for
the release of tritium into the coolant.

3. Diffusion is assumed to occur at the average clad temperature in
the radial direction. Diffusion in the axial direction is neglected since
the temperature gradient in the axial direction is much smaller than in
the radial direction.

With the above assumptions, the boundary value problem for the

three-region system may be formulated as

2

3 d -
D, ;?Cl(x’t) =27 C4(x,t) x, £x =0
2> a
D2 —é—-z- CZ(X,t) = Tt Cz(x,t) , 0=<x < 2
X
3 d
= <
D3 a—xz C3<X,t) at Ca(X,t) , X2 X < X3

with the boundary conditions



C3(x3, t) =0

C1(0,t) = Cz(O,t)

o)

0
D. — ¢, (x,t) | =D, — C,(x,t) |
13 QYR 1m0 5 S ®
) e
X"‘Xz X—XZ

_ o)
and J(t) —Dl = Cl(x,t) l

X= - X
where the D’s and C’s are diffusion coefficients and tritium concentrations
in each region. J(t) is the source current of tritium from the fuel and is

calculated from a boundary value problem for the fuel region. The initial

conditions are
Cl(x,O) :Cz(x,o) =C3(x,0) =0

The solution of the above boundary value problem is complicated by the
inhomogeneous boundary condition at the inner surface of the cladding. It

can be deduced, however, from the solution for similar heat conduction

(8)

equations given by Olcer and is given by

Gy ) = T 0 g (D (m) 31O (1)
where - 3 [ 2
c _'Z.A | ..¢i\) (x)dx (2)
v 1=l "Ri
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-h\)t t X\)'r
J'(A ,t) = e I e ~J(T)dr (3)
v
0
and the A's and ¢i\)'s are the eigen values and eigen functions of the

associated homogeneous boundary value problem. Omitting the arbitrary

amplitude, the eigen functions are:

¢l\)(x) = COS(B]_\)X) - tan(Bl\)xl) Sin(Bl\)x)
5 [ |
¢2\)(x) =C0_s(62\)x) -\[;]: tan(Bl\)Xl) Sin(Bzvx) (4)
2
¢3\)(x) = le [Sin(_BB\)x) - tan(_B3\)x3) Cos(_83\)x)] J
where Cos(Bz\)x2 -’\[_g_lT tan(Bl\)xl) Sin(Bz\)x2
G, = 2 ()

Sin(By ) - tan(By xy) Cos(By x,)

Since, )\V: Diﬁi\), the eigen values may be determined from the transcen-

dental equation:

Iy D
1 2
,\/;—2 tan(slvxl) tan(Bzvxz) +,’T)—3 tan(_Bz\)xz) tan {B3v(x3 - x2)}

D
1 —
+ ,D—B tan(Bl\)xl) tan {.63\)(x3 - xz)} -1=0 (6)

Substituting the eigen functions given by Eq. (4)into Eq. (2), we have

I Yo Tes (7

where

1 2
ICl =_2—51_\-) [Bl\)xl sec (Bl»vxl) + tan(Bl\)xl)]
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Sin(28, x.) D
D “2v 2 -1 2
= 2_512_\/ [BZvXZ {1 + ])_]2r tanZ(_Bl\)xl)} +f S D2 tan (‘Bl\)xl)}
Dy (
A5, can(s, x,){Cos (28, x,) - 1} } (8)
and 2 {
G ~sin{2B8. (x, - %)} -
_ 1y 2 _ _ “3v 3 2
Teg = 28,5, °° (53\?‘3)\:53\)("3 %,) 2

The amount of diffusing species released per unit surface area of the
slab over time t is given by the time integral of the current into the slab
minus the total amount remaining inside the clad. Therefore,

t 3
N(t) = Jo I(t)de - T l[R ¢, (x, £) dx (9)
i

i=
where Ci(x’t) is given by Eq. (1).

In order to determine J(t), it is necessary to solve another boundary
value problem for the release of tritium from a cylindrical fuel rod.
Assuming radial diffusion only and uniform generation of tritium in the
fuel rod, the system of equations for classical diffusion in a rod with a

volumetric production rate AO is
2 _ ac
DvrC(r,t) +AO = (r,t)
C(a,t) =0 -, C(r,0) =0 , O=sr<a
and C(0,t) is finite.

D is the tritium diffusion coefficient in the fuel and C is the concen-

tration in the fuel. 1t can be shown that the fraction of the diffusing
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tritium released from a cylindrical rod in time t is given by

(10)

. 2

a «© "U(.Xt

£Uo(t)=1-_%f-2[1_6-2 £ £ ‘]
2 Dta m=1 ocm

where am's are the zeros of the zero-order Bessel Function Jo(ﬁa) and a
is the radius of the fuel rod. The current J(t) leaving the surface of

the fuel and entering the cladding is given by

A a w _Emt
I =% [1-4 5 | (11)
m=l vy
m
where Yo = aocm
_ 2D
and Em = 7m ;—2-

Substituting Eq. (A1) into (3), and using Egs. (1), (&), (7), and (9), it
can be shown that the fission product tritium that is released from the

cladding is given by

©

f(t) = fUOz(t) - \)E= 1C\)P\)F()\\),t:) (12)
tan,(Bl.xl)
where P = sec(B, x.) —_—
v ivil [ [31\)
Sin(Bz\)xz) +-_-]_)_],_ tan(Bl\)xl) {Cos(ﬁz'\)xz) -1}
+ D,
B2\)
L o {oos| By (% - %) | - 1} (13)
By Cos (B3 %q)
_'}\ t w —Emt ')\.vt
1 -¢e Vv e - e
and F()\\’,t) :)\.T-l- 4 %I > & - aoc (14)
v M1 70 Ya \)>
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The solution from this model has been programmed for numerical calcu-
lations. The diffusion coefficient in the fuel was obtained by fitting
Eg. (10) to the data of Grossman and Hegland(7) for their CP-206 fuel rod.
Figure 6 shows the fraction of the total fission product tritium that is
released from the cladding skrface into the coolant at any time t for a
total clad of thickness 814 ym which is typical of the thickness of BWR
cladding. The curve labeled 1 is the fraction released from the fuel
surface; curves 2 and 3 are for clads without any surface films. Curve 4
is for the case of 2 ym thick surface layers on either side of a bulk
diffusion region. The values of diffusion coefficients are approximately
those of stainless steel at about 300°C. Curve 5 is for a similar case
with the surface region diffusion coefficient lower than the bulk diffusion
coefficient by a factor 106. Figure 7 shows corresponding results for a
total clad thickness of 617 ym which is typical for RAR fuel elements.
Figure 8 gives similar results for 814 and 617 ym thick clads for the
case where the diffusion coefficients in the surface differ by a factor
of 108 from the bulk diffusion coefficient. This case approximates Zircaloy
cladding at about 300°C. The implication of these curves is discussed in

Section II of the Discussion.

IV. Preliminary Results on Tritium Diffusion through Zro2 Films on Zircaloy-2
The results so far have shown that oxide films on Zircaloy-2 tend to be

excellent barriers against tritium diffusion. All these studies were carried

out with samples where very thin oxygen layers were formed during the course

of the experiment. |In order to determine the diffusion-limiting character-

istics of thicker oxide layers on Zircaloy, an investigation has been

started on the effect of surface film thickness on tritium transport. The

preliminary results from this study are reported below.
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An experimental system as shown in Figure 9 has been set up to strain-
anneal Zircaloy specimens under vacuum, to oxidize the specimens at a
constant temperature and oxygen pressure and to monitor the tritium release
from the tritium-doped samples during their diffusion anneal. The process
of strain annealing and oxidation are straight-forward. Oxidation is carried
out simultaneously on a 0.5" diacylindrical sample and on a 10-mil foil,

The foil sample is used for determining the oxide thickness and the gas
release measurement is carried out using the cylindrical sample. For the
diffusion anneal, P-10 counting gas is passed over a sheet of Zircaloy-2
placed in the furnace tube to remove any residual moisture and then over
the tritium-doped sample. At the exit of the furnace, this sweep gas is
mixed with a small amount of neutral hydrogen and this mixture is passed
through a gas-flow proportional counter. The hydrogen is added to minimize
absorption of tritium on the counter walls which would lead to erroneous
counts. The background minimizing effect of hydrogen was checked by exiting
the sweep gas before it reached the counter, flushing the counter with fresh
P-10 gas, and checking the background count rate in the counter.

Four samples of Zircaloy-2 were oxidized at 500°C and 200 Torr oxygen
pressure for 10 minutes, (2 samples), and 50 minutes and 100 minutes. The
foil specimens were cut in two, polished to remove surface deformation and the
oxide films observed in a scanning electron microscope. Figure LO shows
three such scanning electron micrographs. The thickness of the oxide regions
can be measured from the micrographs and converted to a density thickness
using the known microscope magnification and the conversion factor quoted

(9)

by Gulbransen and Andrew. These values may be compared with the values
of Kofstad(lo) and Figure 11 shows that they agree reasonably well.
Table 1 gives the apparent diffusion coefficient for surface release

as obtained from the gas release studies on samples with different oxide
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thicknesses. All of the release measurements were carried out at 380°C
after oxidation at 500°C and 200 Torr oxygen pressure.

Table 1. Apparent D for Zircaloy-2 with different thicknesses of oxide
films on the surface
V\ge;grr]]t D Apparent
Sample ! 2 Thickness Oxidation 2
Number (mg/cm™) (SEM) Time Min. (cm”/sec)
-17
10 0.07 0.2 pm 10 1.255 x 10
5 0.14 0.3 - 0.6 um 50 8,729 x 10'15
9 0.18 0.7 um 100 2.313 x 10'16
-16
12 0.14 0.65 um 50 4,555 x 10
These data are preliminary and the studies are continuing.
V. Tritium Production in the Primary System of Pressurized Water Reactors

Tritium is produced in a pressurized water reactor primary coolant
system by a variety of sources in addition to possible diffusion of fission
product tritium. In the H. B. Robinson # 2 Plant of the Carolina Power
and Light Company (739 MWe PWR), the monitored activity in the primary
system ranges from about 0.1 to 0.2 p,c/cm3. In order to assess what
fraction of this tritium could be accounted for by transmutation reactions
in the water and what fraction by clad diffusion, a calculation has been
performed using the H. B. Robinson Plant data on boron and lithium and
the primary system. Earlier work of a similar nature by Ray(l) drastically
overestimates the tritium production rate in primary coolant, since he did

not consider lithium control in the primary system.
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In addition to ternary fission and burnable poison rods, the following
sources of 3H exist in PWR's:

1. 10B(n,ZOz)BH is the boron shim.

7

2. Li(n,nx)3H in Li used for pH control.

3. 6Li(n,oc)BH in Li used for pH control.
10 .
4, B(n,q) 7Li(n,no) 3H
. . . 3, . .

The first two reactions deminate the transmutation produced "H in the primary
system because the low abundance of 6Li in natural lithium minimizes the contri-
bution from reaction (3) and because most of the 7Li produced from 10B is
removed by lithium removal systems in order to maintain the concentration at

about 2 ppm for pH control. This fact also makes it unnecessary to consider

the fourth reaction.

The 1OB(n,2a)3H reaction has a threshold energy of about 1 M and its

cross-section may be approximated by a linear function increasing from 15 mb

at 1MV to 75 mb at 5 MV and a constant at 75 nb from 5 MB/ to 10 MeV.

The 7Li(n,noz)?’H reaction cross-section increases approximately linearly from

zero at 3 MV to 400 nb at 6 M/ and remains constant at 400 nb from 6 MV
to 10 MeV. The production rate of 3H in Ci/day, from these two reactions
can be calculated from the equation

-1 -1

6 10 + 7 10
v e NB = 131X 107 N(0) jl oy (EYS(E)GE + 1.01 x 107 N, (t) jl o, (E) $(E) dE

(15)

where N(t) production rate of tritium in Ci/day at time t.

py = density (g—cm_a) and volume (cm3) of the coolant.
(&

NB(t) = natural boron concentration (ppm) in the coolant at time t.
NL(t) = lithium-7 concentration (ppm) at time t.

. . 2
o(E) = energy-dependent reaction cross-sections (cm).

and ¢(E) = energy-dependent neutron flux between 1 and 10 M/ (n an-2 sec-1).
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The total amount of tritium, T(t), in the coolant in curies at time t can be

shown to be given by

T(t) = To +~{f:&(t') exp [Jt!F(t”)dt”] dt} exp [-jtF(t')dt']
t

t, t, o
(16)
where T0 = curies of tritium present. initially at time to"
t = time in days.,
F = dilution factor [i.e., the fraction of primary coolant

-

volume turned over daily] in day ",

Using the Watt fission spectrum given by

-1,036E

>
8(E)dE = 0.453 Age Sinh (2,29E)™ dE

and a value of the total flux above 1 MV usually obtained from Safety

3 n cm_2 sec_l for

Analysis Report for a nuclear plant [typically 6 X 101
a 1000 MWe P\/\/R(lz)], the normalizing factor AN is determined. The daily
boron and lithium concentrations are available from plant data. Thus,
equations (15) and (16) may be used in short time steps to compute the
tritium concentration in the primary system at any time during the plant:
operation and compared against the tritium activity monitored at the
plant.

Assuming a linear decrease in boron concentration [i.e,, NB(t)=a+bt]

with time and a constant value of lithium concentration, and dilution.

factor, it can be shown that the tritium activity at time t is given by

N(t) Ci/day = YEQ {1.31 x 10° o, [(@ - B(L - Tty + bt

+ 1.0l x 10’ N, (1 - e Tt } (17)
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where o1 = j; GB(E)¢5(E)dE (18)
10

and 9y = j o, (E)$(E) dE (19)
1

Equations (16) and (17) have been programmed to calculate the tritium

production for a typical 1000 MWe PWR with the following parameters:

V =650 ft3
C
p =07 ¢ a3
F =0.2%
NL = 2 ppm
a = 1500 ppm
b = -3 ppm day_1

W, the total water volume = 9500 ft3,

Figure 12 shows the total tritium in the coolant produced from the

1OB and 7Li reactions for the above set of parameters. The major contri-

bution is from the IOB(n,ZOC)BH reaction. Figure 13 shows the effect of the
dilution factor on the tritium concentration.

Using Equations (15) and (16), a computer program was developed to
evaluate the tritium activity in the primary coolant system resulting from
the boron and lithium reactions in the H. B. Robinson # 2 PWR Plant.

Actual day-to-day plant data on boron and lithium were used in the
computations, for a total of 80 days of operation. The computed concen-
tration after the 80 days was 0.091 p,C/CmB as compared to the value of 0.18
p,c/cm3 from assay of the coolant water. Thus, approximately half of the
total tritium in the primary system could be accounted for by the 10B(n,2a)3H

and 7L:‘.(n,noz)SH reactions, with the remainder presumably due to diffusion

of ternary fission tritium through the clad.
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DISCUSSION

l. Diffusion in Stainless Steel and Zircaloy Samples

The trapping constant k shown as a function of% in Figure 2 appears
to obey the Arrhenius rate equation based on the four data points. 1t can

be shown that

where L is the diffusion length for trapping, Since the activation energy
for diffusion in the near-surface region is greater than the activation
energy associated with Kk, it would appear that L2 will increase with increase
in temperature, theregy lowering the amount of trapping.

The extensive set of degasing experiments performed on Zircaloy=-2 con-
firms the existence of a near-surface trapping effect, Less than 1%@f the
contained tritium was released even at temperatures as high as 411°C and
heating times of several hours. The surface layer diffusion coefficients
are typically eight orders of magnitude below the bulk diffusion coefficients.
Figure 14 shows the comparison of bulk diffusion coefficients and the surface
diffusion coeificients from the present work against past results reported
in literature. Most: of the work was done on Zirconium; of these the only

(13) whose results are

(14)

other measurement on Zircaloy-2 are by Sawatzky
represented by the curve labelled (1) and by Kearns in curve (2), Within
error limits, the measured activation energy for the present work and
Sawatzky‘s results agree well, but the absolute values are an order of
magnitude higher than in the present work. Most of the past results shown
in Figure 14 are for hydrogen diffusion in Zirconium. The curves labelled
(3), (4) and (5) were obtained respectively by Schwartz and Mallet(ls) ,
Mallet and Albrecht(16) and Someno(17) by forming a hydride layer on

Zirconium followed by matching layers off the specimens and hydrogen analysis
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of the layers. These curves were all extrapolated to temperatures below
the range of actual measurement which makes comparison of these results with
the present work not very reliable. Curve (6) was obtained by Cupp and

Elubacher(lg)

through an autoradiographic technique of obtaining tritium
concentration gradients in the temperature range 149°C to 240°C. Their
absolute values as well as the activation energy of 9070 Cal/mole compare
favorably with the present work, Curve (7) was obtained by Gulbransen and

(17)

Andrew using a weight gain method following permeation of hydrogen over
60°C to 250°C range of temperature and are the lowest values reported in
literature. This technique is susceptible to surface films influencing the

results which might explain the low values reported. Curve (8) is obtained

from the work of Mallet and Albrecht(ls) and are degasing coefficients measured

over the interval 635°C to 800°C. Their significantly higher values over
the degasing coefficients reported in the present work may reflect ineffec-
tiveness of the oxide surface to retain hydrogen at high temperatures. The
activation energy from the degasing data of Mallet and Albrecht is about
four times higher than that obtained in the present work. It is interesting
that Smith(ls) has observed a factor of four increase in activation energy
for hydrogen permeation through oxide films iIn going from low temperature
(< 500°C) permeation studies to high temperature (~ 700°C) measurements.
The preliminary results reported in this work on oxide films on

Zircaloy-2 indicate that the oxide thickness measured by scanning electron
microscopy iS consistent with the weight gain curves reported by Kofstad(lo),
However, the surface layer diffusion coefficients obtained for various oxide

thicknesses vary over three orders of magnitude.

Dawson, et.al. ,(20)

have shown that the oxidation proceeds initially
at a parabolic rate with time, then goes into a cubic dependence an time
and at longer times the time dependence becomes linear. The above authors

believe that the transition from parabolic to cubic is a result of the onset
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of crack formation in the oxide, As oxidation progresses, the oxide layers
tend to become porous. The oxidation of Sample # 10 was completed in the
parabolic (non-porous) region, It is interesting to note that it had the
lowest measured surface diffusion coefficient (5 x 10“18 cmzsecwl) which is
two orders of magnitude less than the value at 380°C shown in Figure 4, With
the other samples for which reliable surface release data are available, (see
Table 1), the oxidation took place either in cubic region or in the parabolic-
cubic transition and therefore would be expected to have a more porous oxide
layer than Sample # 10. These samples did release a much larger amount of
tritium than Sample # 10 and had degasing coefficients which are not signi-
ficantly less than the values at 380°C in Figure 4. It thus appears that
homogeneous oxide layers formed by oxidation in the linear region may provide
effective tritium barriers on Zircaloy and become less effective when cracks

or porosity develop. However, more extensive measurements must be carried

out in order to confirm this.

II. Tritium Release from Reactor Cladding

The results of the 3-region model calculation of tritium diffusion through
the cladding is expected to give an upper limit for the amount released from
the cladding surface into the primary coolant.

It is evident that in the case of stainless steel cladding, a year of
operation results in release of approximately 70 - 80%of the total tritium
produced in the fuel for typical light water cladding thicknesses, This is

(21)

consistent with the observation by Laconte and Malinowski that in Core I

of the Connecticut Yankee reactor, over 60%of the tritium produced in the

(22)

core was released through the cladding. Steele also reported that from
50 - 90% of the generated tritium escaped from the stainless steel clad rods

of the Lacrosse Boiling Water Reactor.



& J i[:]éi:ff<3 i) B B O B m] B B ] O RD) ] R R RS :i’, E_]

24

In the case of Zircaloy clad fuel pins, it is evident from Figures 6,
7, and 8 that much less than 1% release of the tritium will be expected
based on diffusion through the bulk and surface regions, This is consis~
tent with the results of Goode and Cox(s) who reported that for lowpower-
rated Zircaloy clad fuel rods, there was apparently no loss of tritium from

(6,23) also fouffid that Little or no tritium was released

the rod, Melehan
from Zircaloy cladding.

It should be emphasized that the low tritium release predicted for
Zircaloy is due exclusively to the low surface layer permeability for
tritium and is not a consequence of the bulk diffusion properties of the
alloy. A more accurate prediction of tritium release from the cladding
would be more complex than the treatment presented with the 3-region model.
Short circuit paths such as grainboundaries and dislocations might increase
the release over what is calculated here, while various surface effects such

as adsorption and desorption, hydride formation, etc,, could tend to

further retard the tritium release from the surface,

IIT. Tritium Production in RAR Coolant System

The results of the calculation of tritium from boron and lithium

(11)

reactions show that the earlier calculations by Ray overestimates the

amount of tritium produced in PWR's by more than an order of magnitude. The
discrepancy is because the major contribution in Ray's results arise from

1OB(n,oc)7L:'L(n,noc)3H reaction. In present day PWR's lithium concentration is

" controlled to about 2 ppm and ZLi is not allowed to build up with the

reactor as assumed by Ray. As a result, the major contribution to tritium
generation in the primary coolant comes from the loB(n,Zoz)SHi reaction.
The calculations on the Robinson # 2 Plant shows that approximately

half of the monitored tritium activity can be accounted for by boron and
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lithium reactions. There are various possible explanations for the balance,
The ternary fission tritium production in the core over a year's operation
amounts to 8180 curies(%). Over the period in which the calculations were
made, the equivalent amount would be approximately 2600 curies, |If one
assumes that 0.6 percent of this tritium diffused through the Zircaloy
cladding, which is reasonable from the 3-region calculations presented
earlier, it would result in an additional concentration of about 0.05 yc
cm_3 in the primary water. This alone would be sufficient to account for
most of the difference between the monitored tritium activity and the
calculated value. |In addition, there could be release from the pyrex
burnable poison rods which also have Zircaloy cladding. The tritium
production in the poison rods is estimated to be about 1700 curies/year so
that this is not expected to be a major source of tritium release into the
coolant.

Thus it appears that the tritium levels observed in the H, B. Robinson
Plant is consistent with what is to be expected from boron and lithium
reactions in the coolant and diffusion of ternary fission tritium through

the cladding.
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CONCLUSIONS

Measurement of the surface layer diffusion coefficients in Zircaloy=2
are shown to be about 108 less than the bulk diffusion coefficient and
are represented by the Arrhenius expression

13 exp - (5500 Cal/RT) cmlsee™t

D =0.12 x 10~
over the temperature range of 25°C to 411°C.
Preliminary results on oxide growth and tritium release through oxide
layers in Zircaloy-2 indicate that high temperature oxidation of the
surface resulting in thickness greater than 0.2 pm does not signifi-
cantly decrease the release of tritium.
Calculation of tritium diffusion through stainless steel and Zircaloy
cladding using a 3-region model give calculated release fractions which
are consistent with the tritium release reported in actual fuel pin
irradiations.
Tritium concentrations measured in the H, B, Robinson # 2 PWR primary
system can be essentially accounted for by the 1OB(n,Zoc)ahl and
7Li(n,noe)3H reactions and by tritium diffusion through Zircaloy

cladding.
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Figure 10. Scanning electron micrographs of oxide films
on Zircaloy-2 oxidized at 500°c and 200 Torr. (x 8000)
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ANALYSIS OF XENON DIFFUSION DATA USING A TRAPPING MODEL

ABSTRACT

In order to check the extent to which values of xenon diffusion coef-
ficients reported in literature might have been influenced by gas atom
trapping, trapping parameters measured in calcium fluoride were modified

to suit UO2 and used in Hurst's trapping model to predict the diffusion

coefficients that should have been observed for the experimental conditions
used by previous workers, It is shown that a significant fraction of the

xenon diffusion coefficients reported in literature for UO, is approximately

2

consistent with the classical diffusion coefficient of xenon in UO2

modified by trapping effects,
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INTRODUCTION

Rare gas diffusion studies in solids have been continuing as a part of
this project for the past several years., A principal activity has been to
better define the relationship between rare gas trapping and post-irradiation
gas release experiments with reactor fuel materials. Alkali metal halide

and CaF2 single crystals have been used as substitutes for fissionable materials

in order to allow delineation of specific effects, Gas retention in surface
films, trapping at radiation-induced defects and gas concentration effects
have been identified and studied.

In the recent years the efforts in this direction have been on the
measurement of trap concentration and retention time of xenon in the traps

in CaF2 and UO2 single crystals. These trapping parameters have been deter-

mined for four different temperatures in CaF_, and preliminary measurements

2

have been made at three temperatures in UOZ" Further the diffusion coef~

ficents in these two materials at low defect concentrations have been

measured and in UO2 values of D were obtained which were higher than most

of the diffusion coefficients,

The purpose of the present work is to determine whether or not the
trapping parameters measured in CaF2 and UO2 could explain quantitatively
the wide range of experimental diffusion data quoted in the literature.
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SUMMARY OF PREVIOUS WORK
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A detailed discussion of the rare gas diffusion experiments and results
has been presented in past annual reports and publications, These are:
Annual Progress Report "Effect of Radiation Damage and

Gas Concentration, on Rare Gas Diffusion in Solids."™ USAEC

OR0-3508=1 11/65 to 10/66

OR0O=~3508-3 11/66 to 10867

OR0O-3508-4 11/63 to 10/68 ‘

OR0O-3508-5 11/68 to 10/69 } Period Covered
ORO-3508- 6 11/69 to 10/70 by Report
OR0-3508-7 11/70 to 10/71

(Available from: Superintendent of Documents, U. S.
Department of Commerce, Washington, D, C.)

"The Diffusion of Recoil Fission Fragments from Solid Sur-
faces == Calculated Release Curves,' ORO-3508-2 (1967).

"Rare Gas Diffusion in Cesium lodide == The Use of Fission
Recoil Doping Techniques,” J. Amer. Ceram. Soc. 51(10):560~-
564 (1968).

"Effect: of Radiation on Rare Gas Diffusion in Crystals,"
Trans Am—Nucl_—Soc—10(2):509 (1967).

"Influence of Defects on Rare Gas Diffusion in Solids,™
J. Nucl. Mat. 30:89-106 (1969).

"Surface Effects on the Diffusion Release Rate of Rare
Gases,” Phys, Stat. Sol. (a) 3:921 (1970).

"Effect of Trapping on the Release of Recoil Injected Gases
from Solids," Nucl. Lasts., amd-Methods 86:117-125 (1970).

""Rare Gas Diffusion in Alkali Metal lodides, - Rhys. Stat.
Sol. 7(2) (1971).

“"Diffusion and Trapping of Rare Gas Xenon in Calcium
Fluoride Single Crystals,"” F. Nuocl, Mat—42:191-202 (1972).

"*Xenon-133 Diffusion and Trapping in Single Crystal UO

1
Phy. &%a& sol.  (accepted for publication). 2

A review of the major results presented in these reports is summarized here

as background.
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I. 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 condition where:

1. The time rete of gas release is consistent with solutions to

Fick's diffusion equations with constant diffusion coefficient D,

2. The temperature dependence of D is of the general form:

D =D
o]

=AH/kT
e .

3, Gas diffusion is controlled by thermally generated defects.

Gas diffusion experiments were carried out for the purpose of estab-
lishing whether classical diffusion of a rare gas could be obtained when
radiation damage and gas concentration effects were minimized. Single

33

crystals of CsI, RbI, and KI were grown from a melt doped with 1 I 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 radfoassaying the
released 133Xe as a function of time, The measured gas diffusion coeffi-
cients were reproducible and met criteria (1) and (2) for classical diffusion.
Experiments in which 130/)0(e 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
back-diffusion of 133Xe from the surface layers of the recoil doped specimens
agreed with the values determined from 133I doping as long as fission recoil
fluences were kept below approximately ].O12 fission fragments cm_zo The two
experiments were so greatly different that identical results appear justified

only if the Xe diffusion is controlled by thermally generated defects in

both cases.
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The experiments indicate that it is possible to obtain classical diffusfon
kinetics for rare gas diffusion if radiation damage levels and gas concentrations

are low, Table I summarizes the characteristic diffusion coefficients and

133

enthalpies measured for Xe diffusion in four solids,

Table I, Measured Diffusion Constants forv 133Xe Diffusion in Alkali Metal
TLodides and Calcium Fluoride

D

0 AH
Solid (cmz/sec) (eVv.) Temperature Range

KL 1,49 344 1.03 + 0.05 150 ¢ - 500 C
~0,84
+3.11 -

b1 0.082" ° 0 0.93 + 0.05 150 C - 500 C
Ry

CsI 0,57 +2:30 1.00 + 0.04 150 ¢ - 500 C
-0.43

CaF 9.5 x L0° 4. 42 750 C - 1000 C

Pl, Gas Atom Trapping in "Growth Induced'™ Defects

It was found that alkali halide single crystals could be grown which
contained considerable strain as the result of defects introduced during the
growth process. These crystals were cloudy in appearance and gave iandistinct
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 crystals gave values
for the diffusion coefficient which appeared te decrease with heating time,

which was consistent with a trapping process in which gas atoms were being
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immobilized at defects while they diffused, Application of the trapping model
developed by Hurst(]“) showed that the experimental results were consistent with
a trap concentration of approximately 1.2 x 1,011 traps cm_3 and a long reten-
tion time in the traps. It was possible to eliminate the traps by annealing

the crystals before the 133 133

I decayed to Xe and the higher the annealing
temperature, the greater the fraction of traps annealed, After the gas atoms
become immobilized at the traps, they apparently stabilized the traps as

heating at this stage did not result in trap annealing.

ITT., Gas Atom Trapping at High Cas Concentrations

A series of experiments were carried out to show the effect of gas
concentration on rare gas diffusion kinetics. Three types of experiments
were performed:

1, Total Xe concentrations were varied by growing alkali halide

crystals in a Xe atmosphere with differing Xe partial pressures,
The gas tag was introduced through incorporation of 133]: into
the melt.

2. Total Xe was varied by irradiating alkali halide crystals with

128

different thermal neutron fluences to generate stable Xe

through the reaction:

127I(n,7) 1281

1281 8 128Xe
25mI

The gas tag was again introduced through incorporation of 1331

into the melt.
. 133
3. Total Xe was controlled by varying the amount of I tag added

to the alkali halide melt.
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The first technique permitted a wide range of Xe concentratioms, but it
was not possible to insure uniform gas distribution in the solid. Trans-
mission. 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 distribution but they did not permit as wide
a range of possible gas concentrations 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,

Crystals with relatively high rare gas eoncentrations (1014 - 1,016
atoms cm”B) exhibited lower diffusion coefficients than the crystals with
low rare gas concentrations (101’0 - )1,013 atoms cm'3)9 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 on our reactor prevented a study of concentration effects
over wide concentration limits, However, the experiments do show that rather
pronounced effects (an order of magnitude reduction in the observed diffusion
coefficient) occurs when gas concentrations are as high as 10 ppm. EXperiments
with K1 single crystals show effects on the 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 care gas diffusion

experiments,

IV. 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
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concentrations (> 1,0]"2 fission fragments em_z), Each fission fragment depos-
ited an average of 30 MeV, of which approximately 5%was dissipated in displace-
ment type interactions, so a relatively large fraction of the atoms were
displaced. The trapping behavior observed in these crystals differed signifi-
cantly from the trapping defects produced by high gas concentrations or grown-in
defects, The radiation-induced effects annealed at high temperatures, and the
best fit of the trapping model to the experimental data showed that 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 1,06 higher than the traps produced by growing defective crystals.
Annealing of the radiation-induced defects was not affected by gas stabili-
zation of the traps since the trap concentrations exceeded the gas concentra-
tions.

A detailed analysis was carried out of the trap concentrations and

retention times in traps for fission doped CaF, single crystals, The model

(L

2

proposed by 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 concentrations 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 concentrations and trap retention
times versus (temperature)“l gave straight lines, implying that these
guantities were adequately represented by single values for the activation
energys over the temperature range studied.

The experiments summarized in Sections IT, III, and |V indicate three
distinct gas atom trapping processes which can occur in solids -- trapping

at small voids and other defects produced during crystal growth, trapping
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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,

v. Mechanism of Gas Diffusion

The classical diffusion results were interpreted in terms of possible
gas diffusion mechanisms. The twe most well-established diffusion processes,
interstitial diffusion and vacancy diffusion, are incomptabile 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 discrepancy
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 , channeling results

with alpha-emitting care gases(7’8), and the wide discrepancy between rare gas
diffusion results and self-diffusion results where self-diffusion Is known
to occur by a vacancy mechanisrn(g), The present work has noted the absence
of an impurity effect for Xe diffusion in Cu20 and BaI2 doped crystals and
the large difference between the Xe and self-diffusion coefficients.

The two mechanisms that are most frequently discussed as applicable to
rare gas diffusion are the trapped-interstitial model proposed by Norgett
and Lidiard(lo) and the mobile defect cluster model first suggested by
Matzke(ll)a The trapped-interstitial model assumes that rare gas atoms

diffuse interstitially but that they also become trapped at defects such

as vacancies, The release rate from the vacancy traps can be the rate-
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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 lattice,

The principal inconsistency between the trapped-interstitial diffusion
model and the present work lies in the fact that unusually high defect
concentrations are required to explain the low temperature, fission recoil
diffusion results where the gas atoms move extremely shsrt distances 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 rate gas diffusion in alkali halides.

VI, Diffusion and Trapping in U0, Single Crystals

Diffusion studies were performed with U0, single crystals using fission-

2

133Xe

recoil doping and radicassay of the released . It was observed that below

11 £f cme, classical diffusion solutions

a fission fragment dose of 3 X 10
would fit the gas release, implying that radiation induced defects did nst

affect the diffusion process., The classical diffusion coefficient could be

represented by
— 3 2 -1
D =2.88 X 107 exp (~4.78 = 110 Cals/kT) cm sec

over the temperature range 1065°C to 1300°C, Increasing the recoil concen-

19 -
tration to 3 X 10°° fission fragments/cm2 (3 x 10 8

fission atom fraction)
produced anomalies in the gas release curves which probably resulted from
gas atom trapping. The gas release curves at this fission fragment dose

were cousistent with the trapping model of Ong and Elleman(lz)o The trap
concentrations and retention time in the traps could be determined at

3 X ].,O12 fission fragments/cm2 at three different temperatures.
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CURRENT RESULTS AND DISCUSSION

Figure 1 shows Arrheunius plots of diffusion coefficients of Xenon in UO2
reported by thirteen independent investigations and selected on the basis of
clarity of description of the experimental conditions and specimen charac-
terization. The references to each set of data is shown on the page following
Figure 1. The eight orders of magnitude spread in these results appears to
result principally from the combined effects of trapping in internal. pores,
trapping at radiation induced defects and uncertainty in the interpretation
of non-classical gas release kinetics. In certain selected cases, hyper-
stoichiometry, impurity effects and faulty surface measurements may also
contribute to the spread in the results, It is of interest to determine the
extent to which the spread in the diffusion coefficients can be explained
solely in terms of trapping at radiation-induced defects since this has been
identified in UO, as well as in other solids as a major source of error in

2

diffusion studies.

MacEwan and Morel(13> and Spindler and Lindner(M) have measured values

of these trapping parameters for UO However, their results as well as

211

those of Carter(ls) cover only isolated conditions and it is not possible
to determine a clear pattern for either the trap concentrations or gas

retention times. Ong and EIIeman(16) have carried out more extensive

133Xe diffusion in single-crystal CaF, at

several fission fragment concentrations and were able to represent trap

measurements of trapping for

concentrations and average retention times for gas atoms in traps as
exponential functions of temperature for a given recoil concentration.
CaF2 has often been used as a model substitute for Uo2 in diffusion
studies because of the similarity of the two materials in their physical
structure and in the activation energies for rare gas diffusion. There-

fore, it was decided to generate the trapping parameters for UO, from the
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results of Ong and EIIeman(16) for Can, It would seem reasonable to assume
that CaF2 and Uo2 could exhibit identical trapping behavior at equivalent
reduced temperatures based on their melting points, So the approach used in
this work has been to generate trap concentrations, [T], and retention times,
99

temperatures. For a known fission density and temperature in UO2 at which

T in CaF2 as a function of fission mole fractions in CaF2 for various

a particular published experiment was conducted, the corresponding values
of [T] and ’T’2 can be determined, From these values and the classical diffusion
coefficients quoted for Uo2 by Carter, Driscoll and Elleman'"®', and using
Hurst's trapping model(l), the diffusion coefficient that a particular author
would have obtained if his data were influenced by trapping can be calculated
and compared against the value quoted by the author.

Figures 2 and 3 show the curves of [T] and T, as a function of fission

mole fraction (FMF) in caF, for a range of temperatures which cover the

2
experiments reported in literature. These curves were generated from the
data for CaF, reported by Ong and Elleman(16),

According to the Hurst model™™', if an equilibrium is rapidly estab-
lished between trapping and release from traps, then the observed value of

the diffusion coefficient can be represented as

1
Pobs =TT+ Perue )
Cl2
where k = (2)
3Dtrue'-T:| T2
and Dtrue = true diffusion coefficient In Uoz,
D inthis calculation is taken to be values quoted by Carter, Driscoll

true
and Elleman(15) .

In order to perform this calculation with respect to previously

published experiments on U02, seven different authors were selected from
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the thirteen shown in Figure 1. The ones that reported the lowest values of
D were selected since these were thought to be most influenced by trapping.
These results are represented by curves labelled (1), (29, (4}, (59, (6),

(10A), (10B), and (12). From the fission densities and temperatures quoted

by the authors, [T] and 7., were determined using Figures (2) and (3). These

2

values were substituted into equations (1) and (2) and D0 were determined,

bs

Figure (4) shows these values compared against the values reported by

these authors, Although the spread in the results is seduced by this trapping

model, it gives values of D which are several orders of magnitude below the
corresponding reported results. Because of the uncertainties about: what
portion of the gas release curves were used by the various authors in
determining their values of diffusion coefficients, one would not expect

a fit of the values calculated by the trapping model with the experimental
values to better than a couple of orders of magnitude.

The trapping parameters of Ong and Elleman(16) for CaF, differed by

I(13) and

2
several orders of magnitude from the values of MacEwan and More

of Spindler and Lindner(]"4> for UO, at equivalent reduced temperatures. An

2

arbitrary displacement of the CaF, trapping results parallel to the

2
temperature axis was made to provide closer agreement between the two sets

of data. There is no fundamental justification for this adjustment, except
the recognition that it is unrealistic to expect exact correspondence

between UO2 and CaF2 and it is probably best to ascribe the greatest

reliability to the few direct measurements which have been carried out

for UOZ" The other essential features of the CaF2 trapping values such

as temperature and fission density dependence were retained unaltered.

Figure (5) shows the D0 calculated using these adjusted trapping

bs

parameters and they are in reasonable agreement with the values reported

by the authors. Of the 52 values checked for a variety of temperatures
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and fission densities, the agreement between the calculated end measured values
agreed to within an order of magnitude for two-thirds of the cases and differed
by more than two orders of magnitude for only four points.

In several cases, where there was disagreement between calculated and
experimental diffusion coefficients, it was apparent that different values of
the diffusion coefficient could be inferred from the curves generated by
Hurst's model, depending on which portion of the curve was selected for fitting
to the classical diffusion solutions. The range of possible diffusion
coefficients often included the literature reported value for the selected
temperature and fission density. In other cases, it was found that the
literature value of D could be obtained by varying either the trap concen-
tration or gas retention time by no more than a factor of ten, a variation which
is clearly possible in view of the uncertainties involved in estimating the

trapping parameters.

N
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CONCLUSIONS

The principal conclusion which can be made from these results is that
trapping at radiation-induced defects in UO2 is a probable cause of most
of the discrepancies observed in rare gas diffusion coefficients that are
reported in literature. The fact that trapping parameters measured for
CaF, and adjusted to correspond with the limited trapping data available

2
in UO2 could give observed diffusion coefficients in agreement with a
number of literature values lends support to this conclusion.
A more accurate analysis of trapping would necessitate measurement

of rare gas trapping parameters in UO2 over a wide range of fission

densities and temperatures.



58

REFERENCES

1,

10.

12.

13.

14.

15.

Hurst, D, G.,, ™"Diffusion of Fission Gas: Calculated Diffusion from a Sphere

Taking Into Account Trapping and Return from the Traps," CRRP-1124,
Atomic Energy of Canada, Ltd,, Chalk River, Ontario, Canada (1962)-

Norgett, M, J, and A. B. Lidiard, "The Migration of Inert Gases in Ionic
Crystals,” Rhil. Mag. 18:1193-1210 (1968).

Matzke, Hj., '"Rare Gas Mobility in Pure and Doped Potassium Bromide,' Z.
Naturforsch. 22a3:507-518 (1967).

Matzke, HQ., D. Rickers, and G. Sorenson, 'Rare Gas Diffusion in NaCl,"
Z. Naturfsrsch. 24a:820-826 (1969).

33

ong, A. S., '"The Diffusion of “33%e in CsI and CaF, Single Crystals,"

M.S. Thesis, North Carolina State University, “Raleigh, North Carolina

(1970); Also ORO-3508-3 (1967).

Matzke, Hj., "Xenon Migration and Trapping in Doped ThO,." JI. Nucl. Mat.
21:190-198 (1967).

Matzke, Hj., ‘"Application of 'Channeling’ Techniques to Fission Gas
Release Studies,' J, Nucl. Mat. 30:110-121 (1969).

Matzke, Hj,, and J. A. Da\q_is, "Lo%ation of Inert Gas Atoms in KCl, CaF
and UQ, Crystals by H and He + Channeling Studies,”™ 1, Appl, Phys.

38(2) :805-808 (1967).

Elleman, T. S., C. H. Fox, Jr., and L. D. Mears, "Influence of Defects
on Rare Gas Diffusion in Solids,"” 1. Nucl. Mat—30:89-106 (1969).

Norgett, M. J. and A. B. Lidiard, ""The Migration of Inert Gases in lonic
Crystals,”™ Phil. Mag. 18:1193-1210 (1968) ; Also, Harwell Report,
TP332 and 370.

Matzke, Hj,, '"Rare Gas Mobility in Pure and Doped Potassium Bromide,""
Z. Naturforsch. 22a:507-508 (1967).

Ong, A. S.,, and T. S. Elleman, "Effect of Trapping on the Release of
Recoil Injected Gases and Solids,"™ Nucl. Instr. and Methods, 86:
117-125 (1970).

MacEwan, J..R., and P. A. Morel, 'Migration of Xenon through a UO
Matrix Containing Trapping Sites," Nucl. Appl. 2:158~170 (1986)

Spindler, P. and R. Lindner, "Diffusion of Xenon-133 in UO2 Single
Crystals,™ Z. Naturforsch. 21a:1723-1725 (1966).

Carter, J. C., Rare Gas Diffusion in U0, Single Crystals Using Fission
Recoil Doping Techniques, M. S. Thésis, Department of Nuclear
Engineering, North Carolina State University, Raleigh, North
Carolina (1971).



59

16. Ong, A. S,,and T, S. Elleman, "Diffusion and Trapping of Rare Gas Xenon
in Calcium Fluoride Single Crystals,™ Jour, Nucl. Mat. 42:191-202
(1972).

17. carter, J, C., E. J, Driscoll, and T, S. Elleman, "Xenon-133 Diffusion
and Trapping in Single Crystals Uranium Di Oxide,'" Phys. stat. Solidi.

(in press).,




L

DIFFUSION COEFFICIENT, D(cm?2/sec)
lllﬁhllllllll‘ I'l‘ll"lll‘ l‘llllllll ~||"""| 1lllllll| lllllllll llllllnl | llll“

E—]EC_JE:]

107'°
10"
1072
107"
10714
10713
|01
10°'7
10718
10719
10720

|0-2 l

AL0 S AR B N R L0 ML R AL

|O—22

ﬂ'Tﬂ'[ T

|0-23-

L i | ] |

- 4 I |
102 5 7 8 e

10%/T, °K
Figure 1. Arrhenius plots of diffusion coefficient of xenon in uranium dioxide
reported in literature
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1. Booth and Rymer (1958) Fused UO2

2. Stevens and MacEwan (1960) Fused Oxide
3. Auskern (1960) Crushed UO2

4. Barnes, et.al, (1961) Single Crystal
5. Melehan, et.al. (1963) Sinter
6. Davies and Long (1963) Single Crystal

7. Soulhier and Schuremkamper (1964)
Single Crystal

8. 0i (1965) Single Crystal

9. MacEwan and Morel {1966)
Single Crystal

10. Spindler and Lindner (1966) (A.)
Single Crystal (B.)

11. Felix (1970) Fused U0,
12. Belle, et.al. (1960) Powder

13. Carter (1971) Single Crystal
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1.5 x 10" Cexp(-46,000/RT)
2.4 exp(-120,000/RT)

2.6 x 10—4exp(—65,500/RT)
1.39 x 10"3exP(-3o,2oo/RT)
2 x 10" 2exp(-92,000/RT)
9.3 x 10 exp(-100,000/RT)

2.8 exp(-82,000/RT)

3 x 10 Jexp(-63, 000/RT)

1.6 X 10’3exp(-96,8oo/RT)
5.5 x 10" 3exp(-87, 300/RT)

5 x 10” 'exp(-89,834/RT)
6.6 X 10"6exP(-71,7oo/RT)

2.88 x 10“3exP(-11o,227/RT)
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Figure 4. Calculated D using the trapping model compared against:
the experimental values
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