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'FOREWORD '

The Shippingport Atomic Power Station located in Shippingport,
Pennsylvania was the first large-scale, central-station nuclear power
plant in the United States and the first plant of such size in the world
operated solely to produce electric power. This project was started in
1953 to contirm the practical application of nuclear power for large-

scale electric power generation. [t has provided much of the technology:

being used for design and operation of the commercial, central-station
nuclear power plants now in use.

Subsequent to development and successful operation of the Pressur-
ized Water Reactor in the DOE-owned reactor plant at the Shippingport
Atomic Power Station, the Atomic Energy Commission in 1965 under-
took a research and development program to design and build a Light
Water Breeder Reactor core for operation in the Shippingport Station. In
1976, with fabrication of the Light Water Breeder Reactor (LWBR) near-
ing completion the Energy Research and Development Administration
established the Advanced Water Breeder Applications program
(AWBA) to develop and disseminate technical information which would
assist U.S. industry in evaluating the LWBR-concept. All three of these
reactor development projects have been administered by the Division of
Naval Reactors with the goal of developing practical improvements in
the utilization of nuclear fuel resources for generation of electrical ener-
gy using water-cooled nuclear reactors.

The objective of the Light Water Breeder Reactor project has been to
develop a technology that would significantly improve the utilization of
the nation’'s nuclear fuel resources employing the well-established
water reactor technology. To achieve this objective, work has been di-
rected toward analysis, design, component tests, and fabrication of a
water-cooled, thorium oxide tuel cycle breeder reactor to install and
operate at the Shippingport Station. Operation of the LWBR core in the
Shippingport Station started in the Fall of 1977 and is expected to be
completed in about 3 to 4 years. Then the fissionable fuel inventory of
the core will be measured. This effort, when completed in about 2 to
3 years after completion of LWBR core operation, is expected to confirm
that breeding actually took place.

The Advanced Water Breeder Applications (AWBA) project was initi-
ated to develop and disseminate technical information that will assist
U.S. industry in evaluating the LWBR concept for commercial-scale ap-
plications. The project will explore some of the problems that would be
laced by industry in adapting technology confirmed in the LWBHR pro-
gram. Information to be developed includes concepts for commercial-
scale prebreeder cores which will produce uranium-233 for light water
breeder cores while producing electric power, improvements for
breeder cores based on the technology developed to fabricate and
operate the Shippingport LWBR core, and other information and tech-
nology to aid in evaluating commercial-scale application of the LWBR
concept.

Technical information developed under the Shippingport, LWBR, and

AWBA projects has been and will continue to be published in technical

memoranda, one of which is this present report.

il
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" Symbol

.ovi

e

hl

NOMENCLATURE

Definition ”v

Gas generation rate (atom fraction per second)

.1.19 X 10722 exp(— 100 000/RT)cm5/sec for UO,; 1.19 X 10722 v —

exp(—125 000/RT) cm5/sec tor ThO,

Rate that gas atoms go to the grain boundaries in atom fraction per second of grain
boundary sites

Rate at which gas atoms migrate to corner bubbles

Rate at which gas arrives at the grain edge from the boundary (in atom fraction per sec-

.ond)

Tunnel radius (cm)

3.86 X 107% om, Burgers veclusr fur UO,; 3.2 X'10 % cm for ThO, (See \)

kKl 174
2yasin g

"Gas concentration in grain interior (in atom fraction)

Probability that a bubble lattice site is occupied by a bubble

Average gas concentrétion in grain interior (in atom fraction)

Grain boundary gas atom concentr§tion (in atom fraction)

Fraction of grain boundary bubble sites occupied by grain boundary bubbles
Average gas concentration on the boundary (in atom fraction)

Concentration of isolated gas atoms beyond which nucleation of permanent bubbles will
occur (in atom fraction) :

Gas concentration at grain boundary edges (in atom fraction)

Fraction of grain boundary edge bubble sites occupied by grain boundary edge bubbles
(in atom fraction) .

Concentration of single gas atoms in matrix (in atom fraction)
Concentration of isolated grain boundary gas atoms (in atom fraction)

exp(—47 000/RT), equilibrium vacancy concentration for UO,; exp(—58 750/RT) for
ThO, (in atom fraction)

Vacancy concentration (in atom fraction)
Gas diffusion coefficient (cm?/sec) : .

Bubble diffusion coefficient (cm?/sec)



Symbol

('!’7

<m>

my,

=11

Nl
Nu

<N>

NOMENCLATURE (Cont)
Definition

7.6 X 1076 exp(—71 500/RT) + (2.5 X 1077)2/67, gas atom diffusion coefficient for
UO,; 7.6 X 107% exp(—89 375/RT) + (2.5 X 1077)2/67 for ThO, (cm?/sec)

3 exp(—34 X 103/T) cm?/sec, self-diffusion coefficient along the grain boundary for
UO,; 3 exp(—43 X 10%/T) (cm?/sec) for ThO,

(1013)(3. 86 X 10782 exp[—(O 3)(23 OSO)/RT]/6 interstitial diffusion coefficient
(cm?/sec)

560 X 104 exp(—5.95 X 10%/T) cmz/sec, surface self-diffusion coefticient for UO,; 560
X 104 exp(—7.44 X 10%/T) émz/sec for ThO,

3 X 1072 exp(—47 000/RT) cm?/sec, vacancy diffusion coefficient for Uo,; 3 X 10 2
exp(—58 750/RT) cm?/sec for ThO,

_Vacancy dlffusmn coefficient along the gram boundaries (cmz/sec)

- 0.719 R , grain edge length (cm)

Total fraction of gas released

Fission rate (in fissilons/cm3 sec)

Relative grain boundary bubble jump frequency (sec™!)
1.38 X 10716, Boltzmann's constant (erg deg™!).

Number of gas atoms per cm3

Number of gas atoms in the matrix per cm3

Number of gas atoms per cm? of boundary

Number of gas atoms on grainlboundary edge per cm of edge
Number of gas atoms in a bubble

Number of jumps a bubble makes before coalescénce
Number of matrig bubbles per cm?

Maximum number of atoms in a matrix bubble just belore coalescence
Average number of gac atoms in a bubble

Number of atoms in a grain houndary huhhle

Average number of gas atoms in a grain boundary bubble

"Number of jumps a grain boundary bubble makes

‘Number of jumps a grain boundary bubble makes before coalescence

vii



Symbol

Iy

viii

NOMENCLATURE (Cont)
Definition

Number of gas atoms in a boundary bubble at destruction
Average number of bubbles on the grain boundary per cm?
Number of bubbles per cm? of grain boundary
Number of atoms in a matrix bubble of radius 254
Number of atoms in a corner bubble
Number of damage cascades per cm3
Number of gas atoms in an edge bubble

Average number of -atoms in grain edge bubble

Number of gas atoms in an edge bubble at destruction by tission fragment

Number of grain boundary edge bubble jumps
Number of grain boundary edge bubble jumps to coalescence

Number of gas bubbles per unit length of grain boundary edge (one unit length equals
1 cm) : :

Average number of bubbles on the grain edge per cm
Number of gas atoms in an intragranular pore

)~! = Number of lattice sites per cm3

Numbet of intragranular fabrication pores per cm?

Number of initial grain boundary fabrication pores per cm?3

External pressure (dynes/cm?)

Fission gas pres;sure within the intragranular pores (dynes/cm?)

Gas pressure in ¢orneér pores (dynes/cm?)

100 000 cal/mole, heat of transport for UO,; 125 000 cal/mole for ThO,
Bubble radius (cm)

Average bubble radius (cm)

Radius of grain boundary bubble curvature (cm)

Half the distance between grain boundary bubbles (cm)-

Grain boundary bubble radius (cm)
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- R

®

At

vT

NOMENCLATURE (Cont)
Definition.

Average grain boundary bﬁbble radius (cm)
2 R_.(cm) .re.iin face radit
Jiz - , g ce radius

Radius of grain corner bubble (cm)

"Radius of collapsed vacancy loop assumed to represent damage cascade (cm)

Radius of grain boundary edge bubble (cm)

Average grain boundary edge bubble radius (cm)
Grain radius (cm)

Intragranular Iab.ricatéd por;a radius (cm)

Corner bore radius (cm)

Absolute temperature (°K)

Time for a; bubble céntaining n atoms to.coalesce (sec)
Grain boundary bubble volume (cm3) -

1.587 (unitless)

4 6.97 X 10~23 cm3, van der Waals gas constant

Bubble jump frequency (cm™!)
626 ergs/cm?, surface tension for UO,; 775 ergs/cm? for ThO,

Grain boundary energy (ergs/cm?)

334.1/3 . - -
an] |

Distance from grain boundary (IOA) in'which grain boundary ‘diifusior; takes place

Time step (sec)

Temperature gradient (°C/cm)

0.05, size misfit parameter (unitless)

Number of vacancies knocked out of-a pore per collision with fission fragmént

386 X 1078 cm for UO,; 3.52 X 1078 cm for ThO,

Viable fission fragment length for ¢ausing displacements (1074 cm)

ix



Symbol

NOMENCLATURE (Cont)
Definition
7.2 X 10!'! dynes/cm?, shear modulus
Poisson’s constant
Gl
8ym/\38

Number of vacancies escaping two damage cascades

Dislocation density (cm™2)

Distance from center of grain face {cm)
Mean stay time of a lattice atom between two fission events (sec)
Angle between grain boundary and bubble surface

4.1 X 10723 c¢m3, atomic volume for UO,; 4.38 X 10723 (cm3) for ThO,
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A model was developed to predict in-pile fission gas swelling. gas release, and densifica-
tion in oxide fuels. This model considers fission gas behavior at the grain interior, on the
grain boundaries, and at grain boundary edges under conditions of total gas bubble de-
struction by fission fragments and partial gas bubble destruction. When gas bubble
swelling on grain edges reaches 5 percent, it is assumed that gas tunnels form along the
edges. Gas release takes place by migration of the gas in the grains and on the grain
boundaries to the edge tunnels. Intergranular and intragranular densifications are con- -
sidered. Densification takes place by vacancy boil-off due to thermal excitation and
vacancy knockout by the passage of fission fragments through the pores. The migration
rates of both vacancies and interstitials to pores are also calculated. Comparisons are
made between the model and experimental data for swelling, gas release. and .densifica-
tion and found to be in reasonable agreement in most cases.

A MODEL TO PREDICT SWELLING, GAS RELEASE,
AND DENSIFICATION IN OXIDE FUELS

(AWBA Development Program)

- C. C. Dollins

I. INTRODUCTION

This report describes a model for calculating
swelling due to tission gas and solid fission prod-
ucts, gas release, and densification of fabricated
porosity in oxide fuels’ The model keeps track of
the location of the gas in the fuel and assumes that

gas migrates from the grain interior to grain

boundaries, along grain boundaries to grain
edges, and along grain edges to grain corners,
Once the gas swelling due to bubbles on the grain
edges and at the corners exceeds 5 percent, tun-
nels form along the grain edges and gas release
occurs. There are seven regions or conditions in
the fuel where gas behavior.is considered: "

1. Small intragranular gas bubbles (radius, r
< 25&), which can be destroyed by a single
fission fragment

2. Large intragranular gas bubbles (r > 25.&)
which cannot be destroyed by a single hssmn
fragment

. 3. Small grain boundary gas bubbles (r,
<. 25A), which can be destroyed by a single
tission fragment )

4. Large grain boundary gas bubbles (rb
> 25&) which cannot be destroyed by a
single fission fragment

5. Grain boundary edge bubbles which can al-
ways be destroyed, since they never get
larger than the 25X cutoff radius

6. Corner bubbles which van never be de-

. stroyed, since any gas knocked from them
imimediately funnels back to the grain cor-
ners along the grain boundaries

7. Tunnels along grain edges, which result in
gas escape.

1I. MODEL DESCRIPTION

A. Grain Interiér Gas Bubble Behav-
ior for Bubble Radius <25

" During fissioning of 233U, gas is produced at the
rate 0.3 atom per fission event, and during fission-
ing of 233U at the rate 0.34 atom per fission: event.
This rate is treated as an atom fraction so that gas is
produced for 235U in the model at the rate

4=03§{0 - (1)
where
f = the fission rate in fissions/cm3 second
) = the atomic volume (4.1 X 10723 cm3).

It is assumed that the tission gas is randomly or
uniformly produced and is thermodynamically in-
soluble.in UO,. The gas forms a stable bubble nu-
cleus when two gas atoms meet. The bubbles in-
crease in size by coalescing. The bubble lifetime
is limited to the time betwéen two tissivu eveats in
the same region, 7, which is given in Reterence 1
by

=(1.0x105Q i) . (2)

It is then assumed that the gas bubbles are com-
plotely destroyed and the gas is driven randomly

.back into solution. Such a model will not be cor-

rect if the bubbles are larger than r = 25R be-
cause a single fission event would be unable to de-
stroy the bubbles. Consequently, the model is lim-
ited to low temperatures where bubble migration is



sufficiently slow to prevent the bubble radius from
becoming larger than 25A.

In order to calculate swelling and long-range
migration, it is necessary to calculate the average
bubble radius and the number of bubbles present.

It is assumed that the gas pressure within a bub-
ble is in equilibrium with the surface tension so
that van der Waals gas law can be wntten approxi-
mately as

2_;/(_3«” B - n‘B) = nkT , (3)

where

r = bubble radius

v = surface tension (not temperature depen-
dent)

= number of gas atoms in the bubble

=van der Waals constant (6.97

X 10723 om3)

Boltzmann's constant (1.38 x 10716)

absolute temperature.

=% T™d

o

For purpusus of this report, it is necessary to solve
Equation (3) for r. At low temperatures and smalln
(which is expected for a model with complete bub-
ble destruction), r is given by

= 3n[3\”3+ nkT [ 47 /3
4-rr/ 8y \3n8

or
= nlf3 + {023, (4)

where the second term is smaller than the first.

To calculate the number of atams in a hubble, it
will be assumed that immediately after a fission
tfragment passes through a region the isoldted gas
daloms in that region migrate until they collide with
one another, forming two-atom bubbles. The two-
atom bubbles migrate until they collide, forming
four-atom bubbles, etc. It will be assumed that the
bubbles lie on a simple cubic “bubble lattice’ with
a lattioc gpacing of 2:. The averagé number ot
jumps that a bubble makes betore coalescence
(Refcrence 2) is

n = 1.52/C" , (5)

where C’ 1s the probability that a bubble lattice
site is occupied by a bubble. If N' is the number of
bubbles per unit volume then C' = N'(2r)3 and n
= 1.52/N‘(2r)3. The jump frequency of the bubbles
on the "bubble lattice” is

I = 6D,/(21)? , (6)

where D, is the bubble diffusion coefficient. The
relative jump frequency for two bubbles is twice
that given by Equation (6). From Reference 3, the
time tor a bubble of a given size to coalesce is
given by

1.52 (2r)?
2N’ (21)3 6D,

_ 0.063
“~:p, D

= 1

% =

The time tor a bubble containing n atoms to
coalesce is then

t =0.063n/mrD, , (8)

where m is the number of gas atoms in a unit vol-

ume. If 7 is the time between collisions with a fis-

sion fragment given by Equation (2), then 7 is also
the total time that the gas bubbles can migrate and

T=t1+t2'{4+tﬁ+---+tNl', (.9,)

where N is the number of gas atoms in a bubble
just before destruction. F.quation (9) can be wrillen

In N“/In 2
T= t) . (10)
j=0

Using the gas bubble ditfusion coefficient derived
from Reference 4,

D, = A/r3A(cm2/sec) , (11)

where A = 1.19 X 107?? exp(—100 000/K1)
cmS/sec, Equation (8) becomes

t, = 0.063 nr2/mA . (12)
From Equation (4),

2 =8 n?3 + 28¢n , (13)
su that

t, =223 (52 0578 4 28¢m2) . (14)

From Reterence 3, Equation (10) then hecomes

InN"“/In 2
"=f 0023 (82 2%/3% 4 28¢2%)dj, (14a)
- %0
or
%[3/58 N"S 4 ¢N2) . (15)



Solving for N by Newton's approxlmatlon per Ref—
erence 3 yields

TmA )3/ S

. 4/5
N”=S.72< S —10.2£(”;‘2A) . (16)

3

The average number of atoms in a bubble, for the

time intervél T, is
> = - f N dt .
T
0

Integrating this (Reference 3) gives

<N> = 6.34 (rmA)¥/5

32/5

B“ ~ (TmA)‘”s (17)

where the values of 8 and £ have been substituted
into Equation (16). From Equation (4) the average
bubble radius over the time step (Reference 3) is
given by

<r>= -(i_<N_>B)1/3 )
. 47

— 1.26 ——

<N> kT 4m - \13 g
D por= (3 N> B) (18)
and the swelling is given by
AV .
al = RS 4/37 <> (19)

The first term in Equation (17) gives the number
of gas atoms accumulated in a bubble if the gas is
completely a van der Waals solid. The second term
. in Equation (17) is tho deviation from solid or
frozen gas due to high temperature or low pres-
sure, P; that is, small P = 2y/r due to a large bub-
ble radius. The fact that bubble growth is limited
by fission events means that the second term in
Equation (17) is much smaller than the first. The
same holds true for Equation (18). Using Equa-
tions (17) and (18), the long-range migration of the
gas from the grain interior to the grain boundaries
can be calculated.

Using the low temperature, small bubble ap-
proximation, Equation (18) is

<r> = (3 <N> B/4m)/3

and Equation (17) becomes

<N> =6.34 (rmA)3/5

32/5

so that
' 1/5 ‘
<=1 en o

where C = m{) is the atom fraction gas concentra-
tion in the matrix. The average gas diffusion coeffi-
cient in the matrix is obtained by substituting <r>.
from Equation (20) into Equation (11):

__ A5 ('Q \355 1 1)

T 1SI\B7] cus

In this work grains are treated as spheres of
radius p = R, where p is the distance from the

.center of the gram Gas migration to the grain

boundaries is calculated by solving the transport
equation in spherical coordinates:

fe-dg(mdghs.

where C = m{} is the gas atom concentration in
atom fraction and & is the gas atom generation
rate. :
‘It is assumed that the grain boundaries are per-
fecttraps sothat C(p =R ) = 0. Atthese tempera-
tures, the equilibrium gas concentration at the
boundaries is on the order of 10~ ?2 (units of atom
fraction), which for purposes of this report is es-
sentially zero. The other boundary condition for
Equation (22) is that '

9C -
35 |p=0 0.
Initiaily, C = 0; therelore, from thaﬁon (21),D
is infinite. This is unreasonable. D cannot exceed
D where D is the diffusion coefficient of -an iso-
lated gas atom (Reference 5) given by

D, =176 X 10 5 exp(—71 500/RT)

(2 5 X 10~ 7)2
: 61

In the presence of a temperature gradient, D is

-augumented by D . Both D_ and D are functions

of operating conditions. D, oif 18 given by

_ 2% 105A7 VTR,
oft 9RT2()

where VT is the temperature gradient in C°cm.



B. Intragranular Bubble Behavio
When the Bubble Radius >25

If the bubble radius is > ZSA, then the gas bub-
bles are too large to be destroyed by a tission frag-
ment and they grow. However, the fragments can
still knock gas out of the bubbles and do it at the
rate (Reference 6) n/7 where n is the number of
gas atoms in the bubble. The gas that is knocked
out can flow back to the bubbles at the rate
47 D CIN B’ n!”2, where D, is the gas atom diffu-
sion coefhcxent C; is the Concentration of single
gas atoms in atom fraction, N, is the number of lat-
tice atoms per unit volume, ahd B’ is a constant
relating the number of atoms in a bubble, n, to the
bubble radius, r, such that

r=DB'nl2 . (23)

Hydrostatic stresses are not considered in Equa-
tion (23). They are factored in later. Equation (23)
can be derived [rom the ideal gas law as follows:

@) e = , (24)

where the first factor in parentheses is the gas
pressure in the bubble, and the second factor on
the left is the bubble volume. Equation (24) can be
~written

&r_g_ﬁ — kT . (25)

Equation (25) can be written

1/2
r = (83}:3;) al2 (26)
Therefore,
1/2
B = (g::) . (27)

Iu deriving Equations (23) and (27), the ideal
gas law for the larger bubbles was assumed in
vrder to ¢alculate the number of atoms in a bubble.
Once that is known, van der Waals gas law is used
to calculate the size of the bubble. This is an ap-
proximate way of taking into acenunt external
pressures, which are discussed later in this sec-
tion.

The change in the concentration of single gas
atoms is given in Reference 7 by

dc;
at

o3fQ+NnQ

'— 47D, C/N'B'n!? (28)

where N’ is the number of bubbles per unit volume.
Under conditions of interest, the isolated single
gas atoms will be in steady state so that dC,/dt
= 0. Also NnQ}/r >>03 {Q or 0.34 { Q for
2337 so that from Reference 7, Equation (28) be-
comes

leQ'= 47 D,CN'B' n'”? . (29)

Solving Equation (29) for C| per Reference 7 gives

nl2Q)

C = 747w D, B’

(30)

From Reference 7, the change in the number of
gas atoms in a bubble with respect to time due to
single gas atom behavior is given by

dn

a 417DCB’N ul/2—'?, (31)

where N, is the number of lattice sites per unit vol-
ume. Equation (31) is the change in the number of
gas atoms per unit time due solely to behavior of
single gas atoms. The number of gas atoms in a
bubble can also increase due to coalescence of
the bubbles. It was previously shown that the time
for two bubbles containing n atoms to coalesce
(Reference 3) is

0.063r* _ 0.063B2 n.
“STNA TT NA (32)
therefore,
dn_2n -n_ N'A
G seT_ (33)

is the rate of chan'ge of gas in a bubble due to
coalescence. The total rate of change (Refer-
ence /) is the sum of Equations (31) and (33),

do 15.07%9+ 47 DOl N nh2 — 27 (34)

From conservation of gas,

m — CN,
N=— 109 (35)
n

Equations (30) and (35) allow C, and N’ tu be de-
fined, and therefore Equation (34) per Reference 7
can be written

dn _ 15.87A [c _ 1 ] (36)

dt B2 n{) o274 7D B’
. g



Equation (36) does not allow for the nucleation
of new gas bubbles. As the bubbles grow, the iso-
lated gas atom concentration increases according
to Equation (30). The isolated gas concentration
cannot exceed that necessary to nucleate new per-
manent gas bubbles. The number of gas atoms in a
bubble of the critical size (i.e., that which will just
be able to withstand an.encounter with a fission
fragment) is given by solving van der Waals equa-
tion using as the critical radius the 254 value from
Reference 7 quoted earlier:

8ym(2.5 X 19-7y

2yB -
kT + —L———
(- + 2.5 X 107

C

) : (37)

From Reference 7, putting n. into Equation (17)
and dropping the second term on the right-hand
side of Equation (17), which is small compared to
the first term, yields .

- 6.34
- 2/5

where C, is the critical concentration of isolated
gas atoms beyond which nucleation of permanent
bubbles will occur, thereby reducing the gas atom
concentration back to C_. Solving Equation (38)
for C. (Reference 7) gives

(rC.N,A)3S | (38)

_46 X 10~2 2/5\5/3
C. ~NA & (n B . (39)

From Reference 7, setting C; equal to C_. and
substituting into Equation (34) gives

n

dn _ 15.87AN, (c - C, )
dt - B2

+ 47 D,CB' N, n'2 =2 . (40)

Equation (40) 1s difficult to solve eveu by numeri-
cal methods; however, the steady-state equation
obtained by setting dn/dt = 0 is much easier to
solve. It must be shown that dn/dt == 0 is valid. If it
is valid at low temperatures, then it must be valid at
higher temperatures where bubble and gas diffu-
sion are much more rapid. At 1300°C (at lower
temperatures large bubbles do not form) and for a
fission rate of 10!3 fissions/cm3 second and using
the values of the parameters given in the Nomen-
clature, C_ is 3.89 X 1073 and n_ is 579. At a
depletion of 4 X 1020, C is equal to 5.59 X 10~3

for £ = 1013 fissions/cm3 second. Using n equal -

to n, the first term on the right-hand side of Equa-
tion (40) is equal to 0.0373 and the second term is
0.150. At equilibrium when dn/dt = 0, the first
term on the right-hand side is equal to 0.00093

and the second term is equal to 0.951. Conse-
quently, under these conditions the first term on
the right-hand side can be ignored. From Refer-
ence 7 the solution of the remaining equation,

R — 4mD,CB N, a2 -2, (41)

is-
n, = [47D,CB'N, 7
— (47 D,CB' N, 7

— n}”?) exp(—At/Z'r)]z (42)

where n; is the initial number of gas atoms in the
bubble and n, is the number of gas atoms in the

- bubble At later. The value n, is reached on the

order of 27, which for a fission rate of 10!3 {is-
sions/cm’ second is aboyt seven hours. In seven
hours the depletion is going to change very little
and hence C is going to change very little; thus,
setting dn/dt equal to zero is a good approxima-
tion. In the initial stages n is very small, making the
first term on the right-hand side of Equation (40)
large. This produces an even more rapid advance
to steady state. From Reference 7, Equation (40)
now becomes

1587AN,
B2

c-cC, ‘

+ 47 D,CB n!ZN,

n .
—%=0. m@

The roots of Equation (43) can be found analytical-
ly but with difficulty. The roots can be found easily
on a computer using the Newton-Raphson method.
Setting the left-hand side of Equation (43) equal to
F(n), an iteration scheme can be written

_ F(n,)

rno—m , (44)

n;

where F'(n,) is the first derivative of F with respect
to n evaluated at n,. The initial value of n, comes
from the previous time step. Once n, the number of
gas atoms in a bubble is known, the bubble radius
is calculated from van der Waals gas law. The
number of bubbles per unit volume is given by

N’ =M ] (45)

n
The swelling is given by

%L =i‘3-m3N' + BC.N, . (46)



The average gas diffusion coefficient is given by

%N’n + C.N,D,

D= N.C

+ Dy - (47)

The diffusion coefficient given by Equation (47) is
that used in Equation (22) to calculate the amount
ot gas that migrates to the grain boundaries and
the amount remaining in the interior of the grains.
As before, D is not allowed to exceed D,.

In the computer program, the small matrix gas
bubble and large matrix gas bubble calculations
are combined.

For the large bubbles (r > ZSA) the number of
atoms in the bubbles is first calculated and then
their radii using van der Waals gas law:

%ﬂ?r‘ + 8%11'13 —1Pnf8 + nkT) —2ynB8 =0 (47a)

where P is the external pressure (dynes/cm?).

The rate that gas leaves the matrix and migrates
to the grain boundary, &, is given by

. _ (. _AC\2R;
ab—(a At)3y !

where

atomic jump distance
AC = change in the average gas concentration
in the grain interior, in units of atom frac-
tion
At = time step over which AC is measured.

The average gas concentration in the grain interior
is given by
. 1 Rg
<C> =3 f C(p)dm 2 dp .
4 _R3
37 R3 9

Grain boundary swelling and gas migration can
now be calculated.

C. Grain Boundary Gas Bubble'
Swelling and Gas Migra-
tion for Bubble Radxus <254

A gas bubble on a grain boundary will be lens
shaped due to the grain boundary energy, assum-
ing it approximates an equilibrium shape. The
angle the bubble makes at the grain boundary, ¢,
is related to the grain boundary emergy by the
equation

Cos @ = 5— . (48)

If 1, is the radius of the bubble on the grain bound-
ary and R is the actual radius of curvature of the
bubble, then

rb=§sin<p - (49)

Assuming that the gas pressure within the bubble
equilibrates with the surface tension, then P
= 2v/R, so that

p=2ysing (50)
rb .

The volume of the bubble is given by

’

V=—2—1r (1 — cos ¢)(2 + cos @)
3 sin ¢ (1 + cos ¢)

ur
=af . (51)
van der Waals gas law is given hy
P(V — n,8) = n kT , (52)

where n, is the number of gas atoms in the bubble.

Substituting Equations (50) and (51) into (52)

gives
9 s
__Vf:_n‘”(arg —n,B) = kT . (53)

From Reference 7, solving Equation (53) for r, in
the case of small bubbles gives

~ B\ .. nbk'I: a \173 '
l"5=(01"'_) B,k 6y sin pa u, 8 . (84)

which can be written
n, =80 + &0 (55)

Fission fragments are able to knock gas atoms
from the grain boundaries but only for distances of
approximately ISA; because of the extensive
nature of the grain boundary it is expected that the
gas atoms will return to the boundary and not be
able to escape. Consequently, gas buildup on the
houaddry beacomes quite large. As in ihe case of
the grain interior, it is assumed that grain bound-
ary bubbles obey van der Waals gas law and that
they can be completely destroyed by a single fis-
sion fragment.

In order to calculate bubble growth on the
boundary, it is necessary to develop a technique
similar to that used for grain interior.

As before, assume a square "‘bubble lattice” on
the grain boundary with lattice parameter 2r,,

4



where 1, is the grain boundary bubble radius. The
concentration, C|, of gas bubbles is the fraction of
sites occupied by bubbles. If S_ is the number of
new sites visited after n, )umps then the number of
jumps to coalescence, ny, is calculated by solving
the equation
® -9s,
1= b+ To. g +Cdnj . (56)
0

For random walk confined to a plane, Dvoretzky
and Erdos (Reference 8) found

S,=7n/lnn, , (57)

where n; is a very large number. For n; less than
“about 23, Equation (57) indicates that the number
of new sites visited is greater than the number of
jumps and so Equation (57) is not adequate for the
case herein, where a small number of jumps is ex-
pected. For use in this report Equation (57) is ap-
proximated by

S, = n0® (58)

which agrees with Equation (57), within 5 percent
-over nearly four orders of magnitude up to nj

= 1086. Equation (58) also has the benign result of
giving one new site visited by the first jump, unlike
Equation (§7). Substituting S, from Equation (58)
into Equation (56) and solving yields

n, = C; 7112 (59)
as the number of jumps a gas bubble must make to

coalesce with another gas bubble of the same size.
Since

C, =N(25,2 |

where N, is the number of bubbles per unit area of
grain boundary,

n, = [N} (2r,)2] 112

The relative jump frequency between two bubbles
confined to motion in a plane is

f, = 8D, /(21,2 .

As before, it can be shown from Reference 3 that
the lifetime of a bubble containing n, atoms is

= nl12 276
t, e S S S . (60)
£, 9. 45 Am} 12

where Equation (11) is assumed, and m, is the
number of gas atoms per unit area of boundary.
The bubble radius, r,, is given by Equation (55)

"and r¢-76 is given by

7 = 5%.76 092 + 2.76 5176 ¢ n}25 (61)
From Reference 3, Equation (60) then becomes

5)76

m (8, ng % + 2.76 £, n237)
. m

tn=

After integrating as in Equation (14a), it is found

-that the time interval, 7, for grain boundary bub-

bles to grow until they contain N atoms (Refer-
ence 3) is

. 8T 5, Nzo4 + 1165, Ny
9.45 Am 12 2.04 ln2“ In2 *b7b .

From Reference 3, solving for N, by Newton's ap-
proximation yields

13.36 Am}12 7\
Nb = |l— 2
8}2)76

, (13.36 Am}! 065
— 11642k

5, ae 5

From Reference 3, averaging over a time interval,
7, yields

Am} 27 0.49
<n,> = 2.39 (—)
0
£ ”2 o.§5» o
38—b( Po¥T ) , (62)

as the average number of atoms in a grain bound-
ary bubble where m,, is the number of gas atoms on
the grain boundary per unit area. The second term
on the right-hand side of Equation (62) is much
smaller than the first. The average grain boundary
bubble radius, <r,>, is given by substituting
<n,> into Equation (5), and the average grain
boundary gas diffusion coefficient, D,, is given by
substituting <r,> into Equation (11):

D, = —A . (63)
<r,>3




With knowledge of the long-range grain bound-
ary gas diffusion coefficient, migration of the gas in
the grain boundaries to grain boundary edges can
be calculated. If it is assumed that the grains are
tetrakaidecahedrons and, if it is further assumed
that each of the fourteen faces has equal area, then

the area of one grain face is equal to 47 R2/14 The’

radius of the face is given by

R, =R (64)

V14 9

where R is the grain radius.

It is assumed that the grain edges are pertect
traps for the grain faces so that the concentration
.at the grain edges is equal to zero. Gas motion on
the grain faces can be determined by solving the
transport equation using polar coordinates:

9C, _ 1 a( 9C,\ .

where p, is the distance from the center of the
grain face. The boundary conditions for Equa-
tion (65) are C,(p, = R,) = 0 and

9C,
9 p,

pb=0

As before, D, should not exceed D,.

Under certam conditions the gas concentratlon
on the boundaries can build up to the point where
the bubbles can form a connected path to the grain
edge. It is assumed that when this occurs gas is
drained completely out of the grain boundary to
the edge and the boundary heals. Gas can then
Luild up again in the boundary and when intercon-
nectivily recurs, the gas is again transterred to the
edge, etc. Ouce §, becoies large enough that in-
terconnection becomes frequent, then it is desira-

ble to obtain the average swelling under those

conditions.

The fraction of the grain boundary covered by
bubbles is given by 7w Nj. Transter to the grain
edge is assumed to occur when this fraction is
equal to approximately 0.78 (Reference 3). For
simplicity, it is assumed that transfer to the bound-
ary edge through grain boundary gas bubble inter-
connectivity results in complete depletion of gas at
the boundary. Define t, as the time necessary to
build the gas concentration from zero back up to a
concentration necessary for interconnect transfer
to the edge and t is the time in this interval since
the last complete transfer to the edge. The number
of gas atoms per unit area on the boundary will be
given by

m, = & tA/Q . (66)

From Reference 7, the number of gas atoms in the
average grain boundary bubble as a function of
time since the last transfer to the edge is given by
substituting Equation (66) into Equation (62):

4 (5},”\ 1.1zA ; 049
n, =239(A Q ) 8%-76] . (67)

In Equation (67) the smaller second term of Equa-
tion (62) has been dropped. Under conditions
where small grain boundary bubble interconnec-
tivity is expected, the second term is much smaller
than the first. For example, at 1000°C and at a fis-
sion rate of 10!3 fissions/cm3 second, and for a
grain radius of 1u, the first term of Equation (62)
has a value of 25 and the second has a value of 2.6;
so dropping the second term is reasonable. The
number of grain boundary gas bubbles per unit
area of boundary as a function of time is given in
Reference 7 by

a‘ .
N, a-ﬁ—;b- : (68)

From Reference 7, transfer to the edges will occur
when

T N, = 0.78 . (69)

Substituting Equatxons (55) and (68) into Equa-
tion (69) gives (Reference 7)

NI =0.78 . (70)

Equation (70) and solving for t gives the time he -
tween interconnection and transfer to the grain:

edges, t, as

0.261Q (Ar)02

71)

t:=

From Reference 7, the average number of gas
atoms in a grain boundary bubble is given by solv-
ing

~ Y
<n,> =%f n, dt (72)
0

where n, is given by Equation (67). From Refer-
ence 7, the integral in Equation (72) reduces to

049 [+ A\0.5488
<ny> = 1.54% (a;’.l ) 05488 (73)




The average number of bubbles on the grain
boundary per unit area (Reference'7) is

a,t A

N> =20<n >

(74)

The. total grain boundary swelling per unit vol-
ume is given by multiplying the grain boundary
area per unit volume by the swelling per unit area.
The grain boundary area per unit volume is equal
to 3/(2}'\‘ ), where R, is the grain radius. The swell-
ing per unit volume due to the grain boundary bub-
bles is given by

Avl _ 3

V| ~ 2R

ar <N,> . (75)

g

The average gas concentration on the grain
boundary is given by

Q :
<C,> = <m,> <N,>¢. (76)

D. Grain Boundary Gas Bubble
Swelling and Gas Migra- '
tion for Bubble Radius >254&

The previous section assumes complete grain
boundary bubble destruction; however, quite
early, even at relatively low temperatures, grain
boundary bubbles become too large to be de-
stroyed by a single encounter with a fission frag-
ment.

- Asin the case of the large intragranular bubbles,
the ideal gas law is assumed to hold for the large

grain boundary bubbles when the number of atoms -

in a bubble is calculated. As before, gas is
knocked out of the grain boundary bubbles at the
rate .

ny .
— . | (77)

As stated in Reference 7, isolated grain bound-

ary gas atoms migrate to the grain boundary bub- .

bles at the rate

2w D Cy, A
In(R'/1,) 1 '

where C,, is the concentration of isolated grain
boundary gas atoms and R’ is half the distance be-
tween grain boundary bubbles. In steady state the
rates given by Equations (77) and (78) are equal,
and therefore, from Reference 7,

__m R
Clbf_ 27 T Dg A ln(rb ) (79)

(78)

The large gas bubbles obey the ideal gas law to
close approximation; therefore, the bubble radius
is given by

kT nt; 1/2
=|-—> = 1/2
r, <Z‘ya sin <P> B, n}/? . (80)

The grain boundary bubbles can also grow by
coalescence. As stated in Reference 3, the hfehme,

of a bubble containing n, atoms is

1.12 ,2.76
n, rﬁ

t, = , 81)
b 9.45 A(N} n,)!1? o

where N; is the number of gas bubbles per unit
area. From Reference 7, substituting Equation (80)
into (81) gives
B276 )38 :
= 82
by 945 AN; 112 (82)
Since

dn, 2n, —n,

dat |t ' (83)
)
then due to coalescence (Réference 7),
dn, 945A NL“Z
= (84)

"~ T R2.76 038

According to Reference 7, the total rate of change
of the gas in a bubble can be written

27D C, A
g xb > _ b (gg)

dn, 9.45 AN,l12
— + : ). .
ln(R /I’b) Q T

dt  R276 038
By ® ny

From the 'steady-state conditions of Equation (79),
the last two terms of Equation {85) cancel and from
cunseivation of matter

L _\ | g
Nb _T).Tb(cb - ch) - A (86)

For small bubbles C, > > C,,, so the C;, term of -
Equation (86) will be dropped. For UO, fissioning
at 10!3 fissions/cm3 second at 1000°C and for a
grain radius of lu, we have C, = 0.35 and C;,,
= 0.01; therefore, the approximation is reason-
able. Equation (85) now, per Reference 7, be-
comes '

- dn,  945A (ACy L1z
“dt  g2e 2\ Q : (87)
b Dj 4



Equation (87) can be integrated (Reference 7) to
give ‘

- _[|236A( A\, ' sz |°
nbz = [W(Q) Cb At + nbl , (88)

where ny,, is the number of atoms in a bubble, ini-
tially containing n,, atoms, after a time At. Using 1,
calculated from Equation (88), the bubble radius
can be obtained, and hence the bubble diffusion
coellicient. Knowing the bubble ditfusion coefti-
cient, Equation (65) can be solved and gas migra-
tion to the grain edges can be predicted. The grain
boundary bubble radius is

Par? + 27(”3 — (PnB — nkT)r —2ynB8 =0 . (89)

Equation (89) is then solved in exactly the same
fashion as Equation (47a).

Equation (88) is valid only as long as the gas
bubbles on the boundary cannot form an intercon-
nected path to the grain edge; in the low tempera-
ture case that may happen very soon. Once a,, be-
comes largye enough that interconnection becomes
frequent, it is then desirable to obtain the average
swelling under those conditions as before. "

As reported in Reference 3, the gas on the
boundaries is transterred to the grain edges when
7 B A C,/§) = 0.78. From Reference 7, this gives
C, upon transfer as

c, =07180 (90)
B2 A

.Gas arrives at the boundary at the rate 5b so that
the time it takes to transter the gas from boundary
to edge (Reference 7) is

_ - 0.78Q

— (91)
B2 A a

%

The average number of gas atoms in a grain
boundary bubble is given by solving Equa-
tion (72), where n, is given by solving a modified
Equation (87) (Reterence 7):

S \1.12
dnb — 9.45 A (K‘_;b> tl.lz ]
dt B276 n3/2

To obtain ny(t), Equation (92) is integrated (Refer-
ence 7):

& t9451& N a2
f_ n}/? dnb=f—'B'1275— a th-12 dt. (93)
‘ 70

*0

10

(92).

From Reference 7, upon solution,-

S\ 112 2/5
= A (M2 12
b
Substituting Equation (94) into Equation (72),
<mn, > is obtained (Reference 7):

A a2 2/5
<n,> =| 2324 (——Qb> 212l (95)

From Reference 7, substituting Equation (91) into
Equation (95) gives :

2/5
<nb>=[ 1.41AQJ ‘ (96)

w12 B7
a, w12 B

The average number of bubbles per unit area of
boundary is given by Equation (74), which is equal
to (Reference 7)

<N > = __ 0’ (97)

3 -
27 Bf <n,>

Knowing the bubble radius and the number of

bubbles per unit area of boundary given by Equa-
tion (97), the swelling due to grain boundary bub-

" bles can be calculated.

The average gas concentration on the grain
boundary is given by

Q

<C,> = <n,> <N, > (98)
_ 0.780 (©9)
2,B2 A

The discussion of grain boundary gas atom be-
havior is complete. A discussion of grain boundary
edge behavior follows.

E. Grain BEdge Qas Bubble Swelling
and Gas Migration

As in the case of intragranular bubbles and
grain boundary bubbles, the gas bubbles on the
grain edges can be destroyed by fission fragments
if they are smaller than approximately 25A radius.
The dispersed gas atoms are knocked on the
average about 15X from the grain boundary and
can, therefore, easily migrate back to the boundary
before being trapped by other sinks. The fact that
the gas bubble was originally at a boundary edge



means that when the gas atoms migrate back to the
boundary they will be very close to the edge (ap-
proximately ,ISA) and hence will migrate in the
boundary to the edge before being captured at
other traps in the boundary. Therefore, the grain
edge can be treated as a perfect trap. Once back
on the edge, the gas migrates nucleating new gas
bubbles which in turn migrate and coalesce with
one another. The gas bubbles continue to grow by
coalescence until destroyed by another fission
fragment.

In order to calculate grain edge bubble growth,
it is. necessary to develop a technique similar to
- that used for the intragranular bubbles and the
grain boundary bubbles. The isolated gas atoms
formed by the destruction of a gas bubble migrate
until they collide with one another forming two-
atom bubbles. The two-atom bubbles migrate until
they collide, forming four-atom bubbles, etc. As in
the two- and three-dimensional cases, assume a
“bubble lattice’” on the grain edge with lattice
parameter- 2r, - where r, is the radius .of a grain
boundary edge bubble. The concentration, C,, of
gas bubbles is the fraction of ‘sites occupied by
bubbles. If S, is the number of new sites visited by

a bubble after n} jumps, then the number of jumps

to coalescence, n,, is calculated by solving

—

ne
~ i aS '

0

.{100)

 For random walk confined to a line, Vineyard (Ref-
erence 9) found

8'1/2
.- ()
n o\

Substituting Equation (101) into Equation (100)
and solving for n, yields

.(101)

ks

8C,

e

n, = (102)

as the number of jumps a grain edge bubble must
make to coalesce with another gas bubble of the
same size. Defining N, as the number of gas bub-
bles per unit length, n,, is given by

n, = W (103)

The relative jump frequency between two bubbles
confined to motion on a line is

D
r==.

-(104)

where D, is the bubble diffusion coetficient. From
Reference 7, the time for a bubble contalmng n,
atoms to coalesce is

—i: T, -
be =T - 32NID; - (105)

The number of gas atoms on'the grain edge per

unit length, m,, is given by

m, = N, n, . (106)
Usmg this and Equation (11), Equatlon (105) can
be wntten as
_ wnidd (107)
o 32mZA -

For small bubbles the gas obeys van der Waals gas
law and the bubble radius is given by Equation (4),

- which can be written v

r, = dn, 13 4 §n§/3 . (108)
For bubbles smaller than approxifnately 254, the
second term on the right-hand side of Equa-
tion (108) is much smaller than the first; therefore,

I’ can be written

2 =8n, + 352 &0t | (109)
Substituting Equation (109) into Equation (107)
yields * .

(s 82 0/3)

32 ZA (6n3 + 3 ¢n} (110)

be =
The time between fission fragment damage events,
7, is given by

TEhHh g+t (111)
where n, is the number of atoms in a bubble at
destruction. Equahon (111) can be written as

Inp,
In2

T= z bi -
i=0

The summation given by Equation (112) can be
written as an integral if j is large. Substituting
Equation (110) into the integral form yields

(112)

Inn
—e

ln 2 '
2 . .
Td 3j (10/3), 4.
= . 827+ 3¢2 Wi . (113)
T 32me2AJ(:

11



Equation (113) yields

3

i N . (114)
32meA 3In2 1'0 In 2

T =

n10/3
—e

From Reference 7, -sdlving Equation (114) for n,

yields
21.2m> A1\ ¢ 21.2m° 7 A 9
.o = —3 —0.899¢ —= - (115)

The average value of n,, the average number of
atoms in a bubble during the time interval 7, is

T

<n,> =% f n (t)dt .
0

(116)

n.(t) is given by substituting t for 7 in Equa-
livu (116). From Reference 7, the solution of Equa-
tion (1106) is

m? A r\3/8
83

¢ m?2 r A\¥°

The average bubble radius, <r,>, is given by
substituting <n_> into Equation (4). The long-
range diffusion coefficient of the gas is given by
substituting <r,> into Equation (11).

<pn,> = 2.08(

(117)

The gas can migrate along the grain edges to the
grain corners where it is trapped. The gas migra-
tion is described by the transport equation in one
dimension given by

aC, 3 aC, .
3t _—ﬁD 3X + a, , (118)

where &, is the rate that gas arrives at the grain
edge from the boundary and is given by

a, = <é N, At — ACN_

- (119)

__3AG,\M Ry A
2R, A? At

where AC is the change in the average gas con-
centration in the grain interior in units of atom frac-
tion in time At, and AC, is the change in the gas
concentration on the grain boundary in units of the
fraction-of boundary site occupied in time At. The

12

average gas concentration on the grain bound-
aries is given by
Rb
1

<C, > = -y f Cylpy) 27 p, dp,,
0 :

where C(p,) is calculated from Equation (65).
<C, > may also be obtained from Equation (76)
or from Equation (98), whichever is applicable.

Equation (118) is solved by a finite difference
scheme similar to that for the grain interior and
grain boundary cases. The edge length,
E,(=0.719 R,), is the distance along the edge be-
tween grain corners. The boundary conditions for
Equation (118) are dC_/0X =0atX =0,and C,
=0at X = £E,/2 The grain edge swelling is
given by

AV| 4w < 2P SC
V. 3<n, SR R A

e

where <C_ > is the average concentration on the
edge.

Belore the edge bubbles become very large, in-
terconnection of the bubbles takes place and the
gas is transported to the grain corners. This hap-
pens when C_ is approxzimately equal to one. The
edge gas concentration then goes to zero. Gas,
then, begins to accumulate again at the grain
edges as before. Defining t as the time since the
last interconnection event and t as the time be-
tween intercunnection events, the edge gas con-
centration is given by

C, = at

-] e

(120)

or, in terms of the number of gas atoms per unit
length, m - as

e
-

. m =': . (121)

Also,

(123)

Substituting m, from Equation (121) into Equa-
tion (117) for <n,> and dropping the smaller
second term of Equation (117) yields

(123)

2R A\
n, = 2.08( =

A2 53



The average number of atoms in a grain edge bub-
ble is given by

18
<n,> =T];-fn dt
0

Substituting Equation (123) into Equation (124)
and integrating (Reterence 7) yields

- (Ar)l73
<n, > 1252——~°2 SV

(125)
as the average number of gas atoms in a grain
edge bubble once interconnectivity of edge hub-

- bles takes place. From Reference 7, the average
number of bubbles on the grain ‘edge per unit
length, <N_ >, is given by

it s
<N, > = = =
e 2N <n,> 25 )\U3(Ar)R3 (

126)

From Equations (125) and (126), the grain edge

swelling and gas concentrations can be calcu- -

lated. The average gas concentration on the edge
is gwen by

EI./Z

<C,> =_EZ_ f C,(x)dx ,
L
o .

(127)

where C_(x) is obtained from Equation (118) or if
interconnection is taking place, then <C_>
=0.5.

The average bubble radius is given by substitut-
ing <n,> from Equation (125) into Equation (47a)
and solving Equation (47a) for 1.

The number of gas atoms per cm? in the matrix is
given by

<m> = <C>N, (128)

The number of gas atoms per cm?3

boundaries is given by

3

< >=<C.> —— 129

o b~ 2R, A2 (129)

The number of gas atoms per cm® on grain
boundary edges is given by

<m_> <C,> 130

e TRR N (130)

(124)

on the grain .

The total number of gas atoms in the grain corners
per cm? is given by

t .
<m, > =f(o.3 0r0.34) I (r)ar
b

- <m> — <m,> — <m,> , (131)
where the integral is the total number of gas atoms
generated either from 235U or 233U. The number of
corners per unit volume is equal.to 0. 695/(R2 R,);
therefore, the number of gas atoms in a corner
bubhle, n, is given by :

n, = <m > RZR,/0695 . (132)
The n; from Equation (132) can be substituted into
Equation (47a) to calculate the corner bubble ra-

* dius, r.. The swelling due to the corner bubbles is

given by
,AV _‘4 0.695
57 o R2 R, (133)
if there is no grain boundary porosity.
The total swellirig is given by
AVV AV AV] AV AV (134)

F. Tunnel Formation

At low temperatures the gas is confined pri-
marily to the grain interiors. At higher tempera-
tures the gas migrates to the boundaries, edges,
and corners where the bubbles can become very
large. It has been. observed that tunnels form along
the grain boundary edges when the swelling of
corner and edge bubbles exceeds 5 percent. It is
further assumed that gas that migrates to the tun-
nels escapes from the fuel and is released.

The tunnels once formed have a tendency to
heal by sintering. The tunnels can grow if the num-
ber of vacancies brought to them by the gas bub-
bles from the grain boundaries exceeds the vacan-
cies migrating out of the tunnels due to sintering.’
Turnbull and Tucker (Reference 10) have consid-
ered tunnel formation and sintering in detail. They
found that the sintering flux or the flux of vacancies
out of the tunnel surrounding one grain face is
given by (Reference 10)

12wy ¥ Dy (b~ + R

bD » !
gb
kT(l+ ZR D, >

(135)
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where

D, = self-diffusion coetficient within a dis-
tance &' of the grain boundary
b = tunnel radius
R, = grain face radius given by Equation (64)
. = surface self-diffusion coefficient.
The total vacancy flux out of the tunnels per unit
volume is given by

]

= (136)
277 RgRb

s

where R is the grain radius.

The total number of gas atoms-going out of the
boundary into the edge tunnels per unit volume
per unit time is

a,
— = 137
AT R, (137)

where ée is the gas atom production rate in atom
fraction per unit length of edge. The total number
of gas bubbles per unit volume per unit time going
from the boundary to the edge tunnels is given by

a,
A Rg Rb <nb> '

(138)

where <n, > is the average number of gas atoms
in a grain boundary bubble given by Equa-
tion (62), (73), (88), or (96) depending on the
operaling conditions. The bubble radius is given
by substituting the appropriate value of <n,> into
either Equation (55) or (80). The total number of
vacancies arriving at the tunnels per unit time and
volume 1s given by multiplying the number of bub-
bles arriving, Equation (138), by a <r, >3, where
a is given by Equation (51), and dividing by the
atomic volume, (). The number of vacancies arriv-
ing per unit velume and unit time is given by

a a <y >t

L= ; AR <es 0 (139)

The swelling due to tunnel formation is therefore

—AV—V . = (I, — 1)1 . (140)
. If ], is greater than J,, then the tunnel network
shrinks to the 5-percent volume size. At 5-percent
volume the tunnels pinch off and form gas-free
pores at the grain corners, maintaining the 5-
percent volume. These pores heal just as the initial
fabricated porosity healed, as discussed in Sec-
tion ILK. In this work it will be assumed that once
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the tunnel network forms, it remains stable even if
I, > 1.; the tunnels simply do not grow.

The total fraction of gas released, {, is given by

t
(0.30r0.34) i (t)dt — <C> Ny — <Cp. >
[ 0 b7 Ry A2

i= (141)

t

f (0.30r0.34) i (1)dr

]

G. Temperature Gradients

In the case of the intragranular bubbles, spheri-

cal symmetry was used. In the presence of a tem-

perature gradient the spherical symmetry is de-
stroyed. In order to maintain the spherical symme-
try, some assumptions have to be wade. As stated
in Relerence 11, in the presence of a temperature
gradient a gas bubble moves with a drift velocity
given by .

_DF '
V=T (142)
where F is th'é force on the bubble due to the tem-
perature gradient and is given in Reference 11 by

F=%}Q“_V;T_ , (143)

where Q® is the heat of transport and is a function
of the transport function of the bubble, and VT is
the temperature gradient. If a bubble is placed in
the center of a grain, then it will migrate out of the
grain in time t, given by

R
t=_2, (144)

where R_ is the grain radins

If a bubble is placed iu the veuler uf a grain in
the abiswucwe of a tompeérature gradieul, lhe lime it
takes to migrate out is given by

R2
_— ..-:-g—
t=6h - (1458)
From Reference 7, an effective diffusion coetti-
cient is defined by equating Equations (144) and
(145) to obtain

Ry R DF

— g¥ _
Dt =5 ~%kT - (146)

The diffusion coefficient used in Equation (22) is
the sum of D and D . If the temperature gradient is

-t
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zero, then Dy is zero and normal diffusion holds. If
D4 > > D, then Equation (146) moves the gas out
of the grains in approximately the same time as
Equation (144) would predict.

The effect of temperature gradients on grain
boundary bubbles has not been considered. Sec-

tion II.LH shows that the swelling due to grain-

boundary bubbles and the gas collected by the
grain boundary bubbles is typically very small and
hence relatively unimportant. Including the effect
of a temperature gradient would reduce the gas on
the grain boundaries even more; thus, the effect of
the temperature gradient on the grain boundary
gas is negligible.

H. Intragranular Densification

This section deals with the densification of fabri-
cated pores which are found in the fuel at the
beginning of the reactor operation.

When a uranium atom fissions, two highly ener-
getic fission fragments are produced. These fission
fragments lose energy first by ionizing the lattice
atoms and then by knocking the lattice atoms out of
the lattice sites. The regions of displaced atoms, or
damage cascades, consist of vacancy clusters sur-
rounded by isolated interstitials and a few isolated
vacancies. At the relatively high temperatures of
interest, microannealing takes place and the va-
cancy clusters can agglomerate and collapse into
vacancy dislocation loops. It will be assumed here
that one loop.is formed for each fission fragment
path. The cluster configuration has a very small
effect on the point defect behavior because of the

- low density of the clusters. A large fraction of the

interstitials migrate back to the damage cascade
from which they originated. It will be assumed
here that 10 percent of the interstitials created es-
cape the damage cascade and become free to mi-
grate through the lattice. In the swelling model, it
is assumed that 1.0 X 105 lattice atoms are dis-
placed per fission event. The number of intersti-

_tials assumed to escape the damage cascade is

1U%. In Reference 12, the nuimber of vacanoies es-
caping the two damage cascades per fission event

-is given by

g =10 _ Tl (147)
. Q

where

iy = radius of the collapsed vacancy loop
b’ = Burgers vector of the loop
Q = atomic volume.

The 2 in Equation (147) comes from lhe assump-
tion that two damage cascades result from a fission
event. In this work, the two cascades are treated as
being of equal size.

The point defects, once created, can migrate to
and be absorbed at dislocations, fabricated pores
(henceforth called pores), damage cascades
(treated as loops), grain or subgrain boundaries,
and fission gas bubbles (neither treated as nor
called pores). The point defects can also be de-
stroyed by mutual recombination..The net-absorp-
tion of interstitials at pores leads to densification,
which is described by the MacEwen and Hastings
(Reference 13) model. The calculation of the net
arrival rate of interstitials to pores is the main con-
cern here. Vacancy knockout by fission fragments
will be discussed later.

From Reference 14, the loss rate of vacancies to
dislocations is equal to

272, ~C,)
In(r,/b') "7 ot
where

p' = dislocation density

D, = vacancy diffusion coefficient

C, = average vacancy concentra-
tion far tfrom the dislocation

C, = thermal equilibrium vacancy
concentration '

r, (= 1/\/mp’) = half the distance between dis-

locations.

The dislocation density as a function of temi;)era-
ture has been given by Warner and Nichols (Refer-
ence 15) as

p' = exp(—2.07 X 1073 (T — 273) ..

+ 21.82) , © . (148)

where T is the absolute temperature and the dislo-
cation density is in units of cm™2.-
~The loss rate of vacancies to pores is given in

Reference 14 by

47 1,N.DAC, — C, exp ﬁ(‘r: +P— pg> , (149)

where
r, = pore radius (for simplicity only one pore
size is considered)
N_ = number of pores per unit volume
ﬁ = Boltzmann’s constant
v = surface tension of the pore
P = externally applied hydrostatic pressure

P_ = pressure due to any fission gas that has ac-
cumulated in the pore.

(-]
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The loss rate of vacancies to damage cascadesis
given in Reference 14 by

41r2 r,N;D <C._ —C

d5d v}y o

b QIn(32 1 b))
exp| — —m:_v)x_dk'l'— ln(8rd/b') ., (150)

where

ry = damage cascade radius

N; = number of cascades per unit volume
4 = shear modulus

v = Poisson’s constant.

From Reference 16, the loss rate of vacancies to
grain or subgrain boundaries is given by

3k, D
R

g9

“(C,—C,), (151)

where Rg is the radius of the grain or subgrain and

k, is given (Reference 16) by

h=[ 2mp

In(r,/b') (152)

1/2
+ 4m(z, Np + 14 Nd)]

The loss rate through recombination with inter-
stitials is given in Reference 14 by

5040(D; + D)

= C,C, , (153)
where C, and D, are the interstitial concentration
and diffusion coefficient, respectively, and A is the
atomic jump distance.

The loss rate of vacancies to gas bubbles is diffi-
cult to caléulate because the arrival of vacancies
atfects the energy of the gas. However, in-pile den-
sification of intragranular pores is usually finished
by a depletion of 1-2 X 1020 fissions/cm? and it is

not necessary to calculate densification over a -

range of fission densities higher than this value.
Up to this depletion and at temperatures below ap-
proximately 900VC, tission gas remains as isolated
gas atoms and is not in bubbles. Isolated gas atome
would behave as any other impurity atom and
would serve as trapping sites only and not as sink
sites for point defects. Large gas bubbles may
serve as sink sites. An interstitial would still be
necessary to annihilate a vacancy. It is assumed
that recombination at a trap site is included in the
term given by Equation (153). At temperatures
above 900°C, the vacancy concentration is ap-
proximately C_ so loss to large bubbles does not
affect the vacancy concentration. Thus, the vacan-
cy absorption at bubbles containing fission gas is
_ not calculated (neghglble eftect) for this applica-
tion.
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By the use of Equations (148), (149), (150),
(151), and (153), it can be shown that the rate of

"change in the vacancy concentranon is given (Ref-

erence 12) by

dCc, . 7 p'D,
T_fﬂ’f ln(r/b)(c Co

+ 47 N D {C exp[ﬁ.(zy + P - P>:|
= C,p + 4m? rdeDv{Co

oxp(+ 2L ) /_
_ 5040(1;i2 + D,) cc v

3kD,
R.

- g

c,—C . (154)

v o

where { is the fission rate.
An equation similar to Equation (154) exists for
interstitials. It is given in Reference 12 by

ic, . 2mD.C, p'
a — Q10w e T ARy

) 8ry
— 47, N D,C, — 47° ;N,D,C,/In B

_5040(D;, + D,) C,C,

)"2
_ 3 k,D,C; (155)
. Rg '
where from References 17 and 18,
AR = 0.07 b’ A%  €/kT , (156)

where e is the size mistit parameter of an mterstmal
in the lattice, and from Reference 16

k = 2w p'
' In(r,/(b" + AR))

172
+ 411’(1‘pr + rde)] ' (157)

I. Damage Cascades

A simple and reasonable assumption, as was
made in the case of depleted zones in Zircaloy in
Reference 14, is that there is only one size of dam- -
age cascade. The size would be the average size of



the cascade over its lifespan. The number of va-
‘cancies in such a cascade would be approximately
. half the number there were when the cascade was
created. If it is assumed that all of the vacancies
are in the cascade cluster at creation (approxi-

mately 0.5 X 104), then the average cascade’

would have approximately half that number at mid-
life or approximately 2500 vacancies. The effec-
tive isolated vacancy generation rate would then
be ¢ = 5000, and the cascade loop radius would
be given by )

~_ (2500 Q\12

Ta b’ '
A cascade increases in size by absorbing vacan-
cies. It decreases in size by absorbing interstitials
and emitting vacancies. The net tlux of interstitials

to damage cascades per unit volume is given in
Reference 12 by

] =dn?r, N, No/ln (8r,/b")4 D, C,
ub' Q1n(32 rd/b')>

Dv[co exp <— T (1 — ), KT

-C, ]} (159)

where N_ is the number of lattice sites per unit
volume.

The total net number of interstitials to {ill all cas-
cades is given by

w3 b Ny

" (160)

The rate (number per second) at which cascades
are filled is Equation (160) divided by Equa-
tion (159). The change in the number of cascades

due to tilling is the number of cascades divided by

the rate at which they are fiJled. The rate at which
cascades are created is 2 { . From Reference 12,

" the rate of change in the number of cascades is
given by

Ny _ . N, 4m

dt . - rg b’ In(8r4/b').

ool
- c]}

J. Pore Behavior

D, C,

u b 1In(321,/b")
4m(1 — v)ry kT

(161)

_ Pores, as in the case ol damage cascades, grow
by absorbing -vacancies; they shrink by absorbing
interstitials and emitting vacancies. Letting n, be

(158).

the number of interstitials it takes to fill a pore, then
the net flux of interstitials to the pore is given (Ref-
erence 12) by

d
np—4mND C,+ 475, N,D,

C, exp {k—% (? +P- Pgﬂ -c,
. P .

The volume of a pore, V , is related to the pore
radius and the number of interstitials to fill the
pore by the equation

(162) -

_4 -
v, =37 tg =n, Q
so that
dav dn dr
P — P = P
& TR AT (163)

Therefore, by the use of Equations (162) and

(163), the following equation is obtained:

dr 1 o
p = — . .
dt T, [D‘C‘ + D,

C, exp [:%(%1 + P — Pg>:| - CAv
P

The pressure of the gas in the pore, P, is calcu-
lated from a simplified van der Waals gas law and
is given by

(164)

n_kT -
P =— 9 {165)

g (%ﬂ’rg_png\ ’

where B is van der Waals gas constant and ng is
the number of gas atoms in the pore. The change in
the number of gas atoms in a pore with respect to
time is given in Reference 12 by

dn n,
& —4mrDCN, -2, (166)

dt

where D is the fission gas diffusion coefficient, and .
C is the fission gas concentration which is a func-
tion of temperature, depletion, grain size, etc. D
and C are the same as those used in Equation (22).

The first term on the right-hand side of Equa-
tion (166) is the rate at which gas migrates to the
pore, and the second term is the rate at which it is
knocked out by fission fragments passing through
the pore.

Very early, C is essentially zero; therefore, n,
and Pg are essentially zero and hence unimportant

17



as far as calculating the change in the pore radius
with respect to time. After a time 7 (approximately
"7 hours), Equation (166) reaches a steady state
value; therefore, for the work reported herein, it is
assumed that the gas is always in steady state in
the pores so that
n, = 41r'rp DCN, 7 (167)
At this point, there are four equations [Equa-
tions (154), (155), (161), and (164)] in four un-
knowns (C, C, N, and rp) which can be solved
simultaneously. These equations must be com-
bined with the swelling and gas release model to
obtain C and D. Since the interstitials diffuse very
rapidly at the temperature of interest here, it is as-
sumed that they are in steady-state equilibrium;
thus dC,/dt can be set equal to zero. With dC,/dt
= 0, Equations (154), (155), (161), and (164) were
solved with the initial conditions that C, = C_, N,
=0, and r, = 107* cm. It was found that, with the
large production rate of interstitials (10!7/cm3 sec-
ond with a fission rate 10!3 fissions/cm3 second)
.and with the somewhat smaller production rate of
vacancies, the interstitials impose a steady-state
concentration on the vacancies far sooner than if
the vacancies approached steady state through

their own diffusion. The vacancies reached steady-

state in less than a second at temperatures down to
200°C. Because of the rapid approach of vacan-
cies to steady state, dC_/dt can also be set equal to
zero. .

Equations (154), (155), (161), and (164) were
solved assuming both dC /dt and dC,/dt equal
zero.

. Stehle and Assmann (Reference 19) have
pointed out that when a {ission fragment passes
through a pore, the resulting disruption can
"“knock’ vacancies from the pore to the lattice.
Some of the vacancies diffuse away from the pore
to other sinks and the pore shrinks. The exact
details of such a knocking process are most likely
very complicated and no attempt will be made
here to discuss them. What is needed is an esti-
mate of the number of times per second a pore is
hit by a fission fragment and the number of vacan-
cies that escape per hit (this will be called 7). The
number of hits per second is equal to the number
of fission fragments produced per second, times
the volume around each pore through which the
fragment can travel and remove vacancies from
the pore, times the number of pores. The numpber of
tission fragments produced per second is 2 f and
the total volume in which they can cause vacancies
to leave the pore is 47 12 N, A, where \' is the
“viable” length of the fission fragment path. Im-
mediately after a fragment is created, its energy is
too great to cause displacements; however, during
approximately the last 10 percent of the path

- length the energy is low enough to cause displace-
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ments. This.is the “viable” path length. Since the
total path length is 104, the “viable” path length is
approximately 1u.
The probability that a particular pore is hit by a
fragment is
2t am 2\ (168)
If the number of vacancies knocked out of a pore
per collision is 7 (assumed to be approximately
100), then the number of vacancies knocked out of
the pore per second is
2fam2ny (169)
It is an easy matter to show that the change in the
pore radius with respect to time is given by

dr .
P = — '
=4 QZfAk ) (170)

The total change in the pore radius with respect to
time is now given by adding Equation (170) to
Equation (164). The vacancy production rate from
the pores is given by

dc, . '
—— =87t zf?)\’anQ

= (171).

The vacancy production rate given by Equa-

tion (171) must now be added to Equation (154) to

get the total change in the vacancy concentration
with respect to time.

K. Densification of Intergranular
Porosity

There are two types of intergranular porosity
which are considered in this report: (1) intercon-
nected, which has already been discussed, and
(2) grain corner. Pores which occur between two
grains will be assumed to behave as those in the
corners. This is a good assumption since most in-
tergranular porosity left over from densification
occurs' at the grain corners. Also, many of these
pores are on the order of the grain size and hence
must be in the corners.

The pores grow by absorbing vacancies and
shrink by emitting vacancies and absorbing in-
terstitials. To the point defects at the grain interior,
the corner pores appear as part of the boundary.
The interstitial concentration at the pore is zero
and the vacancy concentration is given by

C, exp [%(El + P - P;):] .

, (172)
In
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as opposed to C, as it is elsewhere on the bound-
ary. In Equation (172), 1, is the corner pore radius
and P is the pressure due to the fission gas that
has migrated to the pores.

Using Equation (172), the rate at which vacan-
cies diffuse from the grain interior to the pores ¢an
be calculated. It is assumed that the presence of a
pore does not change the vacancy or interstitial

concentration in the grains. It can be shown that

" the vacancy production rate due to fissioning is

about 100 times larger than that due to vacancy
knockout from the pores.

The net flux of vacancies into a pore per unit
area of pore is given by

KV DV NO CV - CO

exp[%<z_rz +P— P;)] . (173)

The net flux of vacancies into the pore is given by

mr2N, kD4 C,—C

exp[:k(% (ﬁ +P-—P )] . (174)
o

In a similar fashion the net flux of interstitials into
the pore from the grain interior is given by

771"’32 N, kD, C, . ©(179)

The net flux of vacancies into a pore from the grain
interior is given by

I, = —4m 2N, [lg D,C, — k,D, {c
—Coexp[:lf,}.<zy+P P)] . (176)

Vacancies can also migrate out of the pores
along the grain boundaries. The vacancy flux per
unit length of boundary in contact with a pore is
given by

i=Dy Z5 . (177)

where

AC =C°expl:lg.<2 +P— P>:| C,. (178)

and Ax is taken as the radius of a grain face, Rb,

is the vacancy diffusion coefficient in a region

tLmk along the grain boundaries. Dy, is related

to the grain boundary self-diffusion coefficient by
the equation

D, = D\,'g C, . (179)

The number of vacancies that migrate out of the
pore per second per unit length of boundary inter-
secting the pore is given by

e : .
' 2
N, Dy a'{co exp[lg, R pg)] - co}
je—9 (180)

Ry

If it is assumed that the pore is spherical and is
at the corner of four grains, then it can be shown
that the total boundary line length intersecting the’
pore is 11.46 r,. .

The net flux of vacancies out of the pore due to
diffusion along the grain boundary per pore is
given by

. ey _ _
—11.4GrpNngb8 {exp TT&T +P— Pg)] 1} ‘
P . (181)

- Lk
2 Ry o+

Vacancies are also brought into the pores from gas
bubbles migrating to the pores along the grain
boundary edges. The rate at which gas atoms
reach the pores is the same as the rate at which
they migrate into the corner bubbles. Define 3, as
the number of gas atoms that migrate to the corner
bubbles per unit time. The number of vacancies ar-
riving per gas atom is approximately 8/). The
number of vacancies arriving at the pore per sec-
ond is given by :

(182)

a

<=

I3 =

<

The change in the radius with respect to time
due to point defect diffusion is given by

de_ Q1 (183)

dt 47 r;,Z '

where ] is the net number of vacancies arriving at
the pore per unit time and is the sum of I}, J,, and
J;. From Equation (170), the change in the pore
radius due to vacancy knockout by fission frag-
ments can be calculated. It was previously stated.
that the number of grain corners per cm? is
0. 695/(R2Rb) If there are N;, grain boundary pores,

then there can only be. 0. 695/(R2Rb) — N} grain
corner bubbles. The corner swelhng is then given
by

+5muIN, (184)
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is greater than 5 percent, then tunnels form. 1 the
initial porosity due to corner pores is greater than
§ percent, then tunnels form immediately. When r;,
is less than r,, corner pores should be treated as
corner bubbles. The amount of gas in a corner
pore is the same as that in a corner bubble as
given by Equation (132). The gas pressure in a

corner pore is given by
P = n_ kT
9 (4_ 3_
3T B n,

(185)

I1I1. COMPARISONS WITH EXPERI-
MENTAL DATA

Theoretical predictions of gas release, swelling,
and densification in both ThO, and UQO, were ob-
tained using the constants given in the Nomencla-
ture. Figure 1 compares predicted gas release for
UO, with data of Lewis (Reference 20). The fission
rate is 1013 fissions/cm® second. The temperature
gradient is assumed to be 1000°C/cm and the
grain radius is assumed to be 1073 cm. To make
the predictions, the radius of the fuel rods was
divided into three equal lengths and the average
temperature in each of the three regions was
calculated assuming a fuel surface temperature of

400°C. In most cases reasonable agreement is oh-

tained between predictions and data.

Figure 2 shows the fission-gas release data of
Zimmermann for UO,-20% PuQ, (Reference 21).
. The fission rate is 10'4 fissions/cm® second. The
maximum clad temperatures were between 443
and 6Y0°C. Zimmermann provided average fuel
temperatures. Using these temperatures and the
clad surface temperatures, temperature profiles
were constructed using assumed parabolic tem-
perature profiles. A temperature gradient of
1000°C/em and a grain diameter between 1 and
2um were used for the calculation. Three different
sets of theoretical curves were generated using
average fuel temperatures of 1000, 1250, and
1500°C. In constructing Figure 2, the same physi-
cal constants as those used for UQ, were am-
ployed.

The theoretical predictions were also compared
with the data of Hilbert et al. (Reference 22) for
UO,; the results are shown in Table 1 and in Fig-
ure 3. The initial grain size was 10um and the
grains were equiaxed. The final grain size varied
from 20 um-diameter equiazed grains to columnar
grains 50um diameter by approximately 800um

long at the highest temperatures. At the higher
' temperatures gas release was nearly 100 percent
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and swelling due to gas was approximately zero;
consequently, results are presented assuming
10um-diameter and 50um-diameter grains and
assuming that these limits adequately predict the
limits of the observed conditions. Both theory and
experiment show a decrease in swelling with tem-
perature. It should be pointed out that the Hilbert
et al. (Reference 22) temperatures are higher than
the present model can accurately accommodate,
since no allowance was made in the model for the
columnar grain formation which occurred in their
higher temperature regions.

Figure 4 shows the gas-release data of Bellamy
and Rich (Reference 23) as a function of burnup.
The UO, specimens were irradiated at a fission
rate of about 2 X 10!3 fissions/cm® second and
had a grain radius of 7.5um. The center line tem-
peratures were, on the average, about 1200°C and
the fuel surface temperatures were approximately
ANQ°C. Fuol center line lemperalures of a few
spccilic specimens ate shown in Figqure 4. Also
shown are the model predictions assuming center
line temperatures of 800, 1200, and 1400°C with a
surface temperature of 600°C.

Comparisons have been made between the
model and the data of Freshley et al. (Refer-
ence 24). The results are shown in Table 2. The
pellets were 0.92 cm diameter. The fuel surface
temperature was taken as 550°C when the center
line temperature exceeded 550°C. In making the
predictions, it was assumed that the small pores
were intragranular and that the large pores were
on the gain boundaries. The predicted density
changes versus the observed density changes are
plotted in Figure 5. The majority of the predictions
are within 2 percent of the observed changes;
however, in some cases the predictions result in a
positive Ap while the measurements indicate some
swelling. On the whole, the model predicts a little
more donoification than that vbserved by Fieshley
et al. (Reference 24).

Comparisons were also made between the
model and the data of Banks (Reference 25). The
results are shown in Table 3. Table 4 shows the ini-
tial porosity for each of the spocimen types. The
small pores are assumed to be 2um diameter and
the large pores 10um diameter. The pellets were
1.45 cm diameter. A fuel surface temperature of
500°C was assumed when the center line tem-
peratures exceeded 500°C. The predicted volume
iucroase above 100 percent dense fuel versus the
observed volume increase for Banks' specimens
are shown in Figure 6. Almost all of the predictions

" are within 2 percent of the observed results.

The model was also compared with densifica-
tion data of Ross (Refcrence 26). Russ irradiated
UO, at 200°C and observed that pores up to
0.5um diameter were removed after irradiation of
3 X 10' fissions/cm®. The model here predicts
complete densification by depletion of 1
X 10'? fissions/cm®. Ross also observed that most



0.3um-diameter pores were removed by a burnup
of 3.0 X 10'8fissions/cm®. The model predicts
complete densification by 3.2 X 1018 {js-
sions/cm®. The model is, therefore, in good agree-
ment with the Ross data.

A thoria specimen was irradiated at a center line
temperature of 1470°C and with a surface tem-
perature of 570°C to a depletion of 3.5 X 1020 fis-
sions/cm3*. The initial density was 93 percent. The
initial grain size was about4.5 X 1072 cm. The ini-
tial average pore size was about 2um diameter.
Under these conditions, the volume was observed
to decrease. 2.9 percent. The model predicts a
decrease of 4 percent. Under the above condi-
tions, it was observed that 1 percent of the fission
gas generated was released. The model predicts
2.5 percent. The model also predicts complete
closure of the fabricated pores.

Another thoria rod, 81-90**, was fissioned to a
depletion of 2 X 10!'° fissions/cm? at a fission rate
of about 3.4 X 10'2fissions/cm3 second. The
center line temperature of the fuel was about
427°C and the surface temperature was about
367°C. The grain size was 7um, and the initial
porosity was 2.6 percent. The final porosity mea-
sured experimentally was 1.4 percent; the model

predicts 2 percent. There was no gas release ob-

served experimentally or predicted by the model.
It was assumed that 0.26 percent of the initial
porosity was in the form of 2um-diameter pores

and that 2.34 percent of the initial porosity was in

the form of 6 um-diameter pores. The latter pores
were assumed to be on the grain boundaries. In
the case of the Waldman specimen, the model pre-
dicts slightly more densification than that ob-
served and in the case of the Spahr specimen the
model predicts less densification that that ob-
served.

IV. SUMMARY AND CONCLU-
SIONS

A model was developed to predict the migratory
behavior of fission-induced gas in oxide fuels. The
model can predict gas bubble size and density in
the grain interior and on grain boundaries, grain
edges, and corners. The model includes resolution
effects and restricted bubble motion, both random
and along thermal gradients. The resulting swell-

ing is predicted. Gas release from tunnels along

the grain edges is also calculated.

The model was also developed to predict in- "

tragranular and intergranular densification. The
madel treats both densification due to thermal
diffusion of point defects and pore destruction due
to fission fragment passage through the pores.
Comparisons were made between the gas re-
lease data of Lewis (Reference 20), Zimmermann
(Reference 21), Hilbert et al. (Reference 22),

Bellamy and Rich (Reference 23) and theory with
good agreement. Comparisons were also made
between theory and the swelling data of Hilbert et
al. (Reference 22), Freshley et al. (Reference 24),
Banks (Reference 25), Ross (Reference 26), Wald-
man, and Spahr with good agreement.
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TABLE 1. SWELLING AND GAS RELEASE DATA OF HILBERT et al.

_ Center Line | Fuel Surface AV Swelling. %
Burnup X 107%2° | Temperature, | Temperature, V" g Gas Release, %
fissions/cm?® °C °C Measured| Predicted | Measured | Predicted

2.3 2190 1825 5 5.5-6 90-100 97-99
1.7 1855 1475 10 5692 | 90 94-95
2.25 2030 1620 5 5.8-7.9 90 96.8-98
2.45 2000 1630 — 5.9-8.3 90 97-98
1.85 - 2050 1490 8 5.7-7.3 80 96
1.75 1660 1310 10 5.6-9.4 75 71-87

TABLE 2. COMPARISONS BETWEEN MODEL AND DATA OF FRESHLEY et al.

Type 1 fuel, grain size = 3um, small pore size = 0.4 um, small pore volume = 6.3%, large pore
size = 2.0um, large pore volume = 1.3% *= 0.2

Center Line
Fission Rate Temperature, Burnup Average Ap%
Pin Location (cm3sec)™! °C MWd4d/MTM Measured Predicted

A-85 3.4 x 1012 310 224 0.48

19
A-86 3.2 X 1012 300 214 0.66
A-11 9.6 X 1012 910 646 5.41

4.4
A-12 1.01 x 1013 955 677 5.30
A-49 1.29 x 1013 1235 860

. 6.23 49

A-50 1.25 x 10!3 1200 839 _
B-85 34 X 10'2 310 815 1.86 }

5.0
B-86 3.2 x 1012 300 792 1.17
B-11 96 x 102 910 © 2335 6.67

6.6
B-12 1.01 x 1013 955 2462 5.88
B-49 1.24 x 1013 1190 2996 7.13

6.2
B-50 1.24 x 1013 1190 2996 7.12
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TABLE 2 (Cont)

Type 2 fuel, grain size = 4um, small pore size = 0.6um, small pore volume = 6.8%, large pore
size = 3.0um, large pore volume 2.4 = 0.4%

Center Line

Fission Rate Temperature, Burnup Average Ap%
Pin Location (cm3sec)™! °C MWd4/MTM Measured | Predicted
A-72 6.6 X 1012 610 437 0.96
A-73 6.3 X 1012 580 417 082 } 21
A-45 1.35 X 10'3 1295 895 5.22 4.4
B-72 6.4 X 1012 600 1583 2.40
B-73 6.3 X 1012 585 1520 171 } .
B-45 1.33 X 1013 1265 3190 6.19
B-47 ©1.27 X 1013 1220 3083 6.17 7o

Type 3 fuel, grain size = 14 um, small pore size = 1.2um, small pore volume = 1.2%, large pore
size = 1.5um, large pore volume = 4.1 * 0.4%

Center Line

Fission Rate Temperature, Burnup Average Ap%
Pin Location (ecm3sec)™! °C MWd4d/MTM Measured | Predicted

A-77 5.2 x 10712 470 344 —0.47
A-79 47 x 1012 425 318 -0.65 b
A-55 1.16 X 1013 1080 776 0.05 |
A-56 1.13 X 1013 1050 755 0.16 } 22
A-37 141 ¥ 103 1325 943 0.82
A-38 141 x 1019 1325 943 0.33 } 2
B-78 49 x 1012 440 1199 =045 ||
B-79 4.9 x 1012 440 1179 —0.46 } +
B-37 141 x 1013 1320 3403 0.84 A
B-38 141 x 1013 1320 3307 0.58 } .
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TABLE 2 (Cont)

Type 4 fuel, grain- size = S5um, small pore size = 0.5um, small pore volume = 6.3%, large pore
size = 2.0um, large pore volume = 0.6 = 0.3%.

Center Line

Fission Rate Temperature, Burnup Average Ap%
Pin Location | (cmdsec)™! °C MWJ/MTM | Measured | Predicted

A-69 7.7 X 1012 675 505 2.29 }

A-70 7.0 x 1012 640 - 474 1.99 3'1
A-43 1.41 X 10'3 1325 937 5.08 }

A-44 1.38 X 1013 1290 916 504 4, +2
B-81 4.3 x 10! 380 1049 1.74

B-82 4.1 x 10'? 370 1005 163 } 2
B-69 7.8 X 10'? 710 1884 421 '
B-70 7.3 x 1012 670 1797 413 } >
B-43 ' 1.36 x 102 1275 3290 5.25 }

B-44 1.35 x 1013 1260 3253 5.18 >3

Type S fuel, grain size = 1A6,um,' small pore size = 0.4 um, small pore volume = 1.5%, large pore
size = 13um, large pore volume = 7.2 £ 0.7%.

Center Line -

Fission Rate Temperature, ‘Burnup Average Ap%
Pin Location (cm3sec)™! °C i MWd4d/MTM Measured Predicted

A-l 6.1 X 1012 550 406 —038 |)
A-3 6.9 x 1012 625 458 —0.33 } b
A-27 1.36 X 10!3 1270 906 . 0.08
A-28 1.36 % 10'? 1270 911 —0.06 } +o
B-1 6.0 X 1012 - 555 1433 —0.58
B-3 6.6 X 10'2 600 1583 —0.37 } -
B-27 1.32 x 1013 1230 3210 . —0.44 }

| 1.35 x 1013 1260 3277 —0.27 26

B-28
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TABLE 2 (Cont)

Type 6 fuel, grain size = 22um, small pore size = 0.6um, small pore volume = 1.9%, large pore
size = 9.0um, large pore volume = 5.0 = 0.4%.

Center Line

Fission Rate | Temperature, Burnup Average Ap%
Pin Location (ecm3sec)”! °C MWd4d/MTM Measured Predicted

A4 6.9 X 102 640 468 —046 :
A6 8.0 X 10'2 725 526 —0.39 } b2
A-30 1.39 X 10!3 1300 932 0.30 -
A-31 1.41 X 10%3 1325 937 -0.07 } b
B-4 6.9 X 1012 625 1660 —042 |
B-6 7.7 X 102 695 1864 | - 042 } #0
B-58 1.1 X 10'3 1020 2675 . —004 |
B-60 9.9 x 1012 910 2418 —u.24 } 2.5
B-61 9.9 X 102 910 2398 10.00
B-30 1.36 x 1013 1275 3320 0.04
B-31 1.38 X 1013 1290 3340 —0.10 L8

Type 7 fuel, grain size = 24um, small pore size = 0. Gum, small pore volume = 1.8%, large pore
size = 30um, large pore volume = 5.7 * 0.4%.

Pin Location

A6
A-67
A-40
A-41
B-88
R.89
B-90
B-65
B-67
B-40
B-41

- Center Line

Fission Rate Temperature, Burnup Average Ap%
(cm®sec)™! °C MWd4d/MTM Measured | Predicted
83 x 1012 750 " ssa | oo1
0.8
8.3 x 1012 750 547 ~0.20 }
141 x 1013 1325 943 026 .
1.42 x 1019 1325 948 0.40 } b
2.8 X 1012 250 685 —0.55
2.8 X 101 250 665 —0.73 } 1.0
2.6 X 10!2 240 621 —-0.73 '
8.9 x 102 810 2141 -0.32- }
8.4 X 102 770 2034 ~0.17 .
1.39 X 1013 1300 3360 0.48 }
1.36 X 1013 1275 3297 —0.03 -
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TABLE 2 (Cont)

Type 8 fuel, grain size = 23 4m, small pore size = 0.6um, small pore volume = 1.5%, large pore
size = 2.1um, large pore volume = 1.3 * 0.3% ’

Center Line
' Fission Rate Temperature, Burnup Average Ap%
Pin Location ‘(cm:’sec)_l - °C MWd4d/MTM Measured | Predicted

A-74 6.1 X 1012 535 406 —0.19

A-76 5.4 X 1012 465 359 ~0217 } o8
'A-33 1.44 X 10'3 1320 958 0.23

A-34 145 x 102 | 1330 . 9 —0.11 } -
B-75 6.0 X 102 520 1433 —0.42

B76 | 57X 100 © 490 1369  —0.38 b8
B33 1.39 X 1013 1270 . 13360 .00 :

B-34 1.41-x 10" 1290 3427 —0.06 } -

Type 9 fuel, grain size = 29um, small pore size = 0.6 um, small pore volume = 1.5%, large pore
size = 2.1um, large pore volume = 1.3 = 0.3%.

Center Line

Fission Rate Temperature, Burnup Average Ap%
Pin Location (cm3sec)™! °C X MWd4d/MTM Measured | Predicted

A7 8.7 X 1012 770 578 —0.24

A9 9.3 X 1012 830 619 —0.17 } 18
A-51 127 x 1013 1150 844 0.20 } ‘
A-53 1.24 x 1013 1120 823 0.22 b9
B-7 8.3 X 10'2 730 2014 —0.10

B-9 9.2 x 1012 815 2228 0.05 } >4
B-52 1.21 X 1013 " 1090 2946 0.03 }

B-53 1.21 X 10'3 1090 2946 016 33
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TABLE 3. COMPARISONS BETWEEN MODEL AND DATA OF BANKS

Center Line - AV Swelli %
Irradiation Burnup X 1020 Temperature, v Sweling, &
Cluster Time, EFPD fissions/cm3 °C Observed Predicted -
El11/2 660 0.88 460 3.19 2.7
2.65 850 3.10 2.6
3.82 1040 2.74 49
L09/2 385 0.51 480 2.83 2.3
1.56 860 1.73 1.7
2.58 1270 -2.28 44
3.12 1500 .2.83 4.7
3.26 1560 3.01 4.8
QO03/2 365 0.98 1090 1.64 2.9
1.58 1370 3.38 44
2.45 1712 3.74 4.7
2.94 2160 6.2 6.0
3.15 2170 5.75 6.3
LOS/2 360 0.09 360 3.56 } 34
0.09 360" 3.56 '
0.18 390 3.65 3.7
0.28 - 410 3.74 3.7
0.37 ‘460 3.74 3.7
0.44 460 2.92 3.0
0.49 500 3.56
0.49 480 3.28 2.9
0.49 500 3.28
LO05/2 360 0.63 550 3.28 2.9
: 0.68 560 3.38 2.8
0.75 /0N 3.19 2.7
0.86 620 3.10 2.7
0.98 660 3.01 2.7
1.07 700 3.28 2.6
1.12 720 3.19 2.7
1.37 1133 3.56 34
2.28 1573 8.03 4.6
2.75 1709 7.48 5.2
3.03 1796 7.12 5.6
IFA29 420 3.05 1100 3.28 39
Soulid 333 1200 3.10 4.6
Pellets 3.68 1360 3.56 1.7
4.40 1580 4.23 6.0
498 1790 4.74 7.1
8.43 2000 4.84 7.3
5.79 - 2120 5.47 78
IFA29 420 3.05 1090 2.92 2.9
Hollow 3.68 1200 3.47 4.8
Pellets 4.40 1380 © 6.57 5.1
498 1730 7.48 7.1
5.43 1910 1.57 7.6
5.79 2220 7.20 715
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TABLE 4. SPECIMEN TYPES

Initial ' : .

Porosity, Small Pore Large Pore
Cluster % Density Density
E11/2 3.65 1.55 X 10%/cm3 5.73 X 107/cm3
L09/2 2.92 2.20 X 10%/cm? 3.82 X 107/cm3
Q03/2 3.19 1.65 X 10%/cm? "4.77 X 107/cm3
L05/2 3.65 1.55 X 10%/cm?3 5.73 X 107/cm?3
IFA29 2.83 1.98 X 10%/cm3 3.82 X 107/cm?3

29



30

GAS RELEASED (%)

40

T
| T [ I a
i X 1020 fissions/CM3 an
30 [~ 2x1020 fissions/CM3 -
20 L 5x1029: ]
fissions /CM >
5X10'? fissions/CM3
: g e 10" fissiosrem® -
8 -
? _
6 ]
5 _
4q ]
THEORY
3 A 1.3-2.6 X 10'? fissions/cM3® ]
O 6.1 -7.4 X10'? fissions/CM3
O 1%x102° fissions /CM3
+ 1.6-1.8 X 1020 fissions/cM?
2 X 2.8X%1029 fissions/CM3 .
V 4.3x1029 fissions/CM3
f210'3 flSsuoqs/CM3 SEC
GRAIN RADIUS = 1073 CM
VT = 1000°C/CM
| i [ S R R S
- 1200 1100 €00 1000 £000 £200 2900 2800

CENTER LINE TEMPERATURE (°C)

Figure l. Compariconc Botwoon Thoory and
Data of Lewis (Reference 20) for the Release

of Gas in UQ,



~~

FISSION GAS RELEASE (%}

100 | T [ | | |
. ' . .
ab . . Lo Tm:1500°C
A o
[AY
80 —
S Tm=1250°C
o O OCoo
.}
60 — a ) a) //
"/
Tm 'IOOO"C
faY 0
40 |- o -
a o
(o]
—THEORY
20 Iy O Tm < 1100°C —
: 0 1100°C s Tm < 1400°C . ",
a ] A Tm>1400°C
' 5 X IO" < GRAIN RADIUS < | X 1079 CM
o ! I | L 1 !
o] 5 10" 15 20 25 30 -1
BURNUP (X 10720 fissions /CM3)
Figure 2. Comparisons Between Theory and
Data of Zimmermann (Reference 21) for the
Release of Gas in UO,-20% PuO,
t T T T T | T
‘ ' 1.75 x 1020 1.7 % 1020
10 — ) . 3 1
tissions/CM> tissions/CM
. T - .
9 ‘ ] 1.85x 1029 .
fissions/CM3
7+ , ' .
2 6l - 4
-4 5 ‘ ® ® —
g : 2.25 x 10%° 2.3x102°
0 4 fissions/CM3 fissions/CM3
*r -
2 —
I THEORY FOR GRAIN SIZES BETWEEN 10 AND 50,.4.m
|+ . DATA ]
o | 1 | 1 L 1
1400 1500 1600 1700 1800 1900 2000 - 2100

AVERAGE FUEL TEMPERATURE (°C)

Figure 3. Comparison Between Theoryand.
Data of Hilbert et al. (Reference 22) That
Shows Swelling Versus Average Fuel Tem-
peratures

-31



GAS RELEASE (%)

T 1 T @7 T 1 T 1 T T 1 | I
' 1270°C .
— DATA OF
BELLAMY AND RICH ,
| (REFERENCE 23) _
[ a===THEORY 8 1203°¢ _
| . N
B 1400°C CENTER LINE TEMPERATURE 7]
[~ 1200°C_CENTER LINE p
TEMPERATURE
® ™
| 1071V _
u ° e _
[ Val
&i249°c i
[
1180°C
1259°c § vt o .
- ® @1386°C 800°C CENTERLINE |
/- 814°C /—TEMPERATURE
oo W0 @ @ | ] | ] \ ] |
) 2 4q 6 8 10 e 19

BURNUP (X 1029 fissions /CM3)

Figure4. Gas Release Data of Bellamy and
Rich (Reference 23) Versus Burnup

10 T T T T T T T T
8 |- i
| o |
o.
Eef © °
S r (®0) (o]
5 &
Sr o 7]
E | o o _
o ©
2O 8 _
o
[ o8 _
@0,
ol _
I Y S B TR N R
) 2 a 6 8 10

OBSERVED 4p (%)

Figure 5. Comparison Between .the Predicted
and Observed Densification Data of F reshley
et al. (Reference 24)

L}



=

10 T T T T T T T 1
8 - _

< O (@)

2 L 8 ) |

(O]

2 (@]

26l o -

o
z L o ! _
w
%SBC[D

a o ©5 ©

i 00 -

(8]

E .

s QL h
2+ .
N 4
o I R S R N S N
0 2 q 6 8 10

OBSERVED SWELLING (%)

Figure 6. Comparison Between the Predicted
and Observed Swelling Data of Banks (Refer-
ence 25) o

“U.S. GOVERNMENT PRINTING OFFICE: 1978-703-115/658

33





