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Abstract

Criteria for the advance of cracks between fission
gas bubbles have been developed for application to LMFBR
irradiated fuel under transient heating conditions. The
criteria involve stress states, differential and total
energy conditions, and mass transfer at the crack. Three
exper iments have been analyzed using a model of gas behav-
ior which treats both intragranular and intergranular gas
bubbles as mobile, non-equilibrium entities. In one
exper iment which showed fine-scale fuel dispersal in the
solid state, these postulated disversal criteria were cal-
culated to be sati=fied. Calculations were performed for
a number of hypothetical transients, The trend of the
results indicates that heating at 100 ¥X/ms produces the
grain boundary cracking conditions rather easily, a few
hundred degrees below the melting point. Heating rates
of 1 K/ms do not in general lead to the cracking condi-
tions.
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FUEL FRAGMENTATION BY FISSION GASES DURING RAPID HEATING
D. H. Worledge

1. INTRODUCTION

In postulated LMFBR accidents affecting the integrity of the
fuel pins the mode by which mechanical stability is lost is capable
of influencing subsequent developments. Such modes include slump-
ing, swelling, fine-scale disintegration, and various modes of
entrainment in ambient fluid streams. Moreover, under prompt burst
conditions the work paotential of expanding fuel vapor is a sensi-
tive functionl'2 of the ability of fission product gases to cause
fuel dispersal milliseconds before dispersal would occur from fuel
vapor alone. The first stage in fuel dispersal under these condi-
tions may be caused by fine-scale fracturing due to stresses from
fission gas bubbles. In several out-of-pile experiments3 and in
two in-pile‘ experiments fuel disruption has been visually recorded;
and although for the in-pile experiments the scale of fragmentation
has not been closely investigated, the visual record is consistent
with breakup on a scale of grain s oMl ~ 0,01 mm). The cuvt-of-pile
experiments, performed at Argonne National Laboratory, c;nsist of
a seriec of transients using direct electrically heated (DEH) pins
intended to reproduce fuel behavior under conditions typical of
a loss-of-flow accident in an LMFBR. In most of these experi-
ments the fuel was heated to around the melting temperature over
about 10 seconds although some were run over times as short as

2 seconds and others for as long as 20 seconds.



Maximum heating rates were of the order of 2 K/ms near the end
of the transients. Fuel disruption was generally associated with
fuel melting and no fine-scale fragmentation was clearly observed

4 referred to

as a major disruption mode. The in-pile experiments
consist of a series of multipulse Fuel Disruption (FDl) experi-
ments in the ACPR reactor at Sandia Laboratories. The fuel was
fission heated, and two experiments with the highest heating rates
it~ 100 K/msec) exhibited fine-scale disruption close to but dis-
tinctly below the melting point.5 Some other experiments in the
FD]1 series having slower heating rates exhibited rapid gross swell-
inq‘ (~ 60 volume %). These experinents had maximum heating rates
of the order of 10 K/ms, again representative of LOF conditions:
all these experiments produced fuel failure under low mechanical
constraint, the DEH experiments by using a quartz clad close to

its melting point and the slower of the FD1l experiments by having
no clad at the time of rapid swelling owing to c¢lad meltoff. The
FD1 erperiments exhibiting fine-scale fragmentation were con-
strained by relatively cool clad (~ 1050 K) but the short fuel
columns were axially constrained by spring-loaded end pieces

that would lift under pressures of 2 bars. Fuel fragments were
observed to come from the axial ends of the fuel column.

Because of the importance of fuel disruption modes to LMFBR
accident analysis, a theoretical examination has been made of the
fine-scale fraomentation experiments to determine the phenomena
responsible for this behavior. Since the stresses regquired to
fragment U0, below its melting point must be of the order of the

ultimate tensile stress or the yield stress, it is natural to



suspect that an agent capable of producing such high stresses
must be involved and must be able to produce fracture on a grain-
size scale. The most likely candidate under these conditions is

6 and on

fission gas which is known to exist both within grains
grain boundaries’ in the form of small bubbles. The problem of
producing high stresses even with the ex’stence of stress concen-
trationc near crack tips suggests that non-equilibrium bubble

8 may play an important role. Before examining what

dynamics
features of bubble dynamics need to be modeled, it is necessary
to appreciate how the fragmentation could proceed even if high
local stresses were available and to determine some necessary

conditions that must be fulfilled.

2. CONDITIONS FOR CRACK ADVANCE

2.1 Stress Criterion

Bubbles can exist both within and on the surface of fuel
grains and both bubble fields will be considered in the discus-
sion which follows.

To establish some nomenclature, conzider the penny-shaped
crack around a spherical bubble in Figure 1.

If the gas pressure in the bubble is Pg, then a mechanical
force, P,, is exerted by the gas on the surrounding fuel matrix

at the surface of the bubble:

ZWS
ngpg° PH+T; (1)

where Py is the hydrostatic pressure and Wy is the energy per unit

area required to create a free surface. The force is compressive
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FIGURE 1. BUBBLE WITH PENNY SHAPED CRACK
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if P, is positive. 1If the bubble is on a grain boundary the free
surface enerqy is reduced by an amount corresponding to that

already expended to create the grain boundary
2" - ZYS - ng (2)

where Yg is the free surface energy and ng is the grain boundary
energy. Within a grain W, 1s equal to Ygo

Gruber et al? have considered the loss of grain boundary
adhesion consequent upon rapid heating of a set of grain boundary
>ubbles by calculating the excess pressure needed to yield the
fuel matrix at the crack tip taking account of the stress concen-
tration in that region. For a 3rain boundary areal coverage frac-

tion of 0.5, the relationship is essentially

o

P, > _¥ (3)
where f is the stress concentration factor, and Oy is the yield
stress. The question of the stress required to part the lattice
is related to the mechanism involved., For fully brittle failure,
the local stress must be th: ultimate tensile stress. When the
material is fully ductile, plastic deformation will occur, in the
absence of work hardening, at the yield stress although there
may still be reasons for using the UTS for the fracture condi-
tion.1? However for temperatures above 2000 K, the UTS and yield
stress of UO, both have decreased considerably from their lower
temperature values and approach values somewhat less than
S x 107 N/m2. Gruber uses a value of 3.5 x 107 N/m2 from the

work of Bard and Dutt.11 Sruber also notes that the minimum



value of the stress concentration factor corresponds to that for a
a sphere and the maximum to that for an ellipsoidal crack!? so that
2<£sy.2.
These values suggest that the fracture stress criterion fur

Py should be very approximately:
P, 2107 n/m? (4)

Notice that the requirement of non-zero excess pressure dictates

a non-equilibrium treatment of bubble growth.

2.2 DvDifferential Enerqgy Criterion

Finnis!3 has noted that a fracture stress criterion alone is
inadequate and that consideration must be given to thermodynamic
criteria of the type first applied by Griffith!? to unstable crack
propagation in a fully brittle manner. The standard Griffith
approach is to consider the surface energy requirement to incre-
ment the crack dimension and to assume that the energy 1s supplied
from a r~lease of elastic strain energy in the whole medium and
from contributions of potential energy ‘crom changes in the points
of application of the stress system Since the strain plus poten-
tial energy generally nhave a diff-rent dimensional dependence on
the crack length than that of the surface enerc;, an unstable
crack length can be defined under constant load conditions,

For a gas bubbl> with large positive overpressure, however,
the strain energy and potential energy changes make very unequal
contributions.

Bullough and Perrin15 have developed an expression for the

elastic energy of a body containing a spherical dilation center



subject to an excess pressure, Py. This expression is

3 2
z (P _=P.) 3
#|"0 ‘"x "H" _ 2(1-2v) (1-2v) 23 5
Ba1 * ¥ 2 ev) o PPyt ey Tn b il

where the bubble radius r, is that attained before the elastic
medium is deformed by boundary forces, i.e., before loading, v is
Poisson's ratio, u the shear modulus, and L is the macroscopic
extent of the medium., If the hydrostatic pressure remains constant,
the third term does not contribute to changes in Eap- Furthermore,
for P, of the order 500 bars and Py of the order 2 bars, the

second term is negligible in relation to the first. Under these

conditions the expression reduces to

To the same aporoximation the radial displacement at the bubble

surface is given by

X Arelastic (7)

pifferentiation of Eq. (6) can be manipulated to give the rate
of energy change with crack extension assuming the strain field
is unchanged by the presence of a small crack. However a rather
more satisfactory orocedure that better illustrates the source ol
the energy contributions is to consider Eq. (6) as an expression

of the linear elastic approximation:
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1

Bey = 3P, (V- V) (8)

where Vo, is the bubble volume before loading and V is the bubble
volume a2fter loading.

Equation (7) gives:

Ar
v —elastic
¥ - vo . Avelasuic 3 Jo T, =
3V_P
PR T (9)

soO v Vc v

. Jm (10)
and da(v - vo) = K(\o cu-'*x + dvo Px)‘

Differentiating Eq. (8) and using Eg. (10):

26, = p_ - SV, @, + Qv P + (V- V) & . (11)
This processs allows the effective, unloaded, bubble volume to
increase as the crack extencs (dV,) and takes account of the con-
sequent pressure decrease (dPx).

Assuming crack advance occurs instantaneously, there is no
time for adjustment of the bubble shape due to creep processes,
although these are considered later, and the bubble radius will
remain constant as the crack extends by dR (Figure 1).

Therefore for an ideal gas:

dPx = dPg

(12)



Inserting this in Eq. (11) and using Eq. (9) for (V - V,) gives:

- P"lp 2 av
2e,, = 5 'Px = 2 Pgl Verack (13)

av_ v
with gvo—vl and q;'~1 and AV, = AV .ok

This result is negative showing that strain energy 1s released

2
and is of order P%dV_ .. ,/u-
The gas, expanding into the crack volume, does work equal to
PgdVerack ¥hich is bigger than dEg by a factor %,3100.
Consequently the differential energy criterion for crack
advance becomes

dav
- crack
Pg dvcrack - 2"§ 3 aad- R (14)

where & is the crack opening displacement (COD) or crack height.
Therefore, for crack advance we must require

2W
P Sl = (15)

g= ¢ pgcrit'

that is

on grain boundaries $.Pg22Yg - ng} 16
(16)

within grains G.Pg?_zYs

This condition appears to be more severe than the fracture

stress criterion of £q. (4) and is independent of the details of

13



the elastic strain field. 1Its relation to crack morphology is
through the COD, £.

Values of surface energies and COD are subject to considera-
ble uncertainty. A few conclusions may be drawn, however, that
do not depend strongly on these uncertainties,

Since Ygb is a considerable proportion of Y., clearly the
critical pressure for advance of intragranular cracks is sev-
eral times higher than that for intergranular cracks.

Ir a bubble with pressure increasing, an increment of crack
growth is experienced as soon as Pg gets infinitesimally larger
than chrit' A conseguent decline of Pg will occur as the crack
volume increases, but oroviding dPg/dt is greater than zeroc f{rom
other processes such as bubble coalescence, the crack volume will
continue to increase to maintain Pg = chrit' As soon as dPg/dt
becomes negative, crack advance will cease and Pg will fall below
chrit' The behavior is guite unlike unstable crack propagation
in the classic brittle sense because Eg. (14) is homogeneous (in
fact independent) in the crack dimension,

Since the crack growth is a quasi-eguilibrium phenomenon, it
is unlikely that the crack can develop by simple cleavage of the
lattice or grain boundary to a width of only one or two lattice
constants characteristic of the "classic® type of brittle failure.
Steady crack advance will allow time for mass transfer to adjust
the geometry of the crack tip, and the mechanical stability condi-

tion on the grain boundary requires the half angle, 8, of crack

2Y

Y
opening to be <:os’l (—29) . Various values for the surface
B

energies suggest @ is in i1%e range 40 to 70°. Furthermore at




high stresses a small zone of plasticity may be expected around
the crack tip giving quasi-brittle behavior but a COD larger than
one or two lattice parameters.

In practice, of course, the two conditions (Egs. (3) and (15))
are not incompatible. If the stresses around a sharp crack cause
local yielding, the COD will increase so that the fracture condi-
tion is just satisfied. Because of the attendant uncertainties,
a constant COD is used in the discussion which follows,

The preceding considerations suggest a rather stubby crack
shape for small bubbles not unlike that shown in Figure 1. Grain
boundary widths may be assumed to be of order 0.5 nml7 (ehe lat-
tice constant in U0, is 0.34 nm) and so a crack opening displace-

ment in the region 1 to 3 nm may be expected. The values:

(2Yg = Ygp) = 0.25 Jn"2; & = 2nm
yield Pgcrit ~ 1.25 108 n/m?

with a value perhaps five times higher for crack growth within
grains. Because of the size range of &, this calculation should
only be applied for bubble radii larger than, say, 5 nm. It is

also worth noting that for bubbles with radii of order 1 nm on grain
boundaries, even equilibrium (P,=0) pressures are of order 108 N/mz.
For such bubbles ra & and the above analysis is inapplicable.
Referring to the stress criterion P, 2oy/f, for an elliptical

crack in tension, the stress concentration factor is of order18

b o
b
£~N—T

Thus £~ 2.2 for such a crack with Tp * 10.0 nm and & = 2 nm.
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The criteria for intragranular crack advance established

far are:
1. (Stress) ~107 N/m2
2. (Differential energy W 8 2
requirement) Py > s ~10% N/m (18)
oty u

For continuous crack advance it is also necessary that
dp
—ag (coalescence and heating) >0 (19)

where Pg is calculated in a bubble dynamics calculation that

ignores cracks.

2.3 Total Energy Criterion

The phenomenon of disruption must also be related to crack
interlinkage between neighboring bubbles. This couvld be calculated
in a bubble dynamics model by keeping track of crack advance as
allowed by the above criteria. However the uncertainties inherent
in both criteria and dynamics models, the random arrangement of
bubbles on grain boundaries, and the random corientation of cracks
around intragranular bubbles suggest that a criterion based on
total energy may be sufficiently accurate and of more general
applicability tnan a sophisticated crack growth calculation,

For this purpose assume that the bubble dynamics calculation
proceeds in the absence of cracks, allowing Pg to exceed chrit'
The total energy that could be obtained by the gas expanding into

a crack volume produced by a crack of height § and extending half



the interbubble distance may be compared to the total surface

|
\
energy reguirement.

v
f
Gas expansion work = Egas E pdV
Vo
Por isothermal conditions
vo + 1/2A8
Bg.g = nkT in vo (20)

where n is the number of gas atoms per bubble, A is the total crack

surface area and T the absolute temperature.
A= 27 @& - rbz) (see Figure 1) (21)

Por intragranular bubbles the interbubble spacing .®, is given

by an equivalent sphere dimension:

3 m33 - 3 (22)

where C, is the number of bubbles per unit volume. For the cal-
culations reported later, the ratio .#/r, is in the range 2 to

3 in the fastest transients but is closer to 1.5 for more modest
heating rates,

The calculations show that for bubbles on grain boundaries,
when the crack growth criteria are approached, the bubble density
is generally high giving, say, a 50% areal coverage.

For this case.ﬂz/rb2 = 2 and .A/rp = 1.4. Therefore it

appears generally easier to link up intergranular bubbles *han

17



intragranular ones especially when the arbitrary orientation of

cracks in the latter case is considered,

In E3. (20) the argument of the logarithm may be written

3f.#2 8
1+ -_....Avs = 1 + y |y She 1 T (23)
o rb b

In even the fastest transients calculated later the bubble
radius is many times larger than & when Py 2Pgerit for both bubble
fields. However for intragranular bubbles, the first term in
brackets is then large enough to compensate and the right-hand
side of Eq. (23) has a value considerably greater than unity. For
other cases, fast transients for intergranular bubbles (the first
bracket is around unity) and for slower transients (where the bub-
tle radius is very wuch larger than the COD for both bubble fields)
the right-hand side becomes 1 + ¢ with e,

In the latter case, Fq. (20) reduces to

nkrT as _ Pg AS

= = —g -
Egas 2V° 2 (24)

The surface energy required is

Eg = AWg (25)
and so cracks will interlink when Fgas 2Bg»
or
2W,
Pg 27 ° (26)




This is exactly the condition (Eq. (18)) for crack advance.
This result implies that if the product of the terms in brackets
on the right-hand side of Eq. (23) is less than about 0.3, there
is enough potential energy in the gas to link the cracks, provided
Eq. (26)(18) is satisfied. As has been briefly mentioned, this
is not the case for intragranular cracks in very fast transients
(~ 100 K/ms), but should just about be satisfied in other circum=~
stances for both bubble fields.

Remember that this treatment of total energy requirement is
only approximate and does not correspond to physical reality as
far as the dynamics of crack advance are concerned. The deriva-
tion of Eq. (24) essentially regards the crack volume as a dif-
ferential increment, not a bad approximation when large bubbles
are close together. For other circumstances the ener3jy reguire-
ment should be obtained by equating the full form of Egq. (20) to
Bg. (25).

Note that no terms corresponding to crack nucleation have
been included in the above energy formulation, as has been done
by DiMelfi and pietrich.? on grain boundaries, at least, there
is no reason to treat cracks as either pre-existing defects or as
the result of dislocation pile-up when bubbles can freshly arrive
at the boundary from the interior of a grain and exist there in
a state of mechanical disequilibrium with the lattice. In this
case the flow of vacancies along the grain boundary to the equa-
torial region of the bubble?? will ensure that an incipient penny-
shaped crack exists. The energy for moving vacancies into the
compressive radial stress field at the bubble surface is supplied

by the potential energy of the contained gas.

19



2.4 Creep Conditions

2.4.1 Stress States

Consideration of the effects of mass transport at the crack
is now approoriate. When the lattice 1s held in compression,

the local vacancy concentration is decreased be -~w the thermal
equilibrium value by the factor exp (- EE;_)-:ere Py is a (positive)
radial comoressive stress, here identified with the mechanical
excess bubble pressure, 0 is the volume of a vacancy, and T the
temperature. If the stress varies locally, there will be a dif-

fusive vacancy flux proportional to the concentration gradient

(Plux = -D %%!. The stress field around the crack will be complex
and the following discussion only accounts for the gross features.
Three regions of differing stress state can be identified

(Pigure 1):

Region 1 At the bubble surface:
2ws
’81 = Pq - —;—b— (27)

Pgy is positive during transients owing to heating and coalescence.

Region 2 Near the crack tip:
2"3
Pg2 = Pg = =7 t Pra<Py because rp > § (28)
2us
Pg2 = 0 when Pg = —— == Crack growing
2Hs (29)
and P o < O({tensile) when Pg < g crack stationary

Once again this depends upon the crack advance criterion of Eq. (18).



Region 3 Midway between bubbles:

If this region is assumed stress-free, then the vacancy concentra-
ticr may be maintained at the thermal equilibrium value C£9. when
very nany strong sinks exist, as during a heating transient, it
will in general not be possible to maintain the thermal eguilibrium
concentration. The later discussion of bubble dynamics allo.s Cg9
to be modified, buvt for present purposes this will be ignored.

A vacancy flux should be expected to occur from Region 2 to
Region 1 at all times (Pyp <Py, always) and from Region 2 to
Region 3 while the crack is stationar (Pg~<2 Ws/8). The first of
these processes trz...fers volume from the crack tip to the bubble
but does not change the total volume available to the n sas atoms
present; whereas the second process removes volume from the crack
tip and therefore tends to increase the bubble pressure. Further-
more, while the crack is growing, Pg is maintained equal to
2 Wg/8 and Py, = 0. The vacancy flow outwards from the crack
then ceases.

When no crack is present, vacancies flow from Region 3 to the
bubble surface and constitute the only way by which bubbles effec-
tively gain volume and tend to mechanical equilibrium.

It is now convenient to consider the bubble fields separat~ly.

2.4.2 Intergruanular Cracks

It is expected that because surface diffusion and grain
boundary diffusion processes are much more rapid than bulk diffu-
sion, vacancies are expected to predominantly flow between Regions
2 and 3 through the grain boundary and between Regions 1 and 2

through the surface of the crack.
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2.4.2.1 Grain Boundary Diffusion

Hull and Rimmer 20 were the first to consider grain boundary
void growth by grain boundary diffusion, and their formulation
has been used by viMelfi and Dietrich19 in considering the vacancy
flux opposing crack growth in UO,. An additional boundary condi-
tion was imposed by Speight and Harris?!l to account for vacancy
sinks throughout the diffusion volume. This type of boundary con-
dition can be used to aoproximate, on the average, the effect of
the total vacancy source from edge porosity.

The diffusion equation is solved?l,22 in an annular section
of the grain boundary whose inner radius, for purposes of this
report, is R, the crack radius, and whose outer radius is R
(Figure 1).

The boundary conditions are

e
Cyl) = c 9
P 0 (P_,<0
= ®9 L X2 %2
CV(R) CV exp( kT) when (30)
tensile)
“lag
and the diffusion equation is
’rdC
1 a(recy
o) s -0

where D is the vacancy diffusion coefficient and S is the uniform
volumetric source giving the steady-state solution, The equilib-

rium concentration is modified in numerical calculations by a

n

R R G T



multiplicative constant that adjusts for the competition for vacan-
cies and the conseguent vacancy depletion in the grain boundary.
The sclution Jives

2
eq -(R
ac,| e, 0 [11 (*)J (32)
a | RKT

[t - (- )

where the exponent in the boundary condition, Eguation 30, has

been linearized.
The flux then gives a volume flow rate across an area of

width w and radius R of

= ggz (33)

—= H

kT gb

eq
vgb = 4n HCV D

if the volume of each vacancy is R. Hgy is a geometric factor

R 2 -1
) ¢ SR NN (% . (34)

-3)

If®~1.4 ry, and R 1.01 ry, Hgy = 2.7; i€ R = 1.2 rp, Bgy = 1.2,

gb

Clearly Hgp is of order unity for a shor% crack ari, if by con-

vention the product nc:qo is replaced oy ng,

L
d & x2 (35)
ng 4n Hng

Por stable cracks P, , is negative so that 99

volume flow in the positive r direction, away from the crack tip.

b represents a

23
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2.4.2.2 Crack Surface Diffusion

Vacancies can diffuse through a surface laver approximately
one lit_ice spacing thick, A, It is perhaps z2asier to imagine
uranium ions diffusing in the surface layer towards the crack
tip. The solution is obtained by direct integration of Eg. (31),

omitting the source term and using the boundary conditions.

- P, .0
CV(R) = Cv exp(- %7 )

eq leﬂ
Cv(rb) . Cv exp(- kT : (36)
The volume flux at the crack tip becomes
2 (37)
y eq - Q.
vlp 7 ‘"AD'CV (pxz le) kK Hsp

where Dg is the surface diffusion coefficient.
Two crack surfaces are included, the exponentials have been

linearized, and the factor H is now

B s = madoee s [tn &) (38)

where R = ar,.
Por a short crack, a may be written as (l+¢) with e«l,.

Then H may be expanded in powers of ¢ to give

Rae-l,



This relationshin is approximately true even for cracks extend-
ing three quarters of the way to the point midway between bubbles
when the coverage fraction on the grain boundary is 50%.

Consequently the vacancy flow tending to impart spherical

shape to the bubble gives a volume flow rate

02 (39)

%

. 4" eq
Y s 3 Ds Cv (sz - P

sp xl)

~

Since px2<sz1' always, Vgp represents a volume flow to negative

r, i.e., from the crack tip to the bubble.
Griesmeyer and Ghoniem?3 give an expression for qun for both

stoichiometric and hyperstoichiometric fuel. In the stoichiometric

case:

4

eq, _ 3.8 10
CV 0 2 exp (— ——Tﬁ)- (‘o)

The surface diffusion coefficient Dg can be repn.esenl:edz"28 as

4
Ds = 3.5 exp (- 4%0_) mz/s (41)

and therefore in Eq. (39) the volume flux may be written

4
10
287 AQ N (- E;E____)
vsp - £2 (gxz le) exp T

m3/s . (42)

x

DiMelfi and Dietrichl!? suggest a value for "ng of
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4
6.3 10-15 exp (- E;ETlE )lz/s and Reynolds and Burtonl? recently

B
measured a value of 6.9 10-16 exp (- 3-’-2-?&9-—)412/3 (assuming w =

0.5 nm as in their work). In the temperature range 2500 K to
3000 K both these formulations 2re closely equivalent and agree
exactly at 2700 K. The measurement of Reynolds and Burton will
be used in this work because uncertainties are quoted for ng

which imply (assigning no uncertainty to w) that

4
-16 _ (2.87%*0.96) x 10 ]_ (43)
'Dbb = 6.9(55) x 10 exp[ =

Equation (35) for the grain boundary volume flux is then

P, R
. -15 _ “x2 : (-
V., =-2.810 ' o eXp

R
.9 10 3

While a crack is stationary the total rate of crack elimi-

nation by creep processes will be
' = i ! . ‘5)
U= Ve * [ Vo] (

For € = 0.1 typical values near the time of peak internal pres=-
sures calculated in the transients to follow for stable (@ ,

Pq< 2 We/8) cracks, give:

| o] ~ s I\}spl at 2700 K and

|69b, 2! I‘.'spl at 2900 K.



The relative increase in lepl at higher temperatures arises
from the much greater "effective®™ activation energy for surface
diffusion in Eq. (42) compared witn that in the grain boundary
in Eq. (44). Both values are, however, subject to large uncer-

tainties, larger in fact than Eq. (43) alone indicates.

2.4.3 Intragranular Cracks

The only vacancy flows will be through the lattice or on the
crack surface. Assuming that in addition to the bulk flow to the
whole bubble calculated for bubble dynamics the only important
contribution is the diffusion along crack surfaces, then Eg. (42)
for Gsp applies without further change. Note that Qsp does not
change the bubble volume but only tends to impart spherical shape

to the defect.

2.4.4 Mass Transfer Criterion

DiMelfi ard Dietrichl? have suggested that volume can be
removed from the crack tip by vacancy diffusion after the manner
of Hull and Rimmer.<? However the present analysis suggests that
although the order of magnitude of this effect is about correct,
it may be more physically realistic to imagine vacancy diffusion
in the crack surface from crack tip to bubble at all stages of
crack growth and from crack tip to the between-bubble region via
the grain boundary while the crack is stationary (i.e., existing

2w
but with Pg < -35 . While the crack is growing, the grain

boundary diffusion should cease (Eqs. (35), (29)). Even if this
last situation is not exactly true (the crack tip curvature is

only of order §), the approximate equivalent magnitudes of the

27



grain boundary and crack diffusion effects for stationary cracks
Suggest that the grain boundary contribution is smaller than the
crack surface contribution while the crack is actually growing.
In the calculations to follow only crack surface diffusion is
included.

Whenever P9 exceeds chrit. instantaneous crack growth will
restore Pq to equal chrit. while Pg has a tendency to increase,
this situation will be maintained.

Pactors tending %o increase Pg will be principally coalescence
and to some extent heating, and factsrs <>creasing Pq will be bulk
vacancy diffusion and other creep proca2sses. Dislocation creepz5
greatly enhances the bubble growth rate at around 2500 K and high
internal pressure,

Since the crack surface diffusion does not affect the total

volume, in the absence of crack growth

P

g - P, bubble {(4¢€)

d¢namics.

The rate of crack volume extension that maintains Pg = chrit when

Pq (bubble dynamics) » 0 is,

. . (47)
Verack = 5 Py
el
Therefore to continucusly heal cracks it 18 essential that
‘ﬁ'pl > é% ﬁq(bubble dynamics). (48)

The dominant dependence in Eqg. (42) for Qsp is on temperature

and in general vsp will increase as the temperature rises.



2.5 Overall Disruption Criteria

All the following conditions must all be met in order for

the U0, matrix to lose cohesion by the extensive growth of cracks

on a grain-size scale:

)
1. Py 2 -% stress condition Eq. (3)
2W’
2. Pg 2 5 = Pyerie differential energy Eq. (18)
condition
3. ig (bubble dynamics) >0 pressure increasing Eq. (19)
4. EBgag 2 Egyrface total energy condition  Egs. (20-25)
. VP, :
5. !vspl < -ﬁz‘ (bubble dynamics) Eq. (48)

mass transfer condition

Generally Condition 1 is much less precise than Condition 2. For
calculational purposes it is much preferable to have a condition
that depends on Pg rather than one depending on Py, because Py,
is more sensitive to calculational uncertainties. This arises
because 2W./r, is an appreciable fraction »of Pg and therefore
P,y is the difference of twu quantities, similar in magnitude.
Moreover, 2W. itself is a small difference of two larger gquanti-
ties for bubbles on grain boundaries (see Section 5.1 for a
numerical example).

For large, closely-spaced bubbles, Condition 4 reduces to
Condition 2. Condition 3, of course, is implied by both 2 and

5 and is therefore not an independent condition.
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3. REQUIREMENTS OF THE BUBBLE DYNAMICS MODEL

The conditions above depend strongly on effects that influ-
ence the bubble pressure. Clearly coalescence, vacancy-flux
limited bubble growth, other creep relaxation mechanisms, and
gas atom sweep-up should be included. The model should account
for both intragranular and intergranular gas and should couple
the bubble fields through a gas release mechanism. Some of the
phenomena have been studied for many years and are reviewed by

Olander.26

3.1 1Intragranular Bubbles

The treatment here follows the straightforward calculational
framework of the Harwell NEFIGZ’/ model with important innovations
introduced initially by Ostensen in the F1sGas28 code.

Gas is initially partitioned27 between single gas atoms and
small bubbles. The bubbles are of uniform size and move by surface
diffusion both randomlyzg'30 and by biased motion in a temperature
gradient.3l Single gas atoms both diffuse to bubbles and are also
swept up27 by bubble motion both biased and random. As in NEFIG
the single gas atoms carry two vacanc19327 each. Bubble interac-
tions in the delta-function size distribution are modeled as
aw(2rb)2 with 2 as an adjustable parameter. The vacancy flux to
the bubbles® is source-limited as given by the approximate rate
theory expression introduced by Matthews and wood.?? Gas in bub-
bles is released to grain boundaries by both coherent motion of
the bubble cloud and by random bubble motion. Grains are treated
as spherical in shape and the reduced Van der Waals equation-of-

state is used throughout.




Ostensen found? that some features of the gross swelling
observed in the FD1 experiment could be explained by the intro-
duction of bubble relaxation by power law creep at high tempera-
tures and used a thin cylinder approximation. Recent observa-
tions?5 of enhanced power law creep in U0, above 2673 K suggect
that activation of dislocation movements should be added to creep
by bulk point defect diffusion of the type already included in
the present model. The enhanced creep in the present calculations
is accounted for with a thick-walled-sphere macroscopic creep for-
mula (see Appendix I) relating the creep rate to the bubble =xcess
pressure acting over a distance given by the inter-bubble spacing.
Relaxation of all creep restraint is allowed at temperatures
exceeding the liquidus.

The equations used in the intragranular model are as follows:

For a bubble of radius r the velocity in a temperature gradi-

ent is given by

*
3 AD, | oT| Q.
v = 3 (49)
T k

where Qs. is the heat of transport.

The gas pressure is

o Bl T (50)

where n is the number of gas atoms per bubble and B is the Van der

Waals constant (8.5 10”29 m3).

3l
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The bubble excess pressure is
Py ™ Pg - (PH * _;g), (51)

The rate of accumulation of gas atoms in a bubble is

n-nx+n2

with n; = -é /c; (from single gas atoms)
g (52)

and fa & -nC (from bubble coalescence)

Ll
b’ b
where Cg is the concentration of single gas atoms and Cp is the
concentration of bubbles. Primed quantities denote those cor-

rected for swelling, i.e.,

¢ - % (53)
SRR Y
1% 3" Cb

where Cp refers to the original unswollen unit volume. The bubble

concentration changes because of coalescence events due to both

biased (first term) and random (second term) motion.

. 2
2 1227, cé
€ = = 4n ar‘ve)” - ————— . (54)
b b 3

The gas .itom concentration changes owing to sweep-up by bubbles

(first and second terms) and by diffusion to bubbles (third term):



4

S ' b ’
Cg = = mxfvc Cp - 8 - DL (55)

'
62 DSC 22

2

where Dg is the single (Xe) atom diffusion co.fficient.

The bubble radius changes in response to coalescence (first
term), to vacancies swept up with gas atom527 (second term), to
vacancies diffusing through the lattice (third term) and to acti-

vation of dislocations (fourth term)

.' .
. rcb 9 nl T

r= - +
3C£ 2rr2

(56)

where D, is the uranium vacancy-diffusion coefficient and 6 is
the factor introduced by Matthews and W00d27 to account for

vacancy depletion in the lattice.

=1+

Wi

nr Cy (57)

where 4 is the grain diameter.

The fourth term in r is given (Appendix I) by

r P
: % eff (3 X
focre = ¥ —7— (3) |- v, (aes
¥ (‘eff)
r |
with
3 3 o (55)
o = =.R .
eff 4n Cé
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This choice of creep relaxation length is chosen to accord
with the assumption that the interbubble region is largely stress
free. Although this assumption is certainly too simple, a proper
treatment of creep relaxation of a random array of dilation centers
represents a formidable problem.

The uniaxial creep rate is
€ = «x gV (60)

Although the major part of the gas release is by biased b .le
motion, there is a possibility of significant contribu’ ons to
the intergranular bubble population early in a transient coming
from random bubble motion near the grain edge. Gruber?4 has

modeled this in the FRAS code and his procedure is followed

here.
f
frelease = max(0, £ n40m¢ fpias - - random) (61)

where the fi are release fractions.

2 _3h(2d - nv . "% (62)
bias 3
2d C°
where Co is the total gas atom concentration
CO - Cg L 2 an (63)

and h is the overlap distance between the grain and the bubble

cloud.



h e -v and hit=0) = d (64)

£ o 12x d ncb
dom 2 -1 C
e a? \vex o il
4
3" D
and X = -———73 (65)
2nx

The term frelease represents only the release to the grain boundaries.

Total volume swelling can be obtained by multiplying the
swelling in the gas containing part of a grain (the overlapping

spheres) by the fractional overlap volume.

2
. . h7(3d - h) (66)
T B R e

When the swelling is large, the way to correct d for the distor-
tion in part of a grain hecomes unclear and Egs. (62) and (66)

are only approximate,

3.2 Intergranular Bubbles

In the present calculations gas bubbles arriving at the grain
boundary are assumed to tend to equilibrium by vacancy diffusion
along the grain b mdary.zo'zl The bubbles move about?® on the
two-dimensional grain surface by random and temperature gradient
biased28 motion, coalesce, and develop overpressures. The number
of bubbles is calculated by integrating the arrival rate of bubbles

that do not coalesce on arrival together with the coalescence
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terms until the areal coverage fraction is, say, 50%.32 One-third
of the grain boundary area is excluded from the calculation on the
assumption that this area represents well-connected porosity and
leads to the immediate release of gas impinging on it., After 50%
coverage is attained in the remaining area, the number of bubbles
is calculated by continuing to follow the growth of the bubbles
together with assuming the immediate releace of newly-arrived gas
to maintain the constant coverage fracticn. The boundary bubbles
are considered to be spherical.

The equations that are used are as follows:

The coverage fraction, Q,, is

2
2N ry (67)

% " 0.67 a'2
where N is the actual number of bubbles on the grain boundary of
area one-half the total (spherical) grain area. This accounts for
the predominantly biased component of intragranular bubble relecase
to the boundary, and the further factor of 0.67 roughly accounts
for the connected porosity s discussed above. Grain ¢iameters
are corrected for swelling (primes).

A fraction Q of intragranular bubbles, incident ¢n the
boundary, coalesce on arrival with existing intergranular bubbles
according to a cross section:

2N

Q = —=—— (ry +r <1 68
® o.674'¢' B RN iy

where rg is the radius of an intergranular bubble.



The temperature-gradient-biased motion leads to a bubble

velocity given essentially by Eq. (49) so that

v, = v+ = .

B X % (69)

where the factor 2/7 gives the average projection of the temp-:a-
ture gradient along the grain surface. The number of intragranular
bubbles arriving at the grain surface in unit time that contributes
to the intergranular bubble field is simply

(70)

. Co v .
- 0.67 n frelease

where V is the unswollen grain volume.
Consequently the direct addition of intragranular bubbles to

the number of intergranular bubbles is

Coalescence among bubbles in the intergranular field occurs by
temperature biased motion and by random motion on the two-

dimensional surface,

4
5 18 A'p
. N 4 s
N = - - T r. v » —_4 ¢ (72)
. 0.67 a2 R A

The same coalescence parameter, a, is used as in the intra-

granular calculation, Equation 72 is derived in Aopendix II.

37



While 2,< 0.5,
P (73)
and when Q, > 0.5,
N=0.67 x 2597
: 2_;3‘ (74)

The number of gas atonms per intergranular bubble, Ng, is
calculated by sharing equally among the N bubbles, the number of
newly-arrived atoms (first term) and the coalescence correction

(second term):

ng = % (n ;ba - ng ﬁz): Qy< 0.5
and (75)

1 - -
Ng = §(n nyp 0.5 - ngN2): Q, 20.5.
The gas pressures are

n. k¢

B
P - . and (76)
gB 4 -
}'l’s an
Y. =N
D A
Pxp = Pgs (pu . ey (77)

Bubbles grow according to coalescence among intergranular bubbles
(first term), impact coalescence from arriving intragranular bub-
bles (second term), grain boundary vacancy diffusion (third term)

and by power law creep (fourth term):



2 3.
r N2 5 n

By = - g —T —971—*“’ (78)

where £E=0Qp, for Qy <0.5

£E= 0.5 for Q, 20.5

and H = ﬁ-o—g—— . (79)
a -
W, -0 ¢

The factor g is included to enable the vacancy concentration
away from bubbles to be reduced below the thermodynamic equilibrium
value. This approximates the effect of lattice depletion owing to
competition for vacancies between the large number of intragranular
sinks and for the close spacing of intergranular bubbles. This
factor has been included as a parameter and thus the intragranular
and intergranular bubble fields are not analytically coupled via
the grain-boundary-vacancy source strength. A value of g in the
region of 0.1 has been used, and has the effect of approximately
doubling the intergranular pressures in all the calculated tran-
sients while having little effect on other guantities. The same
factor g is applied to the vacancy flux formula for Gsp along
crack surfaces on grain boundaries.

The macroscopic creep term in Eg. (78) is given by Eg. (58)

with r replaced by rg and P, replaced by Pyp+
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Intergranular swelling is given simply by

8N zBJ

Sinter * e (80)

and the total swelling by

S = Sinter * Sintra- (81)

4. CALCULATION FRAMEWORK
The calculations reported here were carried out using a multi-
zone representation of the fuel cross section in the radial direc-
tion. Although fission gas calculations have often been performed
only for the unrestructured fuel region, recent measurements by
Randklev 4 and earlier measurements by Scott et a13% have shown
a "tail" to the gas distribution extending through the equiaxed

36

region. Moreover observations by Cano on Ful swelling show

that important effects are not confined to the unrestructured

zone. Heat transfer calculationss"

suggest also that in the
FD1 experiments which dispersed, peak temperatures at disruption
time occurred in the region of 0.6 to 0.7 radius ratio. For all
of these reasons the present calculations use an inner radius

corresponding to about 0.1 radius ratio.

4.1 1Initial Conditions and Parameter Values

The initial conditions concern the gas distribution, gas
partition between single atoms and bubbles, and bubble size.

In general, little attempt has been made in the discussion which



follows to find optimum sets of parameters and previcusly sug-

gested "reasonable”™ numbers have been used almost ev:rywhere.
Radial gas distributions have been taken from the work of

- Randklev 4 and Scott et al35 with total gas content according to
the Dutt37 correlation which assumes gas exists in a uniform dis-

. tribution in the unrestructured region alone. The use of this
radial distribution does not have a significant effect on the
results un’ess radial variations in material properties stemming,
for example, from a radial variation in stoichiometry are also
included. This has not been done in the calculations reported
here. The gas partition has been chosen so that about 30% of
the gas atoms are in bubbles and 70% as interstitials with bubble
concentrations in the range 102421025 n=3 as measured by Baker38
and used in NEFIG.27 The bubble size is initially small3® with
a radius of 0.5 nm and containing 5.5 Xe atoms giving mechanical
equilibrium at about 1600 K. Values of principal parameters used

are given in Table 1.

4.2 Preliminary Calculations

Before applying the above model to crack growth phenomena,
the basic handling of brible dynamics was checked by comparison
between calculations and the gas release data of FGR39, one of

the HEDL gas release experiments,7

and the fuel swelling data in
the Sandia Laboratories FDI experiments.8 Figures 2 to 5 show

the comparisons between data and calculation. tur39 gas release
is underpredicted by 35% late in the transient although of this

deficit some 10% to 12% can be accounted for residing on grain

boundaries. The calculation does not reproduce the eariy sudden
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rise in gas release which is about equal to the amount of gas
on grain boundaries. A modification of the temperature distri-
butions allowing for stoichiometric effects on thermal conduc-
tivity has been squeste639 as a way to improve considerably the
degree of agreement later in the transient.

The swelling data of experiments FDl.4, 1.7, and 1.8 are
reproduced reasonably well provided the preexponential creep con-
stant is increased a factor of ten from that tentatively suggested
by the measurements of Slaglezs"1 on stoichiometric urania. The
justification for treating the constant as a variable to be fitted
depends on effects of grain size, density, fuel composition, and
stoichiometry as discussed by $lagle, although theories of dislo-
cation creep do not depend on grain size.‘o The effect of radial
variations 1n stoichiometry25 and fuel composition are likely to
be very large and may even dominate radial variations in gas con-
tent. Also most of the swelling in the FDl experiments occurred
at temperatures close to or above the solidus (2998 K), whereas
the highest temperatures in Slagle's measurements were about
100 K lower. The activation energy and power law exponent are

as recommended by Slaqle;‘l

/ b (82)
¢ = £ 0 axpf- 1_5_T&>

Because of the difficulties indicated earlier in modeling
large-scale swelling (grain distortion, creep geometry, creep rate,
sensitivity *o bnbbtle overpressure and radius), the present model-
ing is not directed primarily at swelling calculations. Those

calculations reported here should be seen only as demonstrating



the ability to produce swellings of roughly the correct ocder of
magnitude at about the right time in the transients.

The agreement between calculation and data can be improved,
but since the remaining discrepancies can be accounted for just
as well by adjusting the details of the heating transient within
experimental error as by changing parameters, it is felt that the
underlying bubble dynamics are treated sufficiently well to enable
meaningful results to be obtained on crack development. An obser-
vation worth noting is that in the results shown in Figures 2, 3,
and 4 the greater part of the rapid swelling is by creep relaxa-
tion of intragranular buobles with only about 5% volume swelling
or less arising from grain face bubbles. The contribution from
edge poros‘cy is not calculated. 1Including this may diminish the

need to increase the creep constant.

S. OBSERVATIONS CONCERNING CRACK GROWTH

The results of the above calculations may be compared with
the crack growth criteria of Section 2.

Figures 6, 7, and 8 show on a log scale the bubble pressure
as a function of time in several radial nodes for experiments
FGR39, FD1.7, and FD1.6. 1In FGR39.7 fuel melt temperatures were
achieved and fuel was lost from the test section. FDl.7 is taken
to be typical of the FD14 experiments that exhibited rapid swell-
ing without fuel dispersal and FDl1.6 was an expel’imenr."5 that
produced very rapid fuel dispersal on a fine scale. The zones
labeled in Figures 6 to 8 have the largest label towards the

outer edge of the fuel pin.
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S.1 Stress Condition

Although the figures show only the total bubble pressure,
the excess bubble pressures are generally an appreciable fraction
of the total pressure. In FDl.7 and FGR39, at high temperatures
excess bubble pressures reach the yield stress (~3 to 7 x 107 N/mz)
and considerably exceed it for FDl.6 (~ 108 N/mz) for intergranular
bubbles. 1In all three transients the calculated excess intra-
granular bubble pressures exceed the yield stress. Within the
grains, therefore, a considerable proportion (fr“lﬁ) of the fuel
matrix may be in a plastic state and on grain bouidaries it seems
likely that most of the interbubble region is plastic. However
the excess bubble pressures are extremely sensitive tc bubble
size owing to the effect of both the Van der Waals equation-of-
state for small bubbles and the subtraction of the surface tension
term. For example, near the observed disruption time in FD1.6, a
change of only +10% in irtragranular bubble size produces a four-
fold decrease in P,. Under these circumstances to do more than
note the possibility of plastic yielding is inappropriate and the
subsequent analysis will ignore it.

At temperatures below 2000 K the brittle fracture stress is
in the region of 1.0-1.5 x 108 N/m?, and the stress criterion is
only barely satisfied early in the transients even though bubble

pressures are high for small bubbles.

§.2 Differential Energy Condition

5.2.1 Intergranular Bubbles

After early effects of initial conditions have damped out,

bubble pressures are at least a factor of two higher in FD1.6

49



than in FGR39 or FD1.7. Hofeover in FD1.6 the calculated pres-
sures in all nodes exceed 0% N/m2 which was earlier cautiously
suggested as an appropriate criterion f r crack advance. Nocte,
also, that in nodes 1 to 4 the peak pressures occur around

537 ms, which was the time disruption was observed to commence.,
The effects of variations in the initial bubble size were con-
sidered. Figure 7 shows the result of increasing the initial
intragranular bubble radius to 3 nm--a change in volume of two
orders of magnitude., For such a large increase, nearly a whole
second is required to reach a similar intergranular bubble con-
figuration with the same pressures. Although not shown in the
figure, the intragranular configuration converges rather more
rapidly. For a tenfold inc-2ase in initial bubble volume (£y =
1 nm) none of the nodes show a significant pressure change at
0.56 seconds.

In FD1.6 a tenfold increase in initial bubble volume also
has little effect on the intergranula~ bubble pressures as the
curve for node 4 shows.

Decreasing o to 0.3 nm (fivefold volume decrease) produces
virtually no change from the standard case. Baker's measurements-F
showed nearly all the bubbles were of ro<1l nm. It may be con-
cluded that the current pressure calculations are not very sen-
sitive to the initial bubble size, oroviding this bubble size
is €1 nm, and certainly after a few tenths of a second in the

transient,



5.2.2 Intragranular Bubbles

In all three transients the intragranular bubble pressures
are in the region of 3 to 15 x 10% N/m2. This is probably enough
to produce crack advance since whatever the criterion is for
intergranular cracks (1~2 10a N/mz). using values of 2Yg =
1.3 J/m2 and (2vg - ng’ = 0.25 J/mz, pressures need to be about
a factor of five higher for the intragranular case. Since the
surface energies are subject to considerable uncertainty, no
definite conclusion is possible on “.is criterica. Bubble sizes
and pressures calculated for different initial ubble sizes

(<1 nm) converge closely after only about 0.3 seconds.

5.3 Total Euergv Condition

Only ircragranular cracks will be considered since grain
boundary butbles have reached a coverage fraction of 50% in all
three transients by the time peak pressures are encountered and
the discussion of Section 2.3 shows that the energy condition is
then approximately satisfied.

The calculations show that the value of the ratio Egas/esurface
as defined in Section 2.3 maximizes in the range 0.01 to 0.4 for
all nodes in all the transients. This indicates fairly clearly
that intragranular bubbles are unlikely to be responsible for
the disruption phenomena in FD1.6, as even the ratio values at
the upper end of the above range do not take account of the random
orientation of cracks. Note that this calculation depends on the

bubble size and density as well as on the internal pressure.
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S.4 Mass Transfer Condition

Pigures 9 and 10 show the ratioc between mass transfer rate
tending to impart spheroidal shape and the bubble dynamics cri-
terion (Eq. (48)) for PGR39 and PD1.6 for grain face bubbles.
The labeled zones in Figures 9 and 10 have the largest label

toward the outer edge of the fuel pin.

The ratio for FD1.7 is not relevant since apart from early
transient effects (initial bubble size, discussed above) the
pressures fall monotonically and are tco low to induce crack
growth, Although the pressures are not so low in FGR39, in the
later periods of rising pressure the mass transfer rate is
observed to be within an order of magnitude of being capable of
arresting crack growth should it have occurred. Earlier in the
transient the reverse 1s true and indications exist that loss of
grain boundary adhesion could have taken place in all three radial
nodes early in FGR39 had the pressure criterion been satisfied.
The pressure in FGR39 is even less sensitive to initial conditions

than the other transients because of the slowness of the heating.

After a few seconds in FGR319, the pressure is near 109 /2% ang

loss of grain boundary adhesion may have ensued. There appears
to be no direct evidence that this d4id not occur to some extent
since no posttest examination was performed, owing to subseguent

fuel melting. An interesting observation is that the sudden gas
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* ilease near the start of the transient suggests release of gas
already prresent on grain boundaries. The author is not aware of
any other explanation for this behavior,

A recent finding by Bensond4 that about 20% of retained
fission gas can reside extragranularly in a fuel sample irra-
diated to 5,.3% burnup at 26.3 kW/m lends some support to this
hypothesis. Or the other hand, the small radius of tubbles
implied by temperatures below 1800 K early in transients suggests
a higher critical pressure than 108 N/m2 because a crack height
of 2 nm is probably too large.

For FD1.6 the mass transfer ratio changes by eight orders
of magnitude in about 6 ms during the second power pulse and
approaches unity at about the observed dispersal time (537 to
538 ms) in only the innermost node. The mass transfer ratio is
between one and two orders of magnitude too small in the other
nodes at the observed dispersal time to prevent dispersal. This
reinforces the indication from the experimental data’ that dis-
ruption occurred below the fuel melting point which would not
have been reached until 541 ms.

These calculations imply, therefore, that experiment FD1.6
attained the dispersal condition provided the pressure was high
enough. This implies in turn that the critic:l pressure is some-
what larger than 108 N/mz. or dispersal could have occurred

any time after about 530 ms.
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6. SUMMARY AND CONCLUSIONS

Internal bubble pressures have been noted to produce an
important modification of the differential energy condition for
crack advance, This modification stems from the large potential
energy configuration derived from the stress system and renders
details of the elastic/plastic strain configuration relatively
unimportant. Such pressures are encountered during heating
transients that produce rapid coalescence of bubbles in mechani-
cal disequilibrium.

Appropriate mass transfer mechanisms are considered in the
presence of cracks and related primarily to local curvature of
internal surfaces in the fuel matrix. Mass transfer by surface
diffusion along internal crack surfaces can arrest crack growth
at high temperatures,

A very straiaghtforward bubble dynamics calculation treating
both intragranular and grain face bubbles has been used to examine
conditions prevailing in typical examples of slow, fast, and very
fast heating transients, This model was derived from aspects of
the NEF!G,27 FISGAS, %% and rrAS?? codes and was set up to account
for phenomena that could influence grain boundary bubble pressures.

It has been found that intragranular bubble sizes and densi-
ties are not high enough to allow an interconnected network of
intragranular cracks to develop altnhough bubble pressures may
attain the differential crack advance criterion. At high bubble
densities on grain boundaries, all the criteria are sometimes
achieved within the framework of the modeling. In applying

the theory to experiment, it is important to realize that two



potentially large sources ot uncertainty exist. One derives from
the bubble dynamics calculation itself and the other from the
numerical criteria used., Notwithstanding this difficulty the
comparison with experiment reinforces the theoretical expectation
that internal grain-face bubble pressures in the region of and
somewhat larger than 108 N/n2 are required to produce loss of
grain-face adhesion.

In experiment FD1.7, the only time when conditions appear
favorable to crack growth is near the start of the transient,
at least before the second pulse. However, the bubble pressures
fall off rather rapidly and monotonically and during the phase
of rapid swelling are an order of magnitude too low to cause
dispersal. 1In contrast, oressure peaks for FGR39 and FDl.6
occur at a later time. The calculated pressures are about a
factor of two higher in FDl1.6 than in FGR39. FDl1.6 is the only
experiment of the three that is known to have produced fine-scale
fuel fragmentation.

A limited effort has been made to generalize the above con-
clusions by carrying out a number of calculations (about 20) on
a variety of transients, for one fuel node characteristic of
*gassy® fuel. The transients were all started from 1500 K and
ranged over the following timescales:

a) Dwell times from 0.5 sec to 20 sec at temperatures from
1500 K to 2100 K, followed by heating ramps to 3000 K at rates
varying from 1 K/msec to 300 K/msec.
b) Continuous linear heating ramps to 3000 K at rates from

0.1 K/msec to 300 K/msec.



Although the detailed results are too complex to discuss at
length, at the risk of introducing some oversimpli!ication the
general trend of the results is as shown in Figure 11. These
results apply to grain boundary bubbles only.

Near the start of all the transients at temperatures below
2000 K, high pressures are developed early in small bubbles (r ~
few nanometers). These pressures result mainly from coalescence
within the grains, Although the overall pressures are high, the
criterion for crack advance in this range of bubble sizes is
probably higher than 10s N/me because of small crack opening dis-
placements., Hatch marks in figure 11 are intended to display this
feature but should be interpreted as only an intuitive ind.cation
below 2300 K. At such low temperatures the stress criterion may
be associated with the brittle fracture stress (~ 1.5x10% 9/92)
rather than the value for yield stress adopted earlier for higher
temperatures (~ Sx107 ﬂ/az). Accounting for the stress concentra-
tion factor (Eq. (3)) suggests a stress criterion in the region
of Py2 5x107 N/m2, Such excess pressures are not always convinc-
ingly exceeded for temperatures below 1800 K. A further, somewhat
stronger, argument for excluding this region from possible crack
propagation comes from the low bubble density on the grain boundary.
At this stage in the transients the bubbles do not possess erough
energy to propagate cracks to their neighbors.

According to the initial bubble size used, prescures at the
start can vary appreciably although after a few tenths of a second
these effects dissipate with pressures around 3x107 N ml, Heating

through this low temperature regicn on a ms timescale leads to
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i

higher pressures (factor of two or three) but these too fall to
about 10% w/m? by 2400 k.

Becai ;e of the above effects, it seems unlikely that grain
boundary ceparation could occur below 2000 K.

Above 2200 K the pressures rise until creep causes a reversal
of slope below the melting point., The slower transients are much
more susceptible than the fast ones to creep relaxation, and pres-
sures barely reach 108 N/mz. The faster transients rise to the
postulated pressure criterion rather easily before creep inter-
venes within 100 K of the melting voint.

Mass transfer at the cracks is thermally dominated and is
generally able to heal cracks dynamically above about 2300 K for
slow transients but not for the ms scale transients.

The consequence of these trends, although severely general-
ized, is that heating at rates of order 100 K/ms above 2300 K
seems most likely to lead to fine-scale fuel disruption for a
wide range of conditions earlier in the transient. Heating over
a few seconds seems unlikely to achieve the same behavior., This
is in accordance with the limited experimental evidence that
exists.

Although the bubble pressures depend upon many features of
the dynamics, some confidence in the calculated values may be
derived from the observation that the gross high temperature
swelling observed late in the FDl experiments is approximately
reproduced even though the orincipal mechanism appears to be
intragranclar bubble relaxation by creep which takes place at a .

rate proportional to P, to the power 3.5. The model does not



give an appreciable contribution to the swelling from grain face
bubbles since the amount of gas needed to saturate the available
grain boundary is small. The contribution from edge porosity is
not calculated.

Note that the present work is concerned only with the loss
of internal structural stability that crack propagation implies.
This is a necessary condition for fine scale dispersion but not
a sufficient one. For FD1.6 the calculations were performed for
the extreme axial end of the fuel column, in a system that required
only 2 bars gauge pressure to allow fuel to escape from its confin-
ing end restraint. This is a low-constraint condition that would
not be met in a reactor environment until clad failure or melt-off.
The problem of investigating which types of transients are more
likely to attain the crack growth criteria will be the subject
of a separate study in conjunction with the Sandia Laboratories
future experimental program, Only when these conditions are
appreciated can they be associated with constraint conditions

and real reactor accidents.
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APPENDIX I

The Macroscopic Creep Rate fcr a Thick-Walled Sphere

Fig. AI.1l

a b

Consider the above figure where a is the internal and b the
external sphere radius.

Equilibrium in the thick wall requires that

rdot

- 3. - B AI.l
=" 2( )

& v

t 5

where ¢, is the radial and oy the tangential stress component.

du

If u is the radial displacement, then the radial (ar = a;)
and tangential (ct = g) strains car be combined to give:
de
t e
& ~ ¢ (6 - %o AL.2

The strain rates Ve and veo at least for short time intervals,

are then related by

dv
g3 .5
T’ T E Ve V) AI.3



The multiaxial strain rates depend on the effective stress o,

42

in the way described by Odgvist. Following ttre exposition ot

Timoshenko?? they are related by

n-1 (ot - g )

K
't.ioe r

n-1 =
and Vo & i Oq (or °t) AI.4

"

with o =g, -0 AI.S5

and the uniaxial creep data represented by
v =xaol (see Eg. (60)) AI.6

Using Egs. (AI.4) and (AI.S5) to eliminate the v; in Eg.

(AI.3), the latter becomes:

from whence

- -
t r 3. s o
r

Substituting for (o, - o.) from Eq. (AI.7) into Eq. (AI.1l),
gives a directly integrable equation for o, with two constants

that can be determined from the boundary conditions,
op(r = a) = =P, AI.8

g (r = b) =0 (for zero or negligible
hydrostatic pressure).
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Ty is then determined from Egqg. (AI.7).

The result gives for the radial creep rate

S . AI.9

This shows that the macroscopic creep term to be

added to Eq. (56) is given by

n n
B AN -
2a° ) |myim : AI.10
r=a ( ) -1

a



APPENDIX II

Random and Biased Bubble Migration on the Grain Surface

1. Random Coalescence

The random coalescence rate is treated approximately as fol-
lows. Only the instantaneous rate is required and therefore the
problem can be treated in a stationary approximation. Bubbles
constantly arriving from the grain interior constitute a uniform
source term over the boundary which maintains the bubble concen-
tration approximately constant (ignoring effects of changing bub-
ble size) at a distance x from the center of a bubble considered
fixed in the grain boundary. The bubble concentration is a maxi-
mum at this point and falls to zero at the interaction distance
R=2rg.

The diffusion equation is then

E(EE) + s = 0. AII.1

M

Dy

The above boundary conditions are

C(R) = 0 dc

and =0. AIL.2
C(x) = Cy &

The solution is the same type as used in Eq. (32) and gives

-p. ¥| - ™ % a - &) ! AIL.3
B dr R " X 1 xzi- RZ
"“(i) ¥ 5(7—
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The term in sguare brackets takes values in the range 0.5 to 1.5
as the coverage fraction varies from 0.1 to 0.7 and is apprexi-
mated by a constant value of unity.

The number of coalescence events per unit volume is then
given by multiplying the flux of Eq. (AII.3) by the area of
height R and radius R, which surrounds the capture volume, and

the bubble concentration.

.I- 22’R.
Cs by Cg = ' R AII.4

Since there are N bubbles on a grain area given by:

(see Section 3.2)

AII.S

Cg = ———— . AIl.6

Consequently Eg. (AII.4) can be written as

2
. 4 DB N

0.67 a° al1.7

random

Bowxver the problem has been solved using a stationary origi-
nal buoble, and a factor of two must be included in Dy to correct
for the case of moving bubbles.JO Furthermore the bubble diffu-

sion coefficient as given by olander?? for surface diffusion



should be multiplied by % to account for the necessary modifica-

tion of the Einstein equation in two dimensions,

A D AII.S8

Consequently for random coalescence alone

: n? 18 2% o, i 2
N - - 2 4 * .
0.67 4" s

random

2. Biased Motion Coalescence

Each bubble sweeps nut an interaction area (ZrB)sz per unit

time. Consequently

A - 2 2
Cs 4 " vy C% AII.10
biased
Using Eq. (AII.6), this becomes
2
N & 4 N . 4 AII.1l1
0.67 n ;7 B B
biased

In applying Egs. (A1I.9) and (AII.1ll) to Eq. (72), the total

coalescence rate among bubbles already on the grain boundary is

= . ".
“2 N/random N/biased AI2.12

with the coalescence parameter included in N/pi.ceq-
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