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ABSTRACT

During steady-state irradiation, swelling rates associated
with growth of fission-gas bubbles in metallic fast reactor fuels
may be expected to remain small. As a consequence, bubble-growth
mechanisms are not a major consideration in modeling the steady-
state fuel behavior, and it is usually adequate to consider the
gas pressure to be in equilibrium with the external pressure and
surface tension restraint. On transient time scales, however,
various bubble-growth mechanisms become important components of
the swelling rate. These mechanisms include growth by diffusion,
for bubbles within grains and on grain boundaries; dislocation
nucleation at the bubble surface, or "punchout"; and bubble growth
by creep. Analyses cf these mechanisms are presented and applied
to .provide information on the conditions and the relative time
scales for which the various processes should dominate fuel swel-
ling. The results are compared to a series of experiments in which
the swelling of irradiated metal fuel was determined after anneal-
ing at various temperatures and pressures. The diffusive growth
of bubbles on grain boundaries is concluded to be dominant in
these experiments.
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I.  INTRODUCTION

There has recently been a renewed interest in using uranium-based metal
alloys as a fuel for Liquid Metal Cooled Fast Reactors (LMRs). One of the
most promising fuel types is an alloy of uranium, pictonium and zirconium
[1]. As with all nuclear fuels, the behavior of gases generated by fission is
of major concern in assessing the performance of metallic fuels during steady-
state operation and during off-normal accident events.

A major effect of fission gas during off-normal transients lies in its
influence on fuel motion. Negative reactivity, introduced when fuel is re-
moved from the high worth region of the reactor core, has the potential to
strongly reduce the energetic consequences of an unprotected accident. Even
small amounts of fission gas can contribute significantly to fuel motion.

The effects of fission gas are of particular concern in analysis of the
behavior of metal fuels. Current fuel design provides for significant radial
swelling of metal fuels during steady-state irradiation. This feature permits
the resulting porosity to interconnect, thereby promoting release of subse-
quently generated gas and preventing excessive cladding stresses [1]. Despite
this release, a significant inventory of fission gas is retained in the porous
fuel after relatively low burnup. During a thermal excursion, this trapped gas
can provide a driving force for axial movement, or extrusion, of the fuel
within the cladding. This extrusion would be significantly enhanced by the
formation of a eutectic film at the fuel-cladding interface.

In order to evaluate the potential for extrusion, its rate, and its
timing, it is necessary not only to specify the amount of gas available in the
fuel, and its configuration, but also to characterize the time rate of re-
sponse of the gas-bearing fuel to a transient situation., In the present work,
alternate mechanisms of bubble growth are considered explicitly to determine
which are applicable to the transient response of metal fuel. The results are
discussed in relation to a series of experiments on irradiated metal fuel,

subjected to heating under various pressures.




II, MECHANISMS OF BUBBLE GROWTH IN CRYSTALLINE SOLIDS

For heating rates and times of interest to accident analysis, fission-
gas bubbles will generally not be in equilibrium with the external pres-
sure. In this section we investigate the various mechanisms by which over-

pressured bubbles may grow in metal fuels.

A. Growth by Diffusion

Growth of fission gas bubbles by diffusion of vacancies, both within

grains [2) and on grain boundaries [3], has been treated previously. The
equations for bubble growth are: for bubbles within grains,
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In these equations, r represents the bubble radius (the radius in
the grain boundary for Eq. 2); t is time; D, is the volume-diffusion coeffi-
cient; ngw is the product of the grain-boundary diffusion coefficient and the
boundary thickness; € is the atomic (or molecular) volume; kT is the thermal

enerqgy; and ¢ is the overpressure, defined by
¢ = Pg - Px - 2Y/D. (3)

This overpressure represents the excess of gas pressure Pg over the
sum of the external hydrostatic pressure P, and the surface-tension restraint,
defined in terms of the surface tension (more accurately, the specific surface
free energy) vy and the radius of curvature p. For bubbles within the grains,
p is simply the radius r; for grain-boundary bubbles, p = r/sin 8, where 8 is
the intersection angle between the bubble surface and the grain boundary.
Geometric considerations are involved in Eq. 2 in the parameters



n=10-0,5cos 6(3 ~ cos? 8),

which enters the relationship for the volume of the lenticular bubble, and
L=a-[3+a+In(a?)]/s,

which characterizes the effect of bubble spacing in the boundary. Here,
a = (r/e)2,

with £ the spacing, or "cell radius”, in the boundary.

Finally, the term in brackets in the denominator of Eq. 1 represents
the vacancy-depletion effect, modeled after Wood et al. [4]. The grain dia-
meter dg is used to characterize the migration distance for vacancies, ard
extension of the analysis tu a distribution of bubble sizes is accomplished by
the use of the mean hubble radius T and the number of bhubbles per unit volume

of fuel, N,

B. Growth by Dislocation Nucleation

The possibility that an overpressured bubble can expand by generat-
ing a dislocation loop has been considered in the past. Greenwood calculated
the required overpressure to generate such a loop by considering the bubble as
a Frank-Read source; his result is [5]

Pg > (2v + ub)/r. (4)

where u is the shear modulus and b is the Burgers vector. We consider here a
more direct derivation, based on consideration of the change in free energy
when a "nillbox" of radius r' is formed by nucleating a dislocation loop of

the same radius. The free energy change is given by

86 = 2nr'(ub? + yb) - (Py - Pg) nr'2b.



In this equation, ub2 is the approximate energy per unit length of disloca-
tion, yb is the surface energy per unit length of ledge, and the volume term
represents the work done against the external pressure and that gained by
expansion of the gas within the bubble,

Specifying a free-energy change less than zero for spontaneous

nucieation of a dislocation loop, the result simplifies to

Pg - |:’x > 2(ub + y)/r'.

The right hand side of this relation is a minimum when r' is a maximum, or r'

= r; the critical overpressure is therafore given by
Pg - Px - 2y/r = ¢ = 2ub/r. (5)

This result is somewhat more generai and more accurate than the
Greenwood approximation. It also leads to the conclusion that a sufficiently
overpressured bubble of radius r will "punch out" a dislocation loop of the
same radius r, in a diametral plane. (A similar process is discussed by
Friedel [6]; if an indenter is pressed against the surface of a crystal, an
indent is created by introducing loops of "prismatic" edge dislocations.)
Once nucleated, these dislocation loops are free to move away from the bubble
by glide. A dramatic illustration is provided by Friedel in his Fig. 1.25,
which shows punching of dislocations around glass spheres in AgCl, as observed
by Jones and Mitchell [7]. This illustration further demonstrates that the
loop radius is the same as the sphere radius.

It should be noted that once nucleated, the prismatic dislocation
loop is equivalent to the edge of an extra plane of atoms inserted in the
lattice. Such a loop should provide an efficient sink for atoms (or equiva-
lently a source for vacancies) that will allow the associated overpressured
bubble to expand by relatively short-range diffusion. This process is coupled
to radial expansion of the loop, or "climb". On the other hand, if a number
of loops should be formed successively, they would repel, moving away from the
bubble by glide. As a result, any loops punched out will move away from the
bubble, either by climb or by glide. This behavior makes it unlikely that the



bubble would intersect dislocations generated by its own overpressure, as has

been conjectured in some arguments on bubble mobility [8].

Taking some estimated values of the material parameters for metal

fuel, the critical overpressure for dislocation punch-out is

2(5x104 MPa) (0.275nm)/r
2.75 x 10%/r MPa

¥ = 2ub/r

for r in nm. This value exceeds the surface-tension restraint 2y/r by a
factor of about 14, Dislocation punchout should therefore occur only for
severely overpressured bubbles. (For oxide fuel, both u and vy are reduced,
but the ratio of critical overpressure to surface-tension restraint is still

about 14.)

C. Growth by Creep

Bubbles may also grow by creep through climb and glide of existing
dislocations. This mechanism of swelling in metal fuels has also recently
been considered by Miles and Kalimullah [9]. The bubble radius r is calcu-
lated using the classical solution! for creep growth of a spherical cavity
under pressure. Using the previously defined notation the growth rate is

given by

. 2 R 3/n
2”[1 - (&) ]J
c

where ¢ is the overpressure and r. is the bubble cell radius, defined by
The parameters B and n are determined from the fuel creep law which

dr _ Br 3 ]" (6)

3
3 -
rdo=s _—_,
c 41N
is assumed to be of the power law form

1 The usual reference for this result is Finnie and Heller [10, p. 187].
It should be noted, however, that there are several typographical errors
in their equations. The equations for creep growth of a sphere are

rederived correctly in Ref, {9].



= B (7)

where € is the equivalent strain rate and ¢ is the equivalent stress.

The creep equation for metal fuels used here is the correlation for
secondary creep developed by Kramer [9]. In the low temperature regime where
creep is dominated by the deformation of the « uranium matrix the creep rate
is given by

: 4 - 4.5 -1
e =(0.5x 10 o+ 6.006 ) exp (-26,170/T) s (8)

where o is in MPa. At higher temperatures where the y solid solution phase
is formed the creep rate is given by

. , 3
c=8.0x 10 g exp (-14,350/T) oL (9)

It should be noted that the activation energies for creep in these two regimes
are close to the activation energies for volume diffusion, as would be ex-
pected from theory., It is also noted that Eq. 8 is the sum of two terms of
the form of Eq. 7. We will superimpose the bubble growth rate given by using
each term separately in Eq. 6. This approach is not strictly valid because
the creep equation is non-linear. However, the error incurred is probably
small because one term or the other tends to dominate the creep rate depending
on the magnitude of the stress.

Growth of grain boundary bubbles by creep of the surrounding matrix
is also considered. The critical dimension governing the creep rate of these
bubbles is assumed to be the thickness of the tendon separating each bubble on
the boundaries. The bubble geometry is therefore modeled as a cylinder with
an inner radius equal to the radius of the bubble footprint r and an outer
radius equal to the cell radius £, as defined in connection with Eq. 2. The
growth rate of the radius of the cylinder is given by [10, p. 184]

n+l

rapy o —2 (10)



The increase in length due to creep is zero.

The applicability of the above creep analysis to the growth of
fission gas bubbles in metal fuels requires some comment, although the equa-
tions will be applied in the following section without regard to their valid-
ity. First, since matrix creep is assumed it may be questioned whether or not
the linear creep term in Eq. 8 should be included, since it often represents
creep by diffusion to grain boundaries under tension. If this is the case a
definite grain size dependence of the constant B would be expected. Although
there is some suggestion of such a dependence, the evidence from the available
creep data is not clear. A linear stress dependence could also indicate

Harper-Porn dislocation creep of the matrix.

The second restriction on the validity of the creep analysis is more
severe, It would not be appropriate to assume bubbles can grow by creep of
the surrounding matrix if the size of the bubbles were much smaller than the
spacing of the dislocations. The dislocation density in metals might be ex-
pected to range from 1012/m2 for well-annealed material to 1016/m2 for heavily
worked material. The corresponding dislocation spacing is 1076 to 10-8 m.
Overpressures in very small bubbles are therefore not likely to create stress
fields that move existing dislocations.

It has also been suggested that primary creep may allow bubbles to
grow faster than calculated by using Eqs. 6 and 10, where only secondary creep
is considered. Indeed, for mai.y materials primary creep rates are an order of
magnitude greater than secondary creep rates. However, solid solution alloys,
such as the high temperature y phase of metal fuels where creep is most impor-
tant, often show the opposite type of primary creep behavior where the creep
rate increases with increasing strain. These alloys have been termed Class 1
solid solution alloys [11]. Creep is limited by solute drag yielding a power
law exponent of 3 as was found in the correlation given by Eq. 9. Further-
more, creep data for v U-Zr alloys [12] at 815 and 982°C show this type of
behavior where the primary creep rate is lower than the secondary creep rate.

Even if the primary creep rates are high, they probably would not
contribute significantly to the equilibration of matrix fission gas bubbles



because primary creep strains are typically several percent at most. Much
larger creep strains are necessary to equilibrate small bubbles, as can be
seen by relating the tangential strain €y at the bubble surface to the swel-
ling AV/V. Since the material surrounding the bubbles may be assumed incom-

pressible, e can easily be shown to equal

where r, and rcg are the initial bubble radius and cell radius, respective-
ly. The cubic term is just the initial bubble porosity. In most cases the

bubble porosity is only a few percent, thus requiring strains at the bubble
surface one or two orders of magnitude greater than the swelling.

D. Comparison of Swelling Rates by Alternate Bubble-Growth Mechanisms

A series of calculations has been carried out to isolate the swelling
contributions of the various bubb]e-gro@th mechanisms, and to determine tha
dominant mechanisms for different transient conditions. These calculations
were accomplished by means of a simple interactive FORTRAN program, called
BUBBEX (for BUBBle EXpansion). The code accepts initial and transient condi-
tions, and calculates the consequent bubble growth as a function of time.

The initial values of burnup, temperature, pressure, bubble size,
and grain size are used to establish an equilibrium starting condition. A1l
of the gas associated with the given burnup is presumed present in bubbles of
the initial size, with the gas pressure in equilibrium with the external
pressure and temperature. The modified van der haals gas law is used to
calculate the number of gas atoms per bubble; the total number of bubbles per
unit initial volume is then determined from the burnup; and the fuel volume

per bubble is used to define a cell radius r..

A separate version of the code was developed to treat lenticular
grain-boundary bubbles, The grain-houndary area per unit volume is calculated
from the grain size. Again, the burnup and initial bubble size, temperature,
and pressure are used to calculate the number of atoms per bubble, bubble
density, and cell radius in the boundary. This cell radius is used to deter-



mine the parameter L in Eq. 2, and is used in the grain-boundary creep calcu-

lation represented by Eq. 10.

The temperature and/or pressure is then changed to a new value, and
the code calculates the consequent bubble growth and swelling as functions of
time. The BUBBEX code was programmed to accept an alternate option if the
final temperature and pressure are both the same as the initial values: the
bubbles are all assumed to combine pairwise at constant volume. The subse-
quent expansion of these overpressured product bubbles is then calculated.

The four separate growth relations, represented by Egns. 1, 2, 6, and 10, were
applied in the BUBBEX code. The term in brackets in Eq. 1, representing
vacancy-depletion effects, was not used in these calculations. The results
thus represent an upper limit to swelling by volume-diffusion growth of matrix
bubbles. For a grain size of 1 um (mean linear intercept) and conditions
typical of the examples given in this section, vacancy depletion reduces the
bubble growth rate by about a factor of two.

Dislocation punchout was also not considered in this comparison,
since it is ideally not a time-dependent process. Further, an overpressure of
27.5MPa, or about 4000psi, would be required for dislocation nucleation for a
bubble of 1 um radius. For bubbles one-tenth as large, typical of most of the
examples used here, the critical overpressure would be ten times as large.

The swelling rate is characterized in the following by the "equili-
bration time" t, which is defined by approximating the hubble growth as an
exponential, in the form

r = r‘0 + (f‘eq - ro)(l - e-t/T)‘ (11)
The value of t is determined from the initial rate of bubble growth. Differ-
entiating Eq. 11 and solving for t at time t=0 gives

T = (req -~ ro)/(dr/dt)¢=q- (12)

The exponential approximation is often quite accurate, even though not strict-
ly valid. However, high accuracy is not necessary in our application. The




exponential apbroximation is still useful because it provides a means of
comparing initial swelling rates by varicus mechanisms, and it provides a more
efficient method of performing the finite-difference calculations. When
linear forward-difference calculations are used, oscillations often develop in
the calculated results when bubbles approach the equilibrium size. The inter-
nally calculated time steps then become quite small, and the calculation
becomes inefficient, The use of the formalism represented by Eq. 11 permits

excellent accuracy with fairly large time steps. [3]

To simplify the BUBBEX calculations, the activation energies for
diffusion and creep were taken to be the same, and equal to the values de-
scribed for creep in the previous section. The diffusion coefficient for the
a phase was taken to be 10-18 mz/s at 640C [13], so that D, = 2.8X10-6 m2/s.
The transition to the v phase is assumed to occur at 650C for U-5%Fs fuel; the
B phase is not considered in this analysis. The pre-exponent for diffusion in
the vy phase is taken to be 2.33X10~7 m2/s, which corresponds in the Boltax

tabulation [13] to the activation energy used here.

Figure 1 shows the results of a series of calculations carried out
with the BUBBEX code to determine the dependence of the time constant t on
terperature for the various mechanisms. In all of these calculations, bubbles
of initial radius r=100nm, in equilibrium with an external pressure of 0.7MFa
(100psi), are assumed to combine in pairs to form overpressured bubbles. The
bubble density is calculated from the gas generated during the assumed 1 atom
percent burnup of the fuel. The grain sizel is assumed to be 1 ym. The time
constants increase uniformly as the mechanism for bubble growth changes from
grain-boundary diffusion, to bulk diffusion, to grain-boundary creep, to
creep. Except for the grain-boundary diffusion growth, in which the diffusion
coefficient is assumed to change continuously, there is a significant decrease
in the time constant when the temperature enters the vy range.

1 The grain size as used here is assumed to be the size of grains within a
single phase, measured by the mean linear intercept method. More gen-
erally, grain size refers to the effective size determined by the spacing
of any internal surfaces that might trap bubbles. These surfaces may be
interphase boundaries or interfaces between precipitates and the fuel
material, as well as boundaries within a single phase.



The dependence of the swelling rate on bubble size differs for the
different mechanisms. A series of calculations was completed to show the
dependence on bubble size at 800C for the same burnup, pressure, and grain
size as considered above. The results, shown in Fig. 2, show that grain-
boundary diffus‘on still dominates up to about 300nm bubbies, at which point
the time constants are becoming fairly large.

The results of a similar series of calculations is shown in . Fig. 3;
in this case, a constant overpressure ¢ = 33.8MPa is used, by reducing the
pressure from 34.5MPa (5000psi) to 0.7Mpa (100psi). This modification has the
effect of decreasing the time constant for creep growth of large bubbles
significantly, in comparison to the previous calculations. The difference
arises because pairwise coalescence leads to much lower overpressures for the
larger bubbles; creep is more sensitive to stress than the diffusive growth
mechanisms, since the stress expouent is 3 for creep in the vy phase.

A wide variety of conditions could be considered in comparing rela-
tive values of the swelling time constant. The results are sensitive to all
the parameters of interest. The two criteria used in obtaining the results
shown in Figs. 1 through 3 are diverse enough, however, to develop some gen-
eral conclusions. It appears that grain-boundary diffusion will dominate
creep for bubbles on grain boundaries, and that diffusive growth will be

faster than creep for bubbles within grains.

In considering swelling as a consequence of only bubbie growth
(without coalescence), the initial bubble size is an important factor. If the
bubbles are very smali, even if highly overpressured, the swelling associated
with their growth to equilibrium size is very small. The potential swelling
associated with the results shown in Fig. 3 is shown as a function of initial
bubbie radius in Fig. 4. If the fission gas bubbles are characterized by a
mean bubble radius, it is apparent that that radius must be on the order of

100nm for significant swelling to occur.

This relationship has been applied to establish initial conditions
for analysis of a series of transient swelling experiments on Mark-II fuel
after 0.8 at.% burnup [14]. Specimens were induction heated under hydrostatic



pressure of 34,5MPa and held at various temperatures. The pressure was then
reduced to 0.7MPa, and swelling was determined at various times by immersion
density measurements. With the assumption that the initial bubble radius is
100nm, calculations were carried out to determine the swelling as a function
of time for two of the experimental temperatures.

The results for the different growth mechanisms are shown in

Fig. 5. Swelling ranged between limits of about 2% and 7%, depending somewhat
on the temperature, and on whether the bubbles were assuwmed in the grains or
on grain boundaries. Initial and final equilibrium values of swelling for the
different conditions are indicated by the horizontal series of symbols. The
times required for swelling to occur by bulk diffusion or by either type of
creep are quite long --- greater than 105s. It must be concluded that if
swelling results only by bubble growth, as proposed by the experimenters,
diffusive growth of grain-boundary bubbles is the only acceptable mechanism.

Discrepancies remain between the experimental and calculated re-
sults, nowever. The measured swelling changes (relative to the initial
swelled state) at 100s were about .6% at 550C, and 3.5% at 600C. The calcu-
lated total swelling at 100s is 4% at 550C, and 6% at 600C. Subtracting the
initial swelling of 2.2 and 2.3%, the calculated swelling changes are 1.8 and
3.7%. This ic excellent agreement for the 600C test, but the difference at
550C indicates that temperature alone does not expiain the different swelling
curves observed by the experimenters.

One possibility that should be expected is that the initial bubble
size depends on the temperature; another is that some of the gas may not be on
grain boundaries. Obviously, a wide range of “fitting" parameters is opened
up. Fig. 6 shows one possible combination of parameters. For each tempera-
ture, the upper curve shows the total swelling, the dashed curve shows the
observed swelling change, and the Tower curve shows the calculated swelling
change. The same parameters used ai.ove were used for the 600C calculations,
with grain size of 1 um, buruup of .8 at.%, and initial bubble radius of
100nm. For the 550C test, the initial bubble radius was reduced to 70nm, and
the amount of gas on grain boundaries was reduced to 40% of the previous value

by using a burnup of 0.32 at.%.



Even with these modifications, the swelling is calculated to change
more rapidly than observed in these experiments., It is concluded that model-
ing swelling only in terms of expansion of bubbles of one size imposes a

limitation on the accuracy of the results.
I1T. CONCLUSION

The considerations of the previous section lead to the conclusion that
transient swelling of metal fuels can be approximated with some simple models,
but that accurate characterization requires knowledge of a number 57 vari-
ables. These include the grain size, mean bubble size, and partitioning of

bubbles in grains, on grain boundaries, and in edge porcsity.

The calculations generally support the ubserved dependence of swelling or
pressure, The agreement in time scales and swelling magnitude, from a com-
parison of growth rates by various mechanisms, supoorts the conclusion that
diffusive growth of grain-boundary bubbles dominates the swelling rate.

The presence of internal surfaces, whether between grains of a single
phase or between different phases, is important to both fuel swelling and
fission-gas release kinetics. The effective grain size at operating con-
ditions is therefore a parameter that should be well characterized for rea-
listic analysis of fuel behavior. The tendency for bubbles to collect on
these internal surfaces enhances the sweiling rate for small bubbles, and
leads to early interconnection of porosity, with associated release of gas

from the fuel.

In general, accurate modeling of transient swelling must consider a
variety of effects, in addition to the growth of average bubbles. The FRAS3
code [15] models the most important of these effects, including migrational
coalescence, transfer of bubbles to grain boundaries, the kinetics of bubble
growth, and developmert of edge porosity. This code is operational with
optional parameters fo- metal fuel. It is recognized that simplified models
are needed for applications where such detailed modeling is inappropriate.
However, development of such models should rely on the more detailed results
to estabtish appropriate simplifying assumptions, acceptable approximations,
and ranges of applicability.
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Fig. 5. Calculated dependence of fuel swelling on time, at 550C and 600C,

for the four mechanisms considered independently.
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