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ABSTRACT

SEM photomicrographs of U-10 wt.% Mo irradiated at low temperaturein the ATR to
about 40 at.% burnup show the presence of cavities. We have used a rate-theory-based
model to investigate the nucleation and growth of cavities during low-temperature
irradiation of uranium-molybdenum alloys in the presence of irradiation-induced
interstitial-loop formation and growth. In addition, the evolution of forest didocations
was cal culated on the basis of dislocation loop growth and simultaneous climb and glide
of unfaulted loops. Consolidation of the dislocation structure takes into account capture
of interstitial dislocation loops and loss to grain boundaries. Cavities are nucleated when
two gas atoms come together in the presence of at least one vacancy. Cavity growth
occurs by the influx of gas atoms and/or vacancies. In turn, the free interstitial
concentration, and thus (due to recombination) the free-vacancy concentration, depends
on the didocation density. Bias-driven growth of cavities can lead to substantial swelling
of the alloy (void swelling). However, our calculations indicate that the swelling
mechanism in the U-10 wt.% Mo alloy at low irradiation temperaturesis fisson-gas
driven. The calculations also indicate that the observed bubbles must be associated with
asubgrain structure. Calculated swelling and bubble-size-distribution are compared with
irradiation data.

INTRODUCTION

An important aspect of modeling the behavior of candidate LEU high-density
uranium-alloy dispersion fuelsis the identification of key irradiation-induced swelling
mechanisms. The delineation of these physical processes facilitates the design of an
optimal fuel type and provides confidence in irradiation performance in regions beyond
those explored experimentally. Pure uranium and various alloys of uranium that exist in
the orthorhombic a -phase (e.g., U-Zr-Nb) are poor performers under irradiation dueto
anisotropic growth that induces grain-boundary tearing and resultant breakaway swelling.
U-10 wt.% Mo isonein a series of aloys designed to maintain uranium in a metastable



cubic g phase. The“hope” for these g stabilized alloys is stable swelling behavior
throughout fue lifetime.

Previous calculation [1] of theirradiation-induced swelling of U-10 wt.% Mo
showed that the predicted swelling is a strong function of the steady-state value of the
disocation density. Increasing the dislocation density by a factor of 2 can mean the
difference between gas-driven growth and bias-driven (void) growth. The bias-driven
(void) growth mechanism results in significantly more swelling than the bubble-driven
component and can lead to breakaway swelling behavior. Thus, it isimportant to identify
the didocation kinetics. In the past, both the U.S. and the Russian authors have
partitioned the swelling calculations into various stages, e.g., dislocation nucleation and
growth, void nucleation and growth, gas-bubble growth. However, this approach
precludes the possihility that the bubble/void nucleation mechanism competes with the
didocation nucleation/growth mechanism for irradiation-produced defects (vacancies and
interstitials). In addition, previous calculations of the didocation density (taken asthe
interstitial loop line length) have resulted in an overprediction due to ignored constraints
on the growth of the loop size distribution. The loops evolve until the spacing between
loops reaches a distance characteristic of that separating crystalline defects such as
didocations, grains, pores, bubbles and inclusions of a second phase. In this case, we
may expect the transition from afine dislocation loop structure to a coarse dislocation
forest. In what follows, a coupled model for the calculation of the dislocation density and
cavity-size distribution in U-10 wt.% Mo is presented to remedy these shortcomings.

INTRAGRANULAR SWELLING MODEL

The mode consists of a set of coupled equations for the time rate of change of the
vacancy (c,) and interstitial (c;) concentrations, the interstitial loop diameter (D,) and
density (N,), the density of forest dislocation (f,), the cavity radius (r,) and density (c.),
the average number of gas atomsin each cavity (N,), and, the concentration of gas atoms
in solution in the fuel (c,). These equations are given by

=K-acc.-kbr c,, 1
dt revi \Y | vV ()

e K-a.cgc,- kibr IgDiCi - 16pDc,c /&, 2

%:16pDiCiCi /vaazf- pvlbthllDd, (©)



dD,Jtf _ s vl q (4)

dt

df

d_td :pv,bthI - 4v|bt§fd /d,, )

%:kVDVCcV- csf- k.D.C, (6)

dt

dc,

T G- 16pf,r.D,c,c, - 4pr,Dc.c, +bN c,, (7)

9 _16pf 1 D.c.c./N. - 16pD 8

dt - 6p nrg gCgCg g~ 6p CcCes ( )

oN,

et 4pr.Dc, - bN, +16pN r.Dc,, 9)
where

-BP,-29/r,-s }/\VAKT

cS:ctveI:| -2/t : (10)

vltl=zr Itlbc, - z,r ItlD,c,, (11)
and

r 0t{=pN,D,. (12)

In the above equations, K isthe damage rate in dpa/s; a, isthe usual recombination
coefficient; aand W are the lattice constant and atomic volume, respectively, D, D,, and
D, arethe vacancy, interstitial, and gas-atom diffusivity, respectively; k,r [ and klr,{
are the vacancy and interdtitial sink strengths; f, is the gas bubble nucleation factor; r, is
the gas-atom radius; G is the gas-atom generation rate in atoms/cm®/s; D, isthe gas-atom
diffusivity; z, and z; are the vacancy and interstitial bias factors; c; isthe thermal
equilibrium vacancy concentration; P, istheinternal gas pressurein the cavity, s isthe

external stresson the cavity; d, isthe grain diameter; and, g isthe surface energy.

The vacancy and gas-atom diffusivities are given by

D, =00458e &n/KT 1§53 /15 (13)
and

D, =D] +f V53 /15. (14)



f isthefisson ratein fissons/cm®/s, e_ isthe vacancy migration energy, and D,
isthe thermal component of the gas-atom diffusivity (<< f V¥*/15 at ATR
temperatures). The irradiation-enhanced diffusion component of D, and D, was
derived on the basis of studies of structural changes taking place in two-phase
uranium-molybdenum alloys under the action of neutron irradiation [2]. This
assumption is reasonable if the irradiation-induced diffusion mechanism is smilar
to the irradiation-induced phase mixing mechanism. The volume of thermal
spikes important for vacancy diffusion,V, based on calculations of temperature-
time curves in the thermal spike is estimated to be 8.2 x 108 cm® at 373 K. The
irradiation component of D, was introduced to achieve physically realistic results
at low temperatures for point defect concentrations and a saturated dislocation
density. The value of the gas-atom diffusion coefficient given by Eq. 14 lies
within the scatter of the measured diffusion coefficients in oxides, mixed oxides,
carbides, and nitrides[3].

The didlocation loops evolve according to Egs. 3 and 4 until the spacing between
loops reaches some characteristic distance. It isassumed here that 1oop nucleation and
growth (Eqgs.3 and 4, respectively) continue until the loops contact each other, i.e.,

D, 0tC/r Tl =1. (15)

Eq. 15 yieldsa smilar result as that based on impurity pinning.

INTRAGRANULAR SWELLING ANALYSIS

Egs. 1-15 were solved numerically for afission rate of 1 x 10* fissonscm™ s
and afud temperature of 373 K. Figure 1 shows the calculated total dislocation density
r =r, +f, asafunction of irradiation time for two values of the vacancy migration
energy e,,,.. e, iIsthecritical parameter in the theory for these operating conditions (low
temperature and high fission rate). Thetwo valuesof e, used in Fig. 1 correspond to
diffusion dominated by radiation processes (e,,, =11 V), and diffusion dominated by
thermal processes (e,,, = 0.75 eV). The calculations shown in Fig. 1 indicate that the
didocation density reaches a steady-state value for irradiation times greater than » 6 x
10° s. Thistime correspondsto » 7.5 at.% burnup of U-10 Mo. A reduction in the value
of e, from 1.1t0 0.75 eV resultsin an increase in the calcul ated dislocation density of
more than one order of magnitude (i.e., from » 10° to » 10" cm®). A decreasein e,
trandates to higher vacancy diffusivities and a higher loss rate of vacancies to sinks such
as didocations and cavities. A decrease in the vacancy concentration causes a reduction
in the recombination rate between vacancies and interstitials, and thus an increasein the
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Fig. 1. Calculated total didocation density r =r | +f, asafunction of irradiation time for
two values of vacancy migration energy e, .

interstitial concentration. A higher interstitial concentration promotes increased oop
nucleation and growth and resultsin a higher value of the didocation density.

Figure 2 shows the calculated swelling due to intrangranular cavities for the same
two values of €. A valuefor e, of 1.1 €V resultsin intragranular swelling << 1% for
fuel-particle burnups > 40 at.%. However, avaluefor e, of 0.75 eV resultsin cavity-
induced intragranular swelling > 200%! The reason for this dramatic more than two-
order-of-magnitude increase in swelling for a 25% decrease in vacancy migration energy
hasits roots in the difference between gas-driven (gas bubble) and bias-driven (void)
swelling mechanisms.

In order to understand the nature of cavity swelling in the material, it isinstructive
to examine the behavior of the excess cavity pressure P, - 2g /r, that appearsin the
exponent in Eg. 10 (in the following, the value of the external pressure s isassumed to
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Fig. 2. Calculated swelling dueto intragranular cavities for two values of e,,..

be negligible). Figure 3 shows the calculated excess cavity pressure for the two val ues of
€, asafunction of irradiation time. Asshown in Fig. 3, for ,,=1.1€eV,
P.-2g/r_ispositive and increasing throughout the irradiation period. This means that the

gas pressure within the cavity, P, is greater than the surface tension, 2g/r , and that the

cavity is behaving like a gas bubble. The excess cavity pressure increases because of an
insufficient number of available vacanciesin the matrix required for equilibration. If
sufficient vacancies are made available (e.g., by creep processes), bubble growth will
continue until the bubbles become equilibrated (excess pressure equal to zero).
Continued bubble growth requires the diffusion of gas atoms, as well as vacanciesto the
bubble. Bubble growth isalso limited due to irradiation-induced gas-atom re-solution
from bubbles. For these reasons, swelling due to bubble growth is generally well
behaved (i.e., linear).

On the other hand, as shown in Fig. 3, for e, = 0.75 eV, the excess pressure is
negative throughout the entireirradiation period. For this case, the surfacetension is
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Fig.3. Calculated excess cavity pressure for two values of €, as afunction of irradiation
time.



greater than the internal gas pressure, and, because the right-hand side of Eq. 6 is positive
due to a super-saturation of vacancies in the lattice, the cavity grows by the influx of
vacancies. Continued cavity growth under these conditions (bias-driven void growth)
requires only excess vacanciesin thelattice. For thisreason, void growth can lead to
unstable swelling behavior.

A key question is whether the irradiation-induced swelling of U-10Mo is bubble-
or bias-driven. If bubble driven, the swelling is expected to be stable. If bias-driven, the
swelling could become unstable at high burnup, leading to unacceptable materials
behavior during irradiation. Given the above analysis, this question can be rephrased as
to whether the vacancy migration energy in U-10Moiscloser to 1.1 eV or to 0.75 eV.

It is apparent that the swelling mechanism depends on the ratio of vacancy flux to
gas-atom flux into cavities. Subsequent to a steady-state concentration of gas atoms, the
flux of gas atoms to cavities equals the gas-atom generation rate. The “accessible’
quantity of vacanciesis defined by a difference in absorption rate of interstitials and
vacancies by disocations. At low irradiation temperature, where the dominant defect
destruction mechanism is recombination, Egs. 1 and 2 can be smplified and the ratio of
vacancy to gas-atom flux into cavitiesis given by

/ KD,D,
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where K, isthe production rate of Xe atomsin atom fraction per second. Using the
results shown in Fig. 1, weobtain x =4 for e, =11eV,andx =25for e, =0.75€V.
X =4 corresponds to a lower limit in the number of vacancies per gas atom in the cavity
and represents a liquid-like state in bubbles having sizes of » 10 cm. Thissituation is
described by the upper graph in Fig. 3, which shows that the small gas bubbles are under
intense pressure. An increasein cavity size requires additional vacancies per gas atom,
and x » 6 corresponds to a bubble radius of »10° cm. At x » 25, a cavity radius of » 10
isachieved. Theselarge cavities have an excess of vacancies. This situation corresponds
to bias-driven growth and is described by the lower graph in Fig. 3. Asshown in Fig. 2,
intragranular swelling is extremely sengitive to the cavity growth mechanism.

Thereis an observed linear relationship between the activation energy of uranium
sdlf-diffusion in body-centered cubic metals and the melting point of the metals under
consderation [4]. Thisreationship can be expressed as

Qut = KTt (17)

k = 1453x10 eV /[ at K(.
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The energy for salf-diffusion, Qg , isrelated to the vacancy migration, e,,,, and
formation, e, energies by

Qui =€y +€y- (18)
In generdl, e, » 05Q,; So that

e, =7.265x10°%T , (eV/K). (19)

For metastable alloys, such as U-10 wt.% Mo, the assumption is made that the solidus
point represents the melting point. For U-10 wt.% Mo, the solidus occurs at 1520 K.
Thus, from Eq.18, e, =11€V. From theanalysisillustrated by Figs. 1-3, and the
discussion of Eq. 16 we are forced to the conclusion that any cavitiesin the lattice of the
irradiated U-10 wt.% Mo are gas bubbles and not voids. In addition, the above analysis
leads us the opinion that the vacancy migration energy in U-10 Mois 1.1 eV.

GRAIN-BOUNDARY SWELLING ANALYSIS

The analysis presented above indicates that intragranular swelling of U-10 Mo is
of little concern. Another possible cause of fuel deformation is intergranular swelling.
Irradiation-induced recrystallization and enhanced bubble growth on the newly formed
grain boundaries was proposed as an interpretation of the observed fission-gas-bubble-
size distribution and swelling curve for UsSi, aluminum dispersion fuels and for UO;
power reactor fuels[5]. Recrystallization and intergranular bubble growth have been
definitively confirmed for UO, fuels[6]. Based on this experience, it was natural for the
authors to suppose that cavities, if observed, should be associated with a subgrain
structure.

Figure 4 shows DART-cal cul ated fission-gas-bubble-size distributions for U-10
wt.% Mo irradiated in the ATR to » 40 and » 70 at.% burnup [7]. The DART irradiation-
induced recrystallization model developed for UsS; and UO; fues was utilized in the
calculations. Thismodel predicts that recrystallization occurs at a fuel-particle fission
density of » 2.6 x 10°* cm™. Therecrystallized grain sizeis assumed to be 2 nm.
Irradiation-induced recrystallization may be assisted (i.e., will occur at alower burnup)
by damage induced in the heavily deformed fuel particles due to grinding during fud
fabrication at » 500°C. Thiseffect is not included in the calculations shown in Fig. 4.
Thedistribution at » 40 at. % burnup exhibits a flattening (decreasein dope) at a bubble
diameter between 0.25 and 0.5 nm. This changein dopein the calculated distribution at
» 40 at. % burnup, and the large-bubble peak (occurring at a bubble diameter of



Bubble Density (cm'3)

le+15

le+14 4 \ —— 40 at.% Burnup
\ — — 70 at.% Burnup

le+13

le+12

le+ll

le+10

le+9

le+8

le+7

000 025 050 075 100 125 150 175 200 225 250

Bubble Diameter (nm)

Fig. 4. DART-calculated fission-gas-bubble-size distributions for U-10 wt.% Mo
irradiated in ATR to » 40 and » 70 at.% burnup.

» 1.6 mm) of the bimodal distribution calculated at » 70 at. % burnup are associated with
grain-corner bubbles. The small-bubble peaks (occurring at a bubble diameter of
»0.025 mm) in the distributions are associated with grain-boundary bubbles. In the case
where fabrication-induced damage leads to an earlier onset of irradiation-induced
recrystallization, the larger bubble peak will occur at alarger bubblesize. Thisis
because of the longer time that bubbles have to accumulate and grow on the grain
boundaries.

The calculated intragranular bubble sizes are well bel ow those resolvable
experimentally by scanning electron microscopy (SEM).

Figure 5 shows an SEM micrograph of U-10 wt.% Mo fabricated from ground
powder irradiated in the ATR to »40 at.% LEU burnup. Recrystallized grains with
diameter » 2 mm and gas bubbles associated with the grain surfaces are clearly seen in
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Fig. 5. SEM photomicrograph of U-10 wt.% Mo fabricated from ground powder
irradiated in ATR to » 40 at. % LEU burnup.

the micrograph. The distribution of bubbles shown in Fig. 5 contains a distinct population
of bubbles having an average size of »0.25-0.5 nm. Measured bubble-size distributions
are currently not available. However, it isclear that the calculated distributions as shown
in Fig. 4 are in qualitative agreement with the observed bubbles shown in Fig. 5.

Figure 6 shows the calculated fuel-particle swelling as a function of particle
fission density; 40 at.% burnup occurs at » 3 x 10%” m® and 70 at.% burnup occurs at
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Fig. 6. Calculated fue-particle swelling as a function of particle fisson density.

»5x 10 m>. The difference between the fission-gas-bubble swelling (dashed curve)
and the total fission-product swelling (solid) curveisthe solid-fission product swelling
contribution. Swelling due to the interaction between the fuel particle and the aluminum
matrix isnot included in Fig. 6. As can be seen from the results shown in Fig. 6, the
swelling is linear throughout the entireirradiation period. The change in dope of the
swelling curves at » 2.6 x 10! cm™ is due to irradiation-induced recrystallization.
Subsequent to irradiation-induced recrystallization, the swelling rate increases due to
enhanced bubble growth on the recrystallized grain surfaces. Thetotal calculated fission-
product swelling at 70 at.% burnup is » 38 %: this swelling behavior is similar to that
observed for UsSiz.
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CONCLUSIONS

SEM photomicrographs of U-10 wt.% Mo irradiated at low temperaturein the ATR to

» 40 at.% burnup show the presence of cavities. We have used a rate-theory-based model
to investigate the nucleation and growth of cavities during low-temperature irradiation of
uranium-molybdenum alloys in the presence of irradiation-induced interstitial-loop
formation and growth. In addition, the evolution of forest dislocations was cal culated on
the basis of didocation loop growth and simultaneous climb and glide of unfaulted loops.
Consolidation of the dislocation structure takes into account capture of interstitial
disdocation loops and loss to grain boundaries. Bias-driven growth of cavities can lead to
substantial swelling of the alloy (void swelling). However, our calculations indicate that
the swelling mechanism in the U-10 wt.% Mo alloy at low irradiation temperaturesis
fisson-gas-driven. The calculations also indicate that the observed bubbles must be
associated with a subgrain structure. Calculated swelling and bubble-size-distribution are
in qualitative agreement with the observations. The model predicts that U-10 wt.% Mo
will exhibit stable fission-product-swelling behavior throughout its lifetime. Work
exploring the effects of alloy composition and temperature on swelling isin progress.
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