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Abstract

At relatively high burn-up, both UO, and U-10Mo nuclear fuels undergo irradiation-induced recrystallization wherein
grains of micron size transform to grains of submicron size. Previously, expressions have been derived for the initiation,
and for the progression of recrystallization as a function of fission density, fission rate, fuel temperature, and as-fabricated
grain size. Here, analytical expressions are derived for the network dislocation density, change in lattice parameter, and the
size of the recrystallized grains. The basic premise of the theory presented in this work is that irradiation-induced recrys-
tallization is driven by the behavior of interstitial loops. It is demonstrated that these phenomena can be simulated in both
UO; and in U-xMo with the same theory, albeit with various property differences. Results of the calculations are com-

pared with available data.
© 2005 Elsevier B.V. All rights reserved.

1. Introduction

Irradiation-induced recrystallization appears to
be a general phenomenon in that it has been
observed to occur in a variety of nuclear fuel types
[1], e.g. U-xMo, UO,, and U30g. The recrystalliza-
tion process results in sub-micron size grains that
accelerate fission-gas swelling due to the combina-
tion of short diffusion distances, increased grain-
boundary area per unit volume, and greater
intergranular bubble growth rates as compared to
that in the grain interior [2]. The initiation of recrys-
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tallization is to be distinguished from the subse-
quent progression and eventual consumption of
the original fuel grain. Previously, an expression
has been derived for the fission density at which
irradiation-induced recrystallization is initiated that
is athermal and weakly dependent on fission rate [3],
and for the progression of recrystallization [4] that is
independent of temperature and fission rate, linearly
dependent on the fission density, and inversely pro-
portional to the cube of the as-fabricated grain size.

The driving force for recrystallization is the pro-
duction of point defects and interstitial loops due to
irradiation. In this work it is assumed that due to
recombination and to the generation of interstitial
loops, the point-defect densities remain relatively
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low as the irradiation proceeds, and thus, only the
effect of interstitial loops is considered. The contin-
ued generation of interstitial loops induces internal
stresses in the material that leads to strain in the
form of lattice displacement. The initiation of
recrystallization in U-10Mo has been observed to
occur predominately along the pre-existing grain
boundaries [1]. The surfaces of preexisting voids
can also act as nucleation sites for recrystallization,
but will not be considered in this work. Subse-
quently, the recrystallization front moves toward
the grain center eventually consuming the entire
grain. Thus, the volume fraction of recrystallized
material is a function of irradiation time as well as
the initial grain size. As gas-bubble swelling is
higher in the recrystallized material than in the
unrecrystallized fuel, the swelling due to fission gas
is a function of the recrystallization kinetics.

In Section 2 models for the initiation and pro-
gression of irradiation-induced recrystallization are
reviewed. Section 3 presents a theory for the size
of the recrystallized grains. In Section 4, calcula-
tions are compared to data for the dislocation den-
sity and change in lattice displacement in UO, as a
function of burn-up.

In Section 5, calculations are compared to avail-
able data for the recrystallized grain-size distribu-
tion in UO, and in U-10Mo. Finally, conclusions
are presented in Section 6.

2. Review of model for initiation and progression
of irradiation-induced recrystallization

The recrystallization nuclei are taken as the triple
points of an evolving cellular dislocation network.
The relevant kinetics are those of interstitial-loop
formation and agglomeration that lead to the
formation of a dislocation network in an environ-
ment of precipitate pinning [3,5]. The trigger point
for irradiation-induced recrystallization is defined
as the point where the kinetically derived concen-
tration of viable nuclei becomes equal to the
equilibrium number of nuclei determined from ther-
modynamic considerations.

The critical fission density Fg, at which recrystal-
lization will occur is given by [3]

F :(“p/’d(T)>4/5< 2/ >1/5
& ¢y 3b,Bof

£ exp [4(e, /2 — &)/ 15kT]
X n9/5(CAC,))l2/5
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where pg(7) is the temperature-dependent disloca-
tion density, ¢y/a, is a factor composed of terms re-
lated to the production of precipitates and sub-grain
growth in the presence of precipitates, b, is the van
der Waals constant, 4 is the atom knock-on dis-
tance, f{v) = (1 — v/2)/(1 —v), v is Poisson’s ratio,
C, is three for cubic cells, C, is within a factor of
unity, 5 is the number of gas atoms produced per
fission, & and &, are the interstitial and vacancy
migration enthalpies, respectively, and where, at
the relatively low temperatures 7" where irradia-
tion-induced recrystallization occurs, the gas atom
diffusivity is athermal and can be expressed as
D, = B, 1., where By is a constant of proportionality
(107 m~3) and f is the fission rate.’

The fission density at which recrystallization is
predicted to initiate as given by Eq. (2) is athermal
and very weakly dependent on fission rate. As such,
Fy, 1s independent of ¢, and ¢; and depends primar-
ily on the collision related parameters A, D, and
ap/¢py. Substituting nominal values of the parame-
ters (e.g. corresponding to UO, [3]) in Eq. (1) leads
to the simplified expression for Fy, (m~>):

Fao =4 x 10%(/)¥", (2a)
Fa = 6 x 10%(/)¥", (2b)

where Eq. (2a) corresponds to UO, and Eq. (2b) to
U-10Mo.

A model for the progression of recrystallization
as a function of burn-up has been developed [4]
based on the following assumptions: (1) recrystalli-
zation initiates at preexisting grain boundaries; (2)
annuli located initially adjacent to the original
grain boundary, transform to defect free regions
via the creation of the new recrystallized surface
when the volumetric strain energy exceeds that nec-
essary to create the new surface; and (3) the rate at
which the defect front moves through the newly
created defect free annulus is proportional to the
strain rate, which, in analogy with fission-induced
creep, is proportional to stress and fission rate.
The microscopic stress is a function of the lattice
displacement, which is related to the generation
rate of interstitial loops.

The volume fraction of recrystallized fuel as a
function of fission density is given by

! Egs. (1) and (2a) are the corrected versions of Egs. (33) and
(34) in Ref. [3].
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where B, is a parameter in the expression for fission-
induced microscopic creep, i.e. & :Bzf o, and the
stress is a function of the lattice displacement,
o6 = EAa/ay, where E is the bulk modulus of the
material. The volume fraction of recrystallized fuel
as given by Eq. (3) does not depend on any details
of the evolving defect structure in the material,
but depends only on the parameter B,, the as fabri-
cated grain size d,, and on the fission density.

3. Theory for the size of the recrystallized grains

When dislocation loops are large enough relative
to the inter-atomic distances but small relative to
the crystal dimensions, they produce a measurable
lattice distortion that can be expressed as [6]

Aa(t)/ay = whym(t)d? (1) /12, 4)

where n(¢) is the volumetric loop density and dj(¢) is
the loop diameter. For UO,, the Burgers vector b, is
parallel to the [110] direction, with b, = (a/2)2"%,
and where « is the lattice parameter.

The increase in the lattice parameter is the driv-
ing force for irradiation-induced recrystallization.
The recrystallized grain size can be calculated by
equating the total energy change during the transi-
tion with the energy required to create the new
surfaces. In addition to the volumetric strain energy,
there is an entropy increase in going from the
untransformed to the transformed state that should,
in principle, be taking into account. The total free
energy change upon recrystallization consists of
the decrease in volumetric stain energy AU and
the increase in the volumetric configurational
entropy AS. Thus, the diameter of the newly recrys-
tallized grains d, can be calculated by equating the
total free energy change AU + TAS with the energy
required to create the new surfaces, i.e. if the recrys-
tallized grain shape is taken to be spherical, then

4n (d, . 3)g 4n (d, .
?(?) (AU + TAS) = ?(5> (5)

X
g

and solving for d,

x 37gb
dy = AU + TAS’ (6)

where 7y, 1S the energy per unit area of the sub-grain
boundary and the volumetric stain energy is given by

AU = % <A“> 2E, (7)

ap

where E is the elastic modulus of the material.
Recrystallization occurs after the cellular disloca-
tion network has formed. Thus, from Eq. (4)

7vaACp /L 1/2
Aa/a() - 12 f(v)pN ) (8)

where
PN = nd) (9)

i.e. the interstitial loop line length is conserved, and
the lowest energy configuration is a cellular disloca-
tion network with cell size given by [7]

/ T
dl = CACp m (10)

Eq. (8) is to be understood in the context of a rela-
tionship between the cellular network dislocation
density pn and the interstitial loop density 7, i.e.
it is the loops that are causing the lattice displace-
ment and not the dislocations that make up the
cellular dislocation structure. This relationship bet-
ween pn and n; will be treated explicitly in the next
section.

Substituting Eqgs. (7)—(9) into Eq. (6) results in
the following expression for d:

. (12)'7/ ()
EV2mbE(CAC, ) p 2 (1) +2v/2(12)°, £ (v)TASp=1/2(t,)

(11)
where

v = 20.Tan”! (bV/pn/2) = 2060V/on /2, (12)

and where y; is the surface energy, and b, is the mag-
nitude of the burgers vector.

In Eq. (11), ¢, is the time at which irradiation-
induced recrystallization occurs, i.e. from Eq. (2)

=4 x 102/, (13a)
= 6x 102/, (13b)

where Eq. (13a) corresponds to UO, and Eq. (13b)
to U-10Mo.

The recrystallized grain size as given by Eq. (11)
depends on the ratio of the materials surface energy
to the elastic modulus, the network dislocation
density, and the change in configurational entropy.
The calculation of the cellular network dislocation
density is presented in the next section.
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4. Calculation of the cellular network dislocation
density and change in lattice parameter

In Section 2 the progression of recrystallization
was described in terms of annuli located initially
adjacent to the original grain boundary that trans-
form to defect free regions via the creation of the
new recrystallized surface when the volumetric
strain energy exceeds that necessary to create the
new surface [4]. The defects in the region interior
to the defect-free annulus consist of a cellular dislo-
cation network. The model for the time-dependent
cellular network dislocation density py is given by
the following equations

dpn 4o u(f(0)/m)" 55

N - 14
dr o d, N~ C.C, — ~ .~ Pnos (14)

dny V2

d—;ZTDiC?/QSﬂ_Ulnl/dla (15)

U = ZbZiv DiCi. (16)

In Egs. (14)—(16) n; and d, are the interstitial loop
density and diameter, respectively, v; is the intersti-
tial loop climb controlled glide velocity, D; and ¢;
are the interstitial diffusivity and concentration,
respectively, Z;, is the relative bias between intersti-
tials and vacancies, and Q is the atomic volume. In
Eq. (15), the first term on the right hand side repre-
sents the nucleation rate of interstitial loops due to
di-interstitials; and the second term is the loss of
loops to the dislocation network. In Eq. (14), the
first term on the right hand side represents disloca-
tion line length creation due to accumulation of
interstitial loops, the second term represents the loss
of line length due to capture of dislocations by the
grain boundary (for the fabrication and irradiation
conditions explored in this paper, this term can be
neglected), and the third term represents loss of line
length due to self annihilation via correlated move-
ment of adjacent edge dislocations [8]. The disloca-
tion is generally a mixture of screw and edge
components in the shape of a loop. Mixed disloca-
tions are characterized by a single Burgers vector.
As the important deformation properties of the
material, such as creep rate and the yield stress are
controlled primarily by the edge components of
the dislocation loop [9], the screw component of
the loop has been ignored for the sake of simplicity.
The form of the third term in Eq. (14) can also be
deduced from the combined requirements imposed
by Egs. (9) and (10), i.e. that the dislocation line

length is generated from interstitial loops and that
the underlying structure is that of a cellular dislo-
cation network. Eqs (9) and (10) can be combined
to yield: n —pN *(f(v )/n)l/z/nCACp. An identical
expression to this one is also obtained from the
steady-state solution of Eq. (14) in the limit of large
grain size.

Based on more detailed analysis [10], the compo-
nent of the interstitial loop density that is generated
from defect nucleation and diffusion reaches steady
state relatively early in the irradiation, i.e. from Egs.
(10) and (15) with dny/dz =0

QD 2 —2=0. (17)

Using Eq. (16) in Eq. (17) and solving for the inter-
stitial loop density yields

\/_b 1/2
3 le] .

18
anz;, QS/ (18)

Eq. (18) establishes a connection between the net-
work dislocation density pn and the interstitial loop
density n; , i.e. at any given time within the steady
state regime there is a balance between n; and pn
specified by Eq. (18).

Using Eq. (18), the equation for py, Eq. (14), is
now solved analytically to obtain

cicn 2
px(t) = Z_; E:LZ—V_i] (19)
where
1/2
o = lnul\/gacf/gm / (20)
and
., a/m"” 1)

c.c,

where the steady-state concentration of interstitials
is given by

1 /@D,K\"?
“= D <4TCV' ) (22)

and K is the damage rate in atomic displacements
per atom (K ~ f /107), D, the vacancy diffusivity,
and r;, the defect recombination distance. The
temperature dependence of ¢; in Eq. (22) is con-
tained in the interstitial and vacancy diffusivities. In
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Fig. 1. Calculated dislocation density for 7= 953 K as a function of burn-up. Also shown is a fit to measured dislocation density from

Ref. [13].

general, these diffusivities are expressed as D; =
D! exp(—e&/kT) and D, = D% exp(—&, /kT).

Fig. 1 shows the cellular network dislocation
density at 7'=953 K calculated with Egs. (16),
(19)—(22) as a function of burn-up. The calculations
incorporated the properties listed in Table 1. Also
shown is a fit to the measured dislocation density
from Ref. [13]. The calculations shown in Fig. 1
tend to under-predict the data in the lower burn-
up range. This result is consistent with the steady-
state assumption invoked for the interstitial loop
density given by Eq. (18). As shown in Fig. 1, the
calculated network dislocation density approaches
the data as the fuel local burn-up approaches
80 GWd/tM. The calculated values for the disloca-

Table 1

Values of various parameters used in the calculation for UO,

Parameter Value Reference

D? 5m’s! [10]

DY 75m?s ! [10]

& 0.6 eV [10]

&y 24¢eV [11]

Fiv 82.5A [10]

Ziy 5%x1074 [10]

a 547 A (UO,) [9]

by V2a/2 [9]

E 2x 10" (1 —1.09154x 1074 T)  [12]
Nm 2, (UO,, 0.95 TD)

¥s 1Jm™? 9]

B, 2x107* m’ N~! [4]

AS 2x107¢ Jm 3 K™! This work

tion density exceed the data trend line at high local
burn-up (>80 GWd/tM). The reason for this is, pre-
sumably, as mentioned by the authors of Ref. [13],
the inaccuracy of counting highly tangled configura-
tions of dislocations. In any event, it is the evolution
of the network dislocation density in the fuel burn-
up regime characterized by the approach to recrys-
tallization that is critical to the calculation of the
change in lattice parameter as given by Eq. (8),
and the recrystallized grain size as given by Eq.
(11). As shown in Fig. 1, the calculated values
follow the trend of the data in this regime.

Fig. 2 shows the change in UQO, lattice parameter
at T'=923K calculated with Egs. 3, 8 and (19)—(22)
vs. burn-up relative to a fit to the experimental data
[14]. In Fig. 2, the initiation of recrystallization,
given by Eq. (2a), occurs at the peak of the calcu-
lated curve, i.e. at Aa(f)/ag~ 107>. Subsequently,
Aa(f)/ag decreases due to the progression of recrys-
tallization, as given by Eq. (3). As pointed out by
Spino et al. [14], there are many other factors aside
from interstitial loops that give rise to a change in
lattice parameter, e.g. the lattice parameter is
affected by fission product concentrations, alpha
damage, etc. However, for the lattice-constant
measurements in Ref. [14], it was determined that
the chemical effects in the rim were of second order
in importance.

As shown in Fig. 2, the calculated change in
Aa(t)/ag follows the trend of the data. As such, it
appears that lattice distortion induced by the
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Fig. 2. Calculated change in UO, lattice parameter at 7= 923 K vs. burn-up relative to fit to experimental data [14].

presence of interstitial loops provides a relatively
large contribution.

5. Calculation of recrystallized grain size

Using Egs. 11, (13), (19)—(22), and the properties
listed in Table 1, the average recrystallized grain size
can now be calculated. Fig. 3 shows the calculated
recrystallized grain size in UO, at 7T=923K as a
function of the average fission rate f. The recrys-
tallized grain size is calculated at the time of
recrystallization. Grain growth subsequent to the

0.24

recrystallization event is not considered here. As is
evident from Fig. 3, the calculated recrystallized
grain size increases as the average fission rate in
the fuel increases. Fig. 4 shows the calculated recrys-
tallized grain size in UO, for f =2 x 10Y m 35!
as a function of the fuel temperature for various val-
ues of the volumetric configurational entropy
change AS upon recrystallization. As demonstrated
in Fig. 4, for fuel temperatures >800 K the calcu-
lated recrystallized grain size decreases as the fuel
temperature increases. For fuel temperatures
<850 K and for relatively large values of TAS that

0.22 —— Theory
0.20 4
0.18 4

0.16 -

0.14 4

Recrystallized grain size (um)

0.12 4

0.10 T T
0.0 2.0e+14

4.0e+14

6.0e+14 8.0e+14 1.0e+15 1.2e+15

Fission rate (x10°m?s™)

Fig. 3. Calculated recrystallized grain size in UO, at T= 923 K as a function of the average fission rate /.
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Fig. 5. Calculated volumetric strain energy in UO, for /' =2 x 10" m™> s~

! as a function of the fuel temperature compared with the

various values for the assumed volumetric configurational entropy change upon recrystallization.

are on the order of AU (=107*—1072Jm™> as
shown in Fig. 5) the second term in the denominator
of Eq. (11) will offset the first term (which decreases
as the temperature decreases) such that the recrys-
tallized grain size calculated with Eq. (11) reaches
a maximum, and then subsequently decreases as
the temperature is further lowered.

The effect of including the entropy term in Eq.
(11) is also demonstrated in Fig. 5 which shows

the calculated volumetric strain energy AU in UO,
for f =2x 10" m™3s™! as a function of the fuel
temperature compared with several values for the
volumetric configurational entropy change AS upon
recrystallization. As shown in Fig. 5, AU becomes
comparable to TAS at fuel temperatures <850 K.
Comparing Figs. 3 and 4, it is clearly seen that the
effect of temperature on recrystallized grain size is
much stronger than that of fission rate. Although this
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Fig. 6. Calculated average recrystallized grain size in UO, as a function of linear power compared with measured values [19].

result is at odds with some reported results [15,16], it
is consistent with new experimental evidence that the
recrystallized grain-size distribution is temperature
dependent [17]. Again, care must be taken in compar-
ing the results of the calculations for recrystallized
grain size at the moment of recrystallization with
data on grain size distributions measured at local fuel
burn-ups far beyond the recrystallization burn-up.
Fig. 6 shows the calculated recrystallized grain
size in UO, as a function of average linear power.
The fuel temperature used to calculate the recrystal-

lized grain size in Fig. 6 was estimated based on the
relationship between linear power and fuel tempera-
ture developed by Bagger et al. (e.g. see Eq. (12) in
Ref. [18]). Also shown in Fig. 6 is the average grain
size in the recrystallized region of the fuel from the
work of Spino et al. [19]. The theoretical results
shown in Fig. 6 indicate that there is a relatively
small change in the grain size for average linear
power >18 kW/m. Between 12 and 18 kW/m the
calculated grain size is bell shaped with a maximum
occurring at about 14 kW/m.

1.0
B Theory (fission rate =4.3 x 10°°m™)
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Fig. 7. Calculated average recrystallized grain size in U-10Mo as a function of fuel temperature compared with the trend of measured

values [21].
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Table 2
Values of various parameters used in the calculation of U-10Mo
Parameter Value Reference
& 0.6 Tki;'g’"“ eV This work
TM ?
7U-10Mo .
&y 2.4 % ;ﬂji(h eV This work
M

2
DY (”(QU({J]?)]:/;O)> DY(UO,) This work

2
Do (”(QU({}(%O)> DY(UOy) This work
Zi 10Z;(UO,) This work
a 3.42A [20]
by 1.5A [20]
E 8.3x 10'Nm 2 [20]
Ty 1Mo 1408 K [20]
Ty 3123K [9]

Only the properties that differ from those in Table 1 are listed.

Also shown in Fig. 6 are the results of calcula-
tions made without the effect of including the
entropy term (i.e.AS =0 ) in Eq. (5). As is evident
in Fig. 6, not including this mechanism results in a
relatively strong dependence of the recrystallized
grain size on the linear power for values of the linear
power <15 kW/m.

Unfortunately, for U-xMo there is a much
greater uncertainty in the properties (e.g. those in
Table 1) than for UO,. Fig. 7 shows the calculated
average recrystallized grain size in U-10Mo made
using the properties listed in Table 2 as a function
of fuel temperature compared with the trend of mea-
sured values [21]. Only the properties that differ from
those in Table 1 are listed in Table 2. The results
shown in Fig. 7 indicate that the theoretical calcula-
tion for the recrystallized grain size in U-10Mo is
order of magnitude comparable with the data.

6. Discussion and conclusions

The basic premise of the theory proposed in this
work is that irradiation-induced recrystallization is
driven by the behavior of the interstitial loops in
the material. Interstitial loops interact and lead to
the formation of dislocations and a cellular disloca-
tion structure. Evolving subgrains are characterized
by relatively low angle and may remain thus until
recrystallization is initiated which leads to the for-
mation of nanometer size grains having large angle
boundaries.

However, Ray et al. [15] report that the grain
boundary angles are exclusively low angel (<5°) in

the rim region. This observation supports the micro-
structural evolution through polygonization and
is inconsistent with recrystallization even though
the local burn-up of the samples exceeded
200 GWd/tM. Similarly, Sonada et al. [22] report
a low-angle subgrain structure in 90 GWd/tM sam-
ples and, thus, support polygonization as the prime
mechanism for grain refinement.

On the other hand, Thomas et al. [23] and Nogita
et al. [24] report a mixture of low and high angle
submicron grains in the rim region at ~100 GWd/
tM. These observations support the further evolu-
tion of a cellular dislocation microstructure into
low-angle subgrains and recrystallized grains.

The theory described here sides with the latter
viewpoint that not only polygonization, but recrys-
tallization is occurring in these materials. Recrystal-
lization provides a mechanism for the reduction in
the lattice displacement as shown in Fig. 2. In addi-
tion, recrystallization provides a mechanism for the
lowering of the free energy, consisting of decreasing
volumetric strain energy and increasing entropy, in
exchange for the creation of new surfaces associated
with the newly formed recrystallized grains. Indeed,
this scenario is consistent with observations of rela-
tively defect free interiors of the recrystallized grains
in UO, [13].

The entropy term in Eq. (11) is responsible for
flattening out the calculated recrystallized UO,
grain size vs. temperature curve for fuel tempera-
tures <800 K (Figs. 4 and 5). It is interesting to note
that this term has a negligible effect on the calcu-
lated recrystallized grain size for the U-10Mo irra-
diation conditions shown in Fig. 7. On the other
hand, the calculated dislocation density given by
Eq. (19) continues to decrease as the temperature
decreases. This result is in apparent contradiction
to some observations that the dislocation density
in UQ; is relatively constant across the fuel radius
[25]. However in a later publication, Ray et al.
found about 1 order of magnitude difference in the
dislocation density and about four orders of magni-
tude difference between dislocation loop densities
measured in the rim and in the center of the pellet
irradiated to 74 GWd/tM [15].

This work has, for the most part, focused on the
point at which recrystallization is initiated. For this
reason, the effects of porosity development and xenon
depletion have been ignored. In general, the majority
of the porosity development and xenon depletion
observed in UO, fuels occurs subsequent to the initi-
ation of recrystallization. Porosity development and
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xenon depletion as a function of burn-up have been
treated in other publications [4,26].

The theory presented in this work is novel in the
sense that a reasonably complete picture consisting
of the initiation and progression of recrystallization
and the determination of the recrystallized grain size
is provided by analytically derived expressions. In
addition, analytical expressions are provided for
the time-dependent network dislocation density
and change in lattice parameter.

It has been demonstrated that these phenomena
can be simulated in both UO; and in U-xMo with
the same theory, albeit with various property differ-
ences. That this is possible reflects the likelihood
that the defect behavior in both materials in the
temperature regime where recrystallization is
observed to occur is characterized by the uranium
interstitial, by the associated formation of intersti-
tial loops, and by athermal diffusion of gas atoms.
Results of the calculations are consistent with the
trends of the available data.
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