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Preface

The present volume A4 of the “Uranium’ series of the Gmelin Handbook deals with two
very important technological aspects of the nuclear fuel cycle:

— the behavior of fuel elements during burnup in a nuclear reactor, and
— the reprocessing of spent fuel to recover the non-fissioned uranium and newly created
materials.

The useful lifetime of a fuel element in a nuclear reactor depends strongly on the change of
its chemical and physical properties during irradiation. Properties like thermal conductivity,
swelling, creep, and oxygen-to-metal ratio are strongly affected by the intense neutron field
and the energetic fission products. Furthermore, the high temperature gradient in a fuel element
also produces alterations of the initial fuel, such as densification or U:Pu segregation. All of
these effects are thoroughly discussed for the different kinds of fuels to be used in modern
nuclear reactors today or in the future. The vast amount of very often contradictory results in
sometimes difficultly obtainable literature has been summarized to create a compendium in this
field with the two sections, on oxide and on carbide and nitride fuels, respectively.

The chapters on reprocessing of spent fuels deal only with fuel elements of the uranium-
thorium fuel cycle and with those containing fuel highly enriched in 2*°U. The treatment of UO,
and (U,Pu)O, has already been given in the transuranic element series.

Due to the vast amount of literature published within the topics of this book, only selected
and important papers have been mentioned here. For other references see the ""General
References’” etc. in this book. The literature is evaluated for the period up to the end of 1979, in
many cases more recent literature has been considered.

| thank the authors from industry and the nuclear research centers for their excellent
collaboration. | thank also the Gmelin Institute, with Prof. Dr. Y. Marcus, who translated the
originally German text into English, Dr. K. C. Buschbeck as the supervising editor and Prof.
Dr. Dr. h.c. E. Fluck as director, for its support and encouragement.

Frankfurt am Main
December 1981 Cornelius Keller
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Introduction and Survey

This chapter summarizes what is known, as of 1978, concerning the behavior of the nuclear
fuels UO, and UO,-PuO, under irradiation in water cooled power reactors and in fast breeder
reactors. Some sections have been updated (especially Sections 1.1.2,1.1.3,1.1.4,1.1.7, and
1.1.8), to include more recent results published until 1980. The approximately 1 000 references
to the literature present a selection of the most important publications in this area. The literature
of the last ten years was given priority in the selection.

By far the largest amount of nuclear fuel is employed today in light water reactors (LWR) —
pressurized water reactors (PWR) and boiling water reactors (BWR) — and in heavy water
reactors. This fuel involves pressed and sintered pellets of UO, containing slightly enriched
uranium (235U content up to ca. 4 wt %) or of natural uranium. Beside this basic fuel, in some
LWRs are employed also the fuels UO,-PuO, (thermal Pu-recycling, Pu content ca. 4 wt %)
and UO,-Gd,0; (Gd,0; content up to ca. 6 wt %), where the Gd serves as a burnable neutron
absorber. The behavior of these two kinds of fuel under irradiation is very similar to that of pure
UQO,, and they need not be discussed separately. The Pu content of the UO,-PuQ, fuel for fast
breeder reactors (FBR) ranges from 15 to 30 wt%. The properties of the LWR and FBR fuels are
treated together, as long as phenomena specific for Pu-containing fuels do not require a
separate discussion. Chapter 3.2.4 (pp. 180/6) of “Uran” Erg.-Bd. A3, 1981, deals with
fuel for high temperature reactors (coated fuel particles, ThO,-UOQ,). Vibrationally compacted
fuel is not dealt with here specifically.

The behavior of UO, and UO,-PuO, under conditions of stationary operation and
operation under variable load typical for a power reactor is described systematically in the
following. The behavior in cases of design accidents and hypothetical accidents is not
discussed. In certain cases, however, the discussion will go beyond that range of parameters,
which occurs under normal operation conditions, in order to deal in acomplete manner with the
dependence of the physical properties on, e.g., the temperature. Properties are therefore
described in many cases, which can be regarded as material properties of irradiated fuels, and
which permit extrapolation to different operational conditions or even to different fuels.

1°



4 Oxide Fuels in the Reactor

The behavior of nuclear fuels under irradiation is determined by the following phenomena:

(1) Effects of the fission fragments in the crystal lattice

A short-circuit like diffusion occurs in the spike of the fission fragment, so that many
diffusion-controlled processes at low temperatures (e.g., creep, sintering) suffer “fission-
induced” acceleration in a nuclear reactor. The formation of lattice defects in the fuel, on the
contrary, has a less noticeable effect.

(2) Mechanical behavior

The elastic properties and the fracture of the fuel in the reactor may be extrapolated from the
properties of the non-irradiated material. However the rate of creep at temperatures below ca.
1000°C is accelerated under irradiation and is essentially temperature independent.

(3) Thermal behavior

The thermal conductivity, which is practically unaffected by radiation above 500 °C, is an
extremely important quantity for the description of the behavior of the fuel in the reactor, since it
determines the temperature level and gradients in the fuel pellet. Further parameters which are
important are thermal expansion and specific heat.

(4) Behavior of the fission products and their release

The nuclear fission products (FP) can be classified as: (a) solid and volatile fission
products, and (b) fission gases (Kr, Xe). The first category may be homogeneously dispersed, or
may occur in finely or coarsely dispersed nonmetallic and metallic phases. A redistributionand a
partial release of these FPs may result from a temperature gradient. The fission gases (FG)
behave in a very complicated manner. The FGs formed in the fuel matrix separate out as FG
bubbles. The size of these bubbles depends on the one hand on the aggregation of further FG
atoms brought in by diffusion, and on the other on a redissolution mechanism caused by the
fission fragments. Bubbles migrate either isotropically by diffusion, or they may be directed by
temperature gradients. Transport of the FGs to the grain boundaries and the development of
continuous grain boundary porosity leads to the release of the FG from the fuel. This release
may occur at high temperatures also from the migration of bubbles along temperature
gradients.

(5) Radiation-induced dimensional changes (densification and swelling)

The densification of irradiated fuel results from the interaction of fission fragments and
pores at low and intermediate temperatures. The initial pore volume is transformed into lattice
vacancies in this process. The vacancies migrate to the grain boundaries, and cause a
macroscopically noticeable densification of the polycrystalline material.

The swelling of the fuel is determined by those fission products that are not released. It is
maximal at intermediate temperatures, at which a major portion of the fission gases occur as
bubbles. The radiation induced dimensional changes of the fuel are an additive result of the
“densification” and “swelling”” phenomena, which are essentially unaffected by external
forces. The swelling of the fuel may, therefore, be compensated by a “‘taylor-made’ porosity to
some extent.
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(6) Restructuring

A certain crack pattern of the fuel pellet is generated by the thermal stresses in it. At high
temperatures a redistribution of the initial porosity results, and grain growth occurs. At very
high temperatures, columnar grain growth and the formation of a central void may occur.

(7) Changes in the stoichiometry, redistribution of the oxygen and uranium/
plutonium

The mean valency of the fission products is lower than that of uranium or plutonium in the
fuel. It is necessary to consider the formation of new oxide phases, the alteration of the O/U or
O/Pu ratios of the fuel matrix and the loss of oxygen, e.g., by reaction with the cladding, for
arriving at the oxygen balance. Oxygen transport may result from solid or gas diffusion as well
as thermodiffusion. Similar mechanisms are effective for the demixing of uranium and
plutonium in FBR fuels.

(8) Interaction with the cladding

A more or less regular oxide layer forms on the interior surface of Zircaloy cladding tubes
(LWR fuel rods) as well as steel cladding tubes (FBR fuel rods), that has essentially no effecton
the operational behavior. Zircaloy cladding tubes, which are tension-stressed by the thermal
expansion of the fuel pellets during fast power increases (power ramps), may suffer from
microcracking by means of stress corrosion. lodine or iodine compounds are probably the
effective chemical species in this process. This phenomenon is described as “pellet-clad-
interaction (PCI)"”. Caesium plays a similar role in the observed grain boundary corrosion of
austenitic steel cladding tubes of FBR fuels.

(9) Behavior in defective fuel rods

Oxidic fuel is in principle very corrosion-resistant against water and sodium (or NaK).
Continued operation till the next planned fuel element change is a well rehearsed and safe
process for dealing with water cooled defective fuel rods.

In summary, it may be stated that oxidic fuels fulfill their task excellently, due to their stable
behavior under irradiation. This is confirmed by the low liability for developing defects shown
by LWR fuel rods in practice.

1.1.1 Effects of the Fission Fragments in the Crystal Lattice
General Reference

H. Matzke, Lattice Defects and Irradiation Damage in ThO,, UO,, and (U,Pu)0,, Plutonium
and Other Actinides 1975, Proc. 5th Intern. Conf., Baden-Baden 1975 [1976], pp. 801/31
[227 Refs.]; C.A. 85 [1976] No. 100623.

1.1.1.1 Properties of the Fission Fragment Spike

Fission fragments are the high-energetic, highly ionized daughter atoms formed in fission,
immediately after the fission event. Fission products are these daughter atoms after they have
given off their kinetic energy. Blank, Matzke [1, 2] and Ronchi [3] have studied the fission

References for 1.1.1 on pp. 10/1
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fragment spike both theoretically and experimentally. Some 95% of the energy of the fission
fragment is transformed into electronic stopping power, and only a minor portion causes lattice
defects, e.g., through displacement cascades. Theoretical estimates have been presented by
Kinchin, Pease [4] and by Linhard, Scharff [5].

The following relationships describe the thermoplastic stress field of the fission fragment
spike in a ceramic fuel [1, 2]:

the temperature distribution T = T + T, exp(—x), (1)
the pressure distribution p = —BT, exp(—x), (2)
where

To = (dE/dI)/(4 copk(t + t)); x = r?/4k (t + to); B = (4/3) Ga(1 + w)/(1 — ).  (3)

T is the mean temperature of the fuel, (dE/dI) is the electronic stopping power per unit of
length, c, is the specific heat, p is the theoretical density, k is the thermal diffusivity, G is the
shear modulus, p is Poisson'’s ratio, a is the coefficient of thermal expansion, r is the radial
distance from the axis of the spike, and t, ~10~'" s is the time, during which the electronic
stopping power is transformed into heat, and only after which thermal and mechanical effects
may be observed.

Fig. 1-1 shows the radial temperature distribution 20 nm below a free surface [3]. Only for
distances smaller than 10 nm is there an appreciable temperature distortion. Fig. 1-2 shows the
radial stress distribution of a fission fragment spike in the interior of a crystal lattice [1]. A typical
fission fragment spike is considered nowadays to be a cylindrical tube having a diameter of
10 nm and a length of 6 um. Surface traces of fission fragments are shown in Fig. 1-3 [3]. The
fission fragments that emerge from the surface cause sputtering effects. Bessonov [6] has
summarized the observations of this phenomenon.

Fig. 1-1
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Radial temperature distribution in a fission fragment spike in UO,, 20 nm below a free surface,
after various times [3].
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Fig. 1-2
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Radial stress distribution in a fission fragment spike in a UQ, lattice after various times [1].

Fig. 1-3

Traces of fission fragment spikes in UO, [3].

The direct effects of the fission fragments have been considered in various mechanistic
models for fission-induced processes. The most important examples are:

(1) Radiation-induced creep, according to Malygin et al. [7] (see 1.1.2.3),
(2) Redissolution of fission gases, according to Blank, Matzke [2] (see 1.1.4.2),
(3) Fission-induced densification, according to ABmann, Stehle [8, 9] (see 1.1.5.1).

References for 1.1.1 on pp. 10/1
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1.1.1.2 Increased Self-Diffusion

A further effect of the fission fragments is the acceleration of diffusion processes. In the
case of athermal self-diffusion of the metal atoms in the UO, lattice at low temperatures, the
diffusion constant obeys, according to Clough [10] and Perrin [11, 12], the expression

D* ~1x10"2°F cm?/s

where F is the fission rate in fissions - cm™2 - s~". Direct measurements of Héh, Matzke [13] in
U0, at 900°C with F = 1x 103 fissions - cm~3 - s~ gave

D* = (1.5+0.6)x107'® cm?/s.

A theoretical deduction of the vacancy diffusion coefficient Dy = D*/C (C is the concentration
of vacancies) was presented by Stehle et al. [14]:

D; = (8/3n?) DMtFQM (4)

where DV is the vacancy diffusion coefficient in molten UO,, and QM (=10~ "®cm?) is the
volume of the fission fragment spike that is temporarily molten, for the durationt (~10-"'s).

1.1.1.3 Formation and Annealing of Lattice Defects

Radiation damage in the crystal lattice of UO, (and PuO,) was studied experimentally by
investigating changes of the lattice constants during self-irradiation (PuQO,) [15 to 17],
irradiation with o particles [16], and nuclear fission [18 to 20], as well as by recovery
measurements. Lattice constant [16 to 18] and electrical resistance measurements (e.g., [22])
showed the progress of the recovery process during annealing.

The worst lattice damage occurs through the recoil of the 232U daughter nucleus resulting
from the decay of the 23°Pu, while the a particle has only 1/5 of this effect. Nuclear fission, too,
has only 1/4 of this effect [16], where, however, the high fission rate (e.g., 102 fissions - cm™~3
-s~") mustbe considered. When UQ, is irradiated to up to ca. 10'® fissions/cm?, two regions of

Fig. 1-4
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increasing and one region of decreasing lattice constants are noted (Fig. 1-4), which can be
interpreted according to Kirihara, Nakae et al. [18, 19] as follows:

1st region: The concentration of primary defects increases and becomes saturated
according to first order kinetics.

2nd region: Secondary defects (e.g., caused by cluster formation of primary defects)
increase according to second order kinetics, while the concentration of primary defects
decreases.

3rd region: Mobile interstitial atoms are annealed at excess vacancies, and the total
concentration of defects decreases.

At an irradiation dose above 10%°fissions/cm® the lattice constant increases again,

according to Kosenkov etal. [20] (see Fig. 1-5, together with the results of Robertsetal. [21]).
A possible cause could be the formation of compounds from fission products and UO,.

Fig. 1-5
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The change of the lattice constants of UO, with the burnup at intermediate and high burnup
values [20, 21].

In the dose range from 4 x 10'® to 6 x 107 fissions/cm® Nakae et al. [18] have found that
the annealing curves show one annealing stage between 200 and 250 °C and another between
300 and 400°C (see for example Fig. 1-6, p. 10). Generally, the results show an important an-
nealing stage around 600°C and complete annealing at 1000°C.

Studies by Vollath [22] of annealing processes, by measurements of the electrical
conductivity, which were made on quenched UO, samples that had been irradiated by fast
neutrons, yielded self-consistent results. Table1/1 presents the recovery stages, their
activation energies, and their interpretation in terms of defect removal [23].

References for 1.1.1 on pp. 10/1
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Fig. 1-6
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Annealing curves for the lattice constant of UO,, at various burnup values [18].

Table 1/1
Recovery Stages in UO,_,, UO,, and UO,,, According to Vollath [22].

recovery temperature activation interpretation

stage in°C energy
in kJ/mol

A 150 to 250 84 to 105 migration of O-interstitials (only in UO,,,)

B 390 138 redistribution of defects in neutron-irradiated and
qguenched UO, through migration of O-interstitials

C 430 167 recombination of near O-Frenkel pairs

D 580 to 600 230 elimination of U-Frenkel pairs through migration of
U-vacancies in irradiated UO,

E 700 to 830 264 migration of O-vacancies in UO, and UO,_, after

neutron irradiation and guenching
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1.1.2 Mechanical Behavior
General References:

G. Engelhardt, H. Hoffmann, Mechanische Eigenschaften von UQ, [Literaturiibersicht], KFK-
729 [1968]; EUR-3729.d [1968]; EURFNR-528 [1968] 1/54 [62 Refs.]; N.S.A. 23
[1969] No. 8302.

W. Blum, B. llschner, Mechanische Eigenschaften oxidkeramischer Stoffe [Literatur-
recherche], Ber. Deut. Rheol. Ges. 31 [1967] 19/64 [213 Refs.].

H. Stehle, H. ABmann, F. Wunderlich, Uranium Dioxide Properties for LWR Fuel Rods, Nucl.
Eng. Design 33 [1975] 230/60.

P. E. MacDonald, L. B. Thompson, MATPRO-Version 09, A Handbook of Materials Properties
for Use in the Analysis of Light Water Reactor Fuel Rod Behavior, TREE-NUREG-1 005
[1976] 40/90.

D. R. Olander, Fundamental Aspects of Nuclear Reactor Fuel Elements, TID-26711-P1 [1976]
333/72.

D. L. Hagrman, G. A. Reymann, MATPRO-Version 11, A Handbook of Materials Properties
for Use in the Analysis of Light Water Reactor Fuel Rod Behavior, NUREG-CR-0497
[1979] 49/82, 154/64; TREE-1280 [1979] 49/82, 154/64.

1.1.2.1 Elastic Behavior

An isotropic polycrystalline material has only two independent elastic constants. Given
Young’'s modulus, E, and Poisson’s ratio, p, the shear modulus is obtained as G = (E/2u) + 3.
The main quantities that affect the elasticity are the temperature and the porosity.
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For UO, Olsen [1] recommended in the MATPRO-Version 09 handbook the following
expression for E, which was derived from a statistical evaluation of the measurements of
numerous authors [2 to 8]:

For ® <2000°C
E=226x10° (1-1.131x107%®)(1—-2.62P) £0.037 x10° N/mm? (1a)

and for ® >2000°C
E = 7x102N/mm?, (1b)

where @ is the temperature in °C and P is the volume fraction of the pores. In MATPRO-Version
11, Hagrman et al. [103] recommend the following relationship for Young's modulus of
stoichiometric UO, below the melting temperature:

Es = 2.334x10° (1-1.0915x1074T) (1—-2.752P), (1c)

where T is the temperature in K and P the volume fraction of the pores. Stehle et al. [9] also dealt
with the temperature and porosity dependencies of E in the light of the available literature [4, 5,
7, 8,10 to 17], and arrived at the expression:

E=229%x10° — 2.01T — 5.87x10°P N/mm?, (2)

where T is the temperature in K. The influence of the irradiation and of the burnup is small, and
may be neglected in practice, as has been shown by Baranov et al. [18] by means of
measurements in a reactor.

Poisson’s ratio p has the value 0.316 with negligible temperature and porosity de-
pendencies [1,4,5,9, 19, 103]. For 80% UO,—20% PuO, these quantities have the following
values, according to MATPRO-Version 09 [1, 4, 20]:

E=252x10° (1-7.843x107@)(1-2.03P) N/mm? for ® <1275°C (3a)
and
E=7x102 N/mm?for® >1275°C (3b)
while the value of p is 0.276 [20, 103].

For nonstoichiometric fuel or fuel which contains PuO, Young’'s modulus below the
melting temperature, as proposed in MATPRO-Version 11 [103], is:

E=Es exp (—Bx) (1 + 0.05f), (3¢c)

where B = 1.34 for hyperstoichiometric fuel or 1.75 for hypostoichiometric fuel; x is the
magnitude of the deviation from stoichiometry in MO, _ , fuel, and f is the PuO, content of the
fuel (weight fraction).

1.1.2.2 Plastic Behavior and Behavior upon Fracture

According to Evans et al. [21] and Cannon et al. [22], three temperature regions may be
discerned in the behavior of UO, upon fracture:

(1) T <T,: brittleness; elastic deformation up to the fracture stress, which is lower than the
yield strength; transcrystalline fracture [21 to 25].

(2) T, <T <T,: elastic-plastic behavior; elastic deformation, followed by plastic fracture; the
yield strength is lower than the fracture stress [21 to 25].
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(3) T >T,: plastic fracture (intercrystalline).
T, and T, are the transition temperatures between these regions.

The fracture strength o in region (1) depends on the temperature and on the porosity.
According to Igata, Domoto [16]:

o = 105.4 (1—-2.90P) N/mm? (4)
The temperature dependence may be expressed by
O = Of, + AT (5)

Table 1/2 shows the parameters o, and A evaluated by Stehle et al. [9] from data in [21, 22,
26]. Olsen recommends in the MATPRO-Version 09 handbook [27] the following
expression, based on his evaluation of the literature [22, 23, 26, 28, 29]:

for 273K <T <773K
o = 156 (1—2.62P)"/2 exp[—(380/1.987 T)] N/mm? (6a)
and for 773K <T <2273K
or = 143 N/mm? (6b)
The temperature 500 °C (= 773 K) is thus the transition temperature T, under irradiation. Not
considered in this relationship are the increase of T, with augmenting rates of deformation and
grain size, obtained outside of a reactor [22], and its decrease with augmenting porosity [30].

In the MATPRO-Version 11 handbook [104] the following recommendation is given for
273K <T<1000K:

o = 170 (1—-2.62P)"2 exp (—1590/8.314T) N/mm?, (6¢c)
and for T > 1000 K: o = o (1000 K).

The second transition temperature T, is related to the rate of deformation ¢ as follows [22]:
£ = 2.41x10"" exp[—(96000/1.987T,)] h~! (7)

The yield strength of UO, is shown in Fig. 1-7, p. 14, as a function of the temperature, accord-
ing to measurements of Evans, Davidge [21], Guerin [24], and Byron [31].

Table1/2
Constants of Eq. (5) for the Temperature Dependence of the Fracture Strength of UO, (96%
of theoretical density) [9].

Gro, in N/mm? Ain N-mm~2-K-' grain size in um Ref.
150.7 0.028 8 [21]
98.5 0.027 8 [22]
108.5 0.025 15 [22]
245 0.31 8 [26]
65.6 0.14 15 [26]

References for 1.1.2 on pp. 27/9
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Fig. 1-7
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1.1.2.3 Creep Behavior
General References:

J. R. Matthews, Mechanical Properties and Diffusion Data for Carbide and Oxide Fuels,
Ceramics Data Manual Contribution, AERE-M-2643 [1974] 1/28 [75 Refs.]; C.A. 82
[1975] No. 91 466.

M. S. Seitzer, A. H. Clauer, B. A. Wilcox, A Review of Creep Behavior of Ceramic Nuclear Fuels,
Reactor Technol. 14 [1971]199/135; BMI-1906 [1971] 1/72 [93 Ref.]; N.S.A. 25 [1971]
No. 49566.

J. Gittus, Irradiation-Induced Deformation, in: J. Gittus, Creep, Viscoelasticity, and Creep
Fracture in Solids, Applied Science Publisher, London 1975, pp. 203/68.

W. Dienst, Irradiation Induced Creep of Nuclear Fuels, J. Nucl. Mater. 65 [1977] 1/8.

E. R. Gilbert, In-Reactor Creep of Reactor Materials, Reactor Technol. 14 [1971] 258/85 [105
Refs.].

In order to describe the creep mechanisms predominant in various temperature and stress
regions, Ashby [32] recommends the use of so-called “deformation maps”, in which also the
limits for elastic and fracture deformations are delineated. Such deformation maps for UO,
out-of-pile and in-pile are shown in Fig. 1-8 and 1-9, respectively. A somewhat modified
depiction was selected in Fig. 1-10 and 1-11, p. 16, for UO,-PuO, [34].
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Fig. 1-8
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Fig. 1-10
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The following creep mechanisms may be effective in the reactor:
(1) Viscous creep (diffusion controlled flow) at high temperatures and low stresses.
(2) Dislocation creep at high temperatures and stresses.
(3) Thermal creep accelerated by fission events at intermediate temperatures.

(4) Fission induced creep at low temperatures.

Theoretical Models
(1) Viscous creep (thermally activated)

There are essentially three models: (a) stress-directed lattice diffusion, according to
Nabarro [35] and Herring [36]; (b) stress-directed grain boundary diffusion, according to
Coble [37]; and (c) grain boundary gliding, according to Gifkin et al. [38 to 41]. Common to
these models is the linear dependence of the steady-state creep on the stress. The grain size
dependence found for UO, (prop. 1/d®) is consistent with mechanism (a). A supplement
of the theory required for very small stresses was provided by Burton, Reynolds [42 to 44].

(2) Dislocation creep (thermally activated)

There are again three models, which have in common with case (1) the fact, that the
temperature dependence of the creep is determined by the vacancy diffusion. These models
are: (a) dislocation climb out of a piling-up of dislocations before a blocked one, according to
Weertman [45]; (b) climb and dissolution of dislocations in dislocation loops, according to
Weertman [46]; and (c) climb of jogged screw dislocations according to Barrett, Nix [47]. In
model (c) the diffusion of vacancies from supersaturated to subsaturated regions leads to the
climb of jogs. The steady-state creep rate follows the relationship

¢ = Ac*®sinh (b(x)s/RT) exp(—Q(x)/RT), (8)

where A is a structural factor, o is the stress, and the parameter b(x) and the effective activation
energy Q(x) for the creep of UO, ,, are both stoichiometry- (i.e., x-) dependent. This latter fact
is explainable by the stoichiometry dependence of the self-diffusion. According to the theory of
Lidiard [48] and Matzke [49] the diffusion coefficient of uranium in UO,, is proportional to
the square of x. Up to intermediate values of the stress, the approximation sinh(b(x)c/RT)
~b(x)o/RT is valid, so that an effective exponent of 4.5 of the stress results, as for model (b).
For high stresses this exponent rises steeply.

(3) Radiation-enhanced and fission-induced creep

A survey of the possible creep mechanisms is included in the above-mentioned general
reference of Gilbert and Dienst. It contains:

(a) Relaxation of elastic stress by the effects of the lattice defects generated by the fission
fragments [50 to 52].

(b) Acceleration of dislocation sliding through the purely thermal action of the fission
fragments [53]. Radiation effects keep the UO, in the primary creep state, Fig.1-12, p.18.

(c) Modified Nabarro-Herring creep [54]. Point defects formed under irradiation anneal at
clusters of defects, that replace the grains in the original creep model.

Gmelin Handbook References for 1.1.2 on pp. 27/9 2
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Fig. 1-12
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(d) Stress-oriented formation and growth of dislocation loops [54 to 57].

(e) Diffusional creep by means of the migration of vacancies between properly oriented
dislocation loops [58].

(f) Radiation accelerated dislocation climb. Gilbert (see general references) discusses
numerous theoretical treatments. The climb of jogs in screw dislocations [59] or of piled-up
edge dislocations over obstacles [60, 61] may be of importance. In this case the stress
dependence has the following form:

¢ = Ac? (B,0? + B)) (9)

The parameter B, is temperature dependent, while B, describes the athermal portion of the
creep. At low temperatures B,c2 may be neglected compared with B,.

(g) Radiation-induced creep caused by the climb of dislocation loops by means of
absorption of interstitials, according to Solomon [62]. The interstitials formed under irradiation
precipitate at low temperatures (5500°C) in dislocation loops. If such loops are sufficiently
large, to escape resolution due to fission fragment effects, they grow and climb by absorbing
further interstitials. Steady-state creep follows, if the concentration of vacancies in the
surroundings of the dislocation loop, acting as asink, has reached an equilibrium value, as have
also the absorption of interstitials and the climb of the dislocation loops. According to
Solomon, not only the fission fragments, but also other high energy particles, such as fast
neutrons, may be the energy source for this mechanism. Therefore he designated it as “radia-
tion-induced”.

(h) Fission-accelerated creep, as primary creep in the volume of the fission fragment track,
was discussed by Malygin et al. [63]. This model permits the description of the fission-
accelerated creep of UO, (as also that of UO,-PuO,, UC, UN) on the basis of (mostly thermal)
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material properties and creep parameters, that are evaluated in thermal creep experiments in the
primary creep region. The following relationship holds:
vo exp(—Q/RT) 2avoV.F

1
Av—VfF[1—exp(—v/kaF)](k——1) - 2ViF+v (10)

Eipr =

where the previously unidentified symbols have the following meanings (with numerical
values valid for UO,) : A = structure factor, k = &, imary/€steady -state = 5, Whilev = 10725~ and
a = 1075 are parameters in the equation for primary creep. As a special case of a more general
expression [64]

€orimary = Eo—0IN(1 + vt) 11)

is valid, where g, is the initial deformation. The effective volume of the fission fragment track, V;,
may be calculated from the thermal properties of the fuel. Fig. 1-13 shows V; as a function of
the temperature of the fuel for various nuclear fuels. Equation (10) thus describes the
dependence of the creep rate on the temperature, the stress and the fission rate.

At high temperatures the second term of equation (10) is small, while at low ones the first
term may be neglected. At temperatures around 1000 °C both terms must be considered.

Fig. 1-13
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Effective volume of the fission fragment track V; as a function of the temperature [63].

Experimental Results
(1) Methods and kinds of measurements

Types of samples and experiments: the pulling and squeezing of spiral springs [62, 65, 67],
the bending of rods [67, 68], and the pressing of discs and pellets [68 to 80]. Stresses were
applied as weights [65], as the force of a spring [66, 67], and as gas pressure [69,71,72,74 to
80]. The deformation was measured: inductively [65, 66, 74 to 80], with a pneumatic

References for 1.1.2 on pp. 27/9 2
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transducer [71, 74], with a microwave-resonator or an acustic sensor [72, 73], or with a
micrometer [68, 84]. Table 1/3 is a summary of all creep experiments on UO, and UO,-PuO, in
reactors, giving the experimental techniques used and the parameters measured.

(2) Creep of UO, under irradiation
(a) Dependence on stress and fission rate.

Below 1 000 °C, for stresses in the range 10 to 50 N/mm?, and for a fission rate in the range
3x10"'?to 1x 10" fissions-cm~3-s~", the creep rate is as a first approximation proportional
to the stress [62, 65 to 69] and to the fission rate [62, 75], according to all the experimental
results:

¢ ~oF (12)

This relationship is often employed for normalizing the results of different authors.

In the temperature range 1100 to 1300°C, and for stresses in the range 10 to 40 N/mm?,
the occurrence of radiation-accelerated creep was assumed prior to 1977. The irradiation factor
is between 2 and 3 [70, 72, 81, 82] at afission rate of 1.2 x 103 fissions - cm~2 - s~'. According
to a proposal of Solomon et al. [83], expression for the creep rate is [82]

€r ~(C; + C,F)o exp(—Q/RT) (13)

where C, and C, are constants.

(b) Temperature dependence

The results normalized to a stress of 24 N/mm? and a fission rate of 1.2 x 10’3 fissions
cem~3-s7" [62, 65 to 67, 69, 70] are presented in Fig.1-14 as an Arrhenius diagram, ac-

Fig. 1-14
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Temperature dependence of the radiation-enhanced creep of UO, (stress: 24 N/mm?, fission
rate: 1.2x10"2 fissions- cm~2-s~") according to [9].

References for 1.1.2 on pp. 27/9
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cording to Stehle et al. [9]. Below about 1100 °C, the values show neither a uniform mech-
anism of thermal activation nor a purely athermal one.

The complicated temperature dependence is generally described by means of additive
terms for thermally-activated and for radiation-induced creep. Solomon et al. [83] were the first
to summarize the results of Perrin [70] and of Bohaboy et al. [85, 86], including also the
dependencies on density and grain size. Brucklacher et al. [87, 88] found at low temperatures
(250 to 500°C) a mild temperature dependence, with an "effective energy of activation” of
21.77 kJ/mol. Olsen [81, 82] and Mason in the MATPRO-Version 11 [105] took this into
account, and proposed the following creep equation:

. (A, +A,F)oexp(—Q,/RT)  A,c*%exp(—Q,/RT)
8irr =

+ AgoF exp(—Q,/RT) s~
(D—A,)G? D—A, soF exp(=Qa/RT) s 1)

Gerane = 1.6547 x107-G~05714 Py (14b)

For applied stresses ¢ higher than oy,,,s (equation 14 b), 6,,.,s should be used instead of 5 in the
first term of equation 14a. For equation 14a the following parameters are defined and
recommended by Mason [105] (with the ranges of applicability according to Olsen [82]):

A, = 0.3919,A, =1.31x107"°, A; = 87.7, A, = 2.0391 x10°2%, A; = 90.5, A; = 3.72264
x 10735,

& = steady-state creep rate (in s~ ")

c stress (in Pa), from 7x10% to 110x 10° Pa

F fission rate (in fissions-m=3-s~"), from 8.4 x10"7 to 1.18 x 102° fissions-m=3-s~"

T temperature (in K), from 713 to 2073 K

D relative density (in % of theoretical density), from 92 to 98%

G = grain size (in pm), from 4 to 35 um

R

Q;

(]

Il

I

Il

universal gas constant (8.314J-K~" -mol™")
2177 x10%J -mol~".

For the values of Q, and Q, Manson [105] recommended the following expressions:

_20 -1
Q, = 17884.8 — -8 1 + 72124.23, 14
1 {exp[Iog Gy 8 } (14¢)
Q, = 19872.0 {exp[——t&——S] 4 1} T 1115435, (14d)
log (O/U—2)

where Q, and Q,, are given in J-mol~" and O/U is the O:U ratio in the oxide.

Fig. 1-15 shows a comparison of the creep rate according to eq. (14) with the results of
many authors [42, 43, 65 to 67, 69, 70, 83, 85, 89, 90], as reported in [82].

Application of the above mentioned theory of Malygin et al. [63] also yields good
agreement between the measured and the calculated values. Fig.1-16, p. 24, shows this for
the acceleration factor of radiation-induced creep in the temperature range 1150 to 1300°C
(data from [70] and [72]). Fig.1-17, p. 24, shows a comparison of measured [62, 70, 71,
75, 88] and calculated creep rates for the temperature range 150 to 1250°C for various fuels
and fission rates.

Clough [68, 91] considers the creep rate under irradiation to be purely athermal for
temperatures below about 1200°C. His results at 450 °C and in the region 775 to 1200°C
indicate this. He traces all the deviating results back to the irradiation-induced sintering of
fabrication pores (see Section 1.1.5, p. 70). Only at doses beyond about 1028 fissions/cm? are
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Fig. 1-15
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Comparison of the measured creep rate and that calculated by fitting for UO,, in-pile and
out-of-pile, according to [82].

the effects of this in-pile sintering sufficiently small compared with the creep effect. For the
range of viscous creep (e.g.,c <60 N/mm? for a grain size G = 5 pm) the following equation is
proposed:

&, = [2.65%10'°5/G?(D—88)] exp(—376.8/RT) + BFs h~’ (15)

(the symbols and units as for eq. (14)). According to the measurements of various authors, B =
5.0x1072", Clough [68]; B = 5.3x1072", Solomon [62]; B = 5.14x10-2", Brucklacher,
Dienst [69].
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Fig. 1-16
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The factor for the irradiation-induced enhancement of the creep of UO,. Comparison between
theory [63] and experiments [70, 72] according to [63] (Temperature range: about 1150 to
1300°C).

O: Perrin [70]; A, O: Miloserdin et al. [72]; solid line: theory [63].
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Temperature dependence of the creep rate of different fuels under irradiation. A comparison
between theory and experiment, according to [63].

Theoretical values: Experimental values:

1 UO,; 2.5x10'* fissions-cm™3-s~" a [75] UO,; [62] UO,; @ [70] UO,
2 UO,; 1.2x 10" fissions - cm~3-s~" ¢ [88] UO,-Pu0, (15% Pu0,)

3 UO,-Pu0,; 1.2x 10" fissions - cm=23-s~" W A [71,88] UO,-Pu0, (22% Pu0,)

4 UN; 2.5x10" fissions-cm~3-s7' b [75] UN.
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(3) Creep of UO,-PuO, under irradiation

For applications in fast breeder reactors, UO,-PuO, has a typical PuO, content of 25%. For
such fuels, too, in the temperature range 300 to 1100 °C, for stresses <40 N/mm?, and fission
rates between 0.7 to 6 x 102 fissions - cm~3-s7", a stress and fission rate dependence of the
creep rate according to eq. (12) could be obtained. The temperature dependence is as
complicated as in the case of UO,. The data of various authors [34, 71, 92 to 94] are
summarized in Fig. 1-18, and there exist further data of Robinson et al. [74]. The data show a
broad scatter band, partly due to differences in the density, the plutonium content, the

Fig. 1-18
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Temperature in °C

Temperature dependence of the irradiation-induced creep of UO,-PuQO, (15 to 25% PuO,,
stress: 13.9 N/mm?, fission rate: 1.2 x 102 fissions-cm~2-s~"), according to [92].

authors % PuO, 0/M % of theoretical
density
[34] Roberts, Voglewede 22 to 25 1.97 95%
[71] Perrin 22 1.98 95% x
[94] Roberts, Wrona 22 to 25 1.97 95%
[93] Brucklacher, Dienst 15 1.98 93.5% O0,86% A
[92] Combette et al. 15 2.00 98% m

stoichiometry, and the degree of the micro-homogeneity of the material, which is mostly
produced by means of the mixing of UO, and PuO, powders, pressing and sintering. While
Perrin [71] finds between 910 and 1 125 °C a strongly irradiation-accelerated creep (by a factor
of 40), Combette et al. [92] determined that the creep is purely athermal between 700 and
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900°C (as was found by Clough [68] for UO, between 450 and 1200°C). The creep
expression is

& = 1.81x1072°6F (16)

The creep rate of UO,-PuO, is thus higher by a factor of about 3.5 than that of UO, under
comparable conditions.

The observations in [68] and [92], made on fuels of high densities, 97 to 98% of the
theoretical, indicate that in other cases densification phenomena may play arole. Brucklacher et
al. [87] and Dienst [93] find between 350 and 650 °C as weak a temperature dependence as
found for UO,, and also an anomalous minimum of the creep rate at 900 °C, which is interpreted
as a contraction occurring as a result of fission-induced sintering, superimposed on the other
effects. Dienst [93] treats the PuO, particles in the UO, matrix as an “effective porosity”, due to
their relatively high plasticity, and concludes that the data may be interpreted without specific
consideration of the effect of the plutonium content on the properties of the UO, matrix.

Olsen [82] and Manson [105] recommend in the MATPRO handbook, on the basis of the
data of Evans et al. [95] and Routbort et al. [96] out-of-pile and mainly of those of Perrin [71]
in-pile, the following creep expression:

& = (B1 + B,F)G™2 exp(—Q,/RT)c exp(B,P) exp(B,C)
+ (Bs + BgF)o™® exp(—Q,/RT) exp(B,P) exp(B,C) (17)

B, to B, are constants, Q, and Q, are activation energies, C is the PuO, concentration, while
the other symbols are the same as used previously. No purely athermal term is included in
eq. (17).

Primary and Transient Creep

Primary creep of UQ, at high temperatures has already been observed by Scott et al. [6],
Armstrong, Irving [97, 98] and Burton, Reynolds [42]. Irradiation-induced primary creep of
U0, and UO,-PuO, could be found by Dienst [93] up to irradiation doses of 3 to 5x10"?
fissions/cm® (sometimes even up to 102° fissions/cm?) [62, 88, 99 to 101].

The time dependence of the deformation by creep is described by means of the expression
éprimarv = Ktm (1 8)

where 0.6 <m <0.9. The exponent m was found to be independent of the stress and the fission
rate [102]. The parameter K depends on the stress, the temperature, the fission rate and the
density of the fuel. Primary creep ranges generally up to 10%, in some specific cases only up to
1%, of the creep deformation. Dienst [93] concluded from the data in the literature, that primary
creep is only weakly affected by the irradiation; doubtless, however, thermal densification
effects and fission-induced densification also play some role.

Manson [105] recommends the following expression for the transient creep, when the fuel
first experiences stress, usually during initial irradiation, or when a higher stress than in any
other period is applied:

& = £.,[2.5exp(—1.40x107%t) + 1], (19)

where ¢ is the steady-state creep rate which is finally reached after the transient creep (see
equation 14).
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1.1.3 Thermal Behavior
General References:

IAEA, Thermal Conductivity of Uranium Dioxide, Tech. Rept. Ser. Intern. At. Energy Agency
No. 59 [1966].

H. Marchandise, Conductibilité Thermigue du Bioxyde d’Uranium, EUR-4568.f [1970] 1/158.

G. Neuer, R. Brand, G. Haufler, Warmeleitfahigkeit und Emissionsgrad von festem UO,,
Literaturstudie, IRS-SB-3 [1973] 1/217 [277 Refs.]; N.S.A. 30 [1974] No. 27343; C.A.
82 [1975] No. 116968.

A. B. G. Washington, Preferred Values for the Thermal Conductivity of Sintered Ceramic Fuel
for Fast Reactor Use, TRG 2236 (D) [1973] 1/91 [131 Refs.].

J. Richter, H. E. Schmidt, H. A. Tasman, Bibliography on Heat Transport in Nuclear Fuels and
Related Phenomena, EUR-5119.e [1974] 1/215 [2235 Refs. about Oxides].

R. O. Lokken, E. L. Courtright, Review of the Effects of Burnup on the Thermal Conductivity of
UO,, BNWL-2270 [1976] 1/15.

P. E. MacDonald, L. B. Thompson, MATPRO-Version 09, A Handbook of Materials
Properties for Use in the Analysis of Light Water Reactor Fuel Rod Behavior, TREE-
NUREG-1005 [1976] 9/39.

D. R. Olander, Fundamental Aspects of Nuclear Reactor Fuel Elements, TID-26711-P1 [1976]
113/44.

D. L. Hagrman, G. A. Reymann, R. E. Mason, MATPRO-Version 11-Rev. 1, A Handbook
of Materials Properties for Use in the Analysis of Light Water Reactor Fuel Rod Behavior,
NUREG-CR-0497-Rev. 1 [1980] 9/48 m; TREE-1280-Rev.1 [1980]9/48 m.

The thermal behavior of a nuclear fuel is of particular importance, when its behavior inside a
nuclear reactor is considered. Firstly, itis the purpose of the fuel to produce heat and to conduct
it to the coolant outside, and secondly, many important properties of the fuel depend on the
temperature level and the temperature profile.

1.1.3.1 Thermal Conductivity and Conductivity Integral of UO,

Thermal conduction in UO, is a complex physical process. The thermal conductivity
depends therefore on many parameters, e.g.: the temperature, the density (porosity), the
stoichiometry (the O/U ratio), impurities or additives, the duration of irradiation, i.e., burnup.

Three mechanisms contribute to the heat conduction in the UO, lattice: phonon
conduction (lattice conduction), photon conduction (radiation), and electronic conduction.
Up to temperatures around 1300 °C, the phonon conduction predominates, but it diminishes
with increasing temperatures [1]. At higher temperatures UO, becomes a semiconductor [2 to
4], and the increasing electronic conduction leads to increasing thermal conductivities. Photon
conduction is of minor importance [5, 6].
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Many models describe the dependence of the thermal conductivity on the porosity, e.g.,
those of Loeb [7], Kampf, Karsten [8], Maxwell-Eucken [9, 10], Fricke [11], Biancheria [12],
Marino [13], Stora [14], Nazare et al. [15], and Ondracek, Schulz [16]. They have been
considered in detail in the review of Neuer etal. (see General References), which also discussed
thoroughly the various methods for measuring the thermal conductivity (see also [17 to 19]).

The conductivity integral, which had first been mentioned in the literature by Lewis [20],
and the application of which for thermal calculation has been thoroughly discussed in [21, 22],
is of particular interest.

The steady-state temperature distribution in a cylindrical body is given by the heat
conduction equation

(1/r)(d/dr) (dT/dr) + q = 0 (1)

where r is the radius, A the thermal conductivity, T the temperature, and g an axially sym-
metrical heat source density. Axial heat flow is neglected here. This is sufficiently well justified
technically, except at the ends of the fuel rods and for other disturbances.

For a constant heat source density, a double integration of eq. (1) leads to
T,
JMT)dT = g'/4n (W/cm) (2)
TO

where q' is the linear power (“rod power”), T, is the surface temperature and T, is the central
temperature. The usefulness of the conductivity integral arises from its following properties:

(1) It is directly connected with the linear fuel rod power, which can be determined
calorimetrically.

(2) The central temperature is independent of the diameter of the UO,.

(3) The integrated thermal conductivity is a characteristic property of the material, which is
independent of the geometry.

(4) The thermal conductivity is obtained by derivation according to the upper limit.

(5) The integrated thermal conductivity may be additively normalized to any desired lower
limit.

(6) The integrated thermal conductivity may be utilized directly for the interpretation of
thermally activated phenomena, such as grain growth or the formation of a central void.

(7) The integrated thermal conductivity may be utilized for the calculation of the central
temperature of a fuel rod, for given power and boundary conditions.

Experimental Results
(1) The temperature dependence of the thermal conductivity

A compilation of 242 data curves is found in the work of Touloukian [17]. The 30 studies
which were published between 1954 and 1972 are reviewed by Neuer et al. [109]. Fig.1-19
shows the ranges of the data obtained for stoichiometric UO, (O/U = 2.005 + 0.005, density
> 92% of the theoretical (TD)) normalized to 100% TD. The figure includes the data of Daniel
etal. [23], Feith [24], Storaetal. [25], Vogtetal. [26], Godfrey etal. [27], Nishijima et al. [28],
Schmidt et al. [29], Ainscough, Wheeler [30], Kruger [31], Asamoto et al. [32], Gibby [33],
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Fig.1-19
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and Weilbacher [34]. Forsuch UO, Neueretal. [109] propose the following expression, which
is the mean of the results of [25, 27, 34, 36]:

AMT) = (439 + 0.0216 T)™" + 11.2x107* T exp(—114/RT) —4.18x 10° exp(—317/RT)
(3)
where T is in K and R = 0.008314 kJ - mol~" - K~'. This function is shown in Fig. 1-20.
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In 1967 a multi-participant experiment was conducted by the USAEC, in which six
laboratories carried out measurements on samples derived from the same substance [35, 36].
The results were discussed in great detail in the review of Neuer et al. (see General References
on p. 29). The values given by Godfrey et al. [27] and Stora et al. [25] have already in 1965
been recommended by an IAEA commission in Vienna [37]. The multi-participant experiment
confirmed these results up to 1400 °C, and yielded also reliable values for higher temperatures.

A further evaluation of the literature was undertaken by Olsen and Reymann within the
framework of the MATPRO-Version 09 handbook [38]. This evaluation considered 476 data
points due to Goldsmith, Douglas [39], Van Craeynest, Stora [40], Hetzler et al. [41], Godfrey
etal. [27], Bates [36], Lucks, Deem [42], Christensen et al. [43], Fayl, Hansen [44], and Stora
et al. [25].

An up-dated evaluation according to MATPRO-Version 11 (Rev. 1) [110] is reported at
the end of this section (see p. 34). A modified Loeb formula [7, 40, 45] (see pp. 30 and 33)
served for the normalization to a constant density. The result is:

A = ko (1—BP) (4a)
B =258-058x107"3%0 (4b)
where O is in °C and 2, is the thermal conductivity at a porosity P = 0.

Literature data [33, 41, 46 to 52] for UO,-PuO, mixed oxides (5 to 30% PuO,) are also
evaluated in the MATPRO-Version 09 handbook [38]. The following relationships are pro-
posed:

A= (1-B(1-D))(1-B(1-0.95)) (K, (K; + ©)7" + K; exp(K,0)) (5a)
for 0°C <@ <1650°C
A= (1-B(1-D))(1-B(1-0.95))""(Ks + K; exp(K,0)) (5b)
for 1650°C <O <2840°C
where D = 1—P (fraction of the theoretical density). Table 1/4 gives the constants K, to Ks.

For UO,-PuO, the transition temperature is 1 550 °C rather than 1 650 °C. The resulting curves
have been inserted in Fig.1-20 for the sake of comparison.

The conductivity integrals of UO, and UO,-PuO, have the following temperature
dependencies, according to [38]:

[C]
A (©)d® = KiIn (K, + ©) + K¢ exp(K,0) —K, (0<O<0) (6a)
[o]
0,,
[K(©)d® = Ks® + Kg exp(Ks®) —Kg (©'<0<0,) (6b)
J.

where @’ is the “transition temperature” (1650 and 1 550 for UO, and UO,-PuO, (20% Pu0,),
respectively), ®,, is the melting temperature; the constants are given in Table 1/4.

Theoretical interpretations of the observed temperature dependence of the thermal
conductivity have been presented by Bates [53], Christensen [54], Viskana [65], De Halas
[66], Stoddard, McCormick [67], Moore, McElroy [68], Schmidt [59], Weilbacher [34], and
Mdller [60].
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Table 1/4

Constants for Expressing the Thermal Conductivity (Eq. 5a, b) and the Integrated Heat Con-
ductivity (Eq. 6a, b) of UO, and UO,-Pu0O, (20% Pu0,), as a Function of the Temperature
[38].

constant uo, UO,-Pu0,
K, 40.4 33.0

K, 464 375

Ks 1.216x10°4 1.5640x 104
K, 1.867x10°3 1.710x1073
Ks 1.91x10°2 1.71x1072
Ks 6.513x10°2 9.006 x 102
K, 248.1 195.7

Kg 32.93 27.78

(2) The effect of the porosity

Neuer et al. (see in General References, p. 29) reviewed a large number of single
measurement data, which appeared in the literature. Systematic studies, by means of direct or
indirect methods (e.g., employing structural zones in irradiated fuel) have been made by Ross
[61], Vogt et al. [26], Notley, MacEwan [62], Aragones, Guerrero [63], MacEwan et al. [45],
Asomoto et al. [64], Van Craeyest, Stora [40], Stora [65], Moore, McElroy [58], and
Goldsmith, Douglas [39, 66].

The evaluation of the literature concerning the effects of the porosity leads to expression
(4), for which Neuer et al. recommended somewhat modified constants (B =2.5—0.5
x10730).

(3) Other material-dependent effects

There is general agreement among the authors (e.g. [22,27,39, 61,66 to 68]), that the
thermal conductivity of UO, diminishes with increasing O: U ratios (Fig. 1-21). Additives act
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in the same direction (e.g. [67, 69, 70]), as long as they do not form a continuous phase (e.g.,
cermets [71]). The grain size has no appreciable effect, as was found from measurements on
single crystals and on polycrystalline material (e.g. [34, 40, 58]).

In the most recent MATPRO-Version 11 (Rev. 1) [110] the following equation for the
thermal conductivity of solid unirradiated UO, and UO,-PuO, as a function of temperature,
density, oxygen-to-metal (0:M) ratio, and plutonium content of the fuel is recommended:

A = (D(1 + (6.5-0.00459T)(1-D))"") (C,(A + BT")""(1 + 3e,)™")

+ 5.2997 x 1073 T exp(—13358/T) (1 + 0.169(13358/T) + 2)2, (72)

where A = thermal conductivity (in W - m~" - K='), D = fraction of theoretical density,

C, = phonon contribution to the specific heat at constant volume (in J - kg™" - K-y,

C, = 296.7 (535.2852T"2 (exp(535.285/T) — 1)~ 2 - exp(535.285/T) (1—-C)

7b
+237.4 (571272 (exp(571/T)—1)"2-exp(571/T) - C) (7b)

where C is the PuO, content of the fuel! (ratio of weight of PuO, to total weight)
e = linear strain caused by thermal expansion when the temperature is above 300K (see

eq. 9a, 9b).

T = fuel temperature (in K)

T = fuel temperature if less than 1364 K. For temperatures above 1834 K the porosity factor,
D(1 + (6.5—0.00459T') (1—-D))~", isequal to 1 and for temperatures in the range 1364 to
1834 K the factor is found by interpolation as described in [110].

T" = fuel temperature if less than 1800K. For temperatures above 2300K, T is equal to
2050 K and for temperatures in the range 1800 to 2300 K, T is found by interpolation as
explained in [110].

A = afactor proportional to the point defect contribution to the phonon mean free path (inm
- s/kg).

A = 0.339 + 11.1 x absolute value (2.0—0:M ratio).

B = a factor proportional to the phonon-phonon scattering contribution to the phonon free
path (m - s - kg™"' - K™").

B = 0.06867 + (1 + 0.6238 x plutonium content of fuel).

The first term of eq. 7 a represents the phonon contribution to specific heat and the second
term represents the electronic (electron-hole) contribution.

(4) The effect of irradiation

A comparison of data obtained after irradiation with those obtained before it (e.g. [23, 61,
72], cf. also the reviews by Bradbury, Frost [73]), of data obtained directly under irradiation
(e.g. [72]) and of indirect measurements (e.g. [74 to 77]), leads to the conclusion that below
500 °C the thermal conductivity is lowered, as a result of the formation of lattice defects on
irradiation, but that above 500 °C, up to the melting point, there is no noticeable effect. Neither
do grain growth nor dendritic grain growth alter the thermal conductivity. According to Schulz
[78], UO,-Pu0O, samples, which were doped with simulated fission products corresponding to
a 150 MWd/kg(U + Pu) burnup, showed above 800 °C no change in thermal conductivity
relative to undoped samples.
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1.1.3.2 Thermal Expansion and Specific Heat Capacity

Burdick, Parker [79], Conway et al. [80, 81], Christensen [82], Hoch, Momin [83] report
results of linear thermal expansion measurements on non-irradiated UO,. Sheets [84] reported
the results of Lambertson, Handwerk [85], Bell, Makin [86], and Murray, Thackray [87].
Regression analysis by Olsen [88] of the data [79, 80, 85 to 87] leads to the expression:

AL/L = —4.972x107% + 7.107x107°0 + 2581 x107°@2 + 1.114x107'3@"3 (8a)

The effect of the irradiation on the thermal expansion coefficient is generally considered as
negligible. Olsen [88] also gave an averaged expression for pure PuQ,, obtained from the data
of Tokar et al. [89] and of Brett, Russell [90]:

AL/L = —3.9735x107* + 8.4955x107°0@ + 2.1513x107°0? + 3.7143x107'°©%8b)

The thermal expansion of the mixed oxides UO,-PuQ, is obtained from the weighted average
of expressions (8a) and (8b), according to Olsen’s recommendation [88].

While in MATPRO-Version 09 [88] the data were fitted with a polynominal, in MATPRO-
Version 11 (Rev. 1) [111] a correlation based on more physical grounds is recommended for
UO,:

AL/L =1.0x107%T — 3.0x1073 4+ 4.0x 1072 exp(—6.9x 10729/kT), (9a)
and for PuO,:
AL/L = 9.0x1078T — 2.7x1073 + 7.0x1072 exp(—7.0 x 1072°/kT), (9b)

where k denotes Boltzmann’s constant (1.38 x 10723 J/K).

For UO,-PuO, the contributions from each constituent are to be combined in proportion to
their weight fractions.

The first two terms in eq. 9a, b describe low temperature thermal expansion whereas the
last term describes the contribution from Schottky defects [113]. The O: M ratio is notincluded.
When the departure from stoichiometry (O: M ratio) is greater than 0.2 there is clearly an effect,
however this is not relevant for the in-reactor behavior of the fuel.

The specific heat capacity, or its integral over the temperature, i.e., the enthalpy, were
measured by Moore, Kelley [91], Ogard, Leary [92, 93], Hein et al. [94], Leibowitz et al. [95],
and Frederickson, Chasanov [96]. Measurements at low temperatures were carried out by
Huntzicker, Westrum [97] and Gr@nvold et al. [98]. Affortit [99] examined the effect of the
stoichiometry of the UO, on its specific heat capacity. The data were evaluated by Hein et al.
[100], Engel [101], Conway, Hein [102], Kerrisk, Clifton [103], as well as by Olsen [104].
From regression analysis of the data in [91 to 96], Kerrisk, Clifton [103] obtained the following
relationship for the temperature dependence of C,, except the factor (O:M)/2, which has
been recommended by Olsen [104] and refined by Reymann [112]:

C, = K02 exp(®/T)T2 (exp(®/T)—1)"% + K,T

+ ((0/M)/2)(K3Ep/RT?) exp(—Ep/RT) (10)

where C, isinJ-kg~" - K=" and T in K. The values of the constants ®, E;, and K,, K,, and K; are

given in Table 1/5. Approximately the same relationship was given in "Bureau of Mines

Bulletin No. 605" [105]. Fig.1-22, p. 36, shows the functional relationship expressed by
eq. (10).

The same relationship (10), but with different constants (given in Table 1/5), was used by

Reymann [112] for PuQ,, based on his evaluation of the data of Ogard, Leary [92], Gibby et al.

References for 1.1.3 on pp. 36/9 3
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[106, 107], Leibowitz et al. [108], and Kruger, Savage [114]. For UO,-PuO, the specific

heat capacity is found by combining the contributions of the constituents as described for
AL/L,.

Table1/5

Constants for Expressing the Specific Heat Capacity (Eq. 10) of UO, and PuO, as a Function of
the Temperature [112].

constant uo, PuO, units

K, 296.7 3474 J-kg='-K'
K, 2.43x10°2 3.95x10°¢ J-kg™'-K=2
Ks 8.745 x 107 3.860x 107 J/kg

® 535.285 571.000 K

Ep 1.577 x10° 1.967 x 10° J/mol

R 8.3143 8.3143 J mol™"- K™
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Concentration of the Fission Products

The concentration of the various fission product elements in an irradiated fuel depends on
its composition (e.g., the Pu-content), on the neutron spectrum, on the fission rate, and on the
amount of burnup. Itis necessary to consider decay chains in this connection. Fig. 1-23 shows
fission product concentrations at equilibrium for 10% burnup (relative to the number of metal
atoms), according to Davies, Ewart [1]. For further quantitative data see, e.g., references [2
to 7].
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1.1.4.1 Solid and Volatile Fission Products

The behavior of the fission products has been studied since the early sixties. Already the
studies of Bleiberg et al. [8, 9] and of Daniel et al. [10] have shown that for burnups up to 4
x 102" fissions/cm® (160 MWd/kg(U); 102° fissions/cm® correspond to 4 MWd/kg(U),
assuming 200 MeV per fission) no change of the cubic lattice structure of UO, occurs. The
radial distribution of the fission products in UO, pellets was reported by Bates et al. [11 to 13]
and by Anselin [14]; the first review was published by Childs [15] in 1963. More recent
examinations of the state of knowledge concerning the behavior of the fission products were
conducted at two |AEA conferences in Vienna, in 1972 [16] and in 1974 [17].
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Fission Products in the Fuel

The fission products in UO, and in UO,-PuO, may be classified according to their chemical
and physical behavior as follows [18]:

1) Those forming soluble oxides: Sr, Zr, Y, La, Ce, Pr, Nd, Pm, Sm, Eu, Gd.

2) Those forming insoluble oxides: Ba, Sr (as zirconate), Mo (according to the oxygen
potential of the fuel).

3) Elemental metals: Ru, Rh, Pd, and Mo (partly).

4) Volatile ones: Br, |, Rb, Cs, Se, Te.

5) Noble gases: Kr, Xe (these are treated in Section 1.1.4.2, p. 45). He and tritium are
relatively rare fission products formed in ternary fissions.

Whether fission products occur as the oxides or as the elements depends on the free energy
of formation of the oxides (Fig. 1-24), compared with the partial molar free energy of the
oxygen in the oxide fuel. It is seen in Fig. 1-24 that BaO, ZrO,, SrO, and the oxides of the rare
earths are stable relative to technical grade UQ, in a thermodynamical sense.

Fig.1-24
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A different classification can be made according to the metallographically observed phases
of the fission products (cf. e.g. [19, 20]):

1) Homogeneous distribution or very finely dispersed precipitates. The oxides of the rare
earths, with the exception of Ce, and those of Y and Zr, which are thermodynamically very
stable, occur in homogeneous or quasihomogeneous dispersion [21].

2) Grey phases (nonmetallic inclusions). The grey phases have high Ba and low Ce and Sr
concentrations [19 to 22], while the concentration of Zr is variable [19, 21, 23]. They are
essentially oxides and zirconates [24, 25], and contain also variable amounts of Nd, Mo, Ru,
and Tc (up to 9%) [21].

3) White phases (metallic inclusions). Metallic inclusions are the major fraction (70%) of
all inclusions. Their size is generally 5 to 6 um [19, 20, 25] (in extreme cases up to 1 mm [25]),
they are located at grain boundaries or near voids, and have melting points between about
1800 and 1900 °C [25]. The composition of the white phases corresponds to that calculated
from the fission concentrations of the elements shown in Table 1/6 (according to
[25 to 27] in [28]), except for Mo, which occurs partly as the oxide at elevated oxygen
potential of the fuel.

Table 1/6

Composition of Metallic Inclusions in Irradiated Oxidic Nuclear Fuels [28].

group components main position

components

U.Ru,Rh,Pd Pd central void
U,Pu,Te,O(?) Te near surface

1 Mo, Tc,Ru,Rh,Pd Mo,Ru whole fuel
Tc,Ru,Rh Ru columnar grains
Pd,Te,Sn,Sb Pd ] non-restructured zone
Pd,Mo,Sn Pd
Ba,Sr,Mo,Zr,0 Ba,Mo whole fuel,
Ba,Mo,0 crack
Ba,Ce,O whole fuel
Ba,Fe,O whole fuel
Ba, Mo, Nb,O Ba central void
Cs, Mo,0 near surface,

crack

i Pd,Mo near surface
Pd,Fe near surface
Pd,Fe,Ni near surface
Pd,Fe,Mo Pd,Mo near surface
Pd,Fe,Mo,Tc Pd,Mo near surface
Fe,Cr,Ni Fe(75%) near surface
Ba,Mo,Fe,O near surface
Cs,Te,O(?) near surface
Cr,Te,O(?) near surface

Cs,Cr,O surface, crack
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Numerous studies deal with the analysis and spatial distribution of the white phases. A
hexagonal phase containing Mo-Ru-Tc-Rh-Pd and a face-centered-cubic phase containing
U-Pu-Ru-Rh-Pd were isolated [25]. Also reported are intermetallic compounds of the type
MN; (M = U, Pu; N = Rh, Pd) [19, 29]. Extensive microprobe studies, e.g., those of Kleykamp
[30], Bazin et al. [31], and Friskney, Simpson [38], as well as gamma spectrometric studies,
e.g., those of Conteson et al. [32] and Powell [33], have been published. The results from [30]
are shown in Table 1/7. A special sampling technique (microdrilling) is described in [34].

Table 1/7
Analysis of Metallic Fission Product Phases in Irradiated Oxidic Fuel [30].

fuel composition in % Ref.

Mo Ru Tc Rh Pd

uo, 60 24 16 [26]
uo, 55 22 17 6 [21]
(Ug.gPug )0, 43 32 16 7 2 [25]
(Ug gPup»)0, 21 48 17 12 2 [27]

An important factor concerning the spatial distribution of the fission products is the
behavior of their precursors in the decay chains. For example, the precursors of Mo are the
relatively immobile Zr and Nb isotopes.

Further insight into the behavior of the fission products was obtained, e.g., by Schmitz et al.
[29], Gotzmann, Hofmann [35], Conte etal. [36], and Kerolas et al. [37], from studies on fuels
containing simulated fission products. Koizum, Satoh [39] studied the system UO,-Ba-Sr-Zr
and found at 1 500 °C the compounds (Ba, Sr)ZrO; and (Ba, Sr)UO,. Fig. 1-25 presents their
model for the radial distribution of Ba and Sr in the fuel.

Fig.1-25
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Potter [40] presents a survey of what was known in 1972 concerning the phase diagrams
of the systems U-Pu-0O-fission products. Of particular interest is the system U-O-Cs, that had
been investigated by Cordfunke [41]. A preliminary phase diagram of this system at low oxygen
partial pressures is shown in “Uran” Erg.-Bd. C3, 1975, on p. 51. The behavior of Cs as a
fission product was studied in detail also by Adamson, Aitken [42].

The Behavior of Volatile Fission Products

The mobility of the fission products must always be considered relative to their chemical
form. Typically volatile fission products, such as | and Cs, may be relatively immobile as certain
compounds under suitable conditions, as is, for example, the thermodynamically very stable
Csl. However, during irradiation of the fuel in the reactor this compound may decompose [43 to
45].

In colder fuel zones Cs is often found in oxide phases [23, 46]. Between 500 and 1 000 °C
there exist [42] at least two different Cs-U(Pu)-0 compounds (for the systems Cs-U-O and
Cs-U(Pu)O see in “Uran” Erg.-Bd. C3, 1975, pp. 50/4): Cs,U(Pu)O, at O:U =>2.009,
Cs,U(Pu)O;at 0:U <2.009 (hypothetically, according to [42]). The formation of Cs,UQ, in
mixed oxide fuel rods in the breeding zone as a consequence of Cs and O migration may cause
local volume increases [47, 48], which are significantly larger than the effects of fission product
swelling (see Section 1.1.5.2, p. 80). The compound Cs,Mo00, is important for the transport
of the elements Cs, Mo, and O [42], that is observable in porous regions in the fuel and in the
void space between the fuel and the cladding [23].

The axial distribution of Cs in mixed oxide fuel rods was studied by Swailos, Geithoff [49],
Phillips et al. [560, 51], and Karnesky et al. [62]. Further investigations of the caesium uranate
system and of the migration of Cs, Mo, and other fission products, from both thermodynamic
and kinetic viewpoints, were carried out by Johnson et al. [53 to 56], O'Hare, Hoekstra [57],
and Osborne et al. [568]. The various aspects of the migration of Cs may be summarized as
follows, according to Bramman, Powell [59]:

1) Even at low burnup, there occurs a major migration of Cs to the cold periphery of the
fuel (concentration up to 100 times that in the center).

2) An axial migration occurs to both the hotter rod end (at low axial temperature
gradients) and the colder one (at high gradients) [49].

3) Very little Cs is found in the fuel rod plenum (a fuel-free space at the end of the rod for
the uptake of fission gases).

As volatile fission products mustbe classified the halogens | and Br, in the compounds Csl,
Rbl, CsBr, and RbBr, as well as Te and Se, in the form of Cs,Te and Cs,Se, with vapor pressures
of about 103 bar at 1000 K and 1 bar at 2000 K [60].

Less volatile, but still sufficiently mobile to suffer concentrations shifts in the fuel rod, and
even to be released from the fuel, are Mo and Ba in oxide form [60, 61]. A diffusion controlled
precipitation of Mo and Ba at the surface of the fuel is reported in [61]. While Phillips et al. [62]
found an appreciable migration of Nb in UO,-PuO, fuel rods, Swailos, Geithoff [49] state that
practically neither Nb nor Ce, Pr, Ru, and Rh are mobile. The behavior of Ba and Sr is reported
by Friskney, Simpson [63].

Many publications deal with the behavior of the radioactive fission products
(such as '3'|, 133, 132Tg, '37Cs). Their release from the fuel is discussed in particular by
Friskney, Simpson [64] and Turnbull, Friskney [65, 66]. For a quantitative description of the
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release of unstable fission products see Section 1.1.4.3, p. 51 (models for intermediate
temperatures).

The diffusion behavior of metallic Cs, Ag, and Sr in layered fuel particles is discussed by
Brown, Faircloth [67]. The release of fission-produced Cs, Sr, and Ba may be diminished by the
additions of Si0, and Al,O; to the UO, [68, 69]. For the retention of Ba also ZrO, may be used,
as an “interior getter”’ [70].

1.1.4.2 Behavior of the Fission Gases in the Fuel

Robertson [71] surveyed what had been known on the behavior of fission gases in 1973, a
subject that had been studied since the fifties. Recently a critical review of gas release
mechanisms in UO, was given by Matzke [234]. Noteworthy milestones in understanding the
behavior of the fission gases in the fuel are:

1957: Booth [72] — measurement of the release of the fission gases; its interpretation as
the diffusion of single gas atoms; introduction of the radius of an equivalent sphere for the
description of the porous structure of a fuel pellet.

1960: Lewis [73] — observation of the resolution of the fission gases.

1960: MacEwan, Lawson [74] — recognition of the migration of pores along a temperature
gradient as a factor contributing to the release of the fission gases.

1963: Barnes, Mazey [75] — observation of bubble migration (in metals).

1964: MacEwan, Stevens [76] — the interpretation of the decrease of the fission gas
release rate with increasing burnup in terms of interactions of its atoms with lattice defects
(defect trap model).

1965: Whapham, Sheldon [77] — observation of the resolution of fission gas bubbles
under irradiation.

1966: Notley, McEwan [78] — the recognition that the transient fission gas release during
power excursions occurs by means of grain boundary bubbles.

1967: Cornell, Banister [79] — the finding that the mean bubble migration rate varies
with bubble size.

1967: Matzke, Davies [80] — the finding that fission gases diffuse by means of triple
vacancies (one U-vacancy and two O-vacancies).

1969: Bellamy, Rich [81] — the recognition that grain boundary pore growth leads to
fission gas release.

1969/71: Nelson [84], Turnbull, Cornell [98, 99] — quantitative data on resolution of
bubbles, theory of atomic collision aspect.

1971 : Turnbull, Cornell [87, 88] — consideration of heterogeneous nucleation of bubbles.

1974/78: Tucker [162, 235 to 238] — observation of grain boundary bubbles, quantitative
treatment.

1977/79: Baker [239 to 241] — radial bubble distribution in pin, transmission microscopy.

1977/79: Turnbull, Friskney, Speight [66, 167, 242] — high-temperature high-burnup
isothermal in-pile release experiments.

1979: Johnson et al. [243] — observation of gas bubble morphology by scanning electron
microscopy.

1979: Kleykamp [244] — measurements of radial Xe-profiles by electron microprobe
analysis.

1979: Zimmermann [245] — simultaneous measurement of gas in pores and gas in matrix.

References for 1.1.4 on pp. 65/70
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The state of the analytical treatment of the behavior of the fission gases in the fuel was
summarized in 1973 by Speight [82]. The following aspects were considered: 1) Formation of
bubbles, 2) stability, growth, and migration of intragranular bubbles, and 3) migration of large
bubbles along temperature gradients.

The Formation and Growth of Bubbles

Homogeneous nucleation is treated in the model proposed by Greenwood et al. [83], and
plays some role also in those of Nelson [84], Whapham [85], and Dollins, Ocken [86]. The
density of bubble nuclei should decrease at increasing temperatures, if nucleation is
homogeneous. This decrease should be around an order of magnitude between 900 and
1200°C, according to Whapham [85].

Heterogeneous nucleation results, according to Turnbull [87] and Cornell [88], from
spontaneous generation in the fission fragment track. The bubble nucleus contains [87] about
four gas atoms, and each fission fragment forms some five nuclei. Heterogeneous nucleation is
favored by the observation with an electron microscope [87] of linearly arranged fission gas
bubbles (Fig. 1-26), and by the small temperature dependence, a factor of 4 between 800 and
1600 °C, of the bubble concentration observed by Cornell [88] (Fig.1-27).

Olander reviewed the theoretical studies of bubble growth [89]. Some simplifying
assumptions that have been used in the models are:

(1) All the gas occurs in the bubbles, none in the matrix.

(2) Resolution mechanisms involving the fission fragments are neglected.

(3) All the bubbles have the same size.

(4) The bubbles are in mechanical equilibrium with the matrix.

(5) The gas density corresponds either to that of closest packing or to that of an ideal gas.

Fig.1-26

Electron-microscope pictures of intragranular fission gas microbubbles [87].
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The model of Eyre, Bullough [90] employs all these five simplifications, that of Markworth
[91, 92] only simplifications (2) to (5), while fission-induced resolution is recognized (and
assumptions (3) to (5) are kept) in those of Nelson [84], Patietal. [93, 94], and Marlowe [95].
The giving up of simplification (4) entails the consideration of vacancies, for which Greenwood
et al. [83], Gulden, Kaae [96], and Harrison [97] made theoretical contributions, in the latter
two cases involving the effects of mechanical stresses.

In order to analyse the distribution of bubble sizes, it is necessary to take account not only of
the mechanisms of the creation and growth of bubble nuclei, but also mechanisms of bubble
resolution due to fission fragment effects. These effects are:

(1) Complete spontaneous resolution of small bubbles due to the effect of a single fission
fragment. The model of Turnbull [87], that describes the data of Cornell [88], leads to a bubble
size distribution which is the result of the dynamic equilibrium between their generation,
growth, and resolution. The mean lifetime of such bubbles is of the order of one hour.

(2) The knocking out of gas atoms from a large bubble due to the effect of a fission
fragment. According to Turnbull and Cornell [98], this mechanism takes place for bubble sizes
larger than about 2.4 nm (cf. also [99 to 100]).

Dollins and Ocken [86] arrive at mean lifetimes of the bubbles as a function of their sizes
differing from those of [87, 88].

A complete mathematical treatment of the Turnbull model was undertaken by Speight
[102], who reported the bubble size distribution as a function of the burnup. According to this
Turnbull-Speight model, the processes of nucleation, bubble growth, and bubble resolution
occur simultaneously. At low fission rates and high temperatures there is a broad distribution of
the bubble sizes and the concentration of the bubbles is low. On the contrary, at high fission
rates and low temperatures, the size distribution is narrow, but the concentration of bubbles is
again low, due to the strong effect of the resolution on the state of the equilibrium.

References for 1.1.4 on pp. 65/70
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Ross [103] and Nelson [84] presented mechanisms for the shrinkage of gas bubbles in the
fuel. In both models it is assumed that gas atoms are knocked out of the gas bubble by fission
fragments. The continuous change in the radius of the fission gas bubbles (or gas filled closed
sinter pores) obeys, according to Ross [103], the expression

Ar =ro—t = (3/2)k - T-n-B (1)

where 1, is the initial radius, B is the burnup, k and T have their usual meanings, and
n 2#5x10"" Xe atoms per cm? - bar- MWd/t(U) is a parameter. From this follows that a pore
withrg = 0.25umat T = 473 Kwill disappear after about 500 MWd/t(U). According to Nelson
[84] the mean lifetime of a bubble of r, = 5um is about 10%s. Another model, which deals
mechanistically with the effect of fission fragments on fission gas bubbles, was presented by
Blank, Matzke [104]. Further theoretical treatments of bubble growth may be found in the
studies of Markworth [92] and Speight [105].

Bubble Migration
There are essentially two different mechanisms for bubble migration:

(1) stochastic movement of fission gas bubbles in the fuel matrix, and
(2) migration of fission gas bubbles along temperature gradients.

Greenwood, Speight [106] presented in 1963 the first model for the coalescence of
stochastically migrating fission gas micro-bubbles under isothermal conditions. Gruber [107]
extended this model in 1967 by means of computer calculations to include non-analytic
solutions of the migration equations. Olander [108] summarized these studies. The migration
and coalescence of fission gas bubbles, and the reiation between fission gas behavior and
fuel swelling, was discussed also in several theoretical papers by Dollins, Nichols, Ocken and
Warner [86, 109 to 114] as well as in one by Cornell, Speight et al. [115].

Observations of bubble migration were made by Cornell, Bannister [79], who injected gas
atoms into foils, and by Gulden [116], who generated the bubbles by annealing of a fuel, that
had been irradiated at low temperatures. Contrary to this, Turnbull [117] found at temperatures
<1500°C no indication of the mobility of bubbles that had been generated by irradiation at
higher temperatures. This was confirmed by Baker [118, 119]. Gas micro-bubbles with
diameters from 1 to 4 nm have often facets with crystallographically definable morphology. The
migration velocities of such bubbles may be lower by several orders of magnitude than those of
spherical bubbles, according to Shewmon [120] and Beeré [121], since the rate of formation
of new facet-steps may be rate-determining. The different results of Gulden [116] and Baker
[118, 119] may be further due to the fact that in the former case a precipitation of solid fission
products could be found in most of the bubbles, while in the latter one the surfaces of the
bubbles were clean.

It appears, thus, that below 1500 °C it is the diffusion of dissolved gas atoms, and not the
stochastic migration and coalescence of fission gas micro-bubbles, that is responsible for
bubble growth. Above 1700°C the bubbles are spherical, and have an appreciably enhanced
mobility.

Nichols [122] surveyed the possible mechanisms of the mobility of pores and bubblesina
solid. The migration velocity of a bubble along a temperature gradient, vg, may be expressed as
follows:

vg = (Dg/kT)(4nr*/3Q)(Q"/T) (dT/dx)g 2)
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where Dy is the “bubble diffusion coefficient”, r is the bubble radius, Q is the volume of the
matrix atoms, Q" is the heat of transport and (dT/dx)g is the temperature gradient at the position
of the bubble. The transfer of matrix atoms to the colder side of a bubble causes the movement
of the bubble in the temperature gradient. Fig. 1-28 [18] shows the velocity as a function of
the radius of the bubble for the following three mechanisms:

(1) volume diffusion (Dg ~r~3),
(2) surface diffusion (Dg ~r=%), and
(3) vaporization-condensation (Dg ~r=2).

Fig.1-28
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Velocities of bubble migration according to the three transport mechanisms as a function of the
bubble radius [18].

Weeks et al. [123] have calculated migration velocities. The larger bubbles and pores
migrate at high temperatures by means of a vaporization-condensation process. Fig.1-29
[124] shows the typical appearance of lenticular pores, which migrate towards higher
temperatures, and leave behind them columnar grains (grain boundaries not visible),aswell as
pearl-string-like micropores at the edges of their track. The basic mechanism of this
phenomenon had first been presented by MacEwan, Lawson [125]. The effects of the crystal
orientation were treated in [126, 127], and the effect of the gas-filling in [128]. Further
theoretical papers were published by Sens [129], De Halas, Horn [130], Speight [131], and
Nichols [132, 133]. However, experimental studies by Oldfield et al. [134, 135] showed the
observed migration velocities to be lower than the theoretically predicted ones. This may be
explained by the effect of impurities on the crystal growth [136].

Experiments simulating the migration of large pores along temperature gradients were
made by Ronchi, Sari [137], Kikuchi, Tobita [138], and Kawamata et al. [139]. Lenticular
pores occur [137] only if the pressure of the gas in them is lower than the equilibrium pressure
of the solid phase. The pore migration velocity is then proportional to T~5/2, as was also derived
theoretically by Clement [140]. According to this model, the velocity of the migration of He-
filled pores along a temperature gradient is controlled by the kinetics of the vaporization-
condensation process at the pore surface.

Gmelin Handbook References for 1.1.4 on pp. 65/70 4
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Fig.1-29

Lenticular pores, that migrate towards higher temperatures (left) [124].

1.1.4.3 The Release of Fission Gases
Experimental
There are essentially three types of experiments for examining the release of fission gases:

(1) Annealing of pre-irradiated samples (for the experimental arrangement see, e.g., [141,
142]).

(2) Measurement during the irradiation (for the experimental arrangement see, e.g., [143,
1447).

(3) The puncturing of irradiated fuel rods.

Models for Low Temperatures ($1000°C)

Since the mobility of the fission gas atoms by means of thermally activated processes is
small at low temperatures, the fission gases can emerge from the fuel only by means of one or
more of the following mechanisms:

(1) Irradiation-enhanced diffusion,
(2) recoil of the fission fragments, and
(3) knock-out of gas atoms by the fission fragments.

Mechanisms (2) and (3) are treated in [144 to 149]; they are effective only near the
surface. Also fuel atoms may be knocked out, together with the fission gas atoms. The layer
plated out on the cladding may affect the integral of the fission gas release [150].

In the model of Shiba et al. [151] (pseudo-recoil model) the fission gas atoms are
temporarily held back in traps (lattice defects produced by the fission fragments). According to
Yamagishi, Tanifuji [152] the “pseudo-recoil” process is, in fact, a “self-knock-out”
mechanism: when a fission fragment spends its energy near the UQ, surface, it knocks surface
atoms out, together with which it is released from the lattice. In the model of Szuta [153], an
“intermediate state” of the fission gas (high energy fission fragments) is assumed, which
explains the fission-rate dependence of the fission gas release.
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Release measurements of Shiba [154] with UO,,, (O <x <0.62) show that the release
increases up to amaximum atx = 0.2, falls to a sharp minimum atx = 0.25, and thenrises again
for increasing values of x. More or less “ideal” UO, and U,0O4 crystals thus possess at low
temperatures a lower fission gas release ability than crystals with more lattice defects.

Models for Intermediate Temperatures (1000 to 1600 °C)

A survey of what had been known prior to 1963 was published by Childs [15]. The simplest
explanation for the temperature dependence of the fission gas release is that the fission gas
atoms diffuse through the matrix and emerge at surfaces adjacent to the surroundings. The fuel
is regarded as an assembly of spheres of equal sizes, having an equivalent radius, a, defined by

a=3V/A (3)

where V is the total volume and A the total surface area. Often a is treated as just an empirical
parameter. There are two variants of the equivalent radius model:

(a) Simple diffusion model

According to Booth [72], the fractional release, f, of stable noble gas isotopes is for f <0.57
the following function of the duration of the irradiation, t:

f = 4(D't/n)"/?2-1.5Dt (4a)

where D' = D/a? and D is the diffusion constant of noble gas atoms in the fuel, provided their
rate of generation and the temperature are constant. Three experimental facts indicate that this
model is oversimplified:

— the t'/2 law is not always obeyed,

— D and therefore D’ depend on the burnup, as is shown in Fig.1-30 [155], and

— the release depends in a complicated way on the fission rate, as is seen in Fig.1-31,
p.52 [156].
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Fig. 1-31
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The fractional release obtained by annealing after irradiation is given by
f=6(D't/n)"? (4b)
Radioactive fission gas isotopes (and generally, active fission products) may be treated
only under steady-state conditions by simple expressions, such as
R/B = 3(D'/n)"/? (4c)

where R is the release rate, B the rate of generation (R/B is thus the fractional release rate)
and A the decay constant [157].

(b) Diffusion mechanisms with traps and resolution
Olander [157] classifies the traps for fission gases as follows:
1. Natural disturbances:

(a) grain boundaries,

(b) dislocation lines,

(c) closed pores, generated during manufacture,
(d) impurities in the matrix.

2. lrradiation-induced disturbances:

(a) vacancy clusters (in particular in fission fragment tracks),
(b) dislocation loops (condensation of interstitials),

(c) fission gas micro-bubbles

(d) precipitated fission products (e.g., noble metals).

Further aspects are the ““stability” of the traps against thermally activated processes and against
fission fragment effects, and the “depth” of the traps.

An example for this variant of the model is that of Speight [105], which was discussed also
by Frost [158]. Two kinds of traps are considered : intragranular fission gas micro-bubbles, and
intergranular fission gas bubbles at the grain boundaries. Both kinds of bubbles submit to
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fission-induced redissolution. This model was used for practical fuel rod layout, in spite of the
many parameters which are difficult to estimate (see Collins, Hargreaves [159, 160]). The
following mechanisms were considered:

(1) Diffusion of gas atoms from the interior of the grain to its boundary, including the
effects of intragranular micro-bubbles.

(2) Resolution processes by means of fission fragments.

(3) Grain growth as an additional process for the collection of gas atoms.

The fission gas release calculated according to the model is shown in Fig.1-32 for
various temperatures and in Fig.1-33 for various grain sizes of the UO,. This model is
considered together with the swelling and the migration of fission products generally in the
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reviews of Frost [158], Findlay [161], and Turnbull, Tucker [162]. Several more papers from
the Berkeley Nuclear Laboratories “school”, (Central Electricity Generating Board, UK,
= CEGB), provide experimental confirmation and material for possible supplementary
considerations of the model. Turnbull, Tucker [163] calculated the fission gas release for
temperature gradients of short duration, and found that only minimal amounts of gas are
released thereby from the fuel matrix. A model for the morphology and growth rate of the grain
boundary porosity in irradiated UO, was constructed by Beeré, Reynolds [164]. The model
predicts fission gas release after an incubation time of about 3.4 x 10° s for thermal gas diffusion
(1600°C) or of 2.4x 107 s for athermal gas diffusion. The following gas release comes in
individual outbursts, the mean time between outbursts being 3.5 x 10%s, respectively 1.6
x 108 s, for the two above-mentioned conditions. Also Tucker, Turnbull [165] regard the pore
morphology and changes in it under irradiation. Several experimental studies by Friskney,
Turnbull et al. [64, 166 to 168] report the release rates of individual fission gas isotopes and
their temperature and grain size dependencies. Fig. 1-34 [168] shows the diffusion constants
of Kr and Xe, compared with those of Br and |, derived from the results. Grain boundary
diffusion is of relative minor importance for the fission gases (contrary to iodine [64]).

Fig.1-34
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The modeling and experimental work at CEGB has been continued up to now (1981).
According to Tucker [235 to 238], fission gas release depends on the following sequential but
interrelated processes: (1) Diffusion of gas atoms to the grain boundaries. (2) Passage of gas
atoms to pores on grainedges. (3) Growth of interconnected grain edge porosity results in fission
gas release.

The coalescence of grain boundary bubbles is treated mathematically by a simple diffusion
model in [235]. As shown in scanning electron micrographs of UO,, fracture surfaces (Fig. 1-35)
the small fission gas pores on the grain boundaries are discrete and are randomly spaced. They
remain discrete until they all coalesce with their neighbors by simple overlapping. Further
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Fig.1-35

Scanning electron micrograph of a fracture surface of UO, irradiated at 1 750 °C to an exposure of
0.13% FIMA [235].

calculations on the migration of grain edge bubbles lead to the conclusion that a bubble tends to
migrate preferentially towards those of its neighbors that contain the lowest fission gas pressure,
a process which dominates over random migration [236].

An important step in the understanding of fission gas behavior in UO, was the experimental
work of Baker [239 to 241], who observed intragranular fission gas bubbles by electron
microscopy and came to the following conclusions [241]:

(1) Intragranular fission gas bubbles nucleate heterogeneously in UO.,,.

(2) The bubbles have clean surfaces and are faceted.

(3) The bubble size increases slightly and the bubble density decreases slightly with
irradiation temperature.

(4) There is no evidence for appreciable mobility of gas bubbles, at least up to 1600°C.

(5) At irradiation temperatures below 1500 °C only a small fraction of the gas is present as
intragranular bubbles. The majority of the gas is in solution.

(6) The dominant mechanism leading to the release of gas by its transfer to grain boundaries
is the diffusion of single atoms.

Tucker and Turnbull [242, 246] refined their model, taking into account the effect of open
grain edge porosity on the resolution of fission gas. With increasing fraction of grain surfaces
occupied by tunnels the resolution parameter is reduced. Fig. 1-36, p. 56, [242] shows a
comparison of gas release at 1450°C with that predicted by this model.
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Fig.1-36
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A model of the release of unstable gaseous and volatile fission products was developed by
Tucker and White [247, 248]. Friskney, Turnbull [249] measured the release rates for unstable
rare gases 28Kr, 87Kr, 85MKr, 133Xe, '38Xe for samples of polycrystalline small-grained and large-
grained UO, in the temperature range 700 to 1550°C. Interpretation is in terms of simple
diffusion of gas atoms and their halogen precursors. Diffusion coefficients calculated for Kr, Xe,
and | are similar in magnitude and temperature dependency; the coefficient for Br is about
200 times higher.

Another working group in Great Britain which delivered many papers on theoretical and
experimental aspects of fission gas release is with UKAEA, especially AERE Harwell. Starting
with the analysis of observations of fission gas bubble distributions in the fuel [250] and with the
modelling of bubble nucleation and fission-induced resolution in the fuel [251] by Wood, this
author and Matthews developed a simple operational gas release model (and swelling model) for
intragranular gas [252] and for grain boundary gas [2563]. This model can be extended to the
fission gas behavior during transient heating under hypothetical accident situations [254, 255].
Greatley and Hargreaves [256], UKAEA, measured the fission gas release of UO, during
irradiation in the Windscale Advanced Gas-Cooled Reactor. The results lend support to current
theories of the mechanism of fission gas release.

A further “school of thought'' concerning fission gas behavior is the Bettis Atomic Power
Laboratory, USA. The state of knowledge up to 1971 was reviewed by Nichols, Warner [110].
Dollins, Nichols published in 1977 a model [114] for the release of and the swelling by fission
gases, for temperatures below 1700 °C, covering also the temperature range below 1200 °C, for
which Dollins [113] had already proposed a model in 1976. The most important characteristics
of the model are:

(1) The fission gas micro-bubbles are generated homogeneously at low temperatures (two
atoms form one nucleus), and are mobile even at temperatures below 1300 °C, but they move
randomly even in the presence of large temperature gradients [113].

(2) The model describes the size and concentration of gas bubbles in the interior of the
grains, as well as at their boundary surfaces, edges, and corners.
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(3) Resolution mechanisms are considered even for grain boundary bubbles.
(4) When the gas bubble swelling at the edges and corners of the grains reaches 5%,
mutually connected and branched gas tunnels are formed.

This model is a further development of the BUBL-codes, previously developed by Nichols,
Warner [110] and their many coworkers, extensively discussed in [157]. Fig.1-37 shows
predictions for the fractional fission gas release as a function of the burnup. Fig. 1-38
shows the calculated grain size dependence, as an example of one of the parameters of the
model. Fig. 1-39, p. 58, compares values calculated from the model with the experimental
results of Zimmermann [169].
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Fig.1-39
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A further microstructure-dependent model for fission gas release (and swelling) in UO,, fuel
which incorporates the relevant physical properties (fission gas diffusion, bubble and grain
boundary movement, intergranular bubble formation and interlinkage) was developed by Notley
and Hastings [257 to 259]. Recently Kidson [260] published a generalized analysis of the
“equivalent sphere model” introduced by Booth in 1957 [72].This model has been generalized
to describe the behavior of the m members of a radioactive chain during k cycles of reactor
operation. The expressions obtained for the concentration of the species in the equivalent sphere
and the cumulative fractional release from the sphere include, as special cases, all results
previously considered as well as some new predictions.

Another mechanistic model is that of Ronchi and Matzke [170 to 172]. It starts from the
following differential balance of the fission gas concentration:

dcinsolution = dcgeneration + dcresolution - dcintragranularbubbles - dcgrain boundary bubbles (5)

1t presents a set of linear differential equations that must be solved numerically. The following
quantities are determined:

(1) the concentration of fission gases in the matrix, as a result of a dynamical equi-
librium,

(2) the concentration of fission gases in intragranular micro-bubbles,

(3) the concentration of fission gases at grain boundaries,

(4) local swelling caused by bubble growth.

A comparison between the theory and experimental results (UO,-PuQ, fuel rods for fast
breeders) shows that the portion of fission gas calculated to be at the grain boundaries (3)
practically equals the released fission gas. Fig. 1-40 shows the time dependence calculated for
portions (1) to (3), expressed as a fraction of the fission gas formed.
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Fig.1-40
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Three categories of fission gases have been distinguished in the study of fission gas
behavior and the swelling of oxide nuclear fuels by Zimmermann [18]:

(1) released fission gas (Fig.1-41),

(2) fission gas in pores, which may be released on grinding of the fuel (Fig. 1-42a and b,
p.60) and

(3) fission gas in the lattice, the remainder after subtracting the fission gas categories (1)
and (2) (Fig.1-43, p.60, and 1-44, p. 61).
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Fig.1-44
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Zimmermann describes the release of the fission gas as a two-step process: (a) release
from the lattice unto the grain boundaries, and (b) release from the grain boundaries. The first
part (a) is calculated according to the model of Booth (eq. 4a), with the empirical parameter

D' = 1.3x10"7 exp(—78/RT)—1.38x10"2%F (6)

(D' is ins~", the activation energy is in kJ/mol, the fission rate F in fissions-cm~3-s7"). The
relative release from the grain boundaries Ry is expressed by

Rg = K(Dgt)'"/?P" o

where K is a structure factor, Dy is the effective transport coefficient for the release of fission
gases from the grain boundaries to free surfaces in cm?/s, and P is the concentration of fission
gas in pores. The experimental result for D¢ is

Dg = 9x107"" 4+ 1.5x107° exp(—100/RT) (8)

and the parameter n was found to equal 107*T. The relative total release is f- Rg, where f is
given by eq. (4a).

The model of Hering et al. [173] consists of two parts: (a) steady-state fission gas release,
and (b) transient fission gas release. Based on the findings of Zimmermann [18], the release is
treated as a two-step process, but the release from the grain boundary is considered in a refined
manner. At a steady state the release follows the relationship

df(t)/dt = Ky (T) - K5(B, T) - K3(Po,, B) - g(t) (9)

where K, (T) describes the dependence of the gas transport along the grain boundaries on the
temperature, K,(B, T) describes the burnup and temperature dependencies of the release
through a "breakaway’ mechanism, K;(P,,, B) deals with the effect of the open porosity P,
that decreases as a consequence of post-sintering during burnup (see Section 1.1.5, p. 70),
and g(t) is the concentration of fission gases at the grain boundaries at time t. The part of the
model, that deals with the transient release of fission gases, assumes that the release is caused
by the formation of additional cracks. These cracks arise from grain boundary separations
caused by power transients.

References for 1.1.4 on pp. 65/70



62 Oxide Fuels in the Reactor

Another model is proposed in the MATPRO-Version 09 [174]. This model, developed
by Weisman et al. [175], leads to an expression of the following form:

F=1-(1-k)(1—exp(—kt))/kt (10)

where F is the portion of the fission gas released, while k and k’ are temperature- and density-
dependent parameters, respectively. This model is valid for a constant power level, but it may be
modified to apply to time-dependent power levels [174]. The data base for the calibration of
the model is an extensive literature survey by Beyer, Hahn [176]. These authors selected
carefully such results which were obtained with representative and well characterized samples
and operating conditions. Fortysix experiments from seven different sources [177 to 183] were
utilized for the evaluation of the parameters k and k’.

A refined version of this analytical fission gas release model was presented in MATPRO-
Version 11 [261]. The fission gas released to the fuel free volume (F) is a fraction released from
the grain boundaries (F’) times the sum of the fission gas stored at the grain boundaries during
previous time steps (S) and the fission gas that reaches the grain boundaries during a time
increment (An):

F=F(S + An) 1)
The rate of fission gas transport from the interior of the grain to the grain boundary is
dn/dt = k'(B + k'’C) 12)

where n is the fission gas released from the grain interior to the grain surfaces, tis the time, C is the
fission gas trapped at defects in the interior of the grain.

B = dn/dt + dC/dt (13)

is the fission gas birth rate, k' is the probability of direct release from the fuel grains and depends
on the temperature, k™ is the probability per unit time of release of fission gases from grain defect
traps and depends on temperature and burnup, Fis a function of temperature, burnup, fuel den-
sity, and grain size of the fuel. The relationships are reported in [261].

There are numerous alternative models for the release of fission gases. Reference is made,
e.g., tothe studies of Rest [183], Johnson, Hofman [185] (two-zone model), and Beyer, Hahn
[186, 187] (three-zone model). General agreement exists, that the release increases with
increasing temperature and burnup, but decreases with increasing fuel density. There are,
however, contradictory statements in the literature about the effects of other factors.

Some further aspects of the release of fission gases are discussed below, e.g., its
dependence on the properties of the fuel and on the operating conditions. Only an indirect
effect of the density (by the temperature distribution) in the range 10.42 to 10.74g/cm?® is
claimed in [188]. A transient fission gas release was observed even for downward power
excursions in closed fuel rods [78], but this effect was absent in ventilated rods [189]. The
diffusion constant of Kr is different by a factor of 2 in single- and polycrystalline fuels in the
temperature range 1400 to 1600°C [190]. That of '33Xe increased at 1250°C from 5x 10~ "
to 4.5 x 10~7 cm?/s for grain sizes varying from 20 to 100 um, but the activation energy did not
change [191, 192]. Additions of Nb,O5 or La,0O5 up to 1 mol% affect the fission gas release
only indirectly, through the grain size of UO, [193]. Doping UO, with Cr,0;does not markedly
change the fission gas release of the fuel [262]. A high hydrostatic pressure (600 to 1000 bar)
may repress the formation of intra- and inter-granular fission gas bubbles [194]. A strong
dependence of the release of fission gas on the grain size was observed by Griesmeyer et al. [195]
(Fig. 1-45) for rapid temperature transients. For the fission gas behavior during fast
thermal transients under hypothetical accident conditions see also [254, 255, 263 to 265].
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Fig.1-45
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Fission gas release for fast temperature transients for different grain sizes (model calculation)
[195].

Model for High Temperatures (Z1600°C)

A model for the release of fission gas and the swelling at higher temperatures was proposed
by a group of authors at the Battelle Columbus Laboratories, USA [196 to 198]. Fig. 1-46
shows the individual steps of the mechanism:

(1) —(2) The build-up of a population of intragranular micro-bubbles without fission gas
release.

(3) — (4) The migration of lenticular pores through the matrix along the temperature gra-
dient towards higher temperatures, whereby the fission gas is collected from the micro-bubbles
and is transported thereby.

(5) Renewed formation of a micro-bubble population.

Fig.1-46
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Schematic representation of the individual steps in fission gas release by flushing with migrat-
ing lenticular pores. The temperature gradient is positive in the upward direction [28, 197].

References for 1.1.4 on pp. 65/70
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The sources for the pores, that are lenticular for energetic reasons, are large stable fission gas
bubbles, sinter-pores, and crack surfaces. The model is based on high-temperature irradiation
experiments of Hilbert etal. [197], Chubb et al. [198], Doi et al. [199], and Nelson et al. [200,
201]. Simulation experiments with non-irradiated samples were made by Lawson, MacEwan
[202], Oldfield et al. [203], and Ronchi, Sari [137].

The Diffusion Coefficient of Fission Gases

A recent review of the diffusion coefficients of fission gases in UO, was published by
Lawrence [204]. Previous surveys had been published by Belle [205], Childs [15], Matzke
[206], and Turnbull [207].

Lawrence [204] surveyed all the experimental investigations of the diffusion coefficients of
noble gases due to fission in UO,, finding a considerable scatter of the values. Deviations
due to differing sample properties and experimental conditions were examined. The most
important results were tabulated for the following types of experiments: annealing after
irradiation [142, 205 to 225], determination during the irradiation [148, 149, 221, 226 to 228],
and miscellaneous experiments [206, 229 to 233].

The diffusion of noble gases in UO, depends strongly on the stoichiometry and on the
burnup. The diffusion coefficient varies by a factor of 10% in the O:U range from 1.997 to0 2.020
[142]. Fig. 1-30 (p. 51) shows the results of MacEwan, Stevens [155] concerning the
dependence on burnup.

Lawrence [204] normalized the reported data to zero burnup and to the stoichiometric
composition UO, 40, and obtained the following ““diffusion coefficient for fission-generated
noble gases in UO,":

D = 7.6x107% exp(—304/RT) (cm?/s) (14)
(the activation energy is in kJ/mol).

In his review paper [234] Matzke stressed the point that the better definition of terms for the
diffusion of rare gases in UQ, is necessary in order to avoid obvious disagreements of the results
and their interpretation. The following definitions for diffusion coefficients of rare gases in UO,
are recommended: D for intrinsic diffusion of single gas atoms in the undamaged UQ, lattice;
possibly affected by deviations from stoichiometry and accumulation of fission products in
solution. Di&; for diffusion in the presence of traps, but in the absence of irradiation. D5, =
f(nvt) between about 10'® and 102° nvt. At higher nvt, saturation is indicated with a very low
diffusion coefficient. D12 for diffusion in the presence of both traps and irradiation, describing
gas mobility between fission gas bubbles. D = Di%.2" b/(g + b) describing effective mobility
including precipitation in bubbles. b = resolution probability; g = capture probability. Dy e fOr
diffusion of the bubble itself, describing gas transport in the absence of resolution. It proceeds
via surface or volume diffusion of matrix atoms, U being rate-controlling, or via evaporation-
condensation. The order of magnitude of the first three coefficients is:

DlabA < DinApiIe < D (15)

trap trap
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1.1.5 Changesin DimensionsInduced by Irradiation (Densification and Swelling)
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H. Ocken, A Review of Irradiation-Induced Densification in Uranium Dioxide Fuel, EPRI-SR-
15 [1975] 1/32.

D.L.Hagrman, G. A. Reymann,MATPRO-Version 11, A Handbook of Materials Properties for
Use in the Analysis of Light Water Reactor Fuel Rod Behavior, NUREG-CR-0497 [1979]
83/98 [Densification], 98/125 [Swelling].

D.R. Olander, Fundamental Aspects of Nuclear Reactor Fuel Elements, TID-26711-P1 [1976]
193/96, 199/262 [Swelling].

M. D. Freshley, D. W. Brite, J. L. Daniel, P. E. Hart, Irradiation-Induced Densification of UO,
Pellet Fuel, J. Nucl. Mater. 62 [1976] 138/66.

H. ABmann, H. Stehle, Thermal and In-Reactor Densification of UO,, Mechanisms and
Experimental Results, Nucl. Eng. Design 48 [1978] 49/67.

M. D. Freshley, D. W. Brite, J. L. Daniel, P. E. Hart, Irradiation-Induced Densification and PuO,
Particle Behavior in Mixed-Oxide Pellet Fuel, Meeting: Characterization and Quality
Control of Nuclear Fuels, Karlsruhe 1978; J. Nucl. Mater. 81 [1979] 63/92.

T. C. Rowland, M. O. Marlowe, R. B. Elkins, Fission Product Swelling in BWR Fuels, NEDO-
20702 [1974].

H. Zimmermann, Untersuchungen zum Schwellen und Spaltgasverhalten in oxidischem
Kernbrennstoff unter Neutronenbestrahlung, KFK-2467 [1977] 1/102 [162 Refs.].
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(European Institute for Transuranium Elements), Germany, October 26 —27, 1978. Session
|: Microscopic and Local Swelling, Eur. App!l. Res. Repts. Nucl. Sci. Technol. Sect. 1
No. 1 [1979] 17/106.

1.1.5.1 Irradiation-Induced Densification

Already in 1958 has it been reported by Barney [1] that loose UO, particles sinter in the
reactor at 500 °C. This effect was also reported afterwards by Bleiberg et al. [2] and Marlowe
[3]. Aitken [4] has supposed already in 1962, that at low temperatures athermal sintering is
operative when the material is irradiated, and that fission fragments affect the kinetics more
than do fast neutrons. Irradiation induced sintering, produced by the solar wind on the surface
of the moon, was used in 1969 as an explanation of the structure seen in photographs made by
Surveyor V of this surface [5]. Horn, Gulley [6] used a reactor as a sintering furnace for raw

UO,-PuO,, where, however, thermally activated sintering was of greater importance. Stevens
[7], too, considered the thermal densification in a reactor.

The fission-induced dissolution and shrinkage of fission gas bubbles and/or sinter-pores
were reported in 1966 by Whapham [8], Ross [9], and Bellamy, Rich [10], and later by
Turnbull, Cornell [11, 12].

A shortening of the length of the fuel column was observed by Knudsen [13], List, Knudsen
[14], and Locke [15] for UO,, and by Bini et al. [16] and Mikailoff et al. [17] for UO,-PuO..
Greenough et al. [18] found a decrease in the diameter of fuel pellets. The temperature
dependence of the densification is reported in [15].

The densification of fuel pellets in the reactor has become an intensively studied
phenomenon since 1972, when collapsing of the cladding was found in several pressurized
water reactors (Beznau-1, Ginna, Point Beach-1, H. B. Robinson-1, and Zorita-2). The
American report WASH-1236 [19] presents a review of this (a summary is given in [39]). In
boiling water reactors this effect was much weaker (because of the higher density of the fuel
and the lower system pressure), and has never led to clad collapsing into axial gaps [20].

Theoretical Models for Thermally Activated and Irradiation-Induced
Densification

Table 1/8 surveys the characteristics of the various models and their applicability for
thermally activated effects and for irradiation effects.

The model presented by Coble [21] for final stage sintering is the most frequently used one
for the description of the dimensional behavior of ceramic sinters at high temperatures.
Idealized pore and grain structures are considered in this model, which ABmann et al. [22]
developed further, to include realistic microstructures of the sinters.

Marlowe [23, 24] replaced the thermal diffusion coefficient in the model of Coble by a
fission-rate dependent athermal diffusion coefficient, in order to describe the irradiation
induced densification, and obtained a relationship between the fuel density and the burnup.
This relationship described the dependence of the densification on the pore structure indirectly,
but did not include any temperature dependence.

References for 1.1.5 on pp. 88/91
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Table1/8

Oxide Fuels in the Reactor

Comparison of Various Densification Models with Respect to the Temperature and
Microstructure Dependence of the Densification Rate.

authors model temperature micro- remarks
dependence structure
dependence
Coble [21] final stage of thermally acti- grain size de- idealized pore

ARBmann et al.

[22]

Marlowe [23,
24]

ARBmann,
Stehle [25 to
30]

Carlson [32]

MacEwen,
Hastings [33]

thermally acti-
vated sintering

final stage of
thermally acti-
vated sintering

irradiation-
induced
densification
through
irradiation-
enhanced
diffusion

superposition
of thermally-
activated and
irradiation-
induced densi-
fication by
means of in-
teraction be-
tween fission
fragments and
pores

irradiation-
induced shrink-
ing of closed
gas-filled pores

irradiation-
induced den-
sification by
annealing of
interstitials at
pores

vated diffusion
and grain
growth

thermally acti-
vated diffusion
and grain
growth

independent at
low tempera-
ture,
irradiation-
enhanced
diffusion

thermal va-
cancy concen-
tration and
diffusion, when
vacancy mo-
bility controls
rate; inde-
pendent if
fission-induced
vacancy forma-
tion and mobility
control it

through the
gas law for the
pore gas

thermally acti-
vated anneal-

ing of in-
terstitials at
pores

pendence, pore
structure de-
scribed by
constant factor

grain size and
pore size distri-
bution
dependence

same as Coble
model [21]

grain size and
pore size distri-
bution
dependence

no dependence
on grain or
pore size

dependent on
size distribution
of intergranular
pores

structure, in-
tergranular
pores

realistic pore
structure

replaces ther-
mal diffusion
coefficient of
Coble model
by irradiation-
enhanced
diffusion
coefficient

four tempera-
ture regions
(Fig.1-49, p.75);
separate mo-
dels for fission-
induced
densification by
fine and coarse
pores

constant rate of
decrease of
pore radius

intergranular
pores are
practically
stable
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Table 1/8 [continued]

authors model temperature micro- remarks
dependence structure
dependence
Lindman [35] superposition independent at  according to thermal dif-
of the Coble low tempera- Coble model fusion coef-
[21] and tures, irra- [21] ficient of Coble
Marlowe [23, diation en- model is ad-
24] models hanced ditively com-
diffusion bined with
irradiation-
induced dif-
fusion
coefficient
Dollins, combination of  thermal dependent on main effect:
Nichols [37] ABmann-Stehle diffusion of grain size and interaction of
[25 to 30], vacancies size of in- fission frag-
MacEwen, tergranular ments and
Hastings [33] pores pores accord-
and own model ing to
for swelling ABmann-Stehle
and gas release model
[38]

A series of partial models were constructed by ABmann, Stehle [25 to 30], starting from an
atomistic point of view. According to these models, the densification follows a two step
mechanism in the intermediate temperature range which is of main interest:

(1) Production of an excess of vacancies by means of the effect of the fission fragments on
the pores (athermal process).

(2) Migration of these vacancies to sinks which are effective for the densification, e.g.,
grain boundaries (thermally activated process).

Fig. 1-47, p. 74, shows that micropores may be dispersed as vacancies by a single fission
fragment. Some of the vacancies diffuse away but the majority of them recombine to a new
pore. Coarse pores retain their identity when affected by a fission fragment (Fig. 1-48, p. 74),
their radius decreasing in a quasi-continuous manner. The distinction between fine and coarse
pores sets in at a diameter of about 0.1 pm.

The following relationship results from the fine-pore model of Stehle, ABmann [29] for
conditions typical for LWR’s, describing the relative volume change of the fuel [25]:

AV/V, = —P% [1—exp(—n QF1)] (1)

where Pf is the fine porosity (initial value), 1 ~0.2% is the fraction of the vacancies which
escape to the grain boundary per hit, and € is the “volume” of the fission fragment track,
~107"®cm?>. One sees that the fine porosity may vanish (e.g., for F=10"2 fissions-cm=23-s~")
in a matter of hours.

References for 1.1.5 on pp. 88/91
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Fig. 1-47

Densification by means of an interaction of fission fragments with pores (micro-pores)
[25,29].

Fig. 1-48

Densification by means of an interaction of fission fragments with pores (coarse pores)
[25, 26].

A subsequent review of the work of ABmann and Stehle [30] shows that all the partial
models are particular cases of a general model. This overall model includes also the thermally
activated densification, for all pore sizes. The differential equation [30]

dr/dt = [(D}" + D;")R/r(R—n] — [(1/29a)(2yQD/rkT) + (1/3)AeF(C,—Cy)]/
[(1/2ga)D® + (DI + DI )R/r(R—r) + (1/3)rwF] (2)

is valid for the rate of change of the pore radius r, the meaning and values of the other symbols
being given in Table 1/9. The Arrhenius diagram, Fig. 1-49, obtained from these values, shows
four temperature regions | to 1V, the physical meaning of which is shown in Table 1/10, p. 76.
The regions lil and IV are of practical importance. The main part of the volume of LWR fuels is
densifying according to region Ill. The relationship

AVNNy = =2 P [1—(1-20Ft/3 15)] (3)
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Values and Meanings of the Quantities in Equations (2) to (5) [30].

D = 0.125 exp(—26700/T) thermal vacancy diffusion coefficient in UO,

cm?/s

D™ = 1073° F cm?/s

D = 0.09 exp(—53400/T)
cm?/s

D(x) = D(x/0.01)2

C, = D/D

C. = 0.002

r (e.g., = 10~ %cm)*

v, (e.g., = 30x10-%cm)*

= 100

6x107%J/cm?

41%x10"23cm?®

= 5.47x10"%cm

A =6x10"%cm

» = 5x10""°cm?

F (e.g., = 2x10'3 fissions

ecm~3.g77)*

TinK

tins

A = 1.38x10"22J/K

9
Y
Q
a

irradiation-induced vacancy diffusion coefficient in UO,
self-diffusion coefficient of uranium in UQ, o,

self-diffusion coefficient of uraniumin UQ, ., accordingto [31]
thermal vacancy concentration

saturation value of C; in UO,

pore radius

grain radius; R=r, +r

numeric parameter of the model from [30]
surface tension of UO,

vacancy volume in UO,

lattice constant of UO,

length of fission fragment track

UO, volume corresponding to the model in [30]
fission rate

absolute temperature
time
Boltzmann’'s constant

* These quantities are variables, the numerical values given were used in the sample

calculations.

Pore shrinkage rate incm/s

Fig. 1-49

T T T T
108\ fission rate F=2-10fss.-cia]
pore radius r=0.1 pm
grain radius rg=3 pm
1070} parameter- g=100 .
12 —
10 N
14 \
10 -
hua m I 1
<16
10
4 8 12 16
10YT(TinK)

Arrhenius plot for the pore shrinking rate in UO, (model calculation, coarse pores) [30].
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Table1/10
Temperature Regions of the Thermally Activated and Fission-Induced Densification of UO,
(Fission Rate 2 x 10'2 fissions - cm™3-s~") [30].

region temperature vacancy formation vacancy migration
I 5450°C athermally athermally
I 450 — 750°C  athermally thermally, determines

densification rate
1l 750 — 1300°C athermally, determines thermally
densification rate
v £1300°C thermally thermally

is obtained, where P, is the pore volume fraction of the i-th pore size group, with mean radius
r,;, and summation is carried out over all the groups [25]. The corresponding relationship in
region IV (thermal activation) is

AV/Vy = —% Py, 6QyD(x)t/kT 12 (4)

(the symbols are defined in Table 1/9, p. 75). The diffusion coefficient depends on the O:U
ratio in UO,,, according to Matzke [31] as D(x) ~x?, which leads to a strong dependence of
the densification in region IV on the stoichiometry.

Carlson [32] considers the shrinking of closed gas filled pores by means of irradiation
induced transplantation of gas atoms from the pore into the matrix (see, e.g., Ross [9]) and the
trapping of fission gas atoms as a competing process, and obtains the relationship:

AD = —437x10°°B + 9.45 - 1073 B2T (5)

where AD is the decrease in the diameter of the pore, B is the burnup in MWd/t(M)
(<30 MWd/kg(M)), and T is the absolute temperature, 1000 to 1450K.

In the model of MacEwen and Hastings [33] it is assumed that Frenkel-defects are
produced by the fission fragments in the matrix, and that interstitials are annealed at the pores.
Speight [34], however, shows that the kinetics of the densification cannot be explained by this
mechanism.

A variant, based on the method of Marlowe [23, 24], has been proposed by Lindman [35].
Itis assumed, according to Reynolds etal. [36], that the surface tension of the fuel is diminished
by the absorption of fission products during burnup.

Dollins, Nichols [37] combine the models of Stehle, ABmann [26, 29] and of MacEwen,
Hastings [33] with their own model for swelling and release of fission gas [38]. It is indicated
that the densification effect is caused essentially by the interaction of fission fragments with the
pores.

Besides the more or less mechanistic models discussed above there are numerous so-called
“analytical models” which describe the densification by means of formulas (see, e.g., MATPRO
Handbook [40, 131] and [41 to 44]). A chronological listing of the “analytical models”
employed in the USA was published by Meyer [45]. Ocken [46] reviewed this problem in
1975.
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Experimental Studies
Experimental results concerning fuel densification are obtained by the following methods:
(1) Studies of irradiated fuel rods:

(a) column length measurements (e.g., radiographically),
(b) fuel density measurements (see, e.g., [47]),
(c) ceramography of the fuel.

(2) Experimental capsules monitored instrumentally (e.g., with recording of length and
temperature).

Itis possible to judge the predictions according to the various models (Table 1/11 [27]) by
comparing them with the experimental results.

The studies of Ferrari et al. [48], Chubb et al. [49], Hanevik et al. [50], and Carlson [32]
show the great influence the pore size has on the densification. As seen in Fig. 1-50, p. 78, [49],
alarge fraction of fine porosity causes strong densification. On the other hand, fuels with coarse
pores are stable against densification, as found by Heal et al. [53] and Rigdon et al. [52].
Brucklacher, Dienst [63] show that below 1250 °C sintering processes are accelerated by
irradiation. The kinetics of the densification was described by Collins, Hargreaves [54] and
Rolstad et al. [65] by means of empirical expressions. The relationships given in [45, 55] were
incorporated by Mason into the MATPRO Handbook [40].

Banks [56] studied the changes in the fuel density by measurements made on irradiated
fuel samples. Above 1200°C the swelling caused by gaseous fission products predominated.

Table 1/11

Predictions of the Densification Model of [27].

total porosity and pore size most important parameter in all regions; large pores are

distribution more stable than small ones; micropores eliminated

rapidly in region II1*

temperature controlling parameter in regions Il and IV

fission rate important parameter in regions | and Il; no fission rate
dependence in regions Il and IV

grain size smaller densification for large grain sizes, mainly in region |1

pore form spherical pores are most stable, because of smallest
surface-to-volume ratio

grain growth independent mechanism, indirect dependence through
grain size

pore localization (intragranular,  stronger densification of grain-boundary pores because of
at grain boundaries) shorter vacancy diffusion distances; otherwise stabili-
zation because of accumulation of fission gas

nonhomogeneous fission density less densification because of smaller fission rate in the UO,,
(mixed oxide UQ,-Pu0,) matrix

*) The pore size of larger pores will increase if they act as sinks for the vacancies from smaller

pores; this mechanism does not contribute to densification.

References for 1.1.5 on pp. 88/91
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The change in the pore size distribution in UO, under irradiation [49].

The largest changes in the dimensions were found between 1 000 and 1100 °C (overlap of pore
shrinking and matrix swelling, see Section 1.1.5.3). Below 1100 °C a temperature dependence
of the changes of the dimensions could be discerned (and be described by means of a formal
"activation energy’’ of 21.7 kJ/mol). Banks and Clough [132] examined micropore shrinkage
in UO, irradiated below 1100°C using optical and scanning electron microscope techniques.
They showed that in the temperature range 400 to 1000 °C densification is mainly due to the in-
reactor shrinkage of micropores smaller than 2 um in diameter.

Extensive experimental studies are discussed by Chernock et al. [67, 58], Yario et al. [569],
and Harkness et al. [60]. The results confirm many of the aspects of the model of ARmann,
Stehle. Besides the dependence of the densification on the microstructure (grain size and pore
size), the following temperature dependence was found: between 430 and 750°C the
densification increases with the temperature; below these temperatures, and in a certain range
above them, the temperature dependence is unimportant.

Further experimental results are given in [62 to 71]. Couteson et al. [64] and Buescher,
Horn [65] deal with the relationship between thermal and irradiation-induced densifications.

Stehle et al. [27] could describe surprisingly well the results of a densification experiment
with continuous columnar length measurements by means of their densification model, with
suitable fitting of the parameters (Fig. 1-51). ARmann et al. [67] could confirm the
temperature dependence of the densification in the range 1000 to 1200°C by means of
irradiation experiments under isothermal conditions.

Two irradiation programs, which were carried outin the USA with the participation of many
companies and institutes from all over the world, yielded a broad data base. The results of the
UO, program were published in 1976 by Freshley et al. [70]. The program for UO,-PuO, (up
to 6% PuO, content) was concluded in 1978 [71].

The studies on 20UO, and 13 U0,-PO,, fuel types showed:

The densification can be correlated with the microstructure. The largest densification
occurs with those fuels that combine the smallest pore sizes, the largest fraction of pores with
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Fig. 1-51
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diameters <1 um, the smallest grain size, and the lowest density. Densification is connected
with a strong diminution of the volume fraction of those pores that have diameters <1 pm (see
Fig. 1-52). It leads to a shifting of the pore size distribution. The densification depends also
on the fission rate (9.6 to 14.1 x10'2 fissions-cm~3-s7"), the fuel temperature (910 to
1325°C central temperature), and the burnup (maximally 8.25 x 10'® fissions/cm?). Fig.1-
63, p. 80, shows an example.

Fig. 1-52
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The effect of the irradiation on the distribution of pore sizes of an unstable UO, fuel [70].
A——A burnup 520 MWd/kg(U); 6.6 x10'2 fissions -cm~3-s™"; Ap in % D =2.14,
O---0O burnup 943 MWd/kg(U); 12.0x 102 fissions -cm~2-s~"; Ap in % D = 5.06,
VARRRE V burnup 3313 MWd/kg(U); 11.6 x 10'2 fissions-cm~3-s~";Ap.in % D = 5.22,
O———O0 as fabrigated.
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Fig. 1-63
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The density change of numerous UO, fuel variants, as a function of the burnup at different
temperatures and fission rates [70].

The relationship between the densification behavior and the individual parameters of the
microstructure is less clear for UO,-PuQ, fuels than for UO, ones, because of the more complex
microstructure of the former. The densification process is superimposed by homogenization
processes.

The relationship between irradiation-induced and thermally activated densification
(annealing outside the reactor) was discussed in both programs. Such correlations were
important at the time, since a desire existed to be able to predict the densification behavior of a
fuel in a reactor.

1.1.6.2 Swelling by Fission Products
Experimental Results

Summaries of the published data on fission product swelling were presented by Rowland
etal. [72], Stephany [73] (MATPRO-Version 09), Mason [131] (MATPRO-Version 11) and
Zimmermann [74] (see also the General References on p. 70/1.

Table 1/12 [73] surveys the results on swelling rates of UO, and UQ,-PuO,. Fig.1-54
shows an evaluation of the literature according to Zimmermann [74]. For the swelling of UO,-
PuO, mixed oxide see also [133, 134]. The swelling of UO,, (in a cermet fuel) was first reported
in 1958 by Barney, Wemple [75].

Remarks Concerning Table 1/12 (p. 81)

The first systematic studies on the burnup dependence of the swelling of UO, were made
by Bleiberg et al. at the Bettis Laboratory on plate-like fuel elements [76, 77] and on fuel rods
[78]. For the plates a swelling rate of only 0.16 % per 102° fissions/cm? was observed in the first
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Table1/12
Literature Survey of Swelling Rates, According to [73].
authors swelling rate fuel temperature remarks
in % per 102° in °C
fissions/cm?
Bleiberg et al. 0.7 (0.4) 1000 to 2000 UQO, plateform fuel
[76, 77] elements
Berman et al. 0.82 900 to 1700 UO0,, fuel rods
(78]
Chubb et al. [81] 3to 15 1450 to 2250 UO,, isothermal
Rowland et al. 0.4 (max.) 1200 to melting UO,, BWR fuel rods
[72, 85] temperature
Lyons et al. [86]
Baroch, Rigdon 1.10 1850 to melting UO,, PWR fuel rods
[87] temperature
Duncan et al. 0.23 (max.) 540 to melting UO,-Pu0,
[88] temperature
Grando et al. 2.6 1580 UO,-Pu0,
[89] 1.5 1365 uo,
Collins, 0.17 to 0.33 1125 UO0,, isothermal
Hargreaves [54]
Turnbull [91] 4.0 1750 UO,, isothermal
Nelson, Zebroski 0.12 1400 UO,-Pu0,
[92] 0.2t0 0.3 1800 U0,-PuO,
0.20 2200 U0,-Pu0,

Gmelin Handbook

References for 1.1.5 on pp. 88/91
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phase of the experiment. This is to be ascribed to the densification effect, as we know today. A
new evaluation by Rowland et al. [72] of the results with these plates yielded a value of 0.4%
per 10?° fissions/cm?, rather than the 0.2% appearing in the original evaluation.

The temperature dependence of the swelling was studied by Chubb et al. [79 to 82] with
UO, and UO,-Pu0, in W-Rh capsules in the range 1200 to 1900 °C (cladding temperature;
the central temperature is estimated to be ca. 300 °C higher). The rate of the increase in volume
was plotted in an Arrhenius-type diagram (Fig. 1-55 [83]). Fig. 1-56, p. 83, shows that at
high temperatures too the increase in the volume is linear with the burnup [84].

Further results were obtained with BWR fuel rods [72, 85, 86], PWR fuel rods [87], Fast
Breeder fuel rods (UO,-PuO,) [88,89], and AGR (Advanced Gas-Cooled Reactor) fuel rods
[90] (not included in Table 1/12). Collins, Hargreaves [54] concluded from an evaluation of
the literature that the swelling rate below 1125°C is in the range 0.17 to 0.33% per
102° fissions/cm?.

High swelling rates were found at a fuel temperature of 1750 °C (isothermal conditions)
[91], smaller ones in experiments with strong radial retaining forces [92].

Fig. 1-565
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Fig. 1-56
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Remarks concerning Fig. 1-54 (p.81)

The measured rates of volume increase are valid for low burnup (<1%), in particular the
higher values at high temperatures [93, 94]. The strong scatter of the values in this temperature
range is due essentially to the different operational conditions the samples were exposed to. A
large temperature gradient at the same central temperature reduces the swelling rate, since
more fission gas release occurs. Hastings etal. [95] found the largest increases in the volume at
temperatures near 1500°C. Some values could be obtained at lower temperatures from the
extrapolation of results from creep experiments [96 to 98].

Volume increase rates between 0.5 and 2.0 % per % burnup, at burnup values below 5% and
in the temperature range 500 to 1000°C, were found for cermets consisting of UO, and
stainless steel [99 to 103]. Proschk et al. [104] determined the changes in the diameters of UO,
cores in coated fuel particles (for the HTR) in the temperature range 900 to 1300°C and the
burnup range 0.5 to 52.5% (!). The core diameter increases linearly with the burnup for small
burnups, and reaches a saturation value at higher ones (ca. 1.5 t0 2%). Killeen [94] found that
Nb,O; and La,O, additives (up to 1 mol%) had no effect on the rate of swelling of UO, at low
burnups (up to 0.1%).

Values of the swelling by means of solid fission products [105 to 109] are summarized in
Table1/13 [73, 131]. Olander [109] gave the following expression:

AV/V = (Zi:Yi(Vi/VU)—1) - (burnup) (6)
References for 1.1.5 on pp. 88/91 6*
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where Y; is the yield of the ith fission product, V, is its partial molar volume in the relevant
chemical form, V, is the partial molar volume of uranium in UO,, and the index i extends over all
the solid fission products. The following values should be used:

Vy = 40.93x 10724 cm®/U0,-""molecule”,

Vsolub|efissi0n products — 40.93x10°24 Cms/mOIecme,

Vmetallic inclusions — 1473 X 1 0_24 cm3/atom, and

Vather fission products = 31.1 x 10724 cm?/fission product atom.

No cognizance is made here of the migration of the fission products.

Table1/13
Summary of the Literature Data Concerning Swelling due to Solid Fission Products [73, 131 1.

authors swelling rate (solid fission products)
in % per 102° fissions/cm?3®

Anselin [105] 0.13to 0.54 calculated
0.35 measured
Wait [106] 0.21
Whapham, Sheldon [107] 0.20
Harrison, Davies [108] 04610039 flux10'2t0 10'®n-cm~2-s~'
Olander [109] 0.12 + 50%

Mechanistic and Empirical Models

What had been known about swelling prior to 1970 was reviewed by Hilbert et al. [84],
Frost [110], and Nichols, Warner [111, 112]. The latter authors describe fundamental models
for the swelling by fission gas bubbles, which have been employed in the BUBL code and the
GRASS code (see [113,114]). Themodel of Greenwood, Speight [115] has been employed in
the CYGRO code [116] and the FIGRO code [117]. A series of simple semiempirical models
[118to 120] is based mainly on the data from the Batelle Columbus Laboratory [81 to 84]. The
empirical model characterized in Table 1/14 is recommended in the MATPRO Handbook [73].

Table1/14

Temperature Dependence of the Swelling Rate According to [73].
central swelling rate swelling rate in % per
temperature in °C in %/% burnup 102° fissions/cm?®

T £1400 1.0 0.28

1400 <T £1800 1 4+ 0.00575 (T — 1400) 0.92 at 1800°C
1800 <T 2200 3.3-0.004 (T — 1800) 0.476 at 2200°C
T >2200 1.7 0.476
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Dollins et al. [38, 121 to 124] developed stagewise improved models, which described
also the interplay of swelling and fission gas release. The predictions of the model [38] are
shown in Fig. 1-67 (dependence on the burnup), Fig. 1-68 (dependence on the tem-
perature), and Fig. 1-59, p. 86 (dependence on the grain size). Below about 500°C the
swelling is caused by intragranular fission gas microbubbles. Above about 600 °C the fission
gas migrates to the grain boundaries, and periodically self-annealing tunnels are formed. Above
1200°C the elimination of fission gas predominates. Maximal swelling occurs in both the
Dollins-Ocken model and the mechanistic models of Nichols, Warner [111], Nelson [125], and
Matzke, Ronchi [126] at intermediate temperatures. The interrelationship between the
behavior of fission gas bubbles and microscopic swelling at low temperatures has been

discussed by Ronchi [135, 136] and Blank [137].

Fig. 1-57
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Fig. 1-59
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1.1.5.3 The Superposition of Swelling, Densification, and Other Deformative
Phenomena

The dimensional behavior of fuel pellets is determined by the interplay of the following
deformative phenomena:

(1) Plastic deformation/creep (see Sections 1.1.2.2, 1.1.2.3, pp. 12 and 14);

(2) Cracking and relocation of the fragments (see Sections 1.1.2.2, 1.1.6.1, pp. 12
and 95);

(3) Densification by means of pore shrinking (see Section 1.1.5.1, p.71);

(4) Irradiation-induced swelling (see Section 1.1.5.2, p.80).

The two last named phenomena have in common, that they proceed primarily without the
presence of a mechanical stress applied from the outside. The effect of the superposition of (3)
and (4) on the gap between the fuel pellets and their cladding was examined first by Bellamy,
Rich [10] (Fig. 1-60). The densification predominates at the beginning, but at high

Fig. 1-60
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burnup the swelling gains the upper hand. This relationship was found also by Skinner et al.

[90] and Collins, Hargreaves [54], and is described in the papers of Kuzmin, Lebedev [127],
Hargreaves, Collins [128], and Stehle et al. [27] (Fig. 1-61).

Fig. 1-61
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ABmann, Manzel [129] defined a "“'matrix swelling rate”” S as the relative volume change
rate of the initially ideally densely packed matrix, and determined this quantity experimentally
for UO, under the typical LWR irradiation conditions. In general agreement with [74, 127,
128], the following values were found for the matrix swelling rate at temperatures below
1300°C:

S = 0.4+ 0.06% per 102°fissions/cm3, equivalent to
S 1.0+ 0.15% per 10 GWd/t(U)

The volume changes of UO, in LWR fuel rods may be predicted from the additive superposition
of matrix swelling and densification. Fig. 1-62, p. 88, shows the results of numerous series of
experiments by Zimmermann [74, 130]. It includes also experiments where retaining forces
were present. Table1/15 shows the values for the swelling rates recommended by
Zimmermann.

References for 1.1.5 on pp. 88/91
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Fig. 1-62
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Table1/15

Dependence of the Swelling Rate on Burnup and Power Density, According to [74].

burnup in % integral swelling rate in %/% burnup
at power densities of

<50W/g 150 to 200W/g >200W/g

<2 1 25 3.5
>2 1 1 0.65
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1.1.6 Restructuring
General References:

R. E. Mason, in: D. L. Hagrman, G. A. Reymann, R. E. Mason, MATPRO-Version 11-Rev. 1, A
Handbook of Materials Properties for Use in the Analysis of Light Water Reactor Fuel
Rod Behavior, NUREG-CR 0497 — Rev. 1 [1980] 136/48; TREE-1280 — Rev. 1 [1980]
136/48.

D. R. Olander, Fundamental Aspects of Nuclear Reactor Fuel Elements, TID-26711-P1 [1976]
265/83.

The concept “restructuring” concerns essentially the following:

(a) formation and eventual annealing of cracks in fuel pellets,
(b) grain growth, and
(c) redistribution of the initial porosity.

Superposed on these processes are the phenomena already discussed above, of swelling,
densification, fission gas bubble formation and migration, and the precipitation of solid fission
products. In the case of UO,-PuO, fuel a redistribution of the actinides can also take place,
which is discussed in Section 1.1.7 (p. 106).

Phenomenological Description of the Structural Zones

If UO, or UO,-PuO0, is irradiated under such conditions that high central temperatures
(near the melting point) occur, and thereby also large temperature gradients, then even after
short irradiation periods (less than 10 h) certain structural zones may be discerned in the fuel.

Fig.1-63 shows the UO, structure (according to Stehle [1]) in a fuel rod that has been
operated at such a high power level that brought it to partial melting. The following structural
zones are discernable:

(1) The external zone, having a nearly unchanged microstructure and preferentially radial
cracks.

(2) A zone with equiaxed grain growth.

(3) A zone with columnar grain growth and eventually cracks due to shrinking (in the
cooled state).

(4) Melted zone, also with radial cracks.

(5) Central void.

At lower power levels the radii of the individual zones are respectively smaller and the cracks are
further spread apart.

De Halas, Horn [2] interpret the structural zones as resulting from a certain series of events:
e.g., central melting or formation of columnar grains. According to Bradbury [3] these latter are
formed according to two mechanisms: (a) accumulation of micropores, and (b) migration of
large pores in the temperature gradient. A review of the subject of restructuring was published
in 1963 by Robertson etal. [4]. The results of post-irradiation studies are described in detail by
Hausner et al. [5 to 7] as are also results of thermal simulation experiments outside of a reactor
(see also [8 to 10]).

Bainetal. [11 to 13] report structural changes in UO,, that was exposed to central melting
in the reactor. A summary of such observations and a discussion of the relevant transport
processes were published by Christensen [14] (see Table 1/16). Rosenbaum et al. [15] survey
the methods for the examination of the structure of irradiated fuels.
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Restructuring

Fig. 1-63

UQ, structure in a highly powered fuel rod [1].

93

Description of the Structural Zones in Oxidic Nuclear Fuels (small burnup, high fuel rod power
level). (Observations are made on (Uq 75, Pug »5)0,; initial density: 94% of theoretical;
830W/cm, 6 x 10"8 fissions/cm?. Valid also for other oxidic fuels with modified temperatures
and dimensions [14]).

temperature grain grain size pore approximate
in °C morphology in pm morphology pore size
in pm
900 to 1200 equiaxed, 20 randomly arranged 5
initial state spherical pores
1200 to 1700 equiaxed, 20 to 40 radial migration 5
grain growth or spherical
grain boundary
pores
1700 to ca. columnar 20x20 lenticular pores 3x50
2000 grains
2000 to melt- radially ex- 150 x 600 randomly arranged 10 to 30
ing point tended spherical pores
molten layer, radially ex- 150 x 600 no pores —
outer region tended
molten layer, radially ex- - randomly arranged 20x 100
center tended tubular pores

References for 1.1.6 on pp. 104/6
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Already in 1972 have the redistribution of the porosity and its effect on the temperature
profile in the fuel been treated analytically [16, 17]. Experimental results for a UO,-PuO, fuel
for Fast Breeder Reactors have been reported in [18 to 23, 88]. |

According to [16] and [19] the “residual porosity” is still 5% in the columnar grain zone.
The radial distribution of porosity is reported by Hofmann etal. [24], by Ondracek, Schulz [22],
and by Kummerer [23]. The limiting radii of the individual structural zones are shown in
Fig.1-64 according to [23]. Bober, Schumacher [25] review the transport phenomena
occurring during the restructuring.

Fig. 1-64
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Limiting radii of the individual structural zones in UO,-PuQ,, as a function of the fuel density
[27]. Power level of fuel rod: 400 to 550 W/cm; burnup: 6 to 47 MWd/kg(U +Pu); the
structural zones have completely formed already after 6 MWd/kg(U + Pu).

Extensive programs of studying the structural and the thermal behavior of UO, and UO,-
PuO, have been carried out at the Nuclear Research Center Karlsruhe (KFK), in connection
with the “Fast Breeder Project”. A summary of the irradiation experiments at FR2, Karlsruhe,
BR2, Mol, and DFR, Dounray, is presented by Hofmann [26]. A representative selection from
the KFK reports concerning, as an example, the “UO,-PuO, fuel rod capsule irradiation by the
research group FR2-5a" is:

(1) KFK 1886 (1975) [27], including a documentation of the post-irradiation exam-
inations. Fig.1-65 shows a typical etched section micrograph.
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Fig. 1-65

Typical section micrograph of an irradiated UO,-PuO, pellet [27].

(2) KFK 2134 (1975) [28], containing a pore volume analysis.
(3) KFK 2477 (1977) [29], containing a theoretical analysis by means of models of the
restructuring.

All the experimental studies concerning restructuring involve a strong dependence of the
diffusion constantin UO, on the stoichiometry. In many of the older experiments, the necessity
to control the oxygen activity in the experimental environment was not taken into account.

1.1.6.1 Crack Patterns and Relocation

Diameter changes of the pelletized fuel in the nuclear reactor are determined not only by the
swelling and densification but to a large part also by the changes in the crack structure. As a
consequence of thermal stresses in the fuel pellet, a typical crack pattern is formed, dependent
on the power level of the fuel rod. During the operation of the reactor both annealing and new
formation of cracks take place, dependent on the power history of the fuel. Since the fuel pellets
are inserted into the cladding tube with some “filling-in clearance”, the pellet fragments after
the cracking may shift outwards. This phenomenon is called “‘relocation”.

The dependence of the cracking behavior and of the shifting of the fragments on the
temperature distribution in the fuel has been known since the beginning of the 60’s already
[30].

References for 1.1.6 on pp. 104/6
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Fig. 1-66

Typical crack patterns in UO, [31].

Fig.1-66 [31] shows typical cracking patterns of UO,, that was irradiated at various fuel
rod power levels. A series of studies deal with the formation, spreading, and annealing of cracks
in the fuel [26, 32 to 37]. It is assumed that both lattice diffusion [34] and grain boundary
diffusion [35] are rate controlling for the annealing of the cracks. Komatsu et al. [36] and
Koizumi et al. [38] analyzed the crack structure (both peripheral cracks and radial cracks). The
number of radial cracks increases as a function of the fuel rod power level and the number of
reactor shut-offs. Dienst et al. [28] determined the widths and volumes of radial cracks in UO,-
PuO, fuel as a function of the fuel density and the burnup. At the start of the irradiation the
cracks widen because of the densification of the fuel; at higher burnups the cracks close-up
again, because of the swelling, by means of an evaporation-condensation mechanism.

Of greater importance than the crack pattern itself is the shifting outwards of the pellet
fragments, the relocation. Experimental investigations of this are reported, e.g., in [39 to 41].
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Fig. 1-67
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The variation of the central temperature of UQ,-pellets as a function of the duration of the
irradiation [48].

That the pellet fragments shift outwards, thus decreasing the gap between pellet and
cladding, may be concluded from measurements of the temperature. The central temperature
falls either immediately at the start of the irradiation, as may be concluded from [42 to 44], or
after some initial increase, as reported in [45 to 48]. An example for such a temperature course
is shown in Fig.1-67, taken from Markl, Stehle [48]. The initial increase in the temperature
may be traced back to the densification phenomenon.

Brzoska, Wunderlich [49] conducted a literature evaluation [50 to 54]. The closure of the
gap between the pellet and the cladding was studied as a function of the irradiation time
by means of analyses of microphotographs of etched sections. Fig. 1-68, p. 98, shows the
result from which a simple relocation model was derived (see also [55]):

(1) 40 +£20% of the gap closure occurs already at the initial start-up of the reactor.
(2) 60 +20% of the gap closure occurs after 500 h or 400 MWd/t(U) burnup or more
than 5 power cycles.

Other empirical models present more or less continuous courses of the relocation, and take
various parameters, e.g., the initial gap and power level of the rod into account [56 to 59].

Consequences of fuel cracking and relocation for the thermal behavior of LWR fuel rods are
discussed in [89]. A mechanical analysis of crack patterns in fast reactor fuel pellets is
presented in [90]. In [91] the results of out-of-pile simulation experiments to study the kinetics
and mechanics of pellet fragment relocation are reported.

Gmelin Handbook References for 1.1.6 on pp. 104/6 7
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Fig. 1-68
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1.1.6.2 Grain Growth
Theoretical Models

The growth rate of the grain diameter dD/dt may, for energetic reasons, be set proportional
to its inverse, i.e.:

dD/dt = (k/D) exp(—Q/RT) (1a)
From this follows the parabolic law:
D2-D3 = 2k exp(—Q/RT) - t (1b)

where D and D, are the diameter, respectively the initial diameter, k is a constant, Q the
activation energy, T the absolute temperature, R the gas constant and t the time.

Equation (1b) expresses the grain growth of pure metals very well. Oxide fuels, however,
always contain pores in the grains, at the grain boundaries, and at grain boundary triple points,
which inhibit the grain growth. The rate reducing effect of grain boundary pores is described in
the model of Kingery, Francois [60] by means of an additional factor (k'/D), so that the
expression

dD/dt = (k/D)(k’/D) (2a)
holds. Integration then leads to
D3-D3 = ky exp(—Q'/RT) - t (2b)

Nichols [61] showed that expression (2b) is valid, provided that pore migration occurs via the
evaporation-condensation mechanism (see 1.1.6.3, p. 102), and that the gas pressure in the
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pores is in equilibrium with the surface tension. In the case of a radius-dependent gas pressure

in the pore the relationship
D*—D§ = kg exp(—Q"/RT) - t (3)

is obtained, where Q" is the heat of vaporization of the fuel.

Ainscough et al. [62] propose a model, according to which the inhibitory effect of the pores

may be expressed as
dD/dt = (k/D)—(1/D,,) (4)

where D, is a constant. This means that grain growth ceases when the maximal grain size D, is
attained. The integral form of the grain growth law is hence:

DAIn [(Dm—Do)/(Dm—D)]—Dm(D—-Do) = ko t. )

Ainscough et al. [62] found empirically, that the effect of irradiation may be taken into account
by modifying equation (4):

dD/dt = k[(1/D)—(1 + 2000 Q F t)/D;,)] (6)

where Q =4.1x10"2% cm?® is the mean volume of a fission track, F t is the burnup in
fissions/cm?, and Dy, is the limiting grain size without irradiation.

Experimental Results

Studies summarizing the experimental results have been published by Lyons et al. [63],
MacEwan, Hayashi [64], Ainscough et al. [62], and Olsen [65]. The dependence of the grain
growth on the following factors is discussed in [64]: (1) porosity, (2) impurities, (3)
stoichiometry, (4) compressive stress, and (5) irradiation.

The available data [64, 66 to 69] have been compared in [63] with the cubic law of
equation (2b), and with the exception of the data of [66] and [68] there exists good agreement
between the model and the data.

It had been customary in the older studies to stay with the parabolic law, and to express the
apparent deviations by means of a fractional exponent of the time (e.g. t>%). A wrong time
dependence leads, however, to a physically incorrect activation energy.

Stehle [67] was the first to describe his experimental results with a linear time dependence
and a cubic law:
D3—D3 = 7.56x10"" exp(—364/RT) -t (in um3/h) 7)

(R=18.314%x10"kJ - mol~" - K~'in egs. (7) to (11), the activation energies are in kJ/mol).
Nichols [61] reevaluated the data of MacEwan [70] and obtained the relationship

D3—-D? = 8.567x10" exp(—519/RT) - t (in pm3/h) (8)
The following expression:
D*—D¢ = 6.18x10'3 exp(—387/RT) - t (in pm*/h) 9)

is proposed in the MATPRO-Version 09 handbook [65]. It is shown there, however, that the
expression due to Ainscough et al. [62] is suitable too. The latter authors determined both from
their own data and from an evaluation of data in the literature the following parameters of eq.
(5) (see Fig. 1-69 and 1-70, p. 100):

ki = 5.24x107 exp(—112/RT) (in pm2/h) (10a)
D,, = 2.23x10° exp(—32/RT)  (in pm) (10b)

References for 1.1.6 on pp. 104/6 7
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Fig. 1-69
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In the MATPRO-Version 11 (Rev. 1) handbook [92] the following relationship for
equiaxed grain growth of UO, and UO,-PuO, is proposed:

D*— D3 =[1.0269x10""t-exp (—35873.2/T)]/[(1.0—-5.746 x 107°B)2T]  (11)

where D = grain diameter, in m, at the end of a time interval; D, = grain diameter, in m, at
beginning of the time interval; t = time interval in s; T = temperature in K; B = burnup in
MWs/kg.
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A grain growth relationship with the exponent 5/2 has been given already in 1967 by
MacEwan, Hayashi [64], and was recently again (1978/79) proposed by Hastings et al. [73,
93, 94]. In [93] they give the expression:

DS5/2_D¥2 = 4.68x10° exp (—320/RT) - t (in um>/2/h). (12)

According to [94] the apparent activation energy for grain growth depends on the fuel type

and varies from 150 kJ/mol for early AU powder to 360 kJ/mol for pellets from the ADU
process.

The interrelationship of grain growth and fission gas bubble migration is considered in
[95]. In this paper equations are developed that describe equiaxed grain growth in oxide fuel
which contains gas bubbles on the grain boundaries.

Jimenez, Elbel [29], using Dy = 5um as the initial value and D = 25um as the final
value, calculated according to Stehle’s [67] grain growth expression (eq. (7)) the limiting
radius r, and temperature T, for the grain growth as a function of the duration of the irradiation t
(in h) (Fig.1-71). According to Olander [74] the following holds for T,

1/Te = 3.7x107%log t + 4.2x107% (in K~1) (13)
Fig. 1-71
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Limiting radii r, and limiting temperatures T, of the zone with regular grain growth in U0, as a
function of the duration of the irradiation for various fuel rod power levels (fuel boundary
temperature: 1000 °C) [29].

References for 1.1.6 on pp. 104/6
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1.1.6.3 Pore Migration, Columnar Grain Growth, Central Void

The mechanism of the migration of large pores in a temperature gradient has already been
dealt with in Section 1.1.4.2 (see p. 48). More recent contributions to the theory of the
movement of lenticular pores are presented in [96] for UO, and in {97] for UO,-PuO,. In the
following the resulting restructuring will be dealt with.

Olander [74] showed that it is possible to describe measured pore distributions [75] by
means of a model (Fig. 1-72), provided that the following analytical procedure is followed:

(1) Assumption of an evaporation-condensation mechanism for pore migration in a
temperature gradient.

(2) Setting-up a porosity balance equation.

(3) Consideration of the interplay of the temperature profile and the kinetics of the porosity
redistribution.

Several authors presented their numerical analysis according to this method [75 to 77].
Christensen [78] found as a result of irradiating UO, that contained artificial pores that:

(1) Large voids and cracks may disperse into small lenticular pores.
(2) Pore migration results also in the flushing of fission products and in their accumulation
at the center of the fuel (see also [79]).

Hinman, Christensen [80] report experimental results concerning the formation of the
central void. Meyer [81] proposes a model, according to which sintering processes are favored
over gas-phase transport at high temperatures. This model was included into the computer
code LIFE-Il, and is able to describe experimental results [82, 83] remarkably well. It may be
compared with the models of Lackey et al. [75] and Kampf et al. [84]. It is also meaningful for
the redistribution of the actinides (see Section 1.1.7, p.106).

Fig. 1-72

Relative radius

Comparison between the predicted and the measured distribution of the porosity in a UO,-
PuQ, fuel rod (power level of fuel rod: 4560 W/cm, burnup: 0.7%, VIPAC fuel).
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Most authors [10, 17, 61, 76, 78] consider the migration of pores in the temperature
gradient as constituting the mechanism of columnar grain growth. It has, however, been shown
[85] in simulation experiments with UO, having 95% of the theoretical density, that columnar
grain growth is possible even without the presence of lenticular pores. Thermal stress and the
reduction of the grain boundary energy are considered as the driving forces.

Olander [74] has shown how to calculate according to Nichols [85] the temperature T; at
the outer edge of the dendritic crystal zone as a function of the duration t (in h) of the
irradiation. The result is:

1/T, = 3.4x107%log t + 42x10"% K~' (14)
Christensen [17] presented a similar expression.

Also Jimenez, Elbel [29] have calculated r, and T, (Fig. 1-73). It is seen that the
boundary temperature T, decreases during burnup. Columnar grain formation occurs mainly at
the beginning of the irradiation, and the boundary radius r, increases rather slowly after the
initial restructuring, in particular at high rod power levels. The calculated values of r, agree well
with those obtained from micrographs of etch sections.

Columnar grain formation does not have an appreciable effect on the heat conduction, as
was found in [86] for the temperature range 1700 to 2150 °C. Neither was there found a
difference for the grain sizes 10 and 100pum [87].

Fig. 1-73
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boundary temperature: 1000°C) [29].
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1.1.7 Changes in the Stoichiometry,
Redistribution of Oxygen and Uranium/Plutonium
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bei hohem Abbrand, KFK-1181 [1970] 1/72 [62 Refs.].
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IAEA, Behavior and Chemical State of Irradiated Ceramic Fuels, Proceedings of a Panel, Vienna
1972 [1974], pp. 1/437 [30 papers].
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[1980], Vol. 1; in particular pp. 357/438.

The chemical state of the fuel in the nuclear reactor is affected by changes in its composition
resulting from (a) the nuclear fission, and (b) the redistribution of the oxygen and the fissile
material. The last-mentioned phenomena are especially observed, when large burnups, high
temperatures, and large temperature gradients occur.

Two processes ought to be considered in respect of the O:M (M = U, Pu) ratio:

(1) a change in the stoichiometry, and
(2) redistribution of the oxygen in the volume of the fuel.

In the case of UO,-PuO, mixed oxides for fast breeder reactors, the following additional
phenomenon plays an important role:

(3) redistribution of the fissile material in the fuel volume.

In the cases (2) and (3) one deals essentially with a radial change in the fuel composition
caused by transport processes in the steep temperature gradient. The extent of the re-
distribution is determined by:

a) the thermodynamic relationships of the system,
b) the transport mechanism.
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Thermodynamic Data Base

The partial Gibbs free energy of the oxygen AEOI — also termed oxygen potential — (where
Aéoz = RT In pg,: po, is the partial pressure of oxygen, R the gas constant, T the absolute
temperature) is of central importance for the chemical behavior of the oxidic fuel (U, _,Pu,)0,,,
(general formula, with 0 <y <1, x <1). This quantity has been determined with solid-state
electrolytes [1 to 4], or from vapor pressure measurements [4 to 6]. The thermodynamic data
base for UO, is reported comprehensively in [5, 7 to 12]; that for
UO,-Pu0O, and PuO, may be found in [2 to 4] and [6, 13 to 15], respectively.

Holleck, Kleykamp [12] show, on the basis of a literature evaluation, thatAGm depends on
the following factors:

(1) the temperature (see Fig. 1-74),
(2) the O:M ratio (see Fig.1-75, p. 108), i.e., on x, and
(3) the Pu:(U + Pu) ratio (see Fig.1-76,p.108) i.e., ony.
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Fig. 1-77, p. 109, shows some important interrelationships between AGOz, the temper-
ature, the O:M ratio, the valencies of U and Pu (for P:(U + Pu) = 0.15), and the composition
of CO,/CO gas mixtures in equilibrium with (U gsPuo 25)0,,, according to Holleck,
Kleykamp [12].

The results of more recent measurements ofAGOz for (U, _,.Pu,)0, ., withy =0,0.15,0.23,
and 0.31 by a thermogravimetric method and using CO,/CO gas mixtures are reported by
Chilton, Edwards [87] and shown in Fig.1-78, p. 109. The values for UO,, , are compared
with results from Markin et al. [8] and Aukrust et al. [88].

The oxygen potential A§02 of hyperstoichiometric (U, _,,Pu,)O,_, with y between 0.1 and
0.4 was measured by Woodley [89].

References for 1.1.7 on pp. 121/3
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1.1.7.1 Changes in the Stoichiometry

During the fission of a uranium or a plutonium nucleus, two oxygen atoms are set free in the
primary step. The mean valency of the fission products is, however, somewhat smaller than that
of U or Pu, so that a net amount of oxygen is, in fact, set free during burnup, and its chemical
potential increases.

Three factors ought to be taken into account in the oxygen balance:

(1) the formation of new oxidic phases of the fission products,
(2) the change in the O:M ratio of the fuel matrix, and
(3) a loss of oxygen, e.g., by means of a reaction with the cladding.

Fuel in Steel Cladding (Fast Breeder Reactors)

In this fuel rod system, part (3) is negligible as a first approximation. Calculations of the
oxygen balance in UO,-PuO, mixed oxides have been carried outin [12,16t018]. Tables 1/17
and 1/18 show the results for (Ug gsPug.15)0,_, with initial values of —0.1 <x <0.03 for
1000 and 2000 K, respectively [12]. The shift in the stoichiometry is strongly affected by the
discontinuous change in the valency of the fission product cations.

Mo and Tc play a special role in this respect (see Tables 1/17 and 1/18). Johnson etal. [19]
showed that the rate of change of the stoichiometry slows-up at that point, where Mo is
oxidized to MoO,. According to Findlay [18] the fission products Cs, Rb, and Nb must also be
considered besides Mo and Tc. He calculated the course of the O:M ratio in the fuel matrix
shown in Fig. 1-79 as a function of the burnup. A buffering of all the oxygen sets in at
0:M = 2.01, therate at which this ratio is reached being dependent on the chemical state of the
elements Rb and Cs.

Fig.1-79

2.00

198

0:(U+Pu) ratio
N
\

Cs+Rb as metal
L \——-—Cs~ Rb asI MOo.

o 4 8
Burnup in %%

196

The variation of the O:(U + Pu) ratio in the fuel matrix of (U,Pu)O,_, in steel cladding [18].



111

Stoichiometry

sjuswle yues aiel = 'I'Y ,

vEOTON %001 %001 ov'0 9Z'L 00'v 0 VLYl 0€°0C 0E0Zo N
EL0ZoN %001 %001 0€'0 9Z'L 00t 0 ViYL 020zT 0zoZo
eoeop %001 %001 0zZ0 9Z'L 00t 0 vLYL oL'0z otozop
LooZgp %E S %001 €90 €90 00'Y 0 vLYL 000¢C 000z
E00 TN 0 %001 920 0 00y 060 vLVL 0661 088’ Lo
000 Zq A 0 %G°L8 0 0 9z'€ 08’1 Vil 0861 o8& Lo
000 Zg N 0 %G'9G 0 0 9z'¢C 0LeT vLYL 0L6l oLetow
000z 0 %G°LE 0 0 9Z'L 09'¢ YLyl 0961 098t O
000 ZgA 0 %S9 0 0 920 0S't vLvL 0561 0% o
8o 0 0 0 0 0 99t vLVL ov'6lL v low
SO 0 0 0 0 0 9Zv vLYL 006l 008t o
eq g

a1 oW °%%oON< a1 oW °°%ons LV B Araw

Answoliyos uabAxo -01y2101s
-101S |euly uoloel} apIxo uonepixo sy} 10y usbAxo jo uondwnsuod a|ge|jiene |enul

‘[z1] [°°°20 (54 °nd-8°n)] ©DV = (S00W>,DV, 3 000 | 18 PlfeA st Buimoyoy
8y "Suolssly Q| 10} SWOle JO Jaquinu 8yl se uaAIb sI aaueleq uabBAxo ay] ) 000 | :uoneipei jo ainjeladwsl (%0 | :dnuing -(uone|nojeod
japow) aduejeg usBAX(Q 8y} JO pue AnBWOIYDI0IG [eIU| Sy} JO uonound e se *FZQ(51'°ngS8’on) jo Answolyslols |euly abeieny

Ll/L8lgeL

References for 1.1.7 on pp. 121/3



112 Oxide Fuels in the Reactor

Table 1/18

Average Final Stoichiometry of (Ug g5-Puo 15) 02, as a Function of the Initial Stoichiometry
and of the Oxygen Balance (model calculation). Burnup: 10%; temperature of irradiation:
2000 K. The oxygen balance is given as the number of atoms for 10 fissions. The following is
valid at 2000 K: fAG°(Mo00Q,) = A602 [(Ug g5-Pug.15)05 003] [12].

initial available consumption of oxygen for the oxide final
stoichio- oxygen oxidation fraction stoichi-
metry Mo ometry

R.E.*, Zr, <UQ, o035 Mo >UO, 003

Sr, Ba
MO, g00 19.00 1474 4.26 0 0 0 MO; g4
MO, g40 19.40 1474 466 0 0 0 MO, g9-
MO, gs0 19.50 1474 476 0 0 0 MO, 403
MO; s60 19.60 1474  3.87 099 O 24.8% MO, 403
MO; g70 19.70 1474 297 199 0 49.8% MO, 003
MO; os0 19.80 1474 2.07 299 O 74.8% MO, 003
MO; g90 19.90 1474 117 399 O 99.8% MO, 603
MO, 000 20.00 14.74 0.27 400 0.99 100% MO, 014
MO, 010 20.10 1474 O 400 1.36 100% MO, 425
MO, 620 20.20 1474 O 400 1.46 100% MO o3¢
MO, 630 20.30 1474 O 400 1.56 100% MO, ¢4

* R.E. = rare earth elements

Fuel in Zircaloy Cladding (Water Cooled Reactors)

Itis necessary to note for UO,, fuels in water-cooled reactors that in the course of the burn-
up an increasing fraction of the fissions occurs in the bred-in plutonium. Thereby the “oxygen
release” per fission is somewhat enlarged, since the fission products of Pu are slightly more
“noble” than those of U. Considering this phenomenon, according to [22], 5x102%°
atoms/cm? of “excess oxygen’ are produced after a burnup of 50 MWd/kg(U) in UO, fuel rods
of light water reactors. The “oxygen release’ is always larger in a fuel rod containing Pu as a
fissile material (in particular that of a fast breeder reactor).

The loss of oxygen to the cladding plays a decisive role in Zircaloy clad fuel rods. The
Zircaloy cladding takes up oxygen, forming an oxide layer, at 400 °C and realistic oxygen partial
pressures [20]. This process should cause a stabilization of the O: M ratio in the fuel between
2.000 and 1.995. This is confirmed by the results of Adamson et al. [21] and Garzarolli, Manzel
[22] for irradiated fuel rods.

1.1.7.2 Redistribution of Oxygen

Olander [23] reviewed the models proposed in the literature concerning the redistribution
of the oxygen. Three models are discussed:

(1) The Markin-Rand-Roberts model: a mechanistic gas transport model.
(2) The Aitken model: a phenomenological model, which considers both gas transport and
solid state diffusion.
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(3) The Bober-Schumacher model: a mechanistic thermodiffusion model (solid state
diffusion).

Experimental results of oxygen redistribution are reported in [24 to 30], and are presented
in Table 1/19 [23]. Oxygen transport occurs in hyperstoichiometric fuel (x > 0) in the direc-
tion of the hotter zone, and in hypostoichiometric fuel (x < 0) in the direction of the colder
zone.

Table 1/19
Summary of the Experiments Concerning Redistribution of Oxygen in U0,,,and (U,Pu)0,,,
According to [23].

authors fuel geometry  oxygen enrichment

Christensen [24] U0, radial hot zone

Fryxell, Aitken [25] UO,_, axial cold end (no
redistribution in
U0:.000)

Evans et al. [26] (U,Pu)O,_, axial cold end

Jeffs [27] (U,Pu)0O,,, radial hot zone (no

redistribution in

(U,Pu)O, 000)
Adamson [28] uo, ., axial hot end
Adamson, Carney [29, 30] (U,Pu)O,, axial hot end

(1) Mechanistic Redistribution Model (Gas Transport)

Rand et al. [1, 4] propose a model, that is based on the attainment of a thermodynamic
equilibrium among CO,, CO, and O, in the temperature gradient by means of diffusion in the
gaseous phase involving pores and cracks in the fuel. The transport of oxygen is the result of the
diffusion of CO, and CO in opposite directions. These gases are formed from carbon impurities
in the fuel. In hyperstoichiometric fuels the CO, diffuses to the hotter zone, releases an oxygen
atom to the solid, and the CO formed diffuses back to the colder zone. The CO,:CO ratio is
constant, despite the temperature gradient, and its value is determined by the initial
stoichiometry.

According to Holleck, Kleykamp [12] the partial Gibbs free energy of oxygen in a mixture of
CO, and CO is given by

AG,, = —135000 + 41.50T + 9.15T log(pco./Peo) (1)

(A502 in cal/mol, T is the absolute temperature, Pco, and pco are the partial pressures of the
indicated species).

This expression permits the calculation of the local stoichiometry in a UO, pellet along the
radial temperature profile. Fig. 1-80, p. 114, shows the results of such a calculation [4]. Fig. 1-
81, p. 114, compares the measured data of Christensen [24] with the calculated results,
according to Perron [9]. Jeffs [27], too, could interpret his data well by means of this model.

Gmelin Handbook References for 1.1.7 on pp. 121/3 8
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Fig.1—80
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(2) Phenomenological Redistribution Model

If the model described above is employed for hypostoichiometric fuel, the following
difficulty is met. Such a fuel corresponds to a small CO,:CO ratio, so that a very slow gas
transport and practically no oxygen redistribution are expected. This is, however, contrary to
the observations.

Aitken et al. [31 to 34] therefore construct a model that permits various transport
mechanisms. Based on the thermodynamics of irreversible processes, the following re-
lationship between x, the deviation of the stoichiometry, and T, the temperature, is proposed:

Inx = (Q*/RT) + C (2)

Qt is an effective “heat of transport”, that can describe several superimposed transport
mechanisms. The constant C depends on the initial stoichiometry. Aitken et al. [33] showed
that for the hypostoichiometric fuel (U,_,Pu,)0,,, (x < 0) the following is valid:

Q* = —125kJ/mol for —0.02 <x <0 (3a)
Q* = —A/x2? kd/mol for —0.10 <x <0.02 (3b)
A = 0.59 to 0.096 kJ/mol. (3¢c)

The fewer obstacles (e.g., pores) for solid-state transport are present, the higher is the value of
the parameter A. The comparison between model and experiment led Aitken [31] to the
following predictions concerning the predominant mechanisms for the redistribution of
oxygen:

(1) U0z, (x <0):

U0, transport in the gas phase and oxygen transport in the solid.
(2) (U;_,Pu,)0;,, (x <0):

CO,/CO transport mechanism in the gas phase and oxygen transport in the solid.
(3) UO,, (x 20), (U;_,Pu,)0,., (x >0):

CO,/CO transport mechanism in the gas phase.

(3) Mechanistic Thermodiffusion Model

The thermodiffusion model has already in 1971 been considered by Bober et al. [35] as an
explanation for experimentally observed demixing processes (demixing of U and Pu in the
UO,-PuO, mixed oxide). Later it was applied to the redistribution of the oxygen. Observations
on hypostoichiometric mixed oxide fuels having a density 100% of the theoretical led Bober,
Schumacher [36] to the conclusion that in this case a thermodiffusion mechanism should be
effective for the oxygen redistribution. The quantitative treatment of the model, that is based on
the thermodynamics of irreversible processes, is given in [36 to 40]. The model was widened by
Sari, Schumacher [41], to include also hyperstoichiometric mixed oxides.

According to this model, oxygen vacancies migrate in the hypostoichiometric fuel with an
“effective heat of transport” Q;f, while oxygen interstitials migrate with an “effective heat of
transport” Q;f in the hyperstoichiometric fuel. The migration takes place in the temperature
gradient, obeying the relationships:

hypostoichiometric: (1/x)(grad x/grad T) = —Q}/RT? (4a)
hyperstoichiometric: (1/x) (grad x/grad T) = —Qf/RT2. (4b)
References for 1.1.7 on pp. 121/3 8"



116 Oxide Fuels in the Reactor

For (Ug gPuo. )05, Sari, Schumacher [41] present the following empirical expressions:

QF = —3.96x10% + 2.37x10%v,, — 3.56 x10%v3, kJ/mol (5a)
Qf = —3.56x103%" exp(—17vy) kJ/mol (5b)
where vp, and v, are the mean valencies of Pu and U in the mixed oxide. For x <0
vy = 4; Ve, = 442x/y (6a)
and for x >0
vg =4 4+ 2x/(1—=y); vp, = 4 (6b)

are valid for (U,_,Pu,)0,,, fuels.

The negative value of OF means that the net flow of oxygen vacancies is against the
direction of the temperature gradient, i.e., there exists an oxygen transport towards the lower
temperatures. In the hyperstoichiometric fuel the oxygen is transported in the opposite direc-
tion. The negative value of O is related to the effect of the thermoelectrical potential gradient
[40, 41]. Fig. 1-82a and b show some results from model calculations [41]. In the range
above 6% burnup (Fig.1-82b) a stabilization of the O: M ratio is effected by the buffering
action of the Mo.

(4) Further Theoretical and Experimental Studies

Johnson, Blackburn, and their coworkers {19, 42, 43] published reviews on the effects of
the stoichiometry of UO,-PuQ, pellets for fast breeder reactors. The last-mentioned paper
describes the physical basis for a computer model [44] for the calculation of the oxygen
distribution (and the redistribution of fissile material). Reference is made there to theoretical
studies of the oxygen potential made by Blackburn [45].

Fig.1-82
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The model of Johnson and Blackburn [43] considers the following mechanisms for the
transport:

(1) Diffusion of oxygen vacancies.

a) For a strongly hypostoichiometric fuel the concentration of the vacancies is large, and
diffusion is determined by the gradient of the oxygen potential.

b) For a weakly hypostoichiometric fuel the concentration of the vacancies sinks, at a
given temperature, below some critical value and becomes rate controlling for the diffusion.

(2) Diffusion of oxygen interstitials.
This diffusion is determined by the oxygen potential.
Fig. 1-83 presents the results from semiempirical model calculations of the self-diffusion co-

efficient of the oxygen in UO,,, (x>0 or x<0) [43].

Fig.1-83
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Self-diffusion coefficient of the oxygen in UO,,, as a function of the O:U ratio (model
calculation) [43]. @ Activity dependent lattice diffusion, @ vacancy concentration
dependent lattice diffusion, ® activity dependent interstitial diffusion.

The Markin-Rand-Roberts model has met not only agreement [46] but also criticism.
Leitnacker, Spear [47] express doubts concerning the CO,/CO transport mechanism.
Adamson, Aitken, and Rand [48] present an extensive comment thereon, and summarize all the
positive arguments for their case.

A selection of further papers is found in [49 to 51, 90 to 94].
References for 1.1.7 on pp. 121/3
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1.1.7.3 Redistribution of Uranium and Plutonium in a Mixed Oxide

Olander [52] and Breitung [63] present comprehensive discussions of the published
models concerning the redistribution of fissile material in UO,-PuO, mixed oxide fuels. It is
explained by means of two basic mechanisms:

(1) thermodiffusion of plutonium [54 to 61] (Soret effect), and
(2) vapor transport (e.g., as UO3): a) along cracks in the fuel (crack models), and b) in
migrating pores (pore migration models).

In fuel melts, processes analogous to zone refining may also contribute to the redistribution of
fissile material [55].

(1) Thermodiffusion Model

Bober, Schumacher [62, 63] reviewed what was known concerning the thermodiffusion
mechanism. The Pu concentration profile that sets in is determined by means of a differential
equation. The important physical quantities which appear in this equation are the self-diffusion
coefficient of the plutonium in the fuel, Dy, and the “effective heat of transport” Qf,. The
former quantity has been expressed as a function of the temperature as follows:

Dy, = 0.046 exp(—418/RT) cm?/s [64], and
De, = 0.34 exp(—464/RT) cm?/s [65] (R in kJ - mol™" - K™").

In a more exact consideration, Dp, must be replaced by the chemical interdiffusion coefficient
Dru,u = ¥ Dpy + (1 —Yy)Dy, where, as before, y is the mole fraction of Pu in the fissile material.
According to [66] for (Ug gPuo )0, at 3.5% burnup Dp,,, = 1x107% exp(—255/RT) and at
10% burnup Dp,,, = 1x107° exp(—222/RT) cm?/s.

Rather different values have been reported in the literature for Qf,: —35kJ/mol [61],
—146kJ/mol [65], and —240kJ/mol [58]. Bober et al. [63] found by parameter fitting the
value —126kJ/mol for a fuel with an initial ratio O:U = 1.95. With this value the Pu
distribution could be approximated well, except at the rim, as seen in Fig. 1-84 [63].

There are two phenomena which indicate that another mechanism must be effective
besides thermodiffusion:

a) For a weakly hypostoichiometric fuel (e.g., 0:U = 1.99), more Pu is found in the center
than is expected from the thermodiffusion model [67].

b) For a strongly hypostoichiometric fuel (e.g., O:U = 1.90), the demixing process is
inverted, i.e., the uranium migrates to the center.

Fig.1-84
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after 6.8% burnup (initial Pu valency: 3.67; Bober, Schumacher model [63]).
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(2) Vapor Transport (Crack Models and Pore Migration Models)

In a hypostoichiometric mixed oxide fuel having 0:M < 1.96 uranium migrates from the hot
to the cold zone, while for O:M >1.96 it is the plutonium that migrates in this direction. These
facts have been explained in the model of Rand, Markin [4] on the basis of the partial pressures
of UO; and PuO above the mixed oxide. This turning point corresponds to the O:M ratio at
which the mixed oxide evaporates congruently, as also shown by Meyer et al. [69]. These
authors [70, 71] construct a model which considers both radial cracks and migrating pores as
transport routes. Olander [72 to 74], however, argues on geometrical reasons, that a uniform
consideration of these two routes is not justified. These two authors disputed in [75] and [76]
about the kinetics and the effectivities of these two transport routes.

In order to let the redistribution process come to an end in the case of an inhibited
equilibrium, most models assume a mechanism that inhibits the vapor transport. O’Boyle,
Meyer [70,71,77,78] regard the annealing of the cracks by means of sintering effects as such a
mechanism. Experimental results could be interpreted well by means of the model of Blackburn,
Johnson [43,44], as seen in Fig. 1-85. The reason for the agreement between the
measured data and the values calculated from the model is not the choice of the proper
transport mechanism — diffusion of metal oxide vapors along cracks — but the observed
diminution of the transport cross section with time.

Adamson, Aitken [79, 80] propose the back diffusion of Pu through the solid as a process
that is counter current to the vapor diffusion along cracks.

Breitung [63] dismisses the crack model in principle, since one may not reckon with a
lasting presence of these transport routes because of the restructuring of the fuel.

The basis for the model of Lackey et al. [81, 82] is the pore migration mechanism,
according to which the evaporation of the fuel on the hotter side and its condensation on the
colder side of a pore causes its migration in a temperature gradient. It is assumed herein that the

Fig.1-85
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concentration of Pu behind the pore is identical with that in the gas phase. According to [53,
73,741, however, the composition at this location is that which corresponds to the congruently
melting mixed oxide.

The model of Breitung [53] is a pore migration model. The pore which migrates by means of
an evaporation-condensation mechanism accumulates Pu at its hotter side. The ability of the
pore to transport Pu in a fuel rod, that has given radial temperature and O: M profiles, depends
on the radial position, and generally diminishes in the direction of the center of the fuel rod.
Some of the Pu, which the pore took up at its starting place, is thus redeposited along its route,
so that a zone relatively poor in Pu remains at its origin.

The pore migration mechanism, which is highly effective already at the beginning of the
irradiation, has superimposed on it the thermodiffusion mechanism which gains more slowly in
effectivity. A successful interpretation of the measured data is possible if both processes are
considered, as shown in Fig. 1-86, for (Ug gPugy ,)0, oo as an example (data due to [68],
calculation due to [53]).

Fig.1-86
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A strong radial redistribution of fissile material caused by pore migration may be suppressed
when one of the following conditions is applicable:

(1) A relationship exists between the O:M ratio and the Pu content that falls within the
hatched area in Fig. 1-87 [53].
(2) The density of the fuel is larger than 95% of the theoretical.

Concerning the operational conditions, it may be said that the contribution of thermodiffusion
is small as long as the power level of the rod is kept below 350 W/cm.

At very high power levels of the fuel rod, where central melting occurs, a massive axial
redistribution of fissile materials takes place [83]. Some peculiarities that are encountered are
an unsymmetrical radial redistribution of fissile material [84] and a fine structure of the
concentration of fissile material at the cold rim of the fuel, which depends on the burnup [85].
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Fig.1-87
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1.1.8.1 Interior Corrosion in Zircaloy Cladding

The interior surface of Zircaloy cladding tubes that contain oxidic nuclear fuel is, in
principle, oxidized to form a ZrO, layer. At normal LWR operational temperatures the
temperature of the cladding is so low, that no appreciable diffusion of oxygen into it occurs.

In no case ZrO, layers thicker than ca. 12 um were found, and this value is attained only ata
burnup of above 40 MWd/kg(U) [1]. In the case of a UO, fuel in BWR fuel rods (Zircaloy-2
cladding), a thickness of the oxide only slightly more than 5 pm was found [1, 2] ata burnup of
about 30 MWd/kg(U). In the case of PWR fuel rods (Zircaloy-4 cladding) this value was
attained only at a burnup of ca. 40 MWd/kg(U) [1]. A mixed oxide fuel (UO,-PuO, with 6.6%
PuO, content) in Zircaloy cladding follows this behavior too [3, 4]. For information on the
chemical interaction between UO,-PuO, with Zircaloy see [127].

As the burnup increases and at elevated fuel rod power levels a multilayered structure is
built up. Fuel particles often stick to the ZrO, layer of the cladding by means of special layers.
Bazin et al. [5, 6] found an intermediate layer composed of Zr, U, Cs, and O. For the individual
elements the following average concentrations (in wt%) were determined by microanalysis: Zr
45%, U 37%, Cs 4%, O 20%. Cubicciotti et al. [7 to 9] (see also [124]) used a scanning
electron microscope and an energy dispersive X-ray analyzer to examine the depositions on the
interior surface of the cladding. Three kinds of deposits on the ZrO, basis layer could be
observed phenomenologically:

(1) sharply defined straight bands at the locations of cracks in the pellets,
(2) massive deposits at the contact points with the pellets, and
(3) circular deposits distributed randomly.

The compounds Cs,UQ,, Cs,Te, and Csl could be identified with varying degrees of certainty.
The deposits of type (2) were demonstrated to contain only Cs and U, forming a ceramic double
layer with a higher U content at the fuel side. Particles of UO, sticking to the cladding appear to
be cemented to it by means of the same material. Cubicciotti, Sanecki [9] propose Cs,0 (m.p.
ca. 730K) as the transporting species for the major part of the deposit, since Johnson [10]
found only Cs and Cs,0 on vaporization of Cs,UOQO, (cf. “Uran” Erg.-Bd. C3, p. 562).

1.1.8.2 Interior Corrosion in Steel Cladding

The system, consisting of oxidic fuel and austenitic steel (e.g., DIN 1.4970, AISI 316), is
thermodynamically stable, as was confirmed by isothermal out-of-pile compatibility experi-
ments [11, 12]. The fission products and the released oxygen are responsible for the interior
corrosion of the cladding under irradiation.

Two kinds of attack on the cladding were observed [11 to 17]:

(1) homogeneous attack, causing uniform oxidation at low temperatures (<700°C), and
(2) attack at grain boundaries at higher temperatures, caused by oxygen and fission
products.

The main factors for the interior corrosion of the cladding are the oxygen potential in the
fuel rod and the temperature of the cladding, while, e.g., the composition of the cladding and
the state of the material have only a minor effect [18, 19].

According to Thiummler [16] (see Fig.1-88) reactions with the steel cladding start at
500°C and reach saturation between 650 and 700 °C, yielding reaction zones of maximal
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Statistical evaluation of the maximal depth of attack of the austenitic steel cladding of BWR fuel
rods as a function of the temperature [16].

thickness of about 150um [11, 12, 20]. At intermediate and low temperatures the corrosion of
the cladding follows a parabolic time dependence, but at higher temperatures rather a linear one

[11].

Both post-irradiation studies and out-of-pile experiments were conducted in order to find
which fission products are responsible for the attack on the cladding (Table 1/20, p. 126, [16]).
It was found, in fact, that only the elements Cs(Rb), I(Br), and Te(Se) are reactive towards
austenitic steel (see also Ohse, Schlechter [21, 22] and Aubert et al. [23]).

A recent publication by Bradbury et al. [17] deals with the corrosion mechanism of the
interior surface of the cladding of fast breeder fuel rods in terms of models. The corrosion is
described as a series of numerous individual steps, and the following aspects, among others, are
considered. The oxide layer consists essentially of Cr,03, so that the metal matrix layer directly
beneath itand the grain boundaries of lower layers are depleted in chromium. Spinel phases are
therefore formed at the interface between the Cr,O; layer and the metal [24], which are
decomposed by the effects of Cs and oxygen [25 to 27].

Two processes are considered for the corrosion of the cladding by caesium:

(1) Direct attack on that part of the surface, that is not yet covered by an oxide layer, with
the formation of caesium chromates [28]. Although caesium seems to play the decisive role, the
cooperative effects of tellurium [29] or iodine [17] as corrosive fission products cannot be
disregarded.

(2) A corrosion mechanism that depends on the depletion of chromium in the steel. When
this depletion is sufficiently advanced the austenite turns into the ferritic state, in which (a) the
chromium diffusion is enhanced, and (b) the solubility of the carbon is lower. Chromium
carbides (e.g., Cr,3Cs) may form at the grain boundaries, in particular in non-stabilized steels.
When Cr,,Cq reacts with caesium and oxygen Cs,CrO, is formed, carbon is released, and
Cr,,C¢ may be formed anew. The carbon thus acts as a catalyst for the grain boundary
corrosion.

References for 1.1.8 on pp. 131/5



126 Oxide Fuels in the Reactor

Table 1/20

Fission Products that Reduce the Compatibility between the Cladding and a Mixed Oxide Fuel
[16].

Fission products or fission product compounds examined:

Cs, Rb, |, Br, Te, Se, Ru, Rh, Pd, Sb, Sn, In, Cd, Mo,

BaO, Sr0, ZrO,, Ce0,, Nd,0;, MoO,

Fission products considered dangerous (20% burnup)

Cs | Te
reactions: at0O:M >2.00 at O:M =2.00 depends little on
stronger than o:M
at 0:M >2.00
formation of: Cs chromates; de- Cr iodide (ferrite, Cr tellurides, Ni
composition of martensite) tellurides

austenite into
ferrite and Ni-

martensite

attack on cladding: preferentially preferentially at <700°C area-
along grain boun- along grain boun- wise, at >700°C at
daries, depth daries, partly hole-  grain boundaries

120 pm at 700°C wise

1.1.8.3 Cooperative Mechanical and Chemical Interactions

A special form of the interaction between the fuel and the cladding may under certain
circumstances occur in fuel rods with Zircaloy cladding. This is stress corrosion cracking
(SCC), in which fission products act as agressive media, while simultaneously a mechanical
stress, caused by the different thermal expansions of fuel and cladding, is effective. This type
of interaction is designated as PCl (pellet clad interaction).

Garzarolli et al. [30] survey the PCI phenomenon. In an irradiation program (“High
Performance UO, Program”) in 1964 [31], small cracks, like pinholes, were found in the
cladding, in the neighborhood of which high local concentrations of iodine are present. A
connection with SCC became evident, when Rosenbaum et al. [32, 33] showed that such an
iodine-induced process occurs in Zircaloy even outside the reactor.

Mechanical Interaction between Fuel and Cladding

In numerous earlier studies the mechanical aspect of PCl was over-emphasized or even
considered exclusively. Aas [34] reviewed the mechanical aspects in 1972, while the various
observations and analyses have been published in [34 to 83, 128]. The following phenomena
are discussed in detail :

(1) Axial deformation of the cladding, including its dependence on the length, form, and
density of the fuel pellets [34, 39, 43 to 45, 50, 56].
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(2) Radial deformation of the cladding by means of

— thermal expansion of the fuel [45, 52, 57 to 59],

— opening of cracks in the pellet surface [60 to 62], and

— fuel swelling [59].

(3) Extension caused by so-called “ridges” in the cladding [61, 63 to 65].

(4) The “ratchetting effect”: the repeated irreversible “‘dragging’” of the cladding along
with the fuel column during changes in the power level [46, 48, 66].

An interaction theory based on the friction between the fuel and the cladding was
constructed by Gittus [67 to 72]. The mechanical interaction between the fuel and the cladding
is treated by many computer models (see [73 to 81]). Simulation experiments with fuel rods
outside the reactor are described in [82, 83].

For the mechanical interaction between UO,-PuQ, and the steel cladding of fast breeder
reactor fuel rods, [84 to 88, 129] should be consuited.

Stress Corrosion Cracking (SCC) Arising from Pellet/Clad Interaction (PCI)

Some knowledge about the mechanism of the PClI phenomenon was obtained in
laboratory studies, but mainly it was obtained in so-called “ramp tests’ in the reactor. A clear
distinction between power ramps and power cycles must be made in this connection, since the
latter do not lead to the PCI phenomenon. According to Holzer, Stehle [89, 90], a power ramp
is defined as the firstrise of the local rod power above the previous steady state, while a power
cycle is defined as repeated changes without exceeding the previously reached limits of the
power level, to which the rod had been conditioned. The latter case occurs in the typical
day/night cycle of a power station.

Garzarolli et al. [30] discuss in detail the parameters of the reactor operation, on which the
probability of a PCI effect depends:

(1) burnup,

(2) upper level of the rod power, after the power ramp,
(3) ramp height, i.e., the power jump caused by the ramp,
(4) rate of the power change, and

(5) duration of the higher power level.

PCI defects have been observed in all types of light water reactors [31, 90] as well as in heavy
water/natural uranium reactors [91].

Ramp tests with the combinations “irradiated cladding-new fuel” [31, 92] and “new
cladding-irradiated fuel” [93], as well as many other irradiation experiments (e.g., [62, 94
to 96]) showed that the PCI is connected with SCC by means of fission products (see also
[6, 97, 98]).

Garzarolli et al. [99], Fuhrman et al. [100], and Cubicciotti, Sanecki [9] showed that the
PCI phenomenon is evidently accompanied by an increase in the release of fission gas. An
enhanced redistribution of volatile fission products (Cs, |, Te, etc.) occurs simultaneously. This
is also evident from the results shown in Fig. 1-89a, b, p. 128, for fission gas and 'l behavior
according to Vogl et al. [130, 131] and Sontheimer et al. [132].

The following substances may produce SCC:

(1) iodine or iodides (Zrl,) [101],

(2) cadmium (low fission yield) [102],

(3) caesium in the liquid state if it has a low oxygen content and is contaminated with
iron [103, 104].

References for 1.1.8 on pp. 131/5
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Results of ramp experiments. a) Fission gas release due to power ramping [131, 132]. b) Ratio
of 3| concentration at position of pellet interface to pellet average after power ramping [131,
132].

Further potential agents are : caesium compounds, Te, Se, Sb, As, Ag, Cd, In, Sn, Pb. lodine and
iodine compounds are considered nowadays as the materials which are definitely responsible
for the chemical aspects of the PClI phenomenon. The iodine SCC of Zircaloy has been
intensively studied during recent years (see, e.g., [9, 99, 100, 105 to 114]). Cox, Wood
reviewed in 1974 what was then known about this subject [106]. In 1980 a review was given
by Cubicciotti et al. [133].

According to present day knowledge, the PCl phenomenon may be described as follows
(Fig.1-90): The power ramp is accompanied by a rise of the central temperature of the fuel,
above its stationary value. The diabolo form of the fuel pellet, which is due to the thermal
expansion, becomes even more emphasized because of this circumstance. Tensile stresses in
the cladding are thereby caused, which are enhanced at the pellet/peliet interfaces and perhaps
also at locations where cracks occur in the pellets. A transient release of fission gases and of
volatile fission products accompanies the temperature increase, in particular when grain
growth (dependent onthe temperature level) occurs at the same time. The release of the volatile
fission products takes place preferentially at the pellet/pellet interfaces or through radial cracks.
The transient release of the fission gases decreases the heat transfer between pellet and
cladding. This may lead to an increased central temperature and therefore to thermal feed
back [112] which further increases the UO, temperature.

The SCC leads to a finely branched perforation, eventually with limited ductile rupture or
deformation lines (X shaped markings) on the exterior surface. Fission products break through
this “primary defect’” (as does any filling gas, such as He, the fuel rod may contain), and water
vapor finds its way in. Thereby “'secondary defects” (hydriding failures) are caused, sometimes
at locations far from the primary PCIl defect.
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Fig.1-90

Schematic description of the PClI phenomenon in LWR fuel rods [144].

SCC takes place only when the critical fission product concentration and the critical tensile
stress are exceeded simultaneously and for a certain time interval.

An experimental strategy which converts the SCC criteria into operational parameters by
evaluating “"safe values’’ for the overpower range, overpower step, speed, and time, respective-
ly, was proposed by Vogl et al. [131, 134]. The meaning of this so-called RSST approach
(Range, Step, Speed, Time) is outlined in Fig.1-91, p. 130 [131]. The defect threshold
separates the range where a possibility of PCI failure exists from the “'safe range” where at
least one of the requirements to create SCC (stress, strain, iodine concentration) is not fulfilled.

Extensive reviews of all the activities in this field, summaries of what is known about the PCI
phenomenon, and detailed discussions were the result of international meetings between 1977
and 1981:

(1) ANS Topical Meeting on Water Reactor Fuel Performance, St. Charles, Illinois, USA,

1977 [89, 100, 115 to 126],
(2) IAEA Specialists Meeting on PCI for Water Reactors, Vienna, June 27 to July 1, 1977,

with the following sessions:
Gmelin Handbook References for 1.1.8 on pp. 131/5 9
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Fig.1-91
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RSST approach in the ramp test strategies [131, 134]. (LHGR = linear heat generation rate).

(a) PCI failure experience and observation
(b) Mechanisms of PCI failure
(c) Cladding and fuel characteristics with respect to PCI behavior
(d) Fuel pin modelling with respect to PCI behavior
(e) Ways of avoiding PCI defects and general discussion.
A summary report of this meeting was given by Locke [135].

(3) KTG/ENS/JRC Meeting on Ramping and Load Following Behavior of Reactor Fuel,
Petten, Holland, 30.11.—1.12.1978 (KTG = Kerntechnische Gesellschaft e.V.; ENS =
European Nuclear Society; JRC = Joint Research Centre of the Commission of the European
Communities) [90, 136 to 143].

(4) IAEA Specialists Meeting on Power Ramping and Power Cycling of Water Reactor Fuel
and its Significance to Fuel Rod Behavior, Arles, France, May 1979.

(5) 1AEA Specialists Meeting on Water Reactor Fuel Element Performance Computer
Modelling, Blackpool, England, March 16th to 21st, 1980, with the following sessions:

(a) Input data and assumptions
(b) Fuel element performance computer models
(c) Comparison of predictions with fuel element performance data
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(d) Probabilistic modelling and code applications
(6) IAEA Specialists Meeting on Pellet-Cladding Interaction in Water Reactors, Risg,
Denmark, Sept. 22nd to 26th, 1980 [145] with the following sessions:
(a) PCI experience
(b) Effect on PCI of operational strategies and alternative fuel designs
(¢) Mechanistic studies
(d) PCI failure criteria.

(7) Enlarged Halden Program Group Meetings, e.g., Lillehammer, Norway, June 1st to
6th, 1980, and Fredrikstad and Hankg@, June 14th to 19th, 1981. These meetings are annual
meetings where the results and their evaluation as well as modelling work of the participants
of the Halden Program are presented and discussed. These programs are currently being con-
tinued.

For further contributions to this item at other conferences see [146 to 150].
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Intern. 14 [1969] 648/52.

D. H. Locke, The Behavior of Defective Reactor Fuel, Nucl. Eng. Design 21 [1971] 318/30.

D. H. Locke, Defective Fuel Behavior in Water Reactors, Water Reactor Fuel Performance,
ANS Top. Meeting, St. Charles, lllinois, 1977, Session |, pp. 28/37.

F. Garzarolli, R. Manzel, H. Stehle, The Behavior of Defective Fuel Rods Under Continued
Reactor Operation, Kerntechnik 20 [1978] 463/6.

H. Kleykamp, Das chemische Verhalten defekter Mischoxid-Brennstabe unter Bestrahlung,
Reaktortagung, Mannheim 1977, Meeting Report, pp. 510/3.

1.1.9.1 Water Cooled Fuel Elements

The behavior of defective fuel rods in water cooled reactors has been studied since the late
50’s [1 to 4]. Already since that time has the good behavior of the defective rods been known.
This is due to the choice of the chemically very stable oxide as the nuclear fuel. Locke [5 to 7]
published a series of reviews, and a more recent survey paper is due to Garzarolli et al. [8].

A perforation of the cladding may have the following consequences for the behavior of the
oxidic nuclear fuel [8]:

(1) Release of fission products into the coolant (see also [9, 10, 31, 32])
— contamination of the primary coolant system.

(2) Oxidation of the fuel (e.g., UO, to U;04)
— decrease of thermal conductivity, increase of central temperature,
— increases in volume and diameter.

(3) Flushing out and loss of fuel through the defect in the cladding
— contamination of the primary coolant system.

The release of fission products to the coolant is a complicated function of the
operational parameters [8]. The following release mechanisms may be distinguished syste-
matically [8]:

a) slow or sudden release of stored fission products during the process of clad perforation,

b) steady-state release of fission products from existing fuel failures during constant power
operation of a reactor,

¢) fission product spiking during shut-down [9], and

d) moderately increased release rate during nonsteady operation of a plant [10].

The rate of oxidation of the fuel depends on the following factors:

a) time elapsed since the perforation,
b) size of the defect,

c) temperature of the fuel, and

d) coolant chemistry.

References for 1.1.9 on p. 138
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Blackburn etal. [11, 12] reported rates of oxidation as a function of the partial pressure of
the oxygen (see also [13]). Accordingly, stronger oxidation should be expected in boiling
water reactors (e.g., 0.2 ppm oxygen in the water) than in pressurized water reactors (e.g., only
0.005 ppm oxygen in the water, due to the diminished radiolysis of the water because of the
addition of H,). Such an effect was not found, however, according to [8].

The oxidation of the fuel near a defect in the cladding leads after a few days to an O: M ratio
of about 2.1, while after one year values above 2.4 are attained (Fig.1 in [14]).

Fig. 1-92 shows that the oxidation of the fuel is stronger at its edge than atits center. Layers
of U,04 were found on the surface of the fuel, the thickness of which varied according to the
size of the defect, the power level or the central temperature of the fuel rod, and the distance
from the defect, having values between 10pm and 1 mm [8].

Fig. 1-92

Etched section micrographs of a defect LWR fuel rod: a) longitudinal section, b) cross section
[14]

Oxidation of the fuel leads to a decrease in the thermal conductivity, hence to an increase in
the central temperature (see Section 1.1.3.1, p. 29). From this result restructurings, which are
not observed under normal operation: columnar grain growth and possibly the formation of
a central void (see Section 1.1.6.3, p. 102). These phenomena, as also accelerated equiaxed
grain growth, were observed in defective fuel rods at lower temperatures than in non-defective
fuel rods. The reasons, therefore, should be sought in the enhanced self-diffusion in hyper-
stoichiometric U0, [15]. An accelerated grain growth was found in such UQO,,, also in out-
of-pile experiments [16].

The increase of the diameter of the pellet because of the oxidation of the fuel is generally
small. Garzarolli et al. [8] estimated an increase of the diameter by 20 um for a layer thickness of
100pum of the U;04.

UO, has an excellent corrosion resistance against the coolant water, and only a minimal
leaching of the fuel results [8, 13, 17]. As a consequence of chemical reactions and mechanical
erosion by the coolant, the following fuel losses from the fuel rod were noted after one year of
operation in the defective state:
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a) pinhole: 10 3g
b) hole with a diameter of 5 to 10mm: 1g
c) crack (20 to 50 mm long, 5 mm wide): 10g

The quantities cited are orders of magnitude only. No increase of the effect with the power
level was noted up to a power of about 500 W/cm.

In the literature, an effect designated as “water logging” was discussed [18 to 20], in
particular for fuel of relatively low density (80% of the theoretical). When the reactor is shut-
down water may be sucked-in into the void space of the fuel rod, including open pores of the
fuel. On fast increase of power in the reactor a water vapor pressure may buildup, causing
rupture of the cladding. This effect does not occur with fuels having realistic properties for
water cooled reactors (> 94% of theoretical density), and has never been observed in power
reactors of this kind.

The behavior of UO,-PuQ, in Zircaloy cladding tubes relative to defects has been studied
by Freshley [21]. The results were similar to those for UO,,.

1.1.9.2 Sodium Cooled Fuel Elements (NaK Coolant)

The behavior of UO,-PuO, fuel in fast breeder reactors relative to defects in the fuel rod
cladding has been studied essentially only since the early 70’s. Geithoff [22] reported the
flushing of fuel from defective fuel rods in irradiation experiments in the Dounray Fast Reactor
(experiment DFR-435; for post-irradiation studies see [23]). Contrary to the experience in
previous irradiation experiments (Mol-7A [24], FR2 [25]), where the fuel remained practically
completely within the cladding, in the case of DFR-435 fuel losses amounting to between
3 and 5 g per defective rod were observed. The mechanism of the flushing was assumed to be
mechanical without appreciable cooperation from chemical reactions. Vibrations of the fuel
rods and turbulence of the coolant should be the causes for this effect.

The chemical interaction between the fuel and the coolant is reported in [25, 26] for Mol
7-A, in [27] for DFR-435, in [28] for FR-2 and in [29] for Vadia-|.

Kleykamp [30] discussed the chemical behavior of defective mixed oxide fuel rods under
irradiation. The intrusion of the coolant into the interior of the fuel rod has the following
consequences:

(1) Fuel-coolant-cladding reactions.

Depending on the temperatures of the fuel and of the cladding, two kinds of oxidic reaction
layers are found between the fuel and the cladding:

a) Layered oxidic and metallic phases of the components of the cladding, with small
amounts of Na-K-Ba-U oxides at the surface of the fuel as well as Na-K chromate and
manganate.

b) Oxidic Na-K-Cs-Ba-Mo-U phases between the fuel and the cladding.

Since the layers have a smaller density than the fuel has, increases of the diameter of the
fuel rod occur, but these are insignificant.

(2) Changes in the stoichiometry of the fuel.

A multi-phase alkali metal-alkaline earth metal-uranium (plutonium)-molybdenum oxide
is formed by the reaction of the sodium and the potassium on the mixed oxide fuel. The O: (U
+ Pu) ratio is thereby reduced from 2.00 to 1.96.

References for 1.1.9 on p. 138
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(3) Enhanced axial redistribution of fissile material.

The central temperature becomes elevated because of the poor heat conductivity of the
reaction layers that are formed. As a consequence, an enhanced vaporization of uranium oxides
towards the ends of the fuel rods takes place.

(4) Precipitation of fuel and fission products.

Besides the well known precipitation of Mo, Tc, Ru, Rh, and Pd, in the case of a defect a
multi-phase actinide-platinum metal precipitate is formed (intermetallic compound), which
is insoluble in nitric acid (problems are encountered in the reprocessing of the irradiated fuel).
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1.2 Carbide and Nitride Nuclear Fuels

A. Naoumidis, H. Nickel,
Kernforschungsanlage Jilich
Jilich, Bundesrepublik Deutschland

1.2.1 Introduction

Uranium monocarbides and mononitrides, their solid solutions, and the corresponding
uranium-plutonium compounds, are potential ceramic nuclear fuels and breeding materials.
Higher burnups (at higher heat rating), and thereby also more favorable fuel cycle costs, may be
attained with these materials than with metallic fuels, because of the high dimensional stability
under irradiation of the ceramics.

Characteristic properties of uranium and plutonium monocarbides and mononitrides and
their solid solutions are high thermal conductance, high density, and a high ability to retain
gaseous fission products. The thermal conductivity of these compounds is from 4 to 10 times
higher than that of uranium dioxide. Therefore, with these materials significantly higher linear
heat rates may be produced, than with the oxide fuels.

The following advantages, among others, result from these facts, when carbide or nitride
fuel and breeding material are employed in, e.g., a Na-cooled fast breeder reactor:

a) Fuel rods having larger diameters may be employed because of the higher heat
conductivity. This leads to diminished fabrication costs, and to lower neutron losses in metallic
cladding and structural material.

b) The fuel temperature is lower compared with oxide fuels in spite of the higher specific
power. Therefore appreciable separation of fissile and fertile materials and release of fission
gases during the irradiation process can be avoided.

c) The operating temperature is well below the thermal load limit of these fuels. The
operational safety potential in thereby raised, because of the smaller significance of the
negative Doppler effect.

d) The smaller fission gas release in carbide and nitride fuels allows a smaller gas plenum in
the fuel rod without an increase in the internal pressure.

e) The ca. 30, resp. 40%, higher density of the monocarbide, resp. mononitride, fuels
relative to the oxide fuels, may, ata smaller enrichment, lead to larger breeding rates, shorter fuel
doubling times, and longer core operation times.

The following disadvantages of carbide fuels (UC and (U,Pu)C) compared with the oxidic
fuels must be noted too:

a) High chemical reactivity towards oxygen and humidity in the air, which leads to higher
fabrication costs, e.g., the use of an inert atmosphere.

b) A relatively high swelling rate, which limits the burnup.

These disadvantages are not as important for the mononitrides as they are for the
monocarbides. On the other hand, higher neutron losses, caused by the (n,p) reaction of the
nitrogen, must be taken into account.

Caspersson et al. [1] calculated the nuclear data for a 500 MW, Na-cooled fast breeding
reactor from the properties of oxide, carbide, and nitride fuels (Table 1/21).

References for 1.2.1 on p. 142
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Table 1/21
Nuclear Performance Comparison of Various Fuels for a 500 MW, LMFBR Core.

parameter fuel type

(U, Pu)O, (U, Pu)C (U, Pu)N

peak heavy metal burnup in MWd - kg (mean/max.) 65/100 50/78 47/51
fissile Pu in kg 1225 1181 1201
fissile Pu enrichment in % 15.6 12.4 125
reactor breeding ratio 1.20 1.42 1.35
peak neutron-flux in 10'5n - cm~2 - s~ 7.6 7.9 8.1
Doppler coefficient/T, dk/dT —0.0070 —0.0075 —0.0074
relative absorption cross section of the non-metal 8.1 0.8 249.0
full power days per refueling cycle 156 218 205

The development of uranium and plutonium monocarbides and mononitrides to become
useable nuclear fuels is the result of intensive worldwide efforts. On the one hand, basic research
provides the physical, mechanical, and chemical properties required for the use of these ceramic
fuels in reactors. On the other, national and international projects test in irradiation experiments
the suitability and the load limits of the various fuel element designs.

The application of these high-power fuels to other reactor types has also been pro-
posed and examined. In the sixties, EURATOM was concerned with UC in its ORGEL
(organique eau /ourde) project, Atomic Energy Canadian Limited (AECL) and the USAEC in
connection with the development of a heavy water moderated organic cooled reactor
(HWOCR). The requirements on the fuel of this reactor type were summarized by Falk et al.
[2] (Table 1/22).

Table 1/22
Operational Conditions of the Fuel Elements of the Heavy Water Organic Cooled Reactor
(HWOCR).

HWOC reactor U-305AL
cladding and fuel SAP*-UC SAP*-UC or
Zircaloy-UQO,
coolant Santowax OM Santowax OM
+10% HB** + 10 up to 30% HB
HB-40 with 22 to 33
wt% HB
fuel enrichment (% 23°U) 1.3 15
peak unperturbed neutron-flux in n-cm~2-s7' 2.8x10"¢ 2.4x10'4
peak specific power in MW/MTU 481 46.8
peak fuel temperature in °C 1150 1100
peak cladding temperature in °C 465 455
bulk average power density in MW/m3 0.116 0.112

* SAP = Sintered Aluminium Product
** HB = high boiler polymers, produced also by the radiation damage of o-, m-, and p-ter-
phenyl (the Santowax)
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UC and UN were considered also as fuels in a thermionic reactor [3 to 5]. The most
significant fuel development work in this area was done by Gulf General Atomic (GGA) in San
Diego and by the Connecticut Advanced Nuclear Engineering Laboratory (CANEL), within the
framework of the Systems for Nuclear Auxilary Power (SNAP-50) project.

For the sake of completeness itis necessary to mention also the ROVER project operated by
the Los Alamos Scientific Laboratory (LASL), the aim of which was the development and
testing of nuclear rocket fuels. A UC-ZrC solid solution in a graphite carrier was used as fuel.

The main direction of development and application of the high power fuels, however, has
been, for nearly two decades, the liquid metal fast breeder reactor (LMFBR). Almost all the
nuclear research centers in the industrialized nations have made some efforts in this area. The
most important contributions have been provided by teams from the following establishments
(in alphabetical order):

— Atomic Energy Research Establishment (AERE), Harwell, England

— Argonne National Laboratory (ANL), Argonne, Ill.,, USA

— Batelle Memorial /nstitute (BM!), Columbus, Ohio, USA

— Centre d'Ftudes Nucléaires (CEN), Fontenay-aux-Roses, France

— Eidgendssisches /nstitut flir Reaktorforschung (EIR), Wirenlingen, Switzerland

— Europaisches /nstitut fiir Transurane (EIT), Karlsruhe, F. R. Germany

— Japan Atomic Energy Research /nstitute (JAERI), Tokai, Japan

— Kernforschungszentrum Karlsruhe (KfK), Karlsruhe, F. R. Germany

— Kurchatov Institute of Atomic Energy, Moscow, USSR

— Los Alamos Scientific Laboratory (LASL), Los Alamos, New Mexico, USA

— United Nuclear Corporation (UNC) or, since 1972, Gulf United Nuclear Fuel Corporation
(GU), Elmsford, NY, USA.

The results of these teams have been published in reports from the individual research
centers, in the technical literature, and in the proceedings of technical meetings, such as the
Transactions of the American Nuclear Society (ANS) or the Compacts of the annual German
Reactor Meetings (Reaktortagung) of the Deutsches Atomforum (DAtF) and the Kern-
technische Gesellschaft (KTG). The contributions to important conferences were, furthermore,
published in book form [6 to 17].

Itis not the aim of this presentation to evaluate systematically the extensive literature. The
data are presented in a readily surveyed form in two chapters. The first part (Section 1.2.2, from
p. 142) deals with_the physical, mechanical, and chemical properties of UC, (U,Pu)C, UN,
(U,Pu)N, and the corresponding carbide nitrides before irradiation. Special attention is given to
the thermal conductivity, the self-diffusion, and the compatibility of the various fuels with
the cladding material. The second part (Section 1.2.3, from p. 191) examines the various
effects arising in the fuel from irradiation. Here, too, the changes in the physical and
chemical properties are presented first, and then effects such as swelling, fission gas release,
and the behavior of the solid fission products and plutonium, important for the fuel rod design,
are discussed.

The units (for temperature, pressure, etc.) used in the original publications have been
replaced in the present chapter by the units valid nowadays. The values of the burnup, however,
have not been changed, and this quantity is reported in the following units:

a) at. % or % FIMA, i.e., % fission of /nitial heavy metal atoms
b) MWAd/t, i.e. megawatt x days/tons heavy metal
c) 102° fissions/cm?.

References for 1.2.1 on p. 142
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Table 1/23 correlates these three units for UC and UN.

Table 1/23

Correlation of Burnup Units.

material % FIMA fissions/cm?® MWd/t

uc 1 3.28x102° 8220
0.305 102° 2500
1.22 4.0x10%° 10000

UN 1 3.41x102° 8150
0.293 102° 2390
1.23 418 x102° 10000
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1.2.2 Properties in the Non-Irradiated State

For a detailed discussion of the physical properties of the pure uranium compounds see
“Uranium” Suppl. Vol. C7, 1981 (Nitrides), and C12 (Carbides).
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1.2.21 Mechanical Properties
1.2.21.1 Creep Behavior

The long lifetime of fuel rods in the reactor can be limited by the swelling rate of the fuel
and on the resulting mechanical interaction between the fuel and the cladding. It is generally
known that the swelling of the fuel is directly related to its plasticity, to its creep, and to its
fracture characteristics. Therefore the creep behavior of high density single phase carbide and
nitride materials was studied in out-of-pile experiments, as a function of the temperature and of
the stress.

1.2.21.1.1 Carbides

The steady-state creep behavior of uranium carbides has beenreviewed by Seltzeretal. [1].
Most of the high temperature creep experiments had been conducted in vacuum, between 104
and 10-¢Torr, on UC under applied mechanical pressure [2 to 7, 9, 20]. Only a few tensile
creep measurements have been reported [8]. Samples consisting of coarse-grained arc-melted
polycrystalline material were employed for the determination of the creep behavior, except for
two experiments made on single crystals [4, 10]. The results for hyper-, respectively hypo-
stoichiometric carbides are summarized in Fig. 1-93, respectively 1-94, p.145. Killey et al. [9]
conducted creep experiments on arc-melted polycrystalline (120um grain size) hyper-
stoichiometric UC (4.81 t0 5.18 wt% C) in the temperature range from 1225 to 1 600 °C under
stresses of 1500 to 10000 Ib/in? (10 to 70 N/mm?3). The creep behavior of hyperstoi-
chiometric carbides, obtained from the experimental results, could be described well by eq. (1).

¢ = A”c" exp(—AH"/RT) (1)
where € is the creep rate, o the stress, and, at low temperatures and stresses,
A" =228x102 n=179+0.67 AH" = 68.6 + 23.4 kcal/mol (287 + 98kJ/mol),
and at high temperatures (>1300°C) and high stresses (>6000Ib/in? or >42 Nmm?)
A"=113x10"" n=418+1.36 AH" =141.6 £+ 21 .6 kcal/mol (5690 £ 90 kJ/mol).

The creep rate of hyperstoichiometric UC is several orders of magnitude lower than that of
the hypostoichiometric material at similar stress and temperature ranges. The high activation
enthalpies for creep and the exponents of the stress in eq. (1) are in agreement with numerous
models of creep processes. In all of these the diffusion of the uranium atoms controls the motion
of the dislocations.

Creep tests on single crystals at different orientations showed, on the basis of metallo-
graphic examination, that {110} {100} is the slip system at <1400°C [1]. Between 1300 and
1500°C and at a stress of 6000 Ib/in? (42 N/mm?) the slip plane becomes increasingly wavy.

Information on the creep rate controlling process could sometimes be obtained from the
effect of the composition on this property. Norreys [5], Killey et al. [9, 10], and Magnier et al.
[2] found that the creep rate of uranium carbides decreased with increasing carbon content.
Norreys [5] observed at 1 300 °C and 6000 Ib/in? a plastic deformation of 25% in 30 hina UC
sample having 4.7 wt% C, whereas samples having 4.9 and 5.2 wt% C under similar conditions
strained less than 2%. This difference could be explained by the presence of free uranium along
the grain boundaries in the hypostoichiometric material.

References for 1.2.2.1 on p. 152
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Fig. 1-93
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Summary of creep rate measurements on hyperstoichiometric carbides. Symbols on curves are

explained in the table below.

symbol material carbon content stress, preparation Ref.
in wt% in MN/m? of sample

a uc 4.9 - sintered [6]

b uc 4.8 to 4.97 - sintered [9]

c Uy g5Puy ,5C 4.9 20 sintered [9]

d uc 483 - sintered [13]

e Ug 76PUg 2,C 5.1 - sintered [11]

f ucC 5.21t05.6 - arc-cast [14]

g ucC 4.88 — arc-cast [12, 41, 42]
h ucC 5.05 - arc-cast [12, 41, 42]
i Ug.oZro . C+W 5.73 - arc-cast [12, 41, 42]
i ucC 49 - arc-cast [5]

k ucC 5.2 - arc-cast [7]

| ucC 5.2 34 arc-cast [19]
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Fig.1-94
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Summary of creep rate measurements on hypostoichiometric carbides. Symbols on curves are
explained in the table below.

symbol material carbon content stress preparation Ref.
in wt% in MN/m? of sample

m uc 45 — sintered [6]

n uc 46t048 20 sintered [9]

o Ug gsPug 1sC 4.6 to 4.8 20 sintered [9]

p ucC 4.4 10 4.6 - sintered [14]

q uc 46t04.8 - arc-cast [10]

Seltzer et al. [12, 41, 42] determined the stationary creep behavior of UC samples having
various C/U ratios and of samples containing additives such as W and ZrC. The additives
decrease the creep rate by several orders of magnitude.

The study of Hall [13] concerning sintered UC and (U,Pu)C showed only a minor effect of
Pu on the creep rate, in agreement with Tokar’s work [11]. On the contrary, even small amounts
of Ni residues, from its use as a sintering aid, had an appreciable effect. Matthews [14]
expressed this effect by means of eq. (2):

€ = A exp[BW + (CW + Q + (BRT + a)o)/RT] (2)
Gmelin Handbook References for 1.2.2.1 on p. 152 10
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The parameters in this equation have the following values:

parameter . . . A B Cc Q a B
units . . . . . h-? MJ/mol  MJ/mol MJ/MPa-mol MPa~'
forUC . . . .6.21x10" 226.3 -1.219 -0.594

-3 _
for (UPU)C. . 3.21x10'S 2248 —2051 —0612 | 2024x10 0.6055

W is the wt% of Ni and the stress ¢ is in MPa.

Besides the steady-state creep Singh [15] determined also the primary creep behavior of
(U, gPu, ») C. The dependence of the primary creep rate £, on the time tand the stress o is given
in eq. (3), where A and m are temperature-dependent parameters:

& =Acth’ (3)

The value of m varies from 0.1 to 0.3 over the temperature range from 1 573 to 1 873 K, that of A,
at a stress of 7.0 MPa, from 2.14x10"*MPa~"' - h="°t0 6.43x10"*MPa~"' - h~"7 over the
same temperature range. These studies also show that the steady-state creep rate of
(Uo.gPuo.2)C may be related to the stress and the temperature by eq. (4):

¢ = 1.03x107126%+%5 exp[— (296 + 30)/RT] (4)
with (296 + 30) in kJ/mol.

The mechanism of steady-state creep of mixed carbides is assumed to be controlled
by the climb of dislocations, with the simultaneous diffusion of uranium in the bulk.

1.2.21.1.2 Nitrides, Carbide Nitrides

Routbort, Singh [16] published an extensive review of the stationary creep of uranium
nitride. It is necessary to evaluate the data for the creep behavior of UN critically, since although
the studies have been performed either under defined N, partial pressures, or in vacuum, the
single phase region of UN is narrow, as is that of UC. Furthermore, the dependence of the
composition of UN, _, on the pressure and the temperature has not been completely clarified.
Therefore for the creep data shown in Fig.1-95 it must be assumed that in several of the
experiments a shift of the N:U ratio occurred during the measurement, as a consequence of a
temperature variation. It is therefore also difficult to use these data to establish an effect of
pores and of the grain size on the steady-state creep.

The higher melting point (2490 °C for UC and 2839 °C for UN) and the higher elasticity
constant of the nitride lead to expect a higher creep resistance of the nitride than of the carbide.
Uchida, Ichikawa [17], however, found that UN creeps faster than UC. Both the grain size and
the density were kept constant during the experiments, and the dependence of the modulus of
elasticity on the porosity and on the temperature is similar for the two materials. Hence the
higher creep rate of UN must be attributed to the composition change during the measurement.

The presence of impurities affects the rate of deformation of UN. Fassler et al. [6] observed
areduction in the creeprate, in the region of the stationary creep, when the oxygen content was
increased from 400 to 2600 ppm.

Uchida, Ichikawa [17] studied also the creep behavior of U(C,N) mixed crystals. The
change of the creep rate with the composition shows two characteristics: the creep rate
increases rapidly from UC to UC, 5N, 25, and the value for UC, ,5Ng 5, is notably low (Fig. 1-
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Fig.1-95
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The steady-state creep rates of UN, (U,Pu)N, and (U,Pu)(C,N). The symbols on the curves
refer to the following table.

symbol material stress oxygen content Ref.
in MPa in ppm

aa UN 11 2600 [6]

bb UN 54.4 2600 [6]

cc UN 41 400 [6]

dd UN 17 - [19]
ee UN 34 - [19]
ff UN 204 400 [18]
gag UN 27 400 [18]
hh UN 34 400 [18]
ii uc 41 1100 [17]
ji UN 41 2100 [17]
kk UC, 2gNo 72 41 2100 71
I UCo 78No 22 41 2200 [17]
mm (Uo.85PUo.15)(Co.65No.85) 7.6 - [21]
nn (Uo.85Pug 15)(Co.65No.s5) 44 - [21]

95). The minimum in the creep rate coincides with the maximum in the Young’'s modulus at the
composition UC, ,Ng 5 [22, 43]. The heat of solution of UC in UN, too, plays some role in the
deformation behavior, because of its relation to the binding energies [23].

De Novion et al. [21] determined the compressive creep properties of (U,Pu)(C,N). The
creep rates found were higher than that of UC and lower than that of UN [17].

References for 1.2.2.1 on p. 152 10
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1.2.2.1.2 Elastic Properties

The published data concerning the elastic properties of UC and UN has been summarized
by Routbort, Singh [16]. The elastic moduli M of the polycrystalline material depend strongly
on the type and the fraction of the pores. The effect of the porosity may be described by means
of eq. (B):

M = M, (1 + AP) (5)

where P is the fraction of the pores. For small, spherical, and closed pores the constant A should
be independent of the material. Since this independence has only seldom been observed, it is
concluded that generally A depends on both the type and the distribution of the pores. The
elastic moduli of UC [3, 22, 23, 26, 28, 43] and UN [22 to 27, 38] have been determined as a
function of the porosity (Table 1/24). The effect of the temperature on the E modulus of various
ceramic fuels is shown in Fig. 1-96 [28]. The linearity of the decrease in the cases of UC and
UN vanishes, once the temperature has attained the plasticity limits of these materials.

Table 1/24
The Dependence of the Elastic Moduli of UN and UC on the Porosity at 25°C.
material Young's shear bulk Poisson’s Ref.
modulus E modulus G modulus M ratio
in GPa in GPa in GPa %
UN 262.0 103.7 1842 [P = 0] 0.263 [P = 0] [24]
(1-2.21 P) (1-2.22 P)
266.8 103.9 2059 [P = 0] 0.284 [22]
(1-2.72 P) [P = 0] (1-1.31P)
229.0 - - - [25]
(1-4.08 P)
217 99.4 0.1 [38]
[P = 0.04] [P = 0.04]
calculated 265.0 104.0 1916 0.272 [27]
from data
on single
crystals
uc 225 (1-23P) 873[P=0] 1768 [P = 0] 0.284 [22, 43]
(1-1.17 P)
calculated 211.0 829 157.5 0.28 [28]
from data
on single
crystals

Matthews [14] proposed egs. (6a) and (6b) for the calculation of the porosity and
temperature dependencies of the Young’s moduli (E) of UC and (U, gPu, ,)C, respectively,
and egs. (7 a) and (7 b) for the corresponding dependencies of the shear moduli G. The moduli
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Fig. 1-96
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The variation of the elastic moduli of UC, UO,, and UN with the temperature.

may be determined with an accuracy of about 1% up to 1200 °C. The equations for E and G,
both in GPa may be employed up to the melting points of the materials, albeit with a larger
margin of error, and a greater effect of the porosity.

UC:

E =215(1-23P)[1-0.92x10"% (T—298)] (6a)
G =943 (1-23P)[1-0.92x10"4(T—298)]/[1—-0.44x10"4(T—-298)] (6b)
(Ug.gPuo 2)C:

E =202 (1-1.54 P)[1—-0.92x10"%4(T—298)] (7a)
G =785(1-154P)[1-0.92x10"%(T—298)]/[1—-0.44x10-4(T—298)] (7b)

Young’s modulus of uranium and (U, g5Pug 15) carbide nitrides (“‘carbonitrides’) varies with
the nitrogen content according to Padel et al. [43] at room temperature as shown in Fig.1- 97.

Fig. 1-97
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Young’'s moduli of carbide nitrides (‘“carbonitrides”) of uranium (upper curve) and of

(Uo.g5Puo.15) (lower curve) according to Padel et al. [43]. Shown are extrapolated values for

UC, _N, having 100% of the theoretical density and of (Ug g5Pug 15)C,_,N, having 70% of the
theoretical density.
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1.2.2.1.3 Strength

Rough, Chubb [29] determined the compression strength rigidity of UC up to 51 100 Ib/in?
(~350 MPa). The strength increases with the carbon content of the material up to a maximal
value at 60at.% C.

Taylor, McMurtry [23] determined the modulus of rupture of sintered UC and UN between
25 and 1600°C. Whereas the modulus of rupture of UC diminishes from 23000 Ib/in?
(=160 MPa) at 25°C to 10000 ib/in? (~ 70 MPa) at 1000°C, it rises again to 19300 Ib/in?
(~135MPa)at 1200°C. For UN having 80% of the theoretical density it increases from
105001b/in? (x73 MPa) at room temperature to 19300 ib/in? (~135MPa) at 1200°C,
probably as a consequence of a sintering process during the measurement.

Carniglia [30] determined the modulus of rupture of arc-cast samples of UC having various
C contents as a function of the temperature up to 1100°C (Fig. 1-98). From these and some
unpublished results, Matthews [14] compared the strength of a few ceramic uranium
compounds, Table1/25. It is necessary to point out, however, that the strength depends
heavily on how the samples have been prepared, so standard deviations of +10% are ex-
pected for the values given.

Fig. 1-98
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The modulus of rupture of arc-cast U-C alloys up to 1100°C, according to Carniglia [30].

Table 1/25
Fracture Strength of Ceramic Uranium Compounds, According to Matthews [14].

compound UO, (U,Pu)0O, UC,_, UC, .«
o; in MPa 150 100 100 210
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1.2.21.4 Hardness

Several authors determined the hardness of carbide and nitride fuels. Dubuisson etal. [31]
reported for stoichiometric UC values between 7 and 8 GPa (with a 30 kg weight). These
hardness values agreed well with those of most other authors [29, 32 to 35]. Only Barnes et al.
[36] found significantly lower values: 4 to 5GPa, for samples which must have been
incompletely converted (1100 °C in vacuum). Single crystals, in the {100} orientation, showed
appreciably lower values than the polycrystalline materials, at room temperature, but at 500 °C
the measured hardness values of both material types were similar [35].

The hardness of carbide fuels increases steadily up to a C content of 8 wt% [29, 31], but
decreases with increasing temperatures [20, 32, 33, 35]. Hypostoichiometric UC (C < 4.3wt%)
becomes plastic above 800 °C. Among the uranium carbides U,C; has the greatest hardness
[34]. Additions of Mo (& 25 wt%) and Si (~0.4 wt%) raise the hardness of hypostoichiometric
UC [35].

Microhardness measurements on PuC [37] yielded at room temperature a value of 8.45
+ 0.25 GPa. More recent measurements of Tokar [11] on various mixed carbides between
room temperature and 1 000 °C showed different temperature dependences of the hardness of
mixed carbides having different compositions. The highest value of the hardness at 1 000°C,
above 2.0 GPa, is exhibited by Ug 4,Pug 53C1 o3

Measurements on sintered UN gave values of the microhardness of 8.0 to 8.6 GPa [28, 40],
whereas Speidel, Keller [38] reported a value of 6.0 + 0.3 GPa. These authors also gave the
temperature dependence (Fig. 1-99). Single crystals of UN above 1000 °C have a hardness
lower by 30% than that of hot-pressed material [39]. ’
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Effect of the temperature on the hardness of UN (100kp/mm? =0.981 GPa).
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1.2.2.2 Thermal Properties
1.2.2.21 Coefficient of Thermal Expansion
1.2.2.21.1 Carbides
Knowledge of the coefficient of linear expansion of a solid fuel is significant for

a) the determination of the maximal central temperature of a fuel rod, the carbidic fuel of
which is connected to the metallic cladding via, e.g., a He filled gap, and

b) the estimation of the thermal and mechanical behavior of the fuel during temperature
transients.

The data available for UC, PuC, (U,Pu)C, as well as for U,C;, Pu,C3, and (U,Pu),C; have
been critically evaluated by Andrew, Latimer [1]. According to Méndes-Pefialosa, Taylor [2]
the coefficient of linear expansion of melted UC, having a C-content of 4.7 to 5.05 wt%, may be
represented between 20 and 2000 °C by equation (1):

(Li—Lo)/Lo = —2.01x10"% + 1.004x10°%t + 1.17x1072t* (tin°C) M

The measurements by other authors [3 to 10] show that the values obtained over the whole
temperature range for sintered UC agree with those of arc-cast UC within +10%. Data from the
Battelle Memorial Institute [11] are shown in Fig.1-100. According to these data, the
coefficient of linear expansion of melted UC samples is in good agreement with eq. (1), but the
values determined for sintered samples are higher by about 30%, independently of the
composition. The addition of 5 to 15 mol% WC to UC has no effect on the thermal expansion of
uranium carbide up to 1600°C [12].

Fig.1-100
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The coefficient of thermal expansion of single-phase arc-cast PuC, having a ratio C:Pu =
0.85, may be expressed, according to Ogard et al. [13], by equation (2) between 25 and
900°C:

(Lr—Lo)/Lg = —4.0x10"% + 8.3x 105t + 3.0x10°°t (tin °C) (2)

The mean a values for PuC determined from the lattice parameters by Palimer [14] and
Rand, Street [15] for the temperature range 20 to 600°C, resp. 20 to 700°C, are in good
agreement with those of Ogard et al. [13]. The expansion coefficient measured by Russel [16]
between 25 and 1000°C for sintered PuCy 6, 12.4 x 107%/K, seems to be less accurate,
because of the use of samples having small dimensions. A mean «a value of (10.8 +0.2)
x 10~%/K is given in a summary by Ogard, Leary [17], and the value given by Reshetnikov et al.
[18] is also within these limits.

Stahl, Strasser [19] determined the same coefficients of expansion, within +5%, for
(U,Pu)C as for the monocarbide (Table1/26). This is true independently of the plutonium
concentration (from 5 to 20 wt%), the C/M ratio, or the presence of a small amount of Ni (about
0.1 wt%), added as a sintering aid. This result agrees with the studies of Ogard et al. [13] made
on (Ug g7Po.13)C, and those of Bocker et al. [20] made on (Ug gPug 5)Co gs.

Table 1/26
The Thermal Expansion of (Ug 95PUq 05)Co. 08 + 0.1 wt% Ni, According to Stahl, Strasser [19].
temperature expansion a,x10°6
in °C in % in K-

200 0.150 8.6

400 0.382 10.2

600 0.627 10.9

800 0.883 114
1000 1.221 11.9
1200 1.422 121
1400 1.678 12.7

1.2.2.2.1.2 Nitrides, Carbide Nitrides

The coefficient of thermal expansion of UN was measured by Speidel, Keller [21]. The
value of a increases from 7.4 x 10~¢/Kat 100°C t0 9.4 x 10~%/K at 1 200 °C, in good agreement
with the work of Taylor, McMurtry [22]. These values, and those reported by Keller [23] for
(Uo.sPug. s)N are shown in Fig. 1-101. The latest measurements reported by Battelle Institute
[24] for (Ug gPug )N are about 0.2 x 10~ ¢/K below the values of o shown in Fig. 1-101. lhara
et al. [25] determined the coefficient of thermal expansion of UN, U(C,N), and (U,Ce)(C,N),
the latter serving for the simulation of (U,Pu)(C,N). Up to 1 600 °C the coefficient was tempera-
ture independent for all the samples. Its values are 6.91 x 107/K for UN and 9.17 x 10-%/K for
U(Co.36No.63)- These data lead to a nearly linear dependence of the coefficient of expansion on
the composition in the entire composition range of UC-UN solid solutions. The values for
(Uo.8Ceo 2) (C,N) mixed crystals are between 9 and 10 x 10~ ¢/K, and increase with the carbon
content of the material.
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1.2.2.2.2 Thermal Conductivity

The thermal conductivity A of a nuclear fuel is one of the most important parameters of high
power fuels, since it determines the relationship between the power x, the surface temperature
T, and the central temperature T_ according to

x =4n /A dT (1)
T,
The aim of all the studies of the thermal conductivity of nuclear fuels is to permit the calculation
of the temperature profile of a fuel rod, and in particular the central temperature to be expected
under given operational conditions.

1.2.2.2.21 Carbides

Many studies [1 to 34] had the determination of the thermal conductivity of carbide fuels
(UC, PuC, (U,Pu)C) as their aim. The results published during various periods were
summarized in the reviews of Regan, Hedger (1961) [25], Leary, Johnson (1968) [1],
Schmidt (1969) [14], Fulkersonetal. (1970) [26], Washington (1973) [27], Sheth, Leibowitz
(1974) [28], and Lewis, Kerrisk (1976) [29]. These authors tried also to interpret the large
differences between the measured values and to work out suitable suggestions.

Fig. 1-102 summarizes the thermal conductivity of uranium monocarbide as a function of
the temperature, according to Schmidt [14]. All the thermal conductivity curves measured for
UC and (U,Pu)C between room temperature and 300 °C, with the exception of those given by
Leary etal. [1] and by Peariman et al. [2], decrease with increasing temperatures. However, the
values measured by Secrest et al. [3], Bottcher et al. [4], Dumas et al. [5], and Wittenberg,
Grove [6] in this temperature range, seem to be significantly too high. Secrest et al. [3] and
Crane, Gordon [7] find, contrary to all the other authors, that the thermal conductivity rises
again strongly above 400 °C. At high temperatures, above 1 000 °C, most authors indicate that
the thermal conductivity of uranium and plutonium carbides does rise slowly with increasing
temperatures. Only the data of Hayes, DeCrescente [8], and Sobon et al. [9] show constant

Fig. 1-102
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values, or even a slightly negative temperature coefficient of A. The hatched area in Fig.1-102
shows the probable values, within limits of error, of the thermal conductivity of monocarbide
samples having densities ~295% of the theoretical.

Thermal conductivity data of various authors [7, 9 to 13] obtained with samples of various
carbon contents show no agreement, even not with respect to the tendencies of the curves
(Fig. 1-103). Schmidt [14] supposed that it was difficult to produce samples having different
carbon contents but otherwise identical properties. Carniglia [10], Russel [15], and Sobon et
al. [9] found at temperatures below 1000 °C that the A values of hypostoichiometric uranium
carbide* samples increased with increasing carbon contents. Crane, Gordon [7], on the
contrary, found a decrease, but their samples, that had different carbon contents, also had

Fig. 1-103
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Thermal conductivity of uranium carbides having various carbon contents.

code a b c d e f g h i
Ref. (121 [12] [12] [10] [10] [10] ([10] [11]1 [7]
wt% C 470 5.00 520 458 433 424 404 530 440
code i k | m n o p q r
Ref. [7] (7] [7] [9] (9] (131 [13] [24] [24]

wt% C 435 480 520 475 463 520 360 430 485

* hypo- and hyperstoichiometric uranium carbides are materials with <4.80 and > 4.80 wt%
carbon content, respectively, and consist of two phases, i.e., U-UC and UC-U,C; or UC-UC,,
respectively.

References for 1.2.2.2.2 on pp. 162/3
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different densities. In the hyperstoichiometric region below 1000°C, an increase in the
thermal conductivity with increasing carbon contents was found by Russel [15], Crane,
Gordon [7], Noe et al. [16], and Bates [17]. Above 1400°C, however, at least for
hyperstoichiometric compositions, an increase in the carbon content caused a decrease in the
thermal conductivity [12]. No quantitative estimates of the magnitudes of these effect could be
made with the available data.

Washington [25] has reviewed the work of the authors cited in [1, 7 to 18, 26] and has
recommended for 100% dense stoichiometric UC values given by eq. (2)

A =20+ 13x10"3(t —=600) W -m~'-K' (tin°C) (2)

between 500 and 2000 K. For hypostoichiometric UC the values are lower; for a carbide
having 4.0 wt% C, Washington [25] has expressed the conductivity as:

A=17 +19%x1073(t —=500) W -m™'-K~' (tin°C) (3)

between 500 and 2000K. The A values of carbides having C contents between 4.0 and
4.8 wt% may be obtained by interpolation.

Lewis, Kerrisk [29] proposed, on the basis of the data of Kubota et al. [21], DeConick et al.
[24], and Grossmann [11], the following expression for the coefficient of thermal conductivity
of 100% dense UC, between 300 and 2000°C:

A =324 +692x1073t W-m=" K" (tin°C) (4)
and for 100% dense U,C; having 15 vol% UC, between 27 and 1750°C:
L = 6.58 + 5.63x1073t W:-m-"- K" (tin°C) (5)
The porosity effect may be corrected for by the simple eq. (6) [29]:
M = (1=P)rp (6)

where Ay, is the measured thermal conductivity of samples of porosity P, and A is that of a
sample having the theoretical density. Alternatively, the somewhat more complicated eq. (7)

A = [(1=P)/(1+P) A (7)
proposed by Washington [27], may be used.

Hayes, DeCrescente [8], Bates [17], and Wheeler et al. [30] have studied the effect of
oxygen on the thermal conductivity of uranium carbide. Measurements made on samples
having the composition UC,_,0, agreed in finding decreasing thermal conductivities with
increasing oxygen concentrations. A change of the oxygen content from 0.1 to 1.0 wt%
reduced the A value of uranium carbide by 40% at 200 °C, but by 15% only above 1 000°C [8].
The thermal conductivity of uranium carbide diminished with incremental amounts of oxygen
in the manner shown in Fig.1-104.

Whereas oxygen and nitrogen reduced the thermal conductivity of uranium carbides, nickel
raised it.
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Washington [27] recommended eq. (8) for UC having 5.0 at.% oxygen:

A=16 + 34x10°3(t -500) W-m™' K=" (tin"°C) (8)
and eq. (9) for UC having 7.5 at.% oxygen:
A=14 4+ 45x107%(t =500) W-m™' -K ' (tin°C) 9)

between 500 and 2400 K. Lewis, Kerrisk [29] propose for dense UC having 0.3wt% (=2 at. %)
oxygen

A =213-466x10"3t + 240x10°%t> W -m™ ' -K ' (tin°C) 10)
and for dense UC having 2wt% (=x17 at.%) oxygen
A =124 + 273x107%t £ 655x10°7t2 W -m~'- K ' (tin°C) 1)

between 100 and 2300 K.

The thermal conductivities of PuC and of (U,Pu)C samples have been measured by
numerous authors [1, 6,13, 15,16, 18, 19, 30, 34, 35]. They generally agreed that the addition
of plutonium reduced the thermal conductivity of uranium carbide. This effect was more
significant below 1 000 °C than at higher temperatures. Leary et al. [16] and Wheeler etal. [30],
in particular, have studied systematically the effect of the Pu:U ratio on the thermal con-
ductivity. Washington’s [27] preferred values for the thermal conductivity A of 100% den-
sified (Ug gPug.»)C were expressed by the eq. (12):

A =16+ 34x107%(t =500) W -m™'-K™' (tin°C) (12)

between 500 and 1 900 °C, whereas Lewis, Kerrisk [29] proposed eq. (13) between 500 and
2300°C:

A =1276 + 871x1073t — 1.88x10°°t2 W -m™' - K" (tin°C) 13)

The thermal conductivity data for mixed carbides having lower plutonium contents could be
obtained by interpolation between the values for UC and (U, gPug ) C.

A summary of all the values that have been proposed by Lewis, Kerrisk [29] is presented in
Fig. 1-105.

References for 1.2.2.2.2 on pp. 162/3
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Fig. 1-105
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Proposed [29] values of the thermal conductivity of UC, PuC, and (U,Pu)C. UC: A = 21.7—

3.01x1073t+361x10"%t; B50<t<700; A =202+148x10"%t; 700<t<2300.

(Ug gPug 2)C: A = 17.5-565x1073t + 8.14x107°t%; 60 <t <500; A = 12.76 + 8.71

x1073t—1.88x1076t2; 500<t<2300. PuC: A =7.45-4.04x10"3t+1.20x10°°¢
100<t<1300 (tin°C).

1.2.2.2.2.2 Nitrides

The earliest reported values of the thermal conductivity of UN, 46 to 63W - m~"' - K~
between 310 and 1000°C (Taylor, McMurtry [36]), were higher than those of UC. Several
authors have since tried to measure this value for UN [18, 37 to 48]. The values covered a wide
temperature range (2 K[45] toover1 900K [41]), but they deviated mutually appreciably more
than did those of UC, as may be seen from the presentation due to Takahashi et al. [47], shown
in “Uranium’ Suppl. Vol. C7, 1981, p. 32. From room temperature up to about 1000 °C the
dependencies of A on tare linear [41, 46], and reach values between 20and 26 W-m~" - K=" at
1000 °C. Beyond this temperatures the curves flatten and A\ remains practically temperature
independent. These data were evaluated critically by Moser et al. (1968) [13], Fulkerson et al.
(1970) [26], Bauer (1972) [35], Washington (1973) [27], and Sheth, Leibowitz (1974) [28].
Fulkerson et al. [26] found agreement within +13% for the A values given by various authors
[38 to 41, 43, 46, 47] at 1000 °C, but the values of Taylor, McMurtry [36] were too high and
those of Nasu and Kikushi [44] were too low. Furthermore, the temperature dependence of A
reported by Pascard [18] did not agree with the results of the other authors. Sheth, Leibowitz
[28] reported the following temperature dependence of the coefficient of thermal conductivity
for UN of theoretical density

Aon = 1065 + 2.00x1072t — 5.96x 107> W -m~"- K=" (tin °C) (14)

The thermal conductivity of PuN has been repeatedly measured at the Battelle Institute
(BMI) in Ohio. The ascertained data are summarized in Fig. 1-106, due to Pardue et al. [49].
The results from the BMI can be expressed by eq. (15), due to Sheth, Leibowitz [28]:

Apun = 7.74 + 1.337x1072t — 9.49x107%t2 W -m~' - K" (tin °C). (15)
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The low thermal conductivity of PuN affects also the thermal conductivity of mixed nitrides
in a negative sense. The A curve for (U, sPuy 2)N shown in Fig. 1-106 was corrected in
subsequent publications from BMI [62]. Sheth, Leibowitz [28] expressed the temperature
dependence by

Ay po gy = 11.35 + 6.74x1073t — 1.02x107°2 W -m~"- K" (tin°C) (16)

This expression describes also the data of Van Craeynest et al. [19] for U, g5Puo 15N very
well, so that it can be taken to be generally valid. Fig. 1-107 shows the variation of the thermal
conductivity with the PuN content in the mixed nitride in terms of the thermal diffusivity. The

Fig. 1-107
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coefficient of thermal conductivity A and the thermal diffusivity a (in cm?/s) are coupled by
means of the specific heat at constant pressure, ¢, (in J - K= - g~"), and the density, p (in
g/cm?), according to

A=a-¢c, p 17)
Hence A and o vary in a similar manner.

The A values of UC and UN show the largest differences at low temperatures, approaching
each other closely at 1 000 °C. Pascard [18], Kamimoto [48], and Neumann [53] reported data
on the thermal conductivity of uranium carbide nitrides. The thermal conductivity has an
anomaly at low temperatures and intermediate compositions of the solid solutions, which may
be attributed to a contribution from phonon conductivity [48]. Above 500 °C a minimum in A
was found at the composition U(Cq N 4) [18].

The thermal conductivity of (U,Pu) (C,N) solid solutions was measured by Pascard [18]
and Van Craeynest et al. [19]. The latter authors reported the A values in Table 1/27 for the
various compositions.

Table 1/27
The Thermal Conductivity of (U,Pu) (C,N) Solid Solutions Having a U: Pu Ratio of 85:15 [19].

UN:UCratio. . . 100:0 80:20 65:35 50:50 35:65 20:80 0:100
AinW-m-'-K' 222 308 341 285 269 336 389
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1.2.2.3 Diffusion

Self-diffusion and the diffusion of fission products in the crystal lattice of a nuclear fuel may
lead to changes in the local composition and to processes such as creep, grain growth,
densification and swelling, as well as to fission gas release, by means of material transport, and
thereby to a direct effect on the behavior during irradiation. It is necessary to study the effects of
the most important factors, such as the fuel composition, the amounts of foreign elements
(impurities, fission products), the microstructure, and the temperature, because of the
complexity of the diffusional behavior of the various species. Two reviews, those of Routbort,
Singh [1] and of Matzke, Bradbury [2], deal very extensively with all the aspects of the
problem.

1.2.2.3.1 Self-Diffusion in Uranium Carbides

Extensive results, due to intensive study [3 to 13], exist concerning the self-diffusion of
uranium in UC, but only few measurements were made on UC, [14] and U,C; [15]. Most of
the data, obtained on nearly stoichiometric monocarbide samples, are shown as an Arrhenius
plot in Fig. 1-108. in view of the large scatter noted in the diffusion data, it is necessary to
indicate the possible sources of error. Mainly the following three facts are responsible for the
lack of agreement among the results of the various authors: 1) the large effect of the C: U ratio
influences the mobility of the uranium atoms; 2) impurities also can increase or decrease this
mobility, in particular at low temperatures; 3) poor experimental techniques have sometimes

Fig. 1-108

Temperature in °C
2400 2000 1600 1400 1200

|
[e )

L
=
T

1
—_
o2}

T

log of diffusion coefficient D in cm?/s

L
@

T
&
g

4 5 6 7
10%T(Tin K)
The diffusion coefficient of uranium in nearly stoichiometric UC as a function of the

temperature. The effect of the composition is indicated at 2150 °C. The numbers on the curves
give the literature sources (see References on p. 174/5). T,, = melting point.

w



Diffusion 165

been the source of serious errors. The data obtained by Matzke et al. [11] (see Fig.1-108) on
arc-cast UC having <120 ppm metallic impurities cannot be described by a simple Arrhenius
plot, but require for their description an expression of the form

D, = Dy, exp{—AHF/RT) + Dy, exp(—AHE/RT)  (with T in K) 1)

where Dy, are frequency factors and AHF activation enthalpies. Routbort, Singh [1]
considered eq. (1), proposed by Matzke et al. [11] for the description of the diffusion of
uranium in UC, to be realistic. Matzke, Bradbury [2] gave the following values for the
parameters of eq. (1):

Do 1 = 6.9, AH = 141 + 10kcal/mol;
Do, = 3.6x1075, AH] = 84.5 1+ 5kcal/mol (2)

for D, in UC, o, expressed in cm?/s. The second term expresses the effect of the impurities.

Effect of the Composition on the Diffusion of Uranium

Fig. 1-109 shows clearly that the diffusion coefficient of uranium in UC decreases by three
orders of magnitudes, as the C:U ratio is increased from 0.93 to 1.07, but increases again for
higher C contents. The latter increase in the diffusion coefficient could be due to the presence
of the di- or sesquicarbide, since the mobility of uranium in these phases is larger than in the
monocarbide [14, 15]. If this were the case, the AH values should have decreased again.
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In order to determine the composition dependence of the uranium self-diffusion in UC,
measurements were made over a wide C: U range. The results are shown in Fig. 1-109a. Beside
the diffusion coefficients of uranium in UC, and their activation enthalpies as functions of the
C:U ratio, also the corresponding values for Pu in (U,Pu)C mixed crystals, obtained by Nitzki,
Matzke [16], are shown. The activation enthalpy increases linearly from 3.8eV/atom
(1eV/atom = 23038 cal/mol), at a C:U ratio of 0.93, to 7.6eV/atom, at C:U = 1.07, and
thereafter it remains constant.

Effect of Impurities on the Diffusion of Uranium

Some authors [17, 18] showed that the diffusion of uranium in UC was appreciably
increased by doping with elements such as W, Fe, Ni, Ta, and V at above 120 ppm. The
enhancement factor increased with diminishing temperatures; it was insignificant at high
temperatures. Fig. 1-110 shows, as an example, the variation of the enhancement factor with
the temperature for (U +0.15 wt% Ta)C, 435. The enhancement factor is the ratio of the diffu-
sion coefficients in samples with and without the Ta.
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Hitherto the dependence of the uranium mobility on the concentration of the impurity
elements could not be determined exactly, but at low concentrations of these it could be
expressed as

D(c) = D(0) - (1 + bc) (3)
where c is the concentration and b the enhancement factor for a given impurity.

It is noteworthy that the foreign elements always cause an enhancement of the uranium
diffusivity, even though they have different atomic radii and electronic structures. However, all
the impurity elements studied have ionic radii which are smaller than that of the uranium [1].
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Effect of Nitrogen on the Diffusion of Uranium
Matsui et al. [19] found a decrease in the self-diffusion of uranium in UC.N,_, as the

nitrogen content increased. Fig. 1-111 shows that the effect of the nitrogen becomes notice-
able only when more than 50% of the carbon atoms have been substituted by nitrogen ones.
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Diffusion of Other Actinides in Carbides

Nitzki, Matzke [16, 57] studied the diffusion of Pu in sintered (90 to 95% of theoretical
density) (Up.gsPuo.15)C,ON, . Although the quantitative aspects of the data are doubtful, in
view of the presence of high concentrations of impurities, certain trends may still be derived
from the results. The substitution of 5% of the C atoms by O or N atoms does not affect the
mobility of the Pu. At higher temperatures the self-diffusion of Pu depends, as does that of the
U, on the C: (U + Pu) ratio. Although the experiments on the U,Pu carbide mixed crystals were
conducted only up to 1800°C, the authors expressed their opinion, that the plutonium
diffusion, like the uranium diffusion in UC, could be accounted for only if two different
processes were considered jointly. Results of experiments on Pu diffusion in (U,Pu)C and of U
diffusion in UC are summarized in Fig. 1-112, p. 168.

Hirsch, Scherff [8] observed, that Am and Pu ions diffused in UC, o, faster than U did, but
Pa ions did so more slowly. This phenomenon may be explained by the different sizes of the
ionic radii: that of Pa is somewhat larger, those of Pu and Am somewhat smaller than the ionic
radius of U.

References for 1.2.2.3 on pp. 174/5
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Fig. 1-112

Temperature in °C

1800 1600 1400
(U,Pu)CxOyN;
X y z
-1 8 6093005 [0.01
. /097 (004|001
4]098]006 [ 002
8 ol111 1004 1003

-14}

log of diffusion coefficient D in cm?/s

UC arc-cast

| L 1 e

50 60
10%/T(T in K)

The temperature dependence of the diffusion of Pu in (Ug g5Pug 15) (C,N,0), compared with
that of U in arc-cast UC.

The Contribution of Grain-Boundary Diffusion

Transport processes in nuclear fuels are characterized by a superposition of several
diffusion processes. Besides the volume diffusion, such processes as diffusion along grain
boundaries or dislocations, surface diffusion, transport via the gaseous phase and via chemical
interdiffusion, and diffusion in a thermal gradient, should be noted. Grain-boundary diffusion
in UC, was first studied by Villaine [20]. Routbort, Matzke [21], using the so-called
a-degradation technique, studied the grain-boundary diffusion in pure and in doped UC
having various C: U ratios. Matzke, Bradbury [2] summarized the published results as follows:

— grain-boundary diffusion of uranium in carbides is 3 to 5 orders of magnitude faster than
volume diffusion,

— grain-boundary diffusion is more pronounced and faster in hypostoichiometric UC than
it is in stoichiometric and hyperstoichiometric uranium monocarbide,

— this type of diffusion is inhibited by impurities,

— the activation enthalpy for grain-boundary diffusion in stoichiometric UC is comparable
with that for self-diffusion of carbon, but is only about 55% of that for the volume diffusion of
uranium.
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1.2.2.3.2 Diffusion of Carbon in Carbides

Also the diffusion of carbon in UC has been studied intensively by numerous authors [2, 3,
5, 7, 22 to 28]. The chemical diffusion coefficient of C in UC was also determined [26]. The
results (to be shown in “Uranium™ Suppl. Vol. C12) demonstrate that it is necessary to
differentiate between low and high temperature processes for the diffusion of C in UC, as it
was for the self-diffusion of U. It is seen that the UC, ,, sample measured by Chubb et al. [3]
and the UC, o, sample studied by Makino et al. [23] contained traces of U,C; at low
temperatures, the UC, o7 and UC, ;g samples studied by Lee, Barrett [5] contained appreciable
quantities of U,C5, whereas the UC, 45 sample of Bentle, Ervin [7] contained some free
uranium. The deviations from a simple Arrhenius process are understandable in view of the
presence of second phases like these. Furthermore, the impurities present in the UC, mainly
oxygen and nitrogen, have a large effect not only on the diffusion of uranium, but also on that of
carbon. Only the results for the high temperature range are therefore trustworthy. It should be
noted, also, that the composition of strongly hyperstoichiometric UC changes during high
temperature measurements, because of the incongruent vaporization (e.g. for 0.8 h in vacuum
at 2130°C a UC, ;5 sample changes its composition to UC, o5).

The activation enthalpy seems to be a direct function of the carbon concentration: the AH*
values decrease with increasing C: U ratios from ~94 kcal/mol at C:U = 0.96 to ~ 55 kcal/mol
at C:U = 1.1. Beyond this the AH* value remains constant, if it is assumed that the C: U ratio
does not vary during the diffusion process. The diffusion coefficient D, (in UC) reported by
various authors as a function of the C:U ratio is shown in Fig.1-113.
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The Effect of Nitrogen on the Mobility of the Carbon

Matsui et al. [19] studied the diffusion of carbon in four uranium carbide nitride samples,
UC,N,_,withx = 0.67,0.26,0.24, and 0.18, using '*C. The diffusion coefficients are shown as
an Arrhenius plot in Fig. 1-114. A strong decrease of the diffusion coefficient of carbon with
increasing nitrogen contents is noted. This behavior is similar to that of uranium, seen in
Fig. 1-111, p. 167.
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1.2.2.3.3 Self-Diffusion of Metal Atoms in Nitrides

The diffusion measurements of metal atoms in nitrides are limited because of experimental
difficulties. Only Reimann et al. [38] have studied the self-diffusion of uranium in polycrystalli-
ne UN at partial pressures of nitrogen between 0.1 and 200 Torr and in the temperature range
1600 to 1850 °C. A linear relationship between Dy, (in UN) and p,, was found, but at a given
partial pressure the mobility of uranium was said to be independent of the temperature. This
may possibly be explained by a compensation of the temperature effect by a shift of the N:U
ratio at a constant N, pressure in these experiments. Routbort, Singh [1], too, have found in
preliminary experiments a linear relationship between Dy (in UN) and py,. A temperature
dependency of D, was, however, found atconstantpy, (280 Torr, higher than the range studied
by Reimann et al. [38]) in the temperature range 1700 to 1900°C.

Bradbury, Matzke [39] reported the self-diffusion of plutonium, which they determined in
two samples of (U,Pu)N having different compositions, different oxygen contents, and different



Diffusion 171

densities. The results, shown in Table 1/28, are valid for the temperature range 1500 to 1800°C.
According to these data, the activation enthalpy for the diffusion of plutonium decreases when
the N: (U + Pu) ratio increases. Since at high temperatures this ratio N: (U + Pu) varies with
Py, (in Torr), the authors determined the following relationship for the diffusion coefficient Dp,
(in cm?2/s) in (U,Pu)N mixed crystals at 1720°C:

log Dp, = —14.2+0.146log py, (4)

Table 1/28
Diffusion of Plutonium in (U,Pu)N Mixed Chrystals.

composition AH in kJ/mol Do in cm?/s

Uo.81PU0.19N0.98C0.0100.09 496.51+18.8 0.25
Uo.81PUo.18N1.01Co0.0100.04 450.5+14.2 0.019

1.2.2.3.4 Diffusion of Nitrogen in Nitrides

Several experiments [40 to 43] were made regarding the diffusion of nitrogen in UN, but
only one result [43] is known, concerning Dy, in (U,Pu)N mixed crystals. The data are sum-
marized in Table 1/29. See also “‘Uranium” Suppl. Vol. C7, 1981, pp. 29/30. The Dy values of
Benz, Hutchison [42] deviate considerably from those of the other authors. These deviations
are due mainly to the use of different methods of measurements. Sturiale, DeCrescente [40]
used the gaseous exchange method for determining Dy (in UN). They also reported the
existence of a low temperature diffusion process involving grain boundary diffusion (at
py, = 100 Torrand T <1500 °C) with an activation enthalpy of 29 kcal/mol (120 kJ/mol). The
gas exchange method led to values which were about five times higher than those obtained by
Holt, Almassy [41], using '°N(a,n)'8F activation, and those obtained by Droege, Alexander
[43], using isotope tracer techniques.

Table 1/29

Self-Diffusion of Nitrogen in Uranium Nitride.

temperature Pn, nin Dy in AH in Ref.
in °C in Torr Din ~(pPy,)" cm?/s kJ/mol

1200 to 1900 100 - 26x10"42 2302 [40]
1700 to 2000 7 to 603 0.36 (1946°C) 5x10°%2 2352 [41]
1800 to 2400 15to 1500 nonsystematic 12 503 +£105 [42]
1370t0 1810 0.8to 76 0.5 (1800°C) — 2602 [43]

a) At a constant partial pressure of N, of 0.133 bar.

1.2.2.3.5 Diffusion of Fission Gases in Carbides and Nitrides

Diffusion of the noble gases — in particular Kr and Xe — plays a decisive role in the release
of these fission products on the one hand, and in the swelling of the fuel during irradiation on

References for 1.2.2.3 on pp. 174/5
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the other. Only a few results concerning the diffusion of xenon [30 to 34, 44, 45] and of krypton
[34, 46] have been obtained. The data for uranium monocarbide, summarized in Table 1/30,
show a large scatter, which may be ascribed to several reasons. These include: a) the varying
stoichiometry, b) the method of the sample preparation, since the diffusion is strongly
dependent on impurities and crystal defects, ¢) the surface arearelevant to gas release, which is
not necessarily the same as that measured by the gas adsorption method, and d) when atoms or
molecules are released by means of grain-boundary diffusion, the apparent diffusion coefficient
naturally depends strongly on the grain-boundary distribution [32,45]. Matzke, Springer [33]
presume that as a consequence of variations in the neutron irradiation a diverse concentration
of so-called ““gas traps” is formed, and an apparently low diffusion is observed. The
experiments of these authors showed, that up to an integrated neutron flux of 10'®cm~-2and a
gas concentration of 107° at.% the mobility of the fission-produced noble gases was
independent of the dose, whereas it diminished at higher integrated fluxes. Matsui et al. [44]
determined the activation energy of the diffusion mechanism, on the one hand during an
ascending heat treatment (AHT), i.e., the heating-up of irradiated samples, and on the other
hand after a temperature of 1400 to 1500 °C had been attained, during the cooling of the
samples, i.e., a descending heat treatment (DHT). For various samples and at integrated
neutron fluxes in the range 1.6 x 10"®t01.0 x 10"7 cm~2 these authors found for the AHT step
a rather constant activation energy of 48 + 5kcal/mol. For an integrated neutron flux of
5.8x10'7 cm~2 this rose to 76 + 5kcal/mol. After the DHT step an activation energy of 83
+ 5 kcal/mol was found for the diffusion of Xe in UC. This value was in good agreement with
that determined by Matzke, Springer [33] for a UC single crystal, 84 + 5 kcal/mol. Matzke [35]
found that the rate of diffusion of Xe did not depend on the C content of monocarbides. The
mobility of Kr in UC was, as expected, considerably larger than that of Xe [34, 36]. Several
authors [47 to 50] determined diffusion coefficients in UC samples from measurements of the
fission gas release at low temperatures or at low fluences, taking into consideration the
geometry and the BET surface area. On the basis of measurements made on U, UO,, and UC
samples after irradiation (6x10'®n - cm~2 at about 100°C), Osawa [49] expressed the
relationship between the percentage released F and the BET surface area S (in cm?/cm?) as
log F=4.36 + 0.88 log S, independent of the material. Samsonow et al. [61] found a
dependence of the diffusion of Xe in UC on the integrated neutron flux, in agreement with
Matsui et al. [44].

Table 1/30

Diffusion of Fission Product Noble Gases in UC

temperature D, in cm?/s AH* in neutron dose Ref.
in°C kcal/mol (kJ/mol) inn-cm™2

diffusion of Xe in UC

1000to 1400 2.1x10°° 85.1 (356) 1.8x107'® [30]
800t01300 107 to 1073 45 (188) 10" [31]
1000 t0 2000 (1.17+0.16)x10°° 54.9+1.2 (230) 3.0x10'° [32]
1000 to 1600 0.3 84.0+5 (352) 6.0x10'° [33]
1500 (1.5+0.4)x107" 83.0+ 5 (348) 5.0x10'® [44]
950t0 1830 1.6x10°° 62.7 £ 0.9 (263) 1.2x10'8 [45]

diffusion of Kr in UC
1000t0 2500 1.4x10°2 80 (335) - [46]
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Biddle [62] determined the true diffusion coefficient of '33Xe from the fission gas release
rate in powdered U(C,N) solid solutions, using the Booth [63] model. These had compositions
between UC and UN, and had been subjected to irradiation by 2 x 107 n - cm~2 and to heating
at temperatures between 800 and 1600 °C. The results are shown in Table 1/31, p.173. With the
exception of sample F, the activation energy for the diffusion of '33Xe in these phases is in the
same range as in UO, [54]. Whereas the diffusion coefficient in uranium mononitride, UN, is
comparable to that in UO,, there exists a close similarity of the values in U(C,N) and in UC. A
minimum in the diffusion coefficient was noted at the composition UC, ,N, g, contrary to the
data of Iseki et al. [65], who found the minimum at the equimolar composition, UC, sNg 5.
These latter authors pointed out, that after an integrated neutron flux of 1.7 x 10'®cm~2, the
irradiation induced microcrack formation prevented a conclusion about the diffusion
mechanism to be reached from the release rates determined by them.

References for 1.2.2.3:

[1]J. L. Routbort, R. N. Singh (J. Nucl. Mater. 58 [1975] 78/114). — [2] H. Matzke, M. H.
Bradburg (EUR-5906 [1978] 1/111; INIS Atomindex 10 [1979] No. 423257). — [3] W.
Chubb, R. W. Getz, C. W. Townley (J. Nucl. Mater. 13 [1964] 63/74). — [4] R. Lindner, G.
Riemer, H. L. Scherff (J. Nucl. Mater. 23 [1967] 222/30). — [5] H. M. Lee, L. R. Barrett (J.
Nucl. Mater. 27 [1968] 275/84).

[6] P. Villaine, J. F. Marin (Compt. Rend. C 264 [1967] 2015/8). — [7] G. G. Bentle, G.
Ervin (AI-AEC-12726 [1968] 1/21; N.S.A. 22 [1968] No. 47701). — [8] H. J. Hirsch, H. L.
Scherff (J. Nucl. Mater. 46 [1972/73] 123/30). — [9] H. J. Hirsch (Diss. Braunschweig T.U.
1970). — [10] S. Sarian, J. T. Dalton (J. Nucl. Mater. 48 [1973] 351/9).

[11] H. Matzke, J. L. Routbort, H. A. Tasman (J. Appl. Phys. 456 [1974] 5187/95). — [12]
H. Matzke, J. L. Routbort (Thermodyn. Nucl. Mat. Proc. Symp., Vienna 1974, IAEA [1975] Vol.
1, pp. 397/407). — [13] P. S. Maiya, J. L. Routbort (J. Mater. Sci. 7 [1972] 609/14). — [14]
H. Matzke, C. Politis (Solid State Commun. 12 [1973] 401/4). — [15] H. Matzke, C. Politis
(Reaktortagung, Berlin 1974, pp. 269/72).

[16] V. Nitzki (Diss. Karlsruhe 1975). — [17] H. Matzke (J. Nucl. Mater. 52 [1974] 85/8).
— [18] J. L. Routbort, H. Matzke (J. Nucl. Mater. 54 [1974] 1/8). — [19] H. Matsui, M. H.
Bradburg, H. Matzke (Nucl. Sci. Eng. 66 [1978] 406/14). — [20] P. Villaine (Diss. Univ.
Grenoble 1967).

[21] J. L. Routbort, H. Matzke (J. Am. Ceram. Soc. 58 [1975] 81/4). — [22] R. A
Krakowski (J. Nucl. Mater. 32 [1969] 120/5). — [23] Y. Makino, K. Asahi, P. Son, M. Miyake,
T. Sano (J. Nucl. Sci. Technol. 9 [1972] 569/73). — [24] Y. Makino, K. Asahi, P. Son, M.
Miyake, T. Sano (J. Nucl. Sci. Technol. 10 [1973] 493/500). — [25] Y. Makino, P. Son, M.
Miyake, T. Sano (J. Nucl. Mater. 49 [1973/74] 225/31).

[26] T. C. Wallace, W. G. Witteman, C. L. Radosevich, M. G. Bowman (Plansee Proc. 6th
Seminar, Reutte/Tyrol, Austria, 1968 [1969], pp. 676/702; LA-DC-8840 [1968] 1/45;
CONF-680603 [1968]; N.S.A. 22 [1968] No. 38623). — [27] S. Sarian (J. Nucl. Mater. 49
[1973/74]291/8). — [28] G. E. Murch (J. Nucl. Mater. 55 [1975] 355/6). — [29] W. Schiile,
P. Spindler (J. Nucl. Mater. 32 [1969] 20/9). — [30] A. Auskern, Y. Osawa (J. Nucl. Mater 6
[1962] 334/5).

[31] R. Lindner, H. Matzke (Z. Naturforsch. 14a [1959] 1074/7). — [32] H. Shaked, D.R.
Olander, T. H. Pigford (Nucl. Sci. Eng. 29 [1967] 122/30). — [33] H. Matzke, F. S. Springer
(Radiat. Eff. 2 [1969] 11/8). — [34] F. W. Felix, H. Seelig (Nukleonik 9 [1967] 389/92). —
[35] H. Matzke (J. Nucl. Mater. 30 [1969] 110/21).

[36] Y. Bertaud (CEA-R-4227 [1971] 1/61; N.S.A. 26 [1972] No. 20678). — [37] M.
Tetenbaum, P. D. Hunt (J. Nucl. Mater. 40 [1971] 104/12). — [38] D. K. Reimann, D. M.



Diffusion. Electrical Resistivity 175

Kroeger, T. S. Lundy (J. Nucl. Mater. 38 [1971] 191/6). — [39] M. H. Bradburg, H. Matzke (J.
Nucl. Mater. 75 [1978] 68/76). — [40] T. J. Sturiale, M. A. DeCrescente (PWAC-477 [1965]
1/25; N.S.A. 20 [1966] No. 4394).

[41] J. B. Holt, M. Y. Almassy (J. Am. Ceram. Soc. 52 [1969] 631/5). — [42] R. Benz, W.
B. Hutchinson (J. Nucl. Mater. 36 [1970] 135/46). — [43] J. W. Droege, C. A. Alexander (in:
D. L. Keller, Progress on Development of Fuel and Technology for Advanced Reactors During
July 1970 Through June 1971, BMI-1918 [1971] A5; N.S.A. 26 [1972] No. 8561). — [44]
H. Matsui, K. Sakanishi, T. Kirihara (J. Nucl. Sci. Technol. 12 [1975] 436/41). — [45] K.
Papathanasopulos (Diss. Braunschweig T.H. 1964).

[46] J. J. Weinstock, A. P. Pinkerton, K. D. Ziegel (NYO-9047 [1961] 1/22; C.A. 62
[1965] 2460). — [47] A. Accary, R. Darras, R. Caillat (Radiat. Damage Reactor Mater. Part
Proc. Symp., Venice 1962 [1963], pp. 275/86). — [48] A. Auskern (J. Am. Ceram. Soc. 47
[1964] 390/4). — [49] Y. Osawa (J. Nucl. Sci. Technol. 2 [1965] 296/303). — [50] P.
Schmeling (EUR-1752.e [1964] 1/46; N.S.A. 19 [1965] No. 14082).

[61] B. V. Samsonov, A. K. Frei (At. Energ. [USSR] 30 [1971] 358/62). — [52] P. Biddle
(AERE-R-4700[1964]1/11; N.S.A.19 [1965] No. 2715). — [63] A. H. Booth, G. T. Rymer
(AECL-692 [1958]; CRDC-720 [1958] 1/30; N.S.A.13 [1959] No. 573). — [54] D. Davies,
G. Long (AERE-R-4347 [1963]1/43; N.S.A.17 [1963] No.32563). — [55] T. Iseki, T. Hase,
H. Suzuki, S. Kimura, T. Tamai (Bull. Tokyo Inst. Technol. No. 116 [1973] 91/5).

[66] P. Schmeling (EUR-1752.e [1964] 1/46; N.S.A.19 [1965] No. 14082). — [57] V.
Nitzki, H. Matzke (Reaktortagung, Nirnberg 1975, pp. 399/402).

1.2.2.4 Electrical Resistivity
1.2.2.41 Carbides

Like the thermal conductance, also the electrical conductance is evidence for the
fundamental metallic character of UC. The electrical resistivity of carbidic fuels has been
measured by Dayton, Tipton [1, 2] up to 1000 °C already in 1959. Since then, several authors
[3 to 6] summarized and compared the series of measurements that have been reported.

Fig.1-115, p. 176, shows a series of measurements of the electrical resistivity of UC of
nearly stoichiometric composition. ‘

Except for the data of Costa, Lallement [9], all the other data agree within £8% [6]. If the
data of Hayes, DeCrescente [11] are corrected by means of the expression

po = p(1-P)"3# (M

which was suggested by Bates [4, 18], then the deviations are reduced to +5%. In this
expression pg is the electrical resistivity of UC having 100% of the theoretical density, p is that of
porous UC, and P is the volume fraction of the pores in the sample.

The data of Griffiths [16], obtained up to 1000°C, and those of Norreys, Wheeler [17],
obtained for the range 800 to 2000 °C, which are not included in Fig. 1-115 also lie within the
above mentioned limits.

The electrical resistivity of dense UC between 25 and 1 600 °C may therefore be expressed

by means of eq. (2) [6]:
p =329 + 0.159t — 2.688x10°°t> pQ - cm (tin °C). (2)
Whereas the effect of the stoichiometry on the electrical resistance cannot be described clearly,
because of the lack of sufficient data [12 to 14], the effect of oxygen impurities seems to be

References for 1.2.2.4 on pp. 179/80
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Fig. 1-115
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significant, as shown by the results of Bates [4, 18], contrary to the statements of Hayes,
DeCrescente [11]. From the data for Ug 495Co 48500.02 (= UCop.0500.04) having a density of
94% of the theoretical, the electrical resistivity is calculated [6] to be:

p = 8620 + 01031t — 2515x107%t2 pQ - cm (tin °C) (3)
and for Ug 495C0 34500 16 (= UCq 63600 323), having a density 92% of the theoretical
p=10418 + 01741t — 2615x107%t pQ - cm (tin°C) 4)

between 25 and 1570°C.

The electrical resistivity data for PuC were summarized by Lewis, Kerrisk [6], Moser et al.
[3], and Fulkerson et al. [5]. Generally they are significantly higher than for UC, but their
temperature dependence is appreciably smaller [9, 10, 19 to 21]. For the monophasic PuC, _,
the temperature dependence may be described by eq. (5) [6], obtained from the data of Kruger
[20]: :

p = 258.0—0.0287t + 3.232x107%t* uQ - cm  (tin°C) (5)

between 25 and 750°C, whereas for stoichiometric PuC, ,, a mixture of PuC,_, and Pu,C,
[22], the data of Leary et al. [10] are described [6] by eq. (6):

p = 2785—1.661x10"2t + 3.867x1075t> uQ - cm (tin °C) (6)
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between 100 and 200 °C. The mixed carbide (U,Pu)C was subjected to more intensive study

than was PuC. Pascard [7] determined the electrical resistivity at room temperature of UC-PuC
mixed carbides with PuC contents up to 50% (Fig. 1-116).

Fig. 1-116
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Electrical resistivity at 298 K of UC-PuC mixed carbides sintered with 0.5% Ni and without
sintering aid.

It is difficult to describe the temperature dependence of the mixed carbides, since not only
the density and the amount of oxygen impurity varied, but also the content of PuC in the

samples.

The data of VanCraeynest et al. [23] up to 1300 °C for a sample, having the composition
Uo.g5PUo 15C and a density 91.5% of the theoretical, are approximated [6] by eq. (7)

p =927 + 0173t — 4018x107%t> uQ - cm (tin °C) (7)

between 100 and 1300 °C. However, a linear temperature dependence of p is reported by Leary
et al. [10] up to 800°C and by Milet [25] up to 1000 °C.

On the whole, the data of all these authors, when corrected according to Pascard [7] with
respect of the composition and according to Bates [4] with respect of the density, are in good
mutual agreement (+10%). Only the values given by Johnson et al. [24] are significantly
higher and increase with the temperature more rapidly than those of the other authors,
presumably because of oxygen and nitrogen impurities (Uq goPUo.19Co.9700.028No.013) in the
samples studied by the former authors.

1.2.2.4.2 Nitrides

The electrical resistivity, p, of UN between room temperature and 800 °C was determined by
Speidel, Keller [26], who found a linear temperature dependence of p in this range. Differences
between the values found for various samples were explained by different microstructures and
oxygen impurity contents. Generally, at room temperature, the electrical resistivity of UN is
appreciably higher than that of UC, but its temperature dependence is much smaller, so that
above 1200°C UN conducts the electrical current better than does UC [27].

Gmelin Handbook References for 1.2.2.4 on pp. 179/80 12
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Single crystal UN has a better electrical conductivity than has the polycrystalline material
[28].

Moore et al. [29] analyzed the effect of the porosity on the electrical resistance of the
nitrides. They found that for porosities in the range from 1.5 to 11 % this effect may be expressed
by Eucken’s equation [30]:

Pro = pmeas(1 _P)/(1 + BP) (8)

where prp and p..as are the corrected and measured resistivities, respectively, P the volume
fraction of the pores, and B a correction factor, found to equal 0.5. A UO,, phase, precipitated
within the UN matrix by the oxygen impurity, has the same effect on the electrical conductivity
of UN as the porosity has, because of the high resistivity of UO, [29]. Moore et al. [29]
corrected in this way the data of all the other authors [26, 28, 31 to 33] and summarized the
results in a figure [29].

The p values of UC-UN solid solutions were found [8, 34] to lie at room temperatures
between those of UN (p = 144pQ - cm) and of UC (p = 53uQ - cm), Fig.1-117.

The measurements of Neumann [35] on UC-UN solid solutions having various densities
and stoichiometries up to 1600°C show the strong influence of the porosity and of the
stoichiometry. Absolutely, however, these data lie significantly higher than those for UN which
are well established.
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The electrical resistivity of UC-UN solid solutions at room temperature [34].

The electrical conductivity of PuN was measured by Costa et al. [33] on asample havinga
density of 10.85g/cm?® (76% of the theoretical) at temperatures between 5 and 300K. The
temperature dependence is similar to that of UN. The resistivity attains a value near 600 pQ - cm
at room temperature. Keller [36] found p values for PuN which are smaller than 400 uQ - cm at
400°C. The values for the mixed nitride Uy gPuy ,N are near 300puQ - cm between room
temperature and 900 °C. The following values (Table 1/32) were found for a mixed nitride
having the composition Uy g5Puo 15N [23]:
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Table 1/32

The Electrical Resistivity of Ug g5Pug 45N in the Range 100 to 1300°C [23].
tin°C. ... .. 100 300 500 700 900 1100 1300
pinpQ-cm . . . 260 268 272 280 285 292 300

The electrical resistivity for compositions between U, g5Pug 15C and Ug gsPug 15N at
100°C was determined by VanCraeynest et al. [23] as presented in Table 1/33

Table 1/33

The Electrical Resistivity of Various U,Pu Carbide Nitrides at 100°C [23].

Uo g5PUo 15C/Ug s5Pug sN . . . 0/100 10/80 35/65 50/50 65/35 85/15 100/0
pinuQ-cm. . . . . ... .. 260 214 178 176 146 130 110
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1.2.2.5 Compatibility with Metallic Materials

For the chemical reactions of uranium nitride with metals and metal compounds see
“Uranium’” Suppl. Vol. C7, 1981, pp. 50/6. Reactions of uranium carbide will be described in
“Uranium’’ Suppl. Vol. 12.

The carbide and nitride nuclear fuels come into contact with metallic and ceramic material
during both their various stages of fabrication and their employmentin the reactor. Interactions
between these materials, that depend on the temperature, cannot be avoided. To be noted in
particular is the problem of the compatibility of the fuel with the normally used cladding
materials. This compatibility provides an important criterion for the design of the fuel elements,
not only with regard to limit the lifetime in the reactor, which is connected with the economic
efficiency, but also with regard to safety aspects. The more complex in-pile compatibility
problems have to be taken into account; these are dealt with in Section 1.2.3.2, from p. 196.

1.2.2.5.1 Compatibility of Carbide Fuels and Breeding Materials with Austenitic
Steels

Table 1/34, due to Frost [1], summarizes the reactions between metallic materials and
uranium monocarbide that had been known by 1963. The qualification of sodium as a coolant
in fast breeder reactors using the monocarbide fuel, and its suitability as a medium for heat
exchange between the fuel and the rod cladding (Na-bonding), becomes evident from these
results.

Because of the negligible homogeneity range of single-phase U-C alloys deviating from
the stoichiometric composition, these contain uranium metal carbides such as U,C; or UC,.

The free U and Pu of hypostoichiometric compositions mainly react with the cladding to
form intermetallic compounds such as (U,Pu)Fe, and (U,Pu)Nis [2 to 8], which have much
lower melting points than stainless steel.

The higher carbon potential in hyperstoichiometric compositions leads to carburization of
the cladding [8 to 10] with precipitation of carbides such as Cr,3;C¢ and Cr,C;, which cause
severe embrittlement of the cladding materials.
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Table 1/34

Reactions Between UC and Various Metals and Alloys [1] (alphabetical order).

metal reaction

Al formation of UAI; and UAI, after 24 h at 620°C

Be UC dissolves 20 mol% Be,C at 1700°C

Bi no reaction at 950 °C

Co possibly pseudobinary, little solubility

Cr UC-Cr euteric at ~1100°C; no solubility between UC and Cr

Cu UC-Cu pseudobinary

Fe UC-Fe eutectic at 1100°C

Hf complete solubility of HfC in UC; probably increase in the melting point (that
of HfC is 3900°C)

Mo UC + Mo—->Mo,C at 1000°C

Na no reaction at 871 °C

Nb complete solubility of NbC in UC; Nb is compatible with UC

Ni UC-UgNi pseudobinary

Pb no reaction

Pu large range of solubility of Pu in UC and probably also in U,C,

Re eutectic at 1850°C

Si UC + 3Si—USi; + C at 1000°C

Sn no reaction

Ta 1. decarbonization: UC + Ta—TaC + U; 2. complete solubility of TaC in UC

Th continuous solid solution ThC—UC

Ti UC dissolves < 2 mol% TiC

\% UC dissolves 4 to 9mol% VC; VC does not dissolve UC

W UC dissolves =~ 10mol% W; W does not dissolve UC

Zr continuous solid solution between UC and ZrC; increase in the ZrC melting

point of 3500 °C.

stainless steel no reaction at 800 °C during 6 months; a 0.10 mm deep reaction zone in 6 days

(18 Cr, at 1100°C; liquid phase at 1200°C
8 to 12 Ni)
Zircaloy-2 reacts in 1 h at 1200°C, but not at 800°C; possible formation of a ZrC dif-

fusional barrier
Nb, at 40% Ti a molton phase at 1200°C
Inconel 0.008 mm corrosion in 100h at 800°C

The transfer of carbon from fuel to cladding occurs at high temperatures according to the
general reaction (1):

UC + (Fe, Ni, Cr) = UFe, + (Fe, Cr),3Cq 1)

These reactions have unfavorable effects on the compatibility of both hypo- and hyper-
stoichiometric uranium monocarbide with the metallic cladding material, because of the
narrow phase boundaries of UC at the operational temperatures in the reactor (<1000°C).
Although PuC has somewhat larger phase boundaries, the low Pu content of maximally
20 wt% in the mixed carbide results in a negligible effect of this positive aspect on the
compatibility.

References for 1.2.2.5 on pp. 188/90
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Two approaches to the improvement of the compatibility have been investigated. The one
uses an interior coating of the cladding with, e.g., TiC, ZrC, or Cr [19], which acts as a diffusion
barrier to carbon transport [11]. The other involves stabilization of the carbon potential in the
monocarbide by the addition of one of the following additives: W-UWC, [11 to 13], V-UVC,
[6, 14, 15, 108], Mo-UMoC, [6, 14 to 17, 108], Fe-UFe, [16, 17], Ti-TiC [9, 18, 19], and
cerium [108). Additionally, the structure of the cladding material may be stabilized against
carbonation, at least partly by means of cold working structure [20].

Cladding materials of fuel rods for Na-cooled fast breeder reactors consist almost ex-
clusively of highly alloyed austenites [21] (Table 1/35). As is well known, carburization of these
stainless steels leads to a decrease of ductility. Gotzmann et al. [22 to 24, 109], in particular,
studied the changes of the properties of cladding materials on contact with UC and (U,Pu)C.
Already after 200 h contact at 750 °C with hyperstoichiometric UC (C ~4.95 wt%) the alloy has
lost some of its room temperature ductility.

Table 1/35
Alloys Discussed as Cladding Materials [21].

alloy composition in wt%

Fe Ni Cr C Al Ti Mn Si Nb Mo W other

elements

AlSI 316 66 12 17 0.08 20 1.0 2t03
AlSI 330 43 35 19 0.05 15 1.25
A286 53 26 15 00502 21 14 04 1to

1.75
M813 39 35 18 008 14 225 4.0
PE16 43 35516 01 12 1.2 3.0
INCONEL706 40 41516 003 02 1.75 0.18 0.18 2.9
INCOLOY901 45 425 125 0.05 02 28 045 04 5.7
INCONEL718 185 525 19 0.04 05 09 0.18 0.18 5.0 3.0
HT9 855 05 12 0.20 1.0 05 0.3 (V)

Price et al. [25] and also Elkins [37] did not find appreciable differences in the com-
patibility of various austenitic steels towards UC. They expect, on the basis of these findings,
that UC should be compatible with these steels at 900 °C for several years. Hayes [26] reached a
similar conclusion. This is, however, contrary to the results of other authors [11, 19, 27 to 29,
108], who asserted, that although at t <800 °C, without Na-bonding, only a slight interaction
between the fuel and the cladding took place, changes of up to several hundred pm become
evident in the metallic structure above 800 °C already after a short while. The discrepancy
between the conclusions of different authors should be due to the fact that the experimental
conditions, e.g., the immediate contact between fuel and cladding, were not always
comparable. Consequently, different transport of carbon from the UC to the metal took place.
Furthermore, even small analytical errors in the composition of the fuels may lead to appreciable
differences in the compatibility. Another source for favorable C-transport can be the
composition of the gas in the gap between the fuel and the cladding, e.g., CO/CO, [22, 28, 30,
109] or H,/CH, [30, 31]. Finally, Na-bonding enhances the rate of carburization significantly
[4,22,23,32 to 37] (Fig.1-118). Because of the rapid transport of the carbon by the sodium,
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the rate of carburization is determined by the rate of diffusion of C in the austenitic steel [38]. The
compatibility of hypostoichiometric UC, however, is clearly improved by Na-bonding, since the
free uranium is not transported by the sodium [35].

Under certain circumstances the rate of carburization may be determined by the removal of
carbon from the carbide. Watanabe et al. [39] found a decarburization rate of 2 x 10-4*mm/h for
arc-cast hyperstoichiometric UC, and 1 x 10~*mm/h for the sintered material. it is mainly the
kind and the form of the hyperstoichiometric carbide, that play an important role. For instance,
whereas the excess carbon present as UC, platelets was depleted from a layer 410 um deep
during 2000 h at 700 °C, excess carbon in a sample of the same composition, but with U,C; as
the second phase, was depleted from a zone only 3 pm deep under the same conditions. Nishio,
Shimokawa [40] spoke of a leaching of the carbon from the UC, phase of hyperstoichiometric
UC. The carbon activity of the UC influences the carburization directly (Fig. 1-118). The depth
and the concentration of the carburization zone depends also on the carbon activity of the
cladding material at the area of contact with the uranium carbide [38].

The oxygen that is dissolved in the UC crystal lattice has also an appreciable effect.
According to measurements of Tetenbaum, Hunt [41, 42], the carbon activity was reduced by
two orders of magnitude, when the oxygen concentration in the UC lattice increased from 150
to 2000 ppm. Venter, Stumpf [30], however, pointed out that the uptake of oxygen by the UC
during the contact of the fuel with the cladding had a negative effect on the compatibility of
steels, such as 316 SS, 321 SS, and 347 SS. The reason was that free carbon was thereby
formed, which caused carburization of the cladding material at 700 °C already after 1 000 h, for
both Na- and He-bonding. Although the experiments had been conducted with UC powder,
which naturally can be oxidized faster than the compact carbide, no effect of the surface area on
the compatibility could be found by the authors up to a specific area of 200 m?/kg. Only when
the specific surface was 1 000 m2/kg, was a clear effect noticeable: already after only 1000 h
could carburization be observed at 600 and 700 °C.

References for 1.2.2.5 on pp. 188/90



184 Carbide/Nitride Fuels

Furthermore, oxygen impurity of the sodium bonding oxidized the uranium carbide and
released carbon, causing enhanced carburization [39, 44]. At 700 °C, an oxygen content of 5 to
10 ppmin the Na oxidized the UC and the carbon was transported five times faster to the 304 SS
cladding than it was in oxygen-free sodium. If the UC was stabilized by the addition of
vanadium, it could no longer be oxidized at the low oxygen contents of the sodium [30].

1.2.25.2 Compatibility of UC with Other Metallic Materials

Goétzmann et al. [45, 109], |hara et al. [46], and Whitlow et al. [47] compared the
compatibility of UC with stainless steels on the one hand with that with vanadium alloys on the
other. It was seen clearly, that compared with the steels, the vanadium alloys reacted more
slowly, and were compatible even at 800 and 900 °C. Whitlow et al. [47] observed after contact
at 800°C for 3500h a small reaction zone in the vanadium alloys, due to carburization.
However, they attributed this to the carbon released by oxidation of the UC by oxygen present
in the Na-bonding. The Ti content had a significant effect on the carburization of the vanadium
alloys [80, 111]. Alloys containing 15 to 20wt% Ti reduced the U,C; to UC at 800°C.
However, alloys containing less than 5% Ti, or other metals that form stable carbides, interacted
only slightly with hyperstoichiometric UC during 4 000 h.

Hahn [35] pointed out niobium as a highly promising material for the cladding of hyper-
stoichiometric UC up to temperatures of 1 600 °F (870 °C). Unfortunately, he dealt insufficient-
ly with the radiation stability of this material.

The fuel-cladding system UC-SAP (sintered aluminium product) was forseen for the heavy
water moderated organic cooled reactor. Numerous studies had as their aim the determination
of the compatibility between UC and SAP [27, 29, 49 to 58]. The results have been summarized
by Venard [48] in Fig.1-119, which shows the limits of the compatibility between UC and
SAP. Also Bremer [59] studied the compatibility in this system extensively, and identified in the
reaction zone UAI;, graphite, and various U-Al-Si phases. Impurities, such as N, O, Si, V, and
Cd play a significant role in the reaction between uranium carbide and SAP. Bremer developed
a numeric description of the reaction between the fuel UC and the cladding SAP, using a
mathematical model [59].

Fig.1-119
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Lensi, Schleicher [60] studied the application of liquid metals, such as Na, NaK, Bi, and Pb,
as heat transfer media between UC and SAP. Of these four bonding metals only lead remained,
because of the too large reactivity of SAP with Na, NaK, and Bi. Especially if the aluminium had
been anodically oxidized, no reaction could be observed with liquid lead at 500 °C even after
8000 h. At higher temperatures, however, the system UC-Pb-SAP becomes unstable, in-
dependent of the stoichiometry of the carbide.

The development of fuel elements for thermionic reactors led to the employment of UC or
(U,Zr)C with a tungsten cladding, because of the required high emission temperatures [61].
The chemical vapor deposition (CVD) process permitted the deposition of the tungsten directly
on the fuel rod [62]. Tungsten claddings with ThO, additives were also used for this purpose
[63]. Yang etal. [64] and Philipps [65] reported the results of their compatibility studies. They
found that mainly UWC,, but also some W,C, was formed between the fuel UC and the
cladding W. The UWC, layer grew very slowly (7pum in 10*h at 1650 °C) [64]. The growth of
W, C was at firstrapid, due to the high diffusion coefficient of the carbon, but was slowed down
drastically after the formation of the UWC,, phase, because of the slow transport of C through
this layer [65]. The same behavior was found by Philips [65] also for temperature gradients.
The ZrC added for the stabilization of UC as a solid solution did not have as favorable an effect
regarding the compatibility with tungsten. Phase broadening at temperatures above 1500°C
caused by the ZrC provided more carbon for carbide formation with the tungsten than was
provided by pure uranium monocarbide [66]. A tungsten additive was proposed for the
stabilization of UC to be employed in thermionic fuel elements, in order to bind any excess
carbon atoms [65]. The activities of carbon and uranium were strongly reduced by the
equilibrium between the three phases UC, or (U,Zr)C + UWC, + W that had set in.

The addition of ThO, to the tungsten proved to be an effective barrier against the diffusion
of carbon [63]. The compatibility between the fuel and the cladding has been influenced
strongly, when highly enriched uranium was irradiated, because of recoil damage to the
cladding. However, at a temperature of 1470 °C this effect is unefficient, according to Yang
[64].

The compatibility of UC with tantalum was studied by Nomura et al. [67, 68] in the
temperature range from 1200 to 2350 °C. They found that the carbon diffuses significantly
faster than the uranium did, in the interaction between UC and Ta. The reaction zone consisted
of Ta,C and TaC, and its thickness grew as the square root of the time. The diffusion coefficients
of C, D, in cm?/s, calculated from the experimental data could be expressed by egs. (1) to (3):

D¢ (in Ta,C at 1400 to 1800°C) = 1.7 x 10-2 exp(—26.0/RT) (1)
D¢ (in Ta,C at 1800 to 2350°C) = 6.2 x 10? exp(—146.0/RT) (2)
D¢ (in TaC at 1800 to 2350°C) = 4.5 exp(—103.0/RT) (3)

The activation energies in these equations are given in kcal/mol.

1.2.25.3 Compatibility of (U,Pu)C with Various Cladding Materials

The compatibility between (U,Pu)C mixed carbides and various cladding materials is
similar to that found for uranium monocarbide, as is expected. Parameters, such as the
temperature, the composition of the carbide or its C-potential, impurities, and the bonding
between the fuel and the cladding (Na or He), are of importance for the compatibility [33, 69 to
81,109]. A further important role plays the composition of the metallic cladding material [80].

References for 1.2.2.5 on pp. 188/90
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Batey et al. [69] could not find any effect on the compatibility with Ni-based alloys of any
of the following: the carbon content of the mixed carbide, the temperature (up to 800°C), and
the presence of an oxygen impurity (up to 3700 ppm). The observed carburization to a maximal
depth of 75 pm was attributed by the authors to the enhancement of the C-potential during the
experiment, caused by oxidation of the carbide by impurities in the He.

Other authors [70 to 72] found no difference between the behavior of UC and that of
(U,Pu)C towards Ni-based alloys and Zircaloy-2. French, Hodkin [33], on the other hand,
indicated less carburization with (U,Pu)C than with UC, at a given C equivalent (C equivalent
=wt% C + (12/14) wt% N + (12/16) wt% O). The investigations by these authors showed
also, that the phase M,C; (M = U,Pu) was significantly more stable (about 3 months at
800°C) than the MC, phase, since the latter was dissolved by giving up some of the carbon.
Powers, Strasser [77] confirmed these observations with their experiments. They found, after
calcination at 800 °C for4 000 h, no carburization of the cladding materials 304 SS, 316 SS, and
Incoloy 800, if the (U,Pu)C contained the M,C; phase. Similar results were obtained by
Latimer et al. [78 to 80], who, in a more recent investigation [81] concerning the alloys in
Table 1/36, differentiated after 1000 h experiments between the following:

a) For He-bonding, in the temperature range 600 to 775°C, (U,Pu)C caused the same
amount of carburization in alloys with Ni content <35 wt% as in steels of the type 316 SS. Use
of alloys having Ni contents >41wt%, on the other hand, led to a slight formation of an
intermetallic phase containing U,Pu, and Ni and to a deposition of carbide, that was more
characteristic than for alloys having lower Ni contents.

b) If Na-bonding was employed in (U,Pu)C fuel rods at an annealing temperature of 600 °C,
no evident carburization was observed for any of the metallic cladding materials studied. Only
at a temperature of 725 °C could carburization be found for some cladding materials. Some
super-alloys (such as M 813, PE16, and HT 9) showed less carburization than did austenitic
steel AISI 316 SS, whereas other super-alloys (e.g., A 286 and Inconel 706 and 718) showed
larger amounts of carbide precipitation along the grain boundaries and in the matrix.

Batey et al. [110] were concerned with the compatibility of (U,Pu)C with the alloys
Nimonic 80 and PE 16. At 800°C a local interaction between the fuel and the cladding was
observed. They therefore recommend a maximal operational temperature of 750 °C for these
alloys. Similar conclusions were arrived at by Hodkin et al. [82] and Jacoby et al. [83],
although the former group of authors found only slight carburization even at 900 °C and with
He-bonding. They attributed the carburization in the case of He-bonding to hydrolytic oxida-
tion of the mixed carbide, and in the case of Na-bonding to the MC, phase in the
fuel. Thermodynamic calculations of Gotzmann, Ohse [22] showed, that the chemical
potential of the carbon in the carbide, which was contaminated with oxygen, led to the

Table 1/36

The Carbon Activities of Various Materials [84].

material carbon activity at 800°C
(Uo.gsPug 15)C, single phase 2.3x1072

304 SS, having 0.7 wt% C 3.5x10°2

MC, having 14vol% M,C,;® 1.1x107"

(Uo.85PUo 15).C3, single phase 3.3x10°"

a3 M = U, g5Pug 45 in the sample as a whole, but the U:Pu ratio is not the same in the two
phases.
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formation of a M,C; phase in the region near the surface of the fuel, provided that a temperature
gradient was present. Carburization of the cladding was then effected via the sodium. Holden,
Fiihrmann [84] determined the carbon activities given in Table 1/36 for various systems.
According to these data, only the single phase mixed carbides should be compatible with
austenitic steels at 800 °C from the thermodynamic standpoint. Presence of a M,C; phase in the
fuel, however, led to carburization.

1.2.2.5.4 Compatibility of Nitride Fuels with the Cladding

Mononitrides of uranium and plutonium have, like the carbides, only a narrow range of
stoichiometries [85]. The preparation of the stoichiometric mononitrides, (see “Uranium”
Suppl. Vol. C7, 1981, pp. 6/10) even on a technical scale, is much simpler than that of the
corresponding carbides, since the higher nitrides decompose already at 1300°C [86, 87].
Investigations on a hypostoichiometric nitride [88 to 94] showed, that such a material reacted
with the cladding material, forming intermetallic compounds such as (U,Pu)Fe, or (U,Pu)Nis.
Hyperstoichiometric nitride had U,N; as a second phase, which caused nitriding of the metallic
cladding.

In the temperature range from 600 to 1 100 °C a good compatibility was found between UN
or PuN and Ni-based alloys [95]. Katz [96] found the products in the reaction zone to be UNi5
and U,N,. Of the austenitic steels, 304 SS behaved better than 316 SS [95]. Both steels did not
show any interaction with the nitride fuel at 1000°C up to 1000h, and 304 SS was not
attacked even after 5000 h [95 to 98]. At temperatures above 1000 °C the rate of the reaction
increased rapidly, and at 1 200 °C a melt was formed [100]. This was attributed to the fact that
the AG® value for the reaction 3 UN + 5 Ni = U,N; + UNis becomes negative in this
temperature range. Although Na-bonding should have had some effect on the nitriding of
steels [93], aseries of authors [90 to 92, 94] could observe no difference between He- and Na-
bonding.

Oxygen may influence the interaction of a nitride fuel with the metallic cladding. As a result
of oxidation of the nitride during storage, a higher nitrogen potential arises, accompanied by the
formation of higher nitrides [91 to 93, 101]. On the other hand, the oxygen impurity of the fuel
stabilizes the nitrogen potential of the higher nitrides, by means of the formation of UO,-U,N;
solid solutions [93, 102, 103].

Pure vanadium was better compatible with UN than are V-Ti alloys [104]. The Ticontent of
the vanadium alloy gettered the oxygen that was present in the UN, leading to the formation of
free uranium in the nitride, and to the observation of a high rate of migration of uranium in the
cladding material. Ihara et al. [105], however, could not find after 1 000 h exposure at 900°C
any reaction between UN and the alloy V-15% Ti-7.5% Cr. A temperature of 1200°C was
specified for the use of UN in the SNAP-50 reactor. Various high-melting metals were therefore
tested as cladding materials for this reactor [106]. Niobium reacted with UN, forming Nb,N and
U-Nb alloys. After 5000 h a reaction zone of 350 um was formed at 1190 °C (2200°F). On the
contrary, a UN fuel, which had been coated with tungsten by the chemical vapor deposition
method, behaved well, since at the same exposure conditions complete compatibility could stil!
be observed after 10% h. The metals tantalum and molybdenum were incompatible with UN at
1200°C. A U-containing phase was formed at the grain boundaries of molybdenum,
containing 44 wt% uranium. The W-26% Re alloy was also suitable; however it becomes brittle
after long use (above 5000 h).

References for 1.2.2.5 on pp. 188/90
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1.2.2.56.5 Compatibility of Uranium Carbide Nitrides (“’carbonitrides’)

Kuroda et al. [87] examined in short-time tests at 600 and 1 000 °C the compatibility of UC,
UN, and U(C,N) with austenitic steels and Ni-based alloys. All the combinations tested, with
the exception of the pair U(C, 4N, ¢)-Hastelloy B, showed no or only very slight interaction.
Titanium-containing vanadium alloys led to depositions of TiC. Tantalum was well behaved in
short-time tests (66 h) up to 1400°C.

When (U,Ce) (C,N) was used with 20% Ti-V and with 15% Ti-7.5% Cr-V at temperatures
near 900 °C, diffusion of carbon into the alloy and of vanadium into the fuel occurred [105].

When U(C,N) solid solutions of various compositions were tested at 900 °C for 500 h they
were very well compatible with both nonstabilized and Nb- or Ti-stabilized Cr-Ni steels [97].
Pure UC, under the same conditions, yielded a wide reaction zone, forming an intermetallic
phase (561% Fe, 24% U, 25%Ni) in the steel, and a zone containing the cladding components
that had formed in the UC matrix.
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1.2.3 Irradiation Behavior
1.2.3.1 Changes in the Physical Properties
1.2.3.1.1 Irradiation-Induced Creep Processes in UC and UN

It has been emphasized in Section 1.2.2.1 (p. 143), that the plasticity and therefore the
creep of the fuels are very important factors for the dimensional stability and integrity of the fuel
rods under irradiation. The irradiation-induced creep in a ceramic nuclear fuel governs the low-
temperature deformation under a mechanical stress and it therefore must be quantitatively
known as well. It must be determined as a function of the neutron flux, the fission rate, and the
burnup, for realistic values of the stresses and the temperatures. Solomon [1] has indicated,
that for ceramic fuels below 1200°C the irradiation-induced creep dominated the creep
mechanism, whereas thermal creep could be neglected in this temperature range. The available
data indicate that the creep rate of uranium carbides and nitrides under irradiation is smaller
than that of the oxides (see Section 1.1.2.3, p. 14). This is in agreement with the concept of
Brucklacher, Dienst [2], that the irradiation-induced creep of a fuel with a high thermal
conductivity is determined by the thermal spikes.

Results for the steady-state creep of UC and UN obtained from irradiation experiments are
summarized in Table 1/37. These data were obtained at different fission rates. They were
normalized to the same fission rate, F = 4.8 x 103 fissions - cm~3 - s, and to the same stress,
6 = 64 MPa, for comparison in Fig.1-120, under the assumption that the creep rate was
proportional to these two quantities.

Matthews [8] analyzed these data and proposed for the dependence of the irradiation-
induced creep rate of UC and (U,Pu)C, éz (inh™"), on the fission rate F (in fissions - cm=3-s~")
and the mechanical stress ¢ (in MPa) eq. (1):

én = 3.6x10°22F - & (1)
Table 1/37
Irradiation-Induced Creep of UC and UN.
authors material g, in h7? experimental conditions
Clough [3] ucC 5x10°¢ 4.85wt% C, 95.5% theoretical density
(=TD), 800°C, 6 x 102 fissions-cm~3-s~",
o = 25.5MPa
Clough [4] ucC 1x1077 to 4.85wt% C, 97% TD, 450°C, 1.2x10"2
3x107° fissions ‘cm™2-s7", 6 = 13 to 53 MPa
Brucklacher uc 25x1077to 4.9wt% C,85% TD, 700°C, 3.4x10'¢
et al. [5] 1.3x10°8 fissions-cm~3-s7', 6 = 24 MPa
Brucklacher UN 2.5x10"7to stoichiometric UN, 95% TD, 700°C, (6 to 9)
et al. [5] 1.3x10°8 x10"2 fissions-cm~3-s', 6 = 24 MPa
Brucklacher, UN 1.5t02x10°989% TD, 6 vol% UO, 750°C, (6 to 9)
Dienst [2] x10"2 fissions-cm~3-s7", 6 = 40 MPa
Brucklacher [6] UN 2x10°8 93% TD, 4.8 x 102 fissions-cm~3 -5~

o = 63 MPa, for T <900 °C enhancement, for
T >900 °C slight enhancement

References for 1.2.3.1.1 on p. 194
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Fig. 120
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Irradiation-induced creep rates of UC, (U,Pu)C, and UN [7]. EUR hypothesis [7], EUR data,
UN [12], KFK, UN [2], Clough, UC [3], Dienst, (U,Pu)C [10].

Singh [9] considered the constant in eq. (1) to be temperature-dependent and described
the irradiation-induced steady-state creep, £ inh™", at T <1 000°C by means of eq. (2) for UC
and of eq. (3) for UN:

€r
€r

58x107°Q3*(kT) ' F - o for UC (2)
68x107°Q*(kT) ' F- o for UN (3)

where Q is the atomic volume in cm® and k, Boltzmann's constant, is in J/K, the units of the
other quantities being the same as in eq. (1).

It

No relationship between the irradiation-induced creep and the porosity of the fuel could be
established because of the lack of data [10], unlike the case of the oxide (see p. 14) [2].

Recent measurements of Clough [11] on UO, and UC up to high burnup values
(1 x 103" fissions/cm?, 2.4 x 10* MWd/t) showed for both 450 and 800 °C, that after a high
initial creep rate a nominally steady-state creep rate of UC was attained at 6 x 10'? fissions/cm?
(1.4 x 10* MWd/t), which was, however, eight times lower than the corresponding value for
Uo,.

1.2.3.1.2 Irradiation Effects on Diffusional Processes

Diffusioninasolid is generally accelerated by neutron irradiation, because of the significant
increase in the concentration of lattice defects [13]. This effect is enhanced appreciably in
nuclear fuels because of additional changes, such as the thermal spikes caused by the fission
products.

Hoh, Matzke [14] measured the self-diffusion of uranium in stoichiometric arc-cast UC
samples, at 900 °C. Recent measurements in the European Institute for Transuranium Elements
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Fig. 1-121
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rate of F=3.5x10"2 fissions-cm~3-s~'. The data for (U, 97PUg 03)C are normalized to
F=1.9%x10"3 fissions-cm=3-s7",

in Karlsruhe [15, 16] confirmed that the diffusion coefficient. of U in UC, irradiated at
t<1000°C, is between 1.3 and 4.5x10""7cm?-s~', independent of the temperature
(Fig.1-121). Itwas shown thereby, that irradiation in this temperature region caused a signifi-
cant enhancement of the mobility of the uranium. Att> 1500 °C it was thermal diffusion, that
governs the mobility of the uranium.

These more recent irradiation experiments led also to a dependence of the altered rate of
diffusion on the fission rate, F. The authors could not quantify this dependence clearly,
however, and supposed that it must lie between D* = const. x F and D* = const. x F2, where
D* is the irradiation-induced diffusion coefficient.

1.2.3.1.3 Change of the Hardness on Irradiation

Kleykamp [17] measured the microhardness of a UC sample containing 4.96 wt% C, that
had been irradiated to a burnup of 6170 MWd/t (2.47 x 10%° fissions/cm?) only. He reported a
value between 1 000 and 1 200 kp/mm? (9.8 to 11.8 GPa), independent of the radial position of
the measurement. Compared with the literature value of 650 kp/mm? [18], this implied an
irradiation-induced increase of this property.

The hardness of a sample of uranium nitride was measured after irradiation at BMI. Bugl,
Keller [19] reported a clear increase in hardness of about 30%. The absolute values reported
were, however, very low, so that this effect could not be considered as firmly established.

Gmelin Handbook  References for 1.2.3.1.2 and 1.2.3.1.3 on p. 194 13
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1.2.3.1.4 Changes of Thermal Conductivity

Little is known concerning the change of the thermal conductivity of ceramic uranium
compounds by irradiation. Rough, Chubb [8] observed in irradiation experiments on uranium
carbides at 300 to 800°C, in which the samples were provided with thermocouples, that the
in-pile thermal conductivity lay only marginally lower than those of nonirradiated UC. The
authors admitted, however, that due to experimental uncertainties, any differences in the data
up to a maximal fluence of 5.5 x 102° fissions/cm® may not have been significant.

Since nonirradiated uranium carbide obeys the Wiedemann-Franz rule, it was assumed by
Robertson [9], that the irradiation damage of UC influences the thermal conductivity in the same
manner as it does the electrical conductivity. According to his opinion, the temperatures
employed by Rough, Chubb [8] in their irradiation of real fuel samples were too high. The heat
treatments of UC, for the annealing of lattice defects that affect the electrical conductivity,
showed clearly (Fig.1-123, p.196) that irradiation temperatures below and above 150 °C led to
quite different results. A similar effect was seen around 500 °C (see Fig.1-123). Because of the
annealing mechanism of the irradiation damage, the effect of the irradiation-induced changes of
both the thermal and the electrical conductivity of UC increased with diminishing temperatures.
Tachis et al. [10] determined the thermal conductivity during irradiation, using an extensive
instrumentation. No effect of the irradiation on the thermal conductivity of UC was found in the
range 300 to 800°C up to a maximal burnup of 0.02% FIMA (0.16 MWd/kg, 6.6 x 10"° fis-
sions/cm?). Bradbury et al. [11], too, arrived at this conclusion, from the agreement of the
calculated with the measured central temperature of a fuel having the composition
Uo.g5Puq 15C. Strasser et al. [12] concluded from the temperature course of the central
thermocouples during the irradiation of (U,Pu)C, that the temperature change in the fuel was
given by the change of the thermal conductivity of the He gap, rather than by any irradiation-
induced changes in the thermal conductivity of the fuel itself.



Thermal Conductivity. Electrical Resistivity 195

Lagedrost, Storhok [13] studied the thermal conductivity of two UN samples, that had
been irradiated up to 2.1 x 10?" fissions/cm?® (5.0 x 10* MWd/t). The strong decline of the A
values that was observed was attributed to the formation of gas bubble pores on the one hand
and to the formation of cracks on the other.

1.2.3.1.5 Changes of the Electrical Resistivity

The electrical resistivity of solids may change appreciably on irradiation with neutrons. As
yet, only results for uranium carbide are available; those obtained by numerous authors [1 to 3,
6] for arc-cast UC are presented in Fig.1-122.The temperature of the irradiation was generally
<100°C, only in the experiments of Rough, Chubb [1] it was 600 to 800 °C. Itis clearly seen in
Fig.1-122 that in all the experiments the electrical resistivity p first increases with the irradiatiort,
as a result of the formation of lattice defects, and eventually reaches a saturation value. Griffiths
[5, 7] pointed out, that the kind of sample material which had been used played a decisive role
in the irradiation-induced enhancement of p. When sintered UC, having a mean grain size of 10
to 20um was used, the electrical resistivity changed by less than 3%, whereas for calcined
samples, having grain sizes of 40 to 50 um, the change was 60% [7]. The grain boundaries
seemed to act as sinks for lattice defects.

Fig. 1-122
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Comparison of the results of various authors for the irradiation-induced change of the electrical
resistivity of UC.

The lattice defects formed by irradiation may be annealed, at least partly, by a heat
treatment. Fig. 1-123 shows the annealing effect on the irradiation-induced electrical resistivity.
In the case dealt with, a stepwise but complete annealing of the UC is achieved between 600
and 800°C. It must be emphasized, however, that the annealing process by means of a high
temperature treatment is very complex, and that it depends strongly on the primary radiation
damage [14].

References for 1.2.3.1.4 and 1.2.3.1.5 on p. 196 13*
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1.2.3.2 In-Pile Compatibility
1.2.3.21 Carbide Fuels

Carburization of the metallic cladding is the main compatibility problem of -fuel elements
having carbide fuels. The carburization rate has been determined as a function of the carbon
content in out-of-pile experiments [1]. Also the in-pile interaction of the carbidic fuel with the
metallic cladding depends on the C activity atthe surface of the fuel [2], hence on the C: U ratio
in the starting material of the sample [3]. The initial potential of the carbon changes during the
irradiation because of the formation of carbides of the fission products. Lorenzelli [4]
concluded, on the basis of phase studies of the systems UC-RE (RE = rare earth element), UC-
Mo, UC-Ru, and UC-Pd, and of simulation experiments involving burnup of 5, 10, and 15
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x 10 MWd/t(U + Pu), that the burnup had an influence on the carburization of the cladding.
Haines, Potter [5] calculated from the composition of the phases that had been confirmed by
them, that for 10% burnup the C potential remained constant only if an appreciable amount of
the M,C; (M = U + Pu) phase was present. For a starting composition U gPug 2Cy g, ON the
other hand, the C potential decreased continuously with the burnup.

In order to simulate burnups of 10 or 20% (8 or 16 x 10* MWd/t), Hofmann, G6tzmann [6]
mixed fission products with stoichiometric and hyperstoichiometric UC. The heat treatments
led to no measurable interaction between the various cladding materials used and the simulated
fission products at 600 to 800 °C. Even the added Csl did not react with the investigated steels.
On the contrary, the addition of the fission products led to areduction of the carburization of the
cladding material.

As is well known, the heat flux plays an important role in the transport of carbon, and it is
therefore taken into account in some out-of-pile experiments. Nishio et al. [7] found in
experiments, where a simulated heat flux was applied, that the dissolution of the carbon and its
transport in the Na-bonding limited the lifetime and the maximum burnup of a rod having an
AlSI 304 SS steel cladding. For linear rod power rates of 1 000 W/cm, respectively 500 W/cm,
maximal burnups of 3.7, respectively 5.5, x 10* MWd/t, were calculated by the authors for the
lifetime of the cladding.

Vanadium alloys (e.g., V-Ti3-Si1 or V-Zr2-Cr15) were treated at various temperatures
together with uranium carbides having various compositions and with a series of simulated
fission products [8]. An increase of the hardness of the V alloys was observed, but this
embrittlement effect was smaller in the experiments where fission products were present. This
confirmed the behavior expected by Dorner, Schumacher [9] for this type of cladding material.

1.2.3.2.1.1 Results of Irradiation of UC with Cr-Ni-Steels
He-Bonding

The simulation results were confirmed to a large extent by irradiation experiments.
Bradbury et al. [10] reported good compatibility between UC and stainless steels at
temperatures around 550 °C for a burnup of <1 x 10* MWd/t. Arnold [11] could not observe
any migration of uranium and of carbon in hypostoichiometric or stoichiometric UC at burnups
<1 x10*MWd/t, and cladding temperatures of 940 to 1100°F (500 to 600°C). At higher
temperatures, however, aslight carburization of the 304 SS steel occurred. Also Watanabe et al.
[12] found no carburization at temperatures <800 °C up to a burnup of 2.4 x 10 MWd/t.
Russian authors, on the contrary, reported a slight reaction of carbon with the metallic cladding
(about 150 pm) after aburnup of 10.4% FIMA (8.55 x 10* MWd/t) at a maximal temperature of
680 °C. Carbon contents in the range from 4.7 to 4.95 wt% in the fuel did not cause significant
differences in the carburization effect. The amount of UC,, initially present in hyper-
stoichiometric UC, decreased on increasing burnup, possibly causing an embrittlement of the
cladding material [14].

Na-Bonding

Irradiation experiment in the BR-5 research reactor in Moscow led to a satisfactory
compatibility of fuel rods having UC (4.8 wt% C) fuel in a steel (16 Cr-15 Ni-Mo-Nb) cladding
with Na-bonding [15]. When hyperstoichiometric carbides were employed, the authors
proposed a chromium coating of the pellets in order to reduce the carbon transport. When fuel

References for 1.2.3.2 on pp. 202/4
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rods having Na-K-bonding were irradiated up to 7.1% FIMA (5.84 x 10* MWd/t), reaction
zones in the steel cladding of <50 pum (or 100 to 150 um) were observed for starting materials
having <5.0 (or 5.1) wt% C. When these were coated with Cr- or Nb-based coatings, the
depth of carburization did not exceed 30um [13]. Hypostoichiometric UC (~4.6 wt% C)
showed, after burnup of up to 1.92 x 10* MWd/t and at temperatures of 1480 to 1 640 °F (800
to 900 °C, calculated from the power rate), a reaction between the fuel and the cladding in all
the fuel rods, which was described as a decarburization [16]. No carbon transport was
observed at 1200°F (650°C) in the system UC,_,-Na-304 SS [17]. Under the same
conditions, hyperstoichiometric uranium carbides showed strong carburization, dependent on
the C content. Irradiation, however, had no accelerating effect on the carburization.

1.2.3.2.1.2 UC with Tungsten

At temperatures between 1400 and 1800°C and a burnup of 4x10"°fissions/cm?®
(0.1 MWd/t) no reaction was observed between UC and vapor-deposited tungsten during
1200h [18]. A UC-ZrCsolid solution behaved similarly. Since first signs of a reaction between
UC and W at 1670°C and 5 x 10"®fissions/cm? (0.125 MWd/t) burnup were obtained after
5445h at a C:U ratio of 1.05, the authors recommended to limit the ratio to C:U = 1.03.

1.2.3.2.1.3 UC with Nb-1% Zr

Uranium carbide (UC, og) with Li-bonding in a cladding of Nb-1% Zr (Nb is designated in
the original [20] as columbium (Cb)) was irradiated up to about 1% FIMA (0.82 x 10* MWd/t)
at atemperature of 2200t0 2400 °F (1200to 1 315 °C) at the contacts between the fuel and the
cladding [20]. Catastrophic failure of the rod resulted, due to large carburization of the niobium
alloy and the formation of a U-Nb melt. A carbide having the composition UC, ,5 behaved
better under these conditions. Although the niobium cladding was again weakly carburized,
the formation of a U-Nb melt could be avoided when the surface temperature was kept below
2150°F (1177 °C). At temperatures between 2150 and 2370°F (1177 to 1300°C) a liquid
phase was observed between the fuel and the cladding for UC, 45 too, which led to a failure of
the rod above 2350 °F (1288 °C). DeCrescente [21] observed decarburization of the fuel and
C transport to the Nb-1% Zr cladding in in-pile experiments, independent of the use of a
tantalum barrier. A carbon contentbetween 6.6 and 7.3 wt% was specified for in-pile operation
at 2200°F (1200°C) for 10000 h, based on extensive out-of-pile data. Fuel decarburization
influenced the fuel design indirectly, since the transformation of UC, or U,C; to UC is
accompanied by a volume decrease.

Crane, Gordon [22] irradiated UC rods having Nb-1% Zr claddings and stoichiometries
varying between UC, o0 and UC, o4 at surface temperatures between 660 and 800°C up to
burnups of 1.7 to 3.5x10* MWd/t. Whereas for Na-bonding the carburization extended to
125umfor UC, ogand to 25pum for UC, 4o, NOreaction between the fuel and the cladding could
be observed for He-bonding.

1.2.3.2.1.4 (U,Pu)C with Stainless Steel

The results of studies of the in-pile compatibility of (U,Pu)C with austenitic steels that had
been conducted in the earlier sixties were described by Strasser etal. [23]. According to these, a
satisfactory compatibility existed between the (U,Pu) mixed carbides and austenitic steels,
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such as 304 SS and 316 SS, at temperatures 520 or 850 °C and irradiation times of 2640 or
8730h. Neimark et al. [24, 25] reported that some carbon was transported from the fuel
(Uo.gPug ) C to the cladding (304 SS) during irradiation at 625°C and 2.08 x 10* MWd/t
burnup. Even in a hyperstoichiometric carbide some free plutonium could be detected after the
irradiation experiment. It was noteworthy, that the interaction between the carbide and the
metallic cladding was described by the authors as “slight” even in these cases.

The United Nuclear Corporation (UNC) carried out an irradiation program involving
stoichiometric and hyperstoichiometric (10vol% M,C;) (U,Pu) mixed carbides and claddings
made of 316 SS and Incoloy 800 [26 to 28]. At a temperature of 520 °C and burnups up to 7.7
x 10* MWd/t no reaction of the fission products and the cladding material could be observed.
However, the interaction of the fuel with 316 SS led to a 50 um thick layer in the cladding that
included carbides and c-precipitations, but had no hardening effect on the steel cladding. In
Incoloy 800 an only 1um thick reaction zone formed, which consisted according to a
microprobe analysis of reaction products of Cr, Ti, and Si from the cladding material with
carbon from the fuel.

Latimer et al. [29] reported on a large-scale test involving 74 fuel elements and He-
bonding. After burnups of 2 to 11% FIMA (1.6 to 9.0 x 10* MWt/d) reaction zones of 25 to
250 um were found in 316 SS and of 40 to 110 pum in Incoloy 800. In the reaction zone Fe and
Niwere depleted to a depth of 10 pum. Furthermore, on the inner surface of the cladding deposits
of Am, U,Pu, and Ba were found, which did not, however, migrate into the cladding material.

Fuel pins with a 316 SS steel cladding and filled with MC (M = U,Pu) having an M,C,
fraction larger than 5%, showed at temperatures above 600°C and rod power rates of
800W/cm a carburization depth of 250um. Under similar conditions (1000W/cm, 5.7%
FIMA, 650°C) a UC fuel having <5% U,C; showed a significantly lower carburization depth
(<50pum) [30].

Na-Bonding

Na-bonding has been applied successfully since the 70’s to carbide fuels. Barner [32]
examined fuel rods having stoichiometric (U,Pu)C fuel and 316 SS cladding after burnup of 8%
FIMA (6.6 x10* MWd/t) at a maximal irradiation temperature of 690°C. At a few places
only the author could find slight depletion of Fe and Ni and enrichment of Cr in the cladding,
and this to a depth of only 4 um using microanalysis. According to the observations of Barner,
the carbon released from mixed carbides was less disadvantageous than prolonged out-of-pile
heat treatments, which could lead to precipitation of a sigma-phase and enrichment of Ni in alloy
resulting in the possible formation of a eutectic with the heavy metal. The author, therefore,
considered a slight carburization to have favorable effects on the long-time behavior of steel
claddings. Even continuation of the irradiation up to 11.5% FIMA (9.5 x 10* MWd/t) burnup at
alinear power density of 30 kW/ft (~1 000 W/cm) did not cause significant changes in the Na-
bonded 316 SS cladding material [33, 33a].

(U,Pu) (C,0) fuel having oxygen contents up to 1 wt% showed after burnups upto 10.1%
FIMA (8.30 x 10* MWd/t), but at a relatively low linear power density (300 to 400 W/cm), no
interaction with the 316 SS cladding [34]. However, it was observed [35] that the two-phase
fuel (MC + M,C;) had poorer compatibility than the single-phase mixed carbide fuel. A team
work in Los Alamos showed that as the M,C; content increased, so did the depth of the
carburization zone in the cladding (Fig. 1-124).

A Ni-Pu rich phase, which contained also some fission products, could form in
stoichiometric or hypostoichiometric mixed carbides, just as in out-of-pile experiments.

References for 1.2.3.2 on pp. 202/4
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Fig. 1-124
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Mikailoff, Clottes [36] found a satisfactory compatibility of (U,Pu)C with austenitic steel after
irradiation to a burnup of 2.70 x 10* MWd/t. Local carburization down to a depth of 30 to
130 um was attributed by them to hot spots (up to 640°C). A slightly hyperstoichiometric
carbide having <2% U,C, caused a carburization zone of up to 120 um in the 316 SS cladding
after burnup of 2.70 x 10* MWd/t at a temperature of 850 °C. Combette [37] calculated on the
basis of experimental data, that the increased carbon diffusion was induced by the irradiation,
and he therefore expected higher carburization rates compared with out-of-pile data [38].

Barner et al. [39] observed for Na-bonding 2 to 3 times higher carburization rates than for
He-bonding. Bagley et al. [40] summarized the in-pile experiments, carried out at the UKAEA,
concerning the compatibility between MC and austenitic steels, as follows:

a) The penetration of carbon into the steel was nonlinear, contrary to the case in out-of-
pile experiments.

b) At low linear power rates (~400W/cm) no noticeable carburization, hence no
significant changes of the properties of the steel cladding occurred.

¢) At high linear power densities oxygen impurities contributed to the carbon transportasa
result of the formation of CO.

Geithoff [41] observed for carbide samples, having a 15% M,C; content, carburization as
deep as half the cladding wall thickness after 5% FIMA (4.1 x 10°* MWd/t) burnup. He
confirmed thereby the literature data about enhanced carburization rates for carbide-
containing fuel rods with Na-bonding. It was attempted to modify the fuel by the addition of Cr
and Fe in order to achieve a stabilization of the carbon potential in the fuel and thereby a
reduction of the carburization of the cladding. An irradiation experiment with unmodified and
with Cr- and Fe-modified carbide led, however, to the result that the depth of carburization was
greater for the Cr-modified than for the unmodified fuel [42]. It could be generally concluded,
that additives were not able to reduce the C transport from the carbide fuel to the metallic
cladding [43].
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1.2.3.21.5 (U,Pu)C with Nb-1% Zr

Nb-1% Zr claddings showed better compatibility with (U,Pu) mixed carbides in in-pile
experiments than did 316 SS. After a burnup of 2.62 x10* MWd/t at temperatures not
exceeding 625°C no damage could be detected in the fuel rods [24]. In another series of
irradiations, at surface temperatures between 570 and 650°C, corresponding to an interior
contact temperature of 700 °C, only local reaction regions could be seen in a few places after a
burnup of 6.9% FIMA (5.7 x 10* MWd/t) [25]. Fuel rods made of U, gPu, »C pellets with Nb-
1% Zr or alloyed steel claddings were irradiated at power levels (265 to 490 W/g) up to 11.3
x 10* MWd/t [31]. It was found that the rods that had been clad by Nb-1% Zr were in an
excellent condition, whereas the stainless steel cladding showed noticeable cracks, because of
carburization and a resulting drastic decrease of the ductility.

1.2.3.2.2 Nitride Fuels

The good compatibility between UN and metallic cladding materials, which is known from
out-of-pile experiments, is not significantly affected by irradiation [44 to 47]. In irradiation
experiments at the BMI [44], a nitrided zone of only 6 pm thickness was observed in austenitic
steel after burnup of 3.8% FIMA (3.12 x 10* MWd/t) at a maximal temperature of 615°C. The
U,N; second phase formed on the surface of the fuel does not react with the steel cladding. The
material AISI 316 SS showed some embrittlement after higher burnups (4.6 to 6.3% FIMA,
3.78 to 5.18 x 10* MWd/t) at maximal temperatures of 630 °C, the reason for which could,
however, not be understood [45].

No nitriding nor carburization of 316 SS was obtained with either UN or U(C,N) solid
solutions after burnup to 2.40 x 10* MWd/t at maximal linear power densities of 880 W/cmand
temperatures of 780°C [47]. At higher power levels (1000 to 1600W/cm), however,
interaction between U(C,_;N,) fuel (with 0.15 <x <0.40) and the steel cladding was
repeatedly observed, even for relatively small burnups or irradiation times [48]. The authors
found by means of various etching processes and microhardness determinations, that
carburization occurred at hot spots. The decrease in the ductility of 304 SS, caused by this
effect, coupled with a simultaneous swelling of the fuel, led after a burnup of 6.00 x 10* MWd/t
to a failure of the fuel rods [49].

Uranium nitride rods, clad with a W-25.5% Re alloy were tested for the ““Space Electric
Power Program” in the USA. No reaction between the fuel and the cladding could be found
after an irradiation for 3 558 h at temperatures between 1350 and 1800 °C [50]. However, the
interior swelling pressure caused the test rods to fail.

(U,Pu)N rods with [36, 51] and without {51, 52] Na-bonding showed excellent
compatibility with austenitic steels in in-pile experiments. Only Mikailoff, Clottes [36]
reported a slight nitriding, which did not lead to any negative effect on the mechanical
properties of the steel cladding, however. Bauer et al. [561] irradiated (U,Pu)N fuel with and
without Na-bonding to 304 SS up to top burnups of 15.3x10* MWd/t and maximal
temperatures of 795 °C without being able to note any measurable reaction between the fuel
and the cladding, as represented in Fig. 1-125, p. 202.

Microanalytical examination confirmed that the cladding did not contain any fuel, fission
products, or nitrogen as traces. Also the fuel remained unchanged at the contact points. Only in
one sample, which was exposed to a temperature above 1000°C, metallic depositions,
consisting of Fe, Cr, Ni, Ru, Rh, and Mo, were found in the cracks of the fuel and on the interior
surface of the cladding.

References for 1.2.3.2 on pp. 202/4
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Fig. 1-125

AISI 304 SS cladding (150 x enlargement) after irradiation of Na-bonded (U,Pu)N fuel toa
burnup of 15.3 x 10* MWd/t [561].

When (U,Pu)(C,N) fuels are irradiated, the following parameters affect the carburization of
the cladding: the mean temperature of the cladding, the local power density, the carbon
potential of the fuel, the type of bonding (Na or He), the type of fuel (pellet or Vipac, i.e.,
vibrationally compacted), and the burnup [53]. Blank [50] concluded from measurements of
the distribution of the metal carbides formed on the cladding, that for He-bonded rods the
carburization depended primarily on their linear power density, whereas for Na-bonded rods
the temperature of the cladding played the major role.
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1.2.3.3 Irradiation-Induced Swelling

One of the most important changes up on irradiating fuel, is the decrease of its density, i.e.,
its swelling. This effectis due to the formation of solid fission products that have a lower density
on the one hand, and to the formation of fission-gas bubbles on the other. The decrease of the
density is of special interest, since the swelling behavior of the fuel may lead to its mechanical
interaction with the cladding and eventually to a failure of the fuel rod.

1.2.3.3.1 Uranium Carbide

The first measurements of the changes in the dimensions and in the density of a slightly
hyperstoichiometric UC having a density of 98 % of the theoretical, after a burnup of only 0.14
x 10* MWAd/t at a fuel temperature of 730 °C, led to widely varying values of the swelling (a
relative volume increase AV/V =0.6 to 2.5%) [1]. These irradiation experiments were
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continued at Atomic International [2], using monocarbides of various stoichiometries
(between 4.6 and 5.2 wt % C), up to a burnup of 1.40 x 10* MWd/t. Hyperstoichiometric UC
showed a swelling rate of 1.3%/(10* MWd/t) at 843 °C, whereas hypostoichiometric carbide
showed a significantly higher swelling rate, 4.0%/(10*MWd/t), in spite of the lower
temperature, 760 °C. These data were obtained from pycnometric density measurements. Since
the cladding did not undergo any dimensional changes, it was concluded that the results were
falsified because of microcracks. Rough et al. [3] found for hyperstoichiometric UC irradiated
at 980°C swelling rates between 0.75 and 3.1% per % FIMA (0.91 to 3.77%/(10* MWd/t)).
Hare, Rough, et al. [4 to 6] could find no effect of the stoichiometry of the UC (4.6, 4.8,and 5.0
wt% C), for irradiations at <750°C up to burnups of 1.50 to 2.50 x 10* MWd/t, on the swelling
rates between 1.4 and 1.8%/(10*MWd/t). Hahn [7] summarized the results obtained at the
Battelle Memorial Institute (BMI) and at Atomic International (Al) up to the early sixties. He
attributed the observed changes in the diameters of the rods to cracks in the fuel caused by
thermal stress. Although within a given capsula there was a clear relationship between the
change in the density and the burnup and the temperature, not all the data could be correlated.

A similar summary by Melehan et al. [8], on the contrary, led to the statement, that the
temperature of the irradiation played a major role in determining the rate of swelling. Strasser,
Taylor [9, 10] reported for sintered stoichiometric UC aswelling rate of 0.87%/(10* MWd/t) (a
swelling of 1.4% after burnup of 1.61 x 10* MWd/t) at 760°C. On the other hand, Burian et al.
[11] reported for stoichiometric UC at an irradiation temperature of 1250 °F (677 °C) values of
3.2% for He-bonded and 9.4% for Na-bonded uranium monocarbide in a Nb—1% Zr cladding
after a burnup of 1.5 x 10* MWAd/t. Variation of the composition of the fuel also showed that at
1250°F (677 °C) the swelling rate depended strongly on the stoichiometry. Crane, Gordon [12]
summarized these results in the representation shown in Fig.1-126. The cross hatched area
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References for 1.2.3.3 on pp. 224/7
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Fig. 1-127
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Burnup in 10% MWd /t

Irradiation-induced swelling of arc-cast uranium carbides [13].

corresponds to a temperature of 1250°C and burnup values of 1.50 x 10* MWd/t (capsule 1)
and 4.00 x 10* MW(d/t (capsule 3). Capsule 2, irradiated to 2.30 x 10* MWd/t, showed the
highest sensitivity of the density or the dimensional changes to the composition of the carbide.
Sinizer et al. [13] analyzed the results of irradiations reported in various sources. Taking into
account the stoichiometry at the various temperatures of irradiation, they found a linear
dependence of the diameter of the rod on the burnup, shown in Fig. 1-127. Also other experi-
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