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ABSTRACT

Fuel kernel migration is widely observed in the coated oxide and carbide
fuel particles used in high-temperature gas-cooled reactors ( H T O R P ) . The
rate of this phenomenon is generally observed to be sufficient to establish
operational limits on the time-temperature-power density relationships
needed for the design ol the HTGR core. On the other hand, it has been dif-
ficult to establish the rate-controlling migration mechanism in oxide fuels
and thus permit the rate of this mechanism to be determined unequivocally.
This paper describes several new and general theoretical methods that can
be used to establish experimentally the rate-controlling mechanism, and
applies these developments to the analysis of recent in-reactor kernel
migration observed in coated UO2, Thi_zUzO2, and ThO2 particles. This
analysis establishes that the kernel migration rate is apparently not con-
trolled by the rate of CO-COg diffusion in U02, Thj_5Dz025 or ThOj particles.
Furthermore, the data indicate that a solid-state diffusion mechanism is
controlling the kernel migration rate.

A solid-state kernel migration coefficient (BMC) has been calculated
'for each particle observed in tnetallographic cross section? of specimens
from several irradiation experiments. The KMC is defined as
?y/t)(T2>(dT/dx)-1, in which y is the observed migration during time t.
These coefficients were obtained over the temperature range 900 to 2000°C.
The KMC for TI1O2 was less than that for Th,_2Uz0;, at a given temperature;
UOj had the highest KMC at T £ 1200°C. The activation energy for the U02
KMC was ~ 19 kcal/mole, while~that for ThO2 and Thi_2UzO4 was - 44 to 45
kcal/mole. No burnup dependence of the BMC could be discerned in either
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1. INTRODUCTION

Fuel elements for HTGRs are made from rigid assemblies (fuel rods or
compacts) of coated fuel particles distributed appropriately in graphite
holders that contain coolant passages and constitute both moderator and core
structure [1-3]. The fuel particles consist of small spherical oxide or
carbide kernels that are each coated vith successive layers of pyrolytic
carbon ("BISO" particles) and, in some cases, an intermediate layer of
silicon carbide ("TRISO" particles). The pyrolytic carbon layers absorb
damaging fission fragments and retain gaseous fission products and their
precursors, while the silicon carbide layer improves the retention of metal-
lic fission products and fuel [4,5]. These fuels are currently designed to
operate from 700°C to a nominal maximum of 1550°C, the latter temperature
being sustained for times that are much smaller than the core lifetime.

When a sufficient temperature gradient is imposed across the particle
at an appropriately high temperature, the coatings are often observed to
fail because of a lateral migration of the kernel up the temperature gradient
and/or carbon deposition in the colder regions of these particles. Attempts
have been made to explain these observations in oxide particles by quantita-
tive theoretical models [6,7]. Several of these models will be discussed
and applied to the analysis of specific in-reactor experiments to ascertain
which mechanism is controlling the observed mass transport rate. In-reactor
oxide kernel migration rates will be correlated with the coefficient derived
from the first-principle model for the rate-controlling mechanism.

2. REVIEW OF TRANSPORT MODELS IN OXIDE PARTICLES

Observation of mass transport in coated pai.Lii.ic6 leads one to propose
three general types of mechanisms that may control the transport rate [6,7].
The first is gas-phase transport of carbon by CO-CO2 diffusion In the other
gases that are present in the porous, acetylene-derived buffer layer that
surrounds the kernel. The second Is a reaction involving gases and/or
solids, such as the CO-disproportionation reaction at the cold side or a
dissolution reaction at the surface of the kernel. The third is solid-state
diffusion through the kernel itself. Equations for several of these rate-
controlling mechanisms have been derived [7].

The application of the derived equations to the exact calculation of
mass transport rates in coated particles Is generally difficult. For example,
carbon transport occurring by CO-CO2 diffusion during irradiation of coated
U0 2 particles was calculated; all the quantities In the theoretical equation
were known or could be estimated fairly accurately. For this mechanism, the
calculated carbon transport at 1200°C ranged from 0.1 cm at a burnup of 5X
FIMA (Fissions per .Initial Heavy Metal Atom) to 100 cm at 75Z FIMA [7]. The
calculated carbon transport rate at a given burnup and temperature was
clearly orders of magnitude larger than that observed experimentally. The
calculations at a given burnup also indicated that the carbon transport rate
decreased with increasing temperature; as will be seen later, the observed
oxide kernel migration rate actually increases with increasing temperature.

Rate control by the CO-disproportionation reaction again gave transport
rates that were orders of magnitude higher than the observed rates [7]; how-
ever, the calculated rate could be affected markedly by fission-product
catalysis. A complete lack of Information relative to the effects of



catalysis makes the calculation of experimental rates difficult. The expres-
sion for solid-state diffusion cannot be applied until the rate-controlling ;
diffusing species has been identified and the in-reactor diffusion coef- *
ficient in a fissioning actinide oxide has been measured. Thus, it is j
obvious that we need another technique for applying theory to the explana-
tion of experimental mass transport rates in oxide fuels. Such a technique jj
will be developed below. \

3. EXPERIMENTAL METHODS FOR DETERMINING THE RATE-CONTROLLING MECHANISM <f

The mathematical equations derived for the prediction of migration 5
rates can be used to identify the actual rate-controlling mechanism. In both |
in-reactor and out-of-reactor experiments, an array of particles exists in
either a fuel rod or an experimental particle holder; depending upon its I
position within the array, each particle is subjected to a reasonably well- s
known temperature and temperature gradient. Also, the migration or transport j.
in. each particle can be measured by standard radiographic or metallographic
techniques. These measurements can then be used to calculate the ratio of i
observed transport in a particle located at any position within the array
to that for a particle at, conveniently, the midpoint of the array. Such a
ratio can also be calculated from the mathematical equations and has the
significant advantage of the cancellation of many unmeasured parameters -.
that are equivalent to the preexponential coefficient in the Arrhenius 1
relation. Even if the parameters vary with percent FDtA. or time, their ratio 1
Is still unity since all particles experience identical conditions with ;
regard to time and fission. Comparison of the experimental and theoretical I
ratios permits one to deduce the rate-controlling mechanism. !

3.1. The ratio equations

For CO-CO2 interdiffusion, the following in-reactor ratio can be .
obtained from Eqs. (18) and (19) of reference [7]: »;

!

(1)

in which

y - micrometers (ym) of carbon transported in rectilinear '
geometry, f

x • distance along the radius of the fuel rod, cm, i
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dT/dx » temperature gradient, °C/cm,
PCO'PCO " Pressure o f c 0 o r c°2» atm»

F - pressure of residual coating gases, usually 1 atm,

P, • pressure of the fission gases Xe + Kr, if present, atm,

R - ideal gas constant,
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The ratio equations for rate control by the CO-dlsproportlonation
reaction will be considered next. This reaction is reported by Reif [8] to
be proportional to Pc0 with an activation energy of 13,200 cal/mole, while

Pursley et al. [9] found the reaction rate to be zero order with an activa-
tion ensrgy of 35,900 cal/ntole. With Keif's data [8} the ratio equation is:

- . « ,
f 13,200 J
r R J 1̂-1r*»» (2)

For the zero-order reaction reported by Fursley et al. [9] the ratio would
be:

(3)

For rate control by a solid-state diffusion mechanism, the ratio
equation is:

in which Q is the activation energy for the diffusing species.
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3.2. Determination of the rate-controlling mechanism

The ratio equations derived above have been applied to an analysis of
UQ2 kernel migration in an irradiated fuel rod designated as H-l-2 [10,11],
The fuel perticles were placed in 1.27-cm-diam fuel rods having a matrix
made from a carbonized pitch-carbon mixture, the temperature equation for
this rod was: T <°K) - 1478 - 868 x2, where x is the radial location of a
particle in the fuel rod; the fuel rod was irradiated to 29.6% FIMA in 97.1
days.

The extent of the migration of the hot-side kernel-carbon interface in
Individual particles in fuel rod H-l-2 was measured from a 100X photo-
cocposite of radial cross sections. A second set of measurements gave the
radial location of each particle In the fuel rod. The data obtained by
these techniques are given in Fig. la.

The theoretical ratios can be calculated from Eqs. (1) through (4) for
the temperature conditions of fuel rod H-l-2. The application of the
integrals in Eqa. (1) and (2) requires a knowledge of P_n with temperature

and burnup. Such measurements have been made from 1000 to 2000°C in
Irradiated 1702 and ThO2 particles [12-15]. At very low burnups, the number
of moles of carbon monoxide has been observed to be approximately constant
with temperature; the increase in PCQ is thus proportional to temperature.

At higher burnups the pressure increases by as much as a factor of - 15 over
the temperature range 1000 - 2000°C [12-14] and is equivalent to that for the
C-CO-COj equilibrium at a constant chemical potential of oxygen (RT In Q )

hof ~ 90 kcal/mole [16]. This information was used along with Eqs. (1) through
(4) to calculate the ratios shown in Fig. lb. It should be noted that the
total pressure of carbon monoxide plus carbon dioxide in each particle was
assumed to be constant at a given burnup in the CO-COj, gas-phase diffusion
calculations, although this total pressure was varied with temperature from
particle to particle.

Comparison of the calculated and experimental data in Figs, la and 1b
strongly suggests that CO-COz diffusion does not control the kernel migra-
tion rate. Control by this mechanism would be expected to result in maximum
kernel migration at the surface of the fuel rod, Fig. lb, primarily because
the enthalpy tetm in Eq. (1) is negative. The experimental data in Fig. la
indicate instead that the maximum kernel migration occurs from about one-
third of the fuel-rod radius to the surface of the rod. Similar plots were
also made for particles in other fuel rods in the H-l and H-2 experiments;
again, the data suggest that CO-COz diffusion does not control the rate of
kernel migration.

Identification of the rate-controlling mechanism for kernel migration
can tentatively be made. The choice is apparently between a solid-state
diffusion mechanism and a reaction mechanism such as a gas-solid or solid-
solid reaction. The calculated behavior in Fig. 1b indicates that control
by a reaction mechanism should result in the largest migration near the
center of the fuel rod. (This behavior assumes that the temperature-
gradient-dependent mechanism that supplies reactants to the rate-controlling
reaction proceeds at a rate sufficient to supply the reactants even as the
temperature gradient approaches zero near the center of the fuel rod.) On
the other hand, control by a solid-state diffission mechanism results In a



decrease in the kernel migration in particles near the center of the fuel
rod. It appears that the observed behavior in rod H-l-2 follows this latter
behavior, especially when one considers the kernels that did not migrate,
Fig. la.

3.3. The in-reactor kernel migration coefficient for oxide fuels

A kernel migration coefficient (KMC) has been used to correlate the
in-reactor kernel migration data. This coefficient is derived from the
equation for rate control by solid-state diffusion through the kernel and is
defined as (y/t)(T2)(dT/dx)~l, in which t is time in seconds. The KMC for
oxides has the same form as the KMC used for the correlation of kernel migra-
tion controlled by solid-state diffusion in carbides [11, 17-20]; however,
the rate-controlling mechanisms must necessarily be different in the oxide
and the carbide particles.

A set of recent ORNL irradiation experiments that included fuel rod
H-1-" has provided a large amount of data for kernel migration in BISO-
coated particles containing 1102, ThO2, The.eU0.2O2, or Tha.c7Ua.33O2; these
experiments are described extensively elsewhere [10,11]. The least-squares
fits of the KMC-vs-1/T data are given in Fig. 2. The General Atomic Company
(GAC) has reported in-reactor KMC values for TRISO-coated VO2 particles
Irradiated in four fuel rods [21,22]; the least-squares fit of these data
is shown in Fig. 2. The KMC value for each of the kernels in fuel rod
H-l-2 is also shown in Fig. 2. The considerable range of the data at a
given temperature is typical of both oxide and carbide particles and results
from the scatter in the observed migration, Fig. 1. Consequently, the least-
squares fits in fig. 2 have wide confidence limits.

The KMC has been found to correlate the kernel migration data shown in
Fig. 2 in spite of significant differences in the irradiation conditions.
The HO2 data were derived from both BISO- and TRISO-coated particles; the
burnups were about 30% FIMA in the ORNL particles and ranged from 45 to 70Z
FIMA in the GAC particles. The burnups in the Th(>2 particles ranged from
approximately 0.2 to 14% FIMA, the irradiation times ranged from 39.3 to
274 days, and the maximum temperature gradients ranged over a factor of 2.
However, in spite of the apparent utility of the KMC to correlate the data,
it must be cautioned that the results given in Fig. 2 are preliminary and
need to be confirmed by additional irradiations.

4. SUMMARY

New methods have been developed to establish the rate-controlling
mechanism for particle failure in oxide fuels. These methods result from
the application of the theories for control of mass transport by either
CO-CO2 diffusion, the rate of decomposition of carbon monoxide, or solid-
state diffusion to the analysis of observed fuel migration under specific
in-reactor conditions of temperature and temperature gradient. These
methods could also be used to test the applicability of other quantitative
theoretical models that were not considered here. For example, it has been
suggested than additions of substoichiometric oxides or second-phase
carbides to oxide particles will chemically buffer the carbon monoxide pres-
sure during fission [6,15,23,24]. The temf rature dependence of this
pressure would need to be incorporated iuto the equations presented here so



that the rate-controlling mechanism could be established in the chemically
buffered particles. Once the mechanism is identified, quantitative expres-
sions based on the theory for that particular mechanism can be derived for data
correlation.

The methods summarized above were applied to the analysis of kernel
migration in irradiated, BISO-coated U02 particles. The analyses indicated
that the rate of kernel migration up the temperature gradient appeared to be
controlled by a solid-state diffusion mechanism operating in the kernel.
Control of the kernel migration by CO-CO2 diffusion was apparently not con-
sistent with the experimental results. This conclusion has also been
Indicated by Sayers et al. [23], The solid-state kernel migration coefficient
(KMC) apparently correlates in-reactor kernel migration data for oxide fuels
in the Th-U-0 system. No dependence of the KMC on burnup was indicated.
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Fib. 1. (a) Observed kernel migration vs location of U02 particles in
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resulting from rate control by the following mechanisms: 1) CO-C02 diffusion
at constant moles of CO (1A) and at Pc0 equivalent to RT In PQ - -90
kcnl/mole (IB); 2) reaction 2C0 + C02 + C, Q - 13.2 kcal/mole,

2first order
with P

CO at constant moles of CO (2A) and at PCQ equivalent to RT In P

-90 kcal/mole (2B)j zero order, Q - 35.9 kcal/mole (2C); 3) solid-state'
diffusion through the kernel at Q - 25 kcal/mole (3A) and Q - 75 kcal/mole
(3B).
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