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ABSTRACT

The'model is based on the nucleation of nonequilibriwn
heliun bubbles under high pressures. .fhe bubbles subsequently
act as traps and grow as the resuit‘ongas.atém diffusion. Model
predictions are compared with bubble densities, sizes; and

helium release characteristics of irradiated boron carbide.
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I. INTRODUCTION

Boron Carbide (B,C) is the internationally accepted absorber material for
control rods in fast breeder reactors. When boron carbide absorbs neutrons,
lithium and helium are produced: v

108 + In » 7Li + “He

The helium apparently has insignificant solubility within the boron carbide
matrix, creating two potential problems in absorber pin design. Helium can
diffuse to a free surface and escape as a gas,.leading to a buildup in pin
plenum pressure; or the helium atoms can precipitate as small bubbles within
the matrix, leading to boron carbide peliet swelling. Both helium release
and pellet swelling limit the lifetime of absorber pins since either can
lead to excessive stress in the cladding.

The Hanford Engineering Development Laboratory (HEDL) has conducted extensive

in-reactor testing(]’2,3)

~of‘boron carbide in support of the fast breeder
reactor program. The data from these tests have been used to develop
empirical correlations for both gas release(4) and swe]]ing.(s) Typical
gas release data as a function of burnup at various temperatures are shown
in Figure 1. The release data typically shows lwo distinct regions of
release, a primary region with a high release rate early-in-life, and a
secondary release region at a much lower release rate later-in-life. Past

observations(s)

have shown that B,C swelling is roughly proportional to the
gas retained in the irradiated malerial; and conscquently, inversely related

to helium release. ' : B

y
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FIGURE 1. Helium Release from Boron Carbide.
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There have been no previous attempts to develop a physically based model
describing gas release or swelling speciffca]]y for boron carbide. The
purpose of this work has been to utilize simple diffusion theory and
microstructural observations to produce a relatively simple physical
model for describing helium release from irradiated boron carbide. The
model is not a fully comprehensive theoretical one, but is a basis for
further development. : . S

Much effort has been expended in describing,gas.release from oxide fuel

and this vast knowledge of physical behavior provided a base for describing
gas release from boron carbide. A schematic of the physical phenomena |
affecting gas release from oxide fuels is shown in Figure 2. There.are,
however, important differences in boron carbide versus oxide fuel gas
release behavior. The main differences are due to the nonequilibrium nature
of the bubbles and their lack of mobility in boron carbide at normal operat-
ing temperatures (i.e. < 1250°C).  In contrast, the bubbles in oxide fuels
are ‘in mechanical equilibrium with the matrix and somewhat mobile. “Inert
gases in metals have also been studied with great interest, particularly in
fast neutron reactors. However, in most cases these bubbles are also in
mechanical equilibrium with their matrix, and tonsequently these models

do not directly apply %to boron carbide. '

Since the irradiated boron carbide microstructure plays an important role

in helium release it is appropriate to review some past observations. The
microstructure of irradiated samples has been characterized through the use of
transmission electron microscopy (TEM). Small plate-iike bubbies with large
strain fields surrounding them on the {110} or {111} rhombohedral planes have
been observed, Figure 3, by-severa1 investigators.(6']2) The conclusion of

these investigators has been that the bubbles exist under éxtremeTy high

pressures and thus are not in mechanical equilibrium with the matrix. Postirradia-
tion annealing of these samples reveals that temperatures of 1400 to 1600®C are
needed to relieve the strain fields and obtain an eguilibrium bubble. Many of
these investigators observed zones completely denuded of bubbles adjacent

to the grain boundaries. A typical example is shown in Figure 4.
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FIGURE 3. High Pressure Helium Bubbles In Irradiated Boron Carbide.
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Bubble densities and diameters have been quantitatively characterized by
Hollenberg and Mastelﬂ]3) Their data was taken from samples with a wide
range of irradiation temperatures. These microstructural data along with

gas release data will be compared against the model's predictions.

I1. MODEL DESCRIPTION

The model is divided into two parts which treat the primary and secondary
release regions as indicated by the release curves shown in Figure 1. The
primary release, GRP, takes into account diffusional release early-in-life
before bubble nucleation has been initiated. With the absence of bubbles
to trap the diffusing gas, the diffusional release is modeled by assuming
the grains are equivalent to spherical particles, Figure 5a, all of equal

size:
; - 2 AN L 2
GRP(tP) = FtP = 8 + 6 Frg g Z DHe/rq Eq. 1
5D T D, n x
| ﬁe He =
where GR,(t,) = primary gas release at time t,, cm®He/cm?B,C

tP = time for primary release, sec.

F = 10B reaction rate

rg = grain radius

DHe = helium diffusion coefficient in boron carbide

The grain boundaries are assumed to be free surfaces for release. Booth(!4)

was the first to develop this equivaient sphere model for gas release and it

has been used extensively as a simple model for gas release from fuel.(]s) The
activation energy for diffusion in this model was taken from Clayton, et a1.,(]6)
who measured helium release from very lightly irradiated boron carbide (< 2x1020
captures/cm3):

= -9 _2900/RT
DHe 4.4x10 e EQ. &
where DHe = helium diffusion coefficient, cm?/sec
R = gas constant, 1.987 cal/°K-mole
T - temperature, °K.

%
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" However, the pre-exponential term was decreased by a factor of.4 to obtain
better agreement with the observed gas release, bubble density and bubble
diameter.data. '

As the irradiation proceeds bubble nucleation is initiated, which is the
transition point to the secondary region of release (GRS). The bubbles are
assumed to be stationary because their nonequilibrium shape and high stresses

in the immediate vicinity of the bubble make their movement energetically very
difficult. Consequently, the bubbles act as traps for the diffusing gas.

At temperatures below 1100°C the bubble density is relatively high, 1017 to 1018
1bubb]es/cm% so that all the gas produced within the interior of the grain is
tkapped and only that gas produced in the zone denuded of bubbles adjacent to
the grain boundary is available for diffusional release, Figure 5b. The

denuded zone width, defined here as 2%, is proportional to the diffusion
distance between bubbles in the grain matrix.

A steady-state nucleation model first proposed by Turnbu11(17) and later derived
(18} was used to predict instantaneous formation of
bubbles. The density, N,'of stationary bubbles for temperatures below 1100°C
becomes:(]S) o :

and integrated by Speight

N = {m)%5 o F R2, e’ erfc(S)0.5 Eq. 3
20, BC+BuF R, | (505 q.

Where N = bubblc density, bubhles/cm3
S‘= ﬂf.:]gRob’
2 DHeBC
a = bubbles created per reaction
R, = .critical radius for nuc]éation,*cm
B = Van Der Walls' Gas Constant
C = concentration of solute helium atoms, atom/cm3
w = helium track, cm

with the remaining variables as defined for Equation 1.



Bubble growth was treated using a differential equation developed by Greenwood,
Foreman, and Rimmer(]g) for nonequilibrium bubbles at high pressures.

R Mt Eq. 4
dt R%
where R = bubble radius

Ay = 392 D.CF/4mN

A, = 2yQ% DVCV/KT

t = time, sec. ‘

K = Boltzmann's Constant

T = temperature, °K

y = surface tension, 1000 dyne/cm

@ = helium atomic volume, 5.2x10°25 cm3

-DV = .vacangy diffusion coefficient

CV = vacancy concentration

In thefr so]ution(]g) the bubble pressure was assumed to -be only slightly
greater than the equilibrium pressure. However, bubbles within irradiated B,C
are expected to be at pressures significantly greater than the equilibrium

pressure. Hence, it was necessary to numerically integrate the differential
expression of Greenwood, et a];(]g) tuo obtain the bubble size.

Since the denuded zone thickness, 2%, is much smaller than the radius of the

grain, the solution for diffusion through a flat plate of thickness 2% was used

for calculating the secondary release. However, the spherical geometry was retained in
calculating the internfj surface area of the grains. The release was integrated

-10-



i ' i iati i interest,
from the end of,phe primary release, tP’ to the total irradiation time of 1

t

£
. - ' ) «© zt
_ 3Fg ) 96F 23 0 ~(2n+1)2 "R
GRe(te) = 7= (b - &) * 5 (2n+T)2 -
g e g :
n=0
- 2 .2 ’
e (2n+1) L Btp
where GRo(t;) = secondary release at tp, cm3/cm3 ByC
2 = half the denuded zone thickness '
B = DHe/45L2
tF = total irradiation time of interest, sec

with the remaining variables as defined for previous equations.

"A summary of the material parameters and the values used in the above models

is presented in Table 1.

IIT. MODEL PREDICTIONS COMPARED TO DATA

Three experimentally measured parameters were cdmpared against the models'
predictions. They are observed helium release, bubble density and bubble

diameter.

In-reactor helium release has been menitored insitu by two EBR-II instrumented
tests, BICM-I(Z) and BICM-Z,(3) with pressure sensors. Figures 6 through 9
compare model predictions to the measured releases as a function of burnup for
‘Lhe range of tempcratures'covered by. these two experiments. These figures also
show the helium generation rates. In these figures, helium release is in units
~of cm3 of helium per cm3 of boron carbide and burnup is 10B neutron captures
~per cm3 of boron carbide. Release at the lowest irradiation temperature of
700°C (BqC centeriine), Figure 6, shows that the model slightly underpredicts
the primary release and agrees very well with the secondary region. At 812°C,

-11-



TABLE 1

| MATERIAL PARAMETERS REQUIRED FOR |
BORON CARBIDE GAS RELEASE MODEL

Parameters . Value Reference
A -8
R,» critical radius for 5x10  cm 20
nucleation -
v, surface tension for 1000 dyne/cm- 21
ByC 25 '
Q, helium atomic volume - 5.2x107  cm3 22
a, bubbles created per 5 ' 20
reaction s
B, Van Der Walls' Gas 3.885x10" 23
constant for helium .
u, helium track distance 4.72x10° cm . 24
QHe’ helium activation 29,000 cal/mole 16
energy for diffusion .
Do, pre-exponential term 4.4x10° %

for helium diffu-
sion coefficient
equation,

* Selected to obtain agreement between the predictions and the data.

~12-
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Figure 7, the model also slightly underpredicts release in the primary region but
| agrees very well for the secondary release. At 877°C, Figure 8, the model

agrees very well for the primary region but overpredicts the release rate
slightly for the secondary region. The highest irradiation temperature of

952°C, Figure 9, shows good agreement for the primary region and a very slight
-overprediction in release rate for the secondary region. '

The model predicts-the shape of the helium release from boron carbide quite
well. Of particular interest in Figures 6 and 8 is the curvature at very low
burnups (i-e., < 3x1020 captures/cm3) which is in agreement with the diffusional
release from an individual grain. The model's trahsition from 1ong-range ‘
diffusion of helium out of a grain to diffusion limited by trapping, i.e.,

the change from primary to secondary is very abrupt. The actual data, however,
show a more gradual transition between the two releaée regions, perhaps '

reflecting the statistical character of the nucleation process.

The agfeement of release rates in the secondary region is quite good between

the model and the actual data. At higher burnup levels (> 50x1020 captures/cm3):
matrix damage (such as microcracking) due to irradiation is expected to limit
the extrapolation of this model. Microcracking may be extensive enough to
affect the amount of free surface for release.

(13) have quantitatively characterized bubble densities
and diameters from boron carbide samples irradiated over a wide range of
temperatures (540°C to 1820°C). A comparison of their measured values with

Hollenberg and Mastel

those predicted by the model is shown in Figures 10 and 11. The model dgrees
favorably with the density data, Figure 10, below 1000°C with a slight
underprediction. - However, the underprediction is within the estimated
_scatter in the data. A significant bverprediction by the model is observed
for the two high temperature samples of 1600 and 1850°C. This may be the
_result of hubble coalescence and/or migration taking place at these tempefa<
tures. These phenomena are not treated by the current model. Hollenbery

and Mastel have also noted that the bubbles at these high temperatures appear
to be in mechanical equilibrium (i.e., no strain fields and equiaxed in shape)

-14-
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and heterogeneously distributed in the matrix. From this they concluded

~ that the bubbles may be heterogeneously nucleated at strong trapping sites
such as grain boundaries, dislocations and twin boundaries: another
potential explanation of the lack of -agreement at high temperatures.

A comparison of the model predictions with tﬁé measured bubble diameter,
Figure 11, below 1100°C shows good agreemént. As with the density, a
significant underprediction is seen at high temperatures, 1600°C. This
underprediction is most Tikely related to the problems discussed above
for the differences in measured and predicted densities for these samples.

IV. CONCLUSIONS

Overall, the model adequately predicts helium rélease in the temperature

and burnup ranges of 500 to 1100°C and O to 50x1020 captures/cm3, respectively.
In particular, it indicates that the modeling of release from individual grains
explains the primary release, and that release from the denuded zones adjacent

to the grain boundaries adequately exp1a1n§ secondary release. Predictions of

the model also agree with measured bubble density and diameter below ~ 1100°C,

but both are substantiai]y underpredicted above this temperature range.

The areas in which limitations of the model exist and additional work that
may improve the model are: '

Limitations Additional Work
® Material parameters used in the ® Additional data is needed to bettei
model. define these parameters.
® Bubble nucleation and growth ® Bubble migration, coalescence and
models at temperatures > 1100°C, and heterogeneous nucleation at
strong trapping sites need to be
treated.
® Release at burnups > 50x1020 ® Examine release and microstructure
captures/cm3. at high burnups to determine if

damage influences the release.

Trqnsition point between ® Closer examination of both release and
primary and secondary release. microstructure may give clues to how
: - ' this may be physically modeled.

-20--
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