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Abstract

One of the important irradiation performance characteristics of the silicide dispersion fuel
element in research reactors is the diameteral increase resulting from fuel swelling. This paper,
will attempt to develop a physical model for the fuel swelling, DFSWELL, by analyzing the
basic irradiation behaviours and some experimental evidences. From the experimental evi-
dences, it was shown that the volume changes in irradiated U;Si—Al were strongly dependent
on temperature and fission rate. The quantitative—amount of swelling for silicide fuel is
estimated by considering temperature, fission rate, solid fission product build-up and gas
bubble behavior. The swelling for the silicide fuel is comprised of three major components :

i) a volume change due to the formation of an interfacial layer between the fuel particle

and matrix.

ii) a volume change due to the accumulation of gas bubble nucleation

i) a volume change due to the accumulation of solid fission products

The DFSWELL model which takes into account the above three major physical components
predicts well the absolute magnitude of silicide fuel swelling in accordance with the power
histories in comparison with the experimental data.
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1. Introduction

As a research reactor operates, the fission chain
reaction in the intermetallic fuel affects the fuel
microstructure in several ways. At the same
time, the fuel element is subjected to the tempera-
tures and, there exist temperature gradients along
the radial direction in the fuel element under time
varying conditions. Consequently, the material
properties, such as plasticity, elastic and creep
constants, material phase, etc., would change. In
reactor irradiation experiments with intermetallic
uranium compounds, Hofman showed! that an
enormous increase in gas bubble growth occurs
when a compound becomes amorphous during
irradiation. To date, no a physical model for ura-
nium-silicide fuel has been reported. This paper
represents an attempt to develop a physical model
to efficiently predict the swelling of the silicide fuel
according to power history. To develop a physical
model, it is necessary to analyze the irradiation
behaviours of uranium silicide fuels. As described
in section 2, one of the important irradiation per-
formance characteristics of a silicide dispersion
fuel element in research reactors is its diameteral
increase resulting from fuel swelling. By analyzing
the irradiation behaviours in the literature on ex-
perimental data for silicide dispersion fuel, a
analytical swelling model is derived. The objective
of this report is to provide an analytical swelling
model by studying the basic irradiation behavior
of uranium silicides which were reported by AEC-
L(Atomic Energy of Canada Limited) and ANL(Ar-
gonne National Laboratory).
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2. Physical Processes for Dispersion Fuel
Core Swelling

The most important part of developing a physic-
al model of any sort is the identification of the
controlling physical processes. So far, some contri-
buting mechanisms have been suggested for the
swelling of silicide dispersion fuel. Several key
physical processes are occurring simultaneously as
damage is sustained in dispersion fuel. Even
though the current models of the swelling be-
havior for silicide fuel do not adequately explain
the observed swelling phenomena, the limited
amount of experimental evidences acquired so far
have led to the following summary :

(i) UsSi—Al and U3Sip—Al are thermodynamically
unstable. The type and amount of reaction pro-
ducts (uranium aluminides) formed, obviously
varies with concentration and temperature, and
can be predicted from the termary phase diagram.
The uranium aluminides UAl,, UAl; and UAls+,
dissolve substantial amounts of silicon at higher
temperatures, the solubility is however, in the case
of UAl, and UAl;, temperature dependent.?)

(i) From the result of FZZ-909A experiment,
post—irradiation metallography revealed that in-
terfacial layers around reacted silicide particles had
reached a thickness of 7.5 #m near the fuel core
periphery and 25 #m around particles near the
fuel core centre. Again “reacted silicide” particles
had coalesced.®

(iii) The swelling observed in most specimens
was clearly associated with a reaction between the
fuel particles and the aluminum matrix, the alu-
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miunm having reacted with particle surfaces and
also penetrated along networks of grain bound-
aries to attack sub—grains throughout the UsSi.
The end point of such a reaction would occur
when all the UsSi (and the precipitates of UsSi,
contained within the U3Si particles) had been con-
sumed to form UAIl;Si;/5.Rates of reaction would
be reduced eventually (as observed) due to the
impedence, offered to diffusing aluminum atoms,
by the UAl3Siy/; surrounding the UsSi particles
and growing in thickness.*>

(iv) The swelling is comprised® of three major
components ;

-a volume change due to the transformation to

a higher silicon phase as a result of uranium
burnup,

-volume increase due to the accumulation of

non-gaseous fission products,

- volume increase due to fission gas accumula-

tion.

The volume change due to uranium bumup will
be calculated using the most current uranium-—sili-
con equilibrium phase diagram and measured de-
nsities of the phases involved. The amounts of
non—-gaseous fission products were determined
with the aid of published fission yield data for
U-235. These contributions to volume change
were estimated by evaluating their solubility in the
fuel and the tendency to form compounds with
each other and with uranium and silicon. These
two contributions to swelling, i.e., phase trans-
formation and non—gaseous fission products were
combined and yielded as a linear function of fis-
sion density. The largest component of the fuel
swelling is due to the formation of fission gas
bubbles.

(v) Nucleation of fissin gas bubble in UsSi fuel
was apparently very uniform as compared to the
USi*Al fuel. But the fission gas bubble sizes were
larger near the fuel core periphery than at the fuel
core centre in both cases.”® It would be consi-
dered likely that this result was due to the fact that
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the local fission rate along the radial direction
within the fuel core is different. Since the thermal
neutron flux originates outside the fuel element in
the moderator, the flux decreases as one moves
towards the center of the fuel due to neutron
absorption in the fuel. As irradiation proceeds, the
original fissile. atoms are depleted in the fuel, fis-
sion products build up and new fissile atoms are
formed.

(vi) The component of fuel swelling due to the
formation of fission gas bubbles is not linear with
fission density at lower swelling values but tends
to a linear behavior when swelling reaches higher
levels.

The non-linear behavior is caused by the capa-
bility of smaller bubbles to contain more gas
atoms according to the equilibrium between the
gas pressure in the bubble and the surface tension
of the fuel. Apparent fission rate dependence is
due to a delay in development of larger bubbles
when fission rate increases.®

(vii) The aluminum having reacted with patticle
surfaces formed interfacial layers around. the sili-
cide particles in the fuel core. The interfacial

3.7.8) near the fuel core

layers were thinner
periphery than at the fuel core centre. It should be
noted that the density of the interfacial layer is
lower than that of U;Si particle. This experiment
shows that one of the important contributing para-
meters for forming reaction products (uranium alu-
minides) is temperature. The reacted areas near
the fuel particles in USi * Al fuel were much larger
than those of U3Si fuel. The mobility of the fission
gas bubble in U;Si must be rather low as com-
pared with USi* Al fuel, so that each bubble has
a limited capture range for fission gas.

7 also confirmed that there was no

Metallography
evidence of back—diffusion of uranium or silicon
into the aluminum matrix.

(vii) The fine particles had essentially complete-
ly reacted forming the less dense UAl; while only

thin interfacial layers formed around the coarser
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silicide particles. The larger surface area provided
by the fine particles undoubtedly led to the in-
creased reaction and contributed significantly to
the observed core swelling. Small fission gas bub-
bles up to 8 #m in diameter were contained in
the silicide kemels, but few fission gas bubbles
had been retained in the aluminide.”

(ix) During heat treatment of Al-USiAl particles
above a temperature around 200 C, the alumi-
num diffuses into the USIiAl particles along grain
and particle boundaries forming UAl; and even-
tually UAl,. The stresses resuiting from the forma-
tion of these new phases cause cracking of the
individual UsSi grains permitting aluminum to dif-
fuse along the cracks and form more UAI,. The
aluminum apparently diffuses into the USiAl parti-
cles along unstable paths such as grain boundaries
or subparticle boundaries to form the new Al-U
compounds.1?

{x) In reactor irradiation experiments with inter-
metallic uranium compounds, Hofman!’ showed
that an enormous increase in gas bubble growth
occurs when a compound becomes amorphous
during irradiation. Fission gas bubbles have re-
cently been shown to exhibit extremely high
growth rates at relatively low temperatures in cer-
tain uranium compounds. This accelerated swell-
ing phenomenon occurs only in compounds that
undergo a crystalline—to—amorphous transforma-
tion, and that it is a manifestation of radiation
enhancement of diffusion and plastic flow in
amorphous solids.*" The ion bombardment and
in situ TEM experiments of Birtcher et al."? on
U5Si underscore the general nature of the effect.
The microhardness of UsSi (measured after irra-
diation) increased slightly after prolonged neutron
irradiation, during which the compound became
amorphous and experienced excessive swelling.!?

From the foregoing description, the volume
changes in irradiated U3Si-Al were shown to be
strongly dependent on temperature and fission

rate.

The quantitative~amount of swelling for silicide
fuel can be estimated as follows by considering
temperature, fission rate, solid fission product buil-
d-up and gas bubble behavior.

av av AV av
e et e TG
where

!

\Y,
ivf « . the total fractional volume change due
to the swelling for silicide dispersion

AV fuel

{T# g : the fractional volume change due to
the accumulation of gas bubble nu-

AV cleation, growth and coalescence

i—v—l s : the fractional volume changes due to
the transformation to a higher silicon
phase as a result of uranium deple-
tions as burnup increase and the
accumulation of solid fission product
swelling

I—V—l i the fractional volume change due to

thermal-chemical reaction between
fuel particle and matrix.

3. The Model Description

3.1 The Modelling of the Volume Change due to
the Formation of the Interfacial Layer Be-
tween the Fuel Particle and Matrix

As per the foregoing description in chapter 2,
the aluminum having reacted with particle surfaces
formed interfacial layers around the silicide parti-
cles in the fuel core.

Even though there are many features for the
interfacial layer, the major feature may be ex-
plained by the following simple model. The basis
reaction between the aluminum matrix and UsSi
particles is,

U3Si+9 Al—3 UAI5Si, /5. 1)

It is infered that the nine aluminum atoms that
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react with each U3Si molecule leave behind in the
aluminum matrix nine vacancies.

The vacancies are created at the UjzSimatrix
interface and apparently do not migrate away to
the free surface, but condense to form pores with
volumes which will be assumed to be equal to the
sum of the volumes of the vacancies.

If the radius of silicide particle is R and the
thickness of the interfacial layer is L, the initial
volume of the interfacial layer, Vy, is given by

V= 24 72 dr @)
4
=§' T '(Ra_l'ab),

where, r,, is (R—L), and V| is the initial volume of
interfacial layer per a silicide particle. On the other
hand, the number of silicide particles, Ny, per unit
volume of fuel meat, is given by

— am'Fsp

Np=—3 "

3
where, &, is the density of fuel meat, and Fg, is
weight fraction of U3Si, and Mg, is the weight of a
silicide particle.

Considering the basis reaction as shown in
Eq.(1), the weight of Al required to react with all
the U3Si per unit volume of fuel meat, W,y, is
given by

243

Wi =722

'VIL' 6sp'Nspv (4)
where &, is the density of U3Si, 15.58, and 243
is nine times the atomic weight of Al, and 742 is
the molecular weight of U3Si. And the Al-weight
per the unit volume of Al-U3Si, WT,;, is given by

Wral =0 m'Falv (5)

where, F,; is weight fraction of Al in Al-U,Si fuel
meat.

Hence, the increased volume due to the formation
of the interfacial layer, for the unit volume of fuel
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meat, VT, is given by

(VILT>< 6sp)+wa1 Wral_wal
VT 8" dal
M, —(ViL* 8sp))'Ng
L P ( IL p)) p‘+Vip, (6)
dsp
where,
VILT=\&_'Nsp, 6“ is the density of UA13Si1/3,
6.8,

dsp is the density of UsSi, 15.58,
da1 is the density of Al, 2.7,
Vjp is the initial pore volume per unit volume of
fuel meat, (1-(Vip"Ng, +VTo1)),
V,, is the volume of a silicide particle, and
VT,; is the volume of Al-matrix per unit meat
volume, WT,1/ &,;.
Also, the unit volume of fuel meat, V. is given by

al

8a1

Vuc=vsp'Nsp+ +Vip:l (7)

Therefore the fractional volume increase due to
the formation of interfacial layer, for the unit
volume of fuel meat, is given by

P AVuc v VTlL_-Vuc
T Vue T Ve

=VT—1. (8)

3.2. The Modelling of the Volume Change due
to the Accumulation of Solid Fission Pro-
ducts

The -swelling due to solid fission products is
caused by the incorporation of solid fission pro-
ducts in the solid lattice and is, therefore, pro-
portional to the number of fissions which have
taken place in the fuel. Also, the volume change
due to the transformation to a higher silicon phase
as a result of uranium burnup is proportional to
the fission rate. Therefore, these two contributions
to swelling are combined and yielded as a linear
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function of fission density.
The volume change for a silicide particle, f,,,
due to solid fission is given by :

f,=C-107%B,, )

where, C is a coefficient ranging from 1.26 to
1.86 which were drived from the experimental
data®!¥ and B, is the atomic % bumnup.
Therefore, the fractional volunie change due to
the formation of solid fission product, for unit
volume of fuel meat, is given by

B Avuc WTal
' Vuc T 1( 6al )+Vip
+ (Vg Ngp)- (1 +Hp)H —1. (10)

3.3. The Modelling of the Volume Change due
to the Accumulation of Gas Bubble Nuclea-
tion

In order to estimate the volume change due to
the accumulation of gas bubble nucleation, it is
necessary to calculate the bubble size distribution
formed by the gas atoms produced within the fuel
particle. The procedure for calculating the bubble
size distribution consists of dividing the bubbles
into equal size ranges on a logarithmic scale and
averaging properties over the ranges as per
Poeppel 1413,

The bubble sizes are defined according to the
number of gas atoms. The gas is assumed to obey
a Van der Waals equation, where the Van der
Waals constant is functions of temperature and
pressure. If n; is the number of gas atoms in the
bubble with the radius, r; is given by the follow-

ing expression 1617

= [(3KTB7Y)n} /2. 11

Hence, the mean radius, T;, at a region which is

ranged from r, to r,+; is given by

T= {BKTB7Y) ((n;+n;+1)/2) V2, (12)

where 7 is the surface tension of UsSi, k, the
Boltzmann constant, and T, the Kelvin tempera-
ture.

An equivalent volume diffusion coefficient for
the surface diffusion migration of a bubble is
given™® by

D»=0.301 D, ad(r;*+r*, (13)

where 1; and 1, are the radii of bubbles i and j,
a, is the lattice constant. U3Si has a primitive

tetragonal structure® with :

i) T<1038 K;A=6.02X1078cm,
c=8.69x10"%cm,

i) 1038 K<T<1198 K ; cubic
a=4.34x10"%m.

And D, is the surface diffusion coefficient!’®
[cm%ec, 5.4X10 %exp(—108000RT)].

Since one fission yields 0.310 atoms of Xe and
Kr, and 3.1209415 X 10'° fissions per second yield
1 Wsec, hence the number of gas atoms pro-
duced within a fuel particle is given by

m=0.310-C¢-q"t, (14)

where, Cg=3.1209415% 10, t is irradiation time

(sec),

q”"=heat generation rate per unit fuel particle.

Based on the multiple bubble size distribution*®

according to the random migration of the bubbles,
the average number of bubbles per unit fuel parti-
cle at given bubble size range, f; is given by

?i(ni+ 1—n)=0.23m- r=4/5

| " lexp(~AlnT ~2/5-0.5))] (15)

[sinh ~/B(nz~2/%)—0.5] dn.

Hence, using f; from Eq. (15), a balance equation
can be written as follows
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- i+
m=C, S fi.M, (16)
size range 2

where, C, is correction coefficient for the con-
centration per unit fuel particle. Therefore, the
equivalent number of bubbles for the median
atoms size at given bubble size range is given by

Eq. (15) can be solved for the bubble size dis-
tributions incrementally by using the Gaussian

(20)

quadrature formula“”’ which approximate the defi-

nite integral by the expression
{7 00 dx=wo f(Xo)+W, fixs)
+W,, flxg)+ oo +W, f(x,)
=3 W, fix), 18)

where w,, wy'-'w, are the weighting coefficient
and x,, x;1, '"*X, are the associated points.
Finally, the swelling due to the accumulation of
gas bubbles is calculated. The volume increase
per fuel particle due to the accumulation of gas
bubbles is calculated by considering the bubble
size distribution, f;, using
4r
Vo=—3— 3 @4, (19)
where, Vy, is the amount of volume increase due
to the formation of fission gas bubbles per unit
fuel particle. Therefore, the fractional swelling due
to the formation of fission gas bubbles, per unit
meat volume, is given by
AV
T
_ Vap+ Vel Np + VT + V)=V
Vie
= ((Vsp+Vp)Ng, + VT, + V) -1, (20)

)ab

where, VT,; is the volume of Al-matrix per unit
meat volume, WT,;/ 8.1,
Vi is the unit volume of fuel meat,
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V,, is the volume of a fuel particle which
is treated as a equivalent sphere of uni-
form size characterized by a single equiva-
lent radius, and

Vip is the volume of the initial pore per
unit volume of fuel meat, [1-(Vy, "Ny, +
VTa1)l.

4. Model Application

In order to verify the present swelling model, it
is necessary, first of all, to compute the tempera-
ture distribution depending on the power history
in the fuel element. Therefore, a program?!
which computes the temperature distribution was
used in this study, and the present swelling model
was incorporated into the program. This incorpo-
rated code is referred to as DFSWELL hereatfter.
DFSWELL code predicts the swelling behavior of
silicide fuel by considering the volume change for
unit silicide particle and unit volume of the fuel
meat, depending on temperature, fission rate,
solid fission product build~up and gas bubble be-
havior. The swelling model for the silicide fuel is
comprised of three major components :

-a volume change due to the formation of an
interfacial layer between the fuel particle and
matrix

-a volume change due to the accumulation of
gas bubble nucleation

-a volume change due to the accumulation of
solid fission products.

The number of gas atoms produced in a silicide
particle and the multiple-bubble size distribution
depending on the power history were calculated
in order to estimate the volume change of fuel
meat due to gas bubble formation and growth.
Here, the Van der Waals gas law is employed to
calculate the bubble size. On the other hand, the
behaviours of the interfacial layer and solid fission
products were estimated. DFSWELL, incorporat-

ing these three mechanisms, was programmed as
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T/H DATA INPUT
~ coolant cond. - fuel meat data
- clad to cool. - fuel rod geometry
F.H.T. coeff. - others

NEUTRONIC DATA
- power and
burnup history

CALCULATION OF INITIAL CONDITIONS AND FUEL GEOME.
- the volume of Al-matrix per unit meat volume,
- the volume of initial pore per unit meat vol.
- WTa 1/6 al,
~ the volume of a fuel particle and others

> <

idata, ITERATION LOOP OF POWER HISTORY

1 ANNULUS ITERATION LOOP

CALCULATION OF TEMPER. DISTRIBUTION
Ti IN i ANNULUS OF FUEL MEAT
- the thermal conduct. of fuel meat
- the ther. neutron flux depression
and local fission rate
- others

[ |

VOL. CHANGE DUE TO VOL. CHANGE DUE TO VOL. CHANGE DUE TO

SOLID FIS. PRODUCT

INTERFACTAL LAYER

GAS BUBBLE NUCLEA.

BUILD UP FORMATION AND GROWTH
- solid fission - low density ~ gas atom pro-
product build-up product (inter- duction
- transformnation facial layer) ~ bubble nucleat.
to higher silic. and growth
phase (multi-bubble)
L ]

TOTAL VOLUME CHANGE OF SWELLING

FOR

SILICIDE DISPERSION FUEL

Fig. 1. Calculational Procedure of DESWELL Program
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shown in Fig. 1.

5. Comparison with Experimental Data and

Discussion

Experimental data are taken from AECL"? in
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Fig. 2. Typical Power History for LEU Fuel
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which the silicide fuels for research reactor were
irradiated up to 97.5 atomic % burnup and with
the linear powers between 28 kW/m and 87
kW/n, as shown in Fig. 2 and Fig. 3.

The irradiation test elements were fabricated
into aluminum—clad full-length element about 292
mm long, the fuel core diameter being 5.49 mm
and clad wall thickness 0.76 mm. Each element
had six cooling fins at 60 C intervals around the
cladding, the fin width being 0.76 mm and fin
height 1.27 mm. The outside diameter of the clad-
ding was 7.01 mm (exceeding fins).

Fig. 4 shows the results of parametric study on
the swelling mechanisms for the silicide dispersion
fuel. From this result, the volume change due to
the accumulation of the solid fission products is
proportional to the burnup and its absolute magi-
tude is relatively less than that of gas bubbles.
And, it is apparent that the most dominant para-
meter of silicide fuel swelling is the volume
change due to gas bubble formation and growth.

Fig. 5 shows the calculated fuel swelling versus

120 T T - T v —T —

100 F : 4
g --------------------- - J
z t
E 1 .
c B80F : =
w H
2 ; ]
o H
E 60 I i ~
Lzu H
3 H T
AL Ee— . ]
z | Average Heat Rating "
w :
[*V I N -

20 b Max. Heat rating i

o e -l A — 1 A 1 4
0 20 40 60 80 100

BURNUP (Atomic % U-235)

Fig. 3. Power History of Mini-Elements Containing AI-61.5 wt % Uranium Silicide from Experiment

EXP-FZZ-918
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FRACTION OF SWELUNG
o
2
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Fig. 4. The Results of Parametric Study on the

Swelling Mechanism for EXP-FZZ-918
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Fig. 5. Comparison of Observed Swelling of LEU
Silicide Dispersion Fuel with the Calculated
Swelling Using Present Model, as a Func-

tion of Burnup

experimental data. In this Figure, the DFSWELL
code predicted well the absolute magnitude of the
swelling, in comparison with the wide variety of

experimental data.
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6. Conclusions and Recommendations

One of the important irradiation performance
characteristics of dispersion fuel element in re-
search reactors is its diameteral increase resulting
from fuel swelling. In this paper, a comprehensive
swelling model for the silicide dispersion fuel has
been developed by analyzing the basic irradiation
behaviours and some experimental evidences.

From the predictions of DFSWELL model and
the experimental evidences, it is proposed that the
swelling for silicide fuel is comprised of the follow-
ing three major components :

lAV_ AV av, AV,

\V) ‘ts:]‘ v %gb+} VvV lsp+ll VvV 1il.

DFSWELL model which takes into account
above three major components on the physical
phenomena, predicts well the absolute magnitude
of silicide fuel swelling depending on the power
histories in comparison with the experimental data.
It appears that the most dominant parameter of
silicide fuel swelling is the volume change due to
gas bubble formation and growth.

However, it seems thai DFSWELL model tends
to overpredict in comparison with experimental
results, especially at the region of low burnup. It is
therefore recommended that further work for
modelling the formation of interfacial layer depen-
dent on the burnup might be required.
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