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1. Introduction 

Currently, an important problem is the increase of 
a resource of control rods (CRs) made of boron 
carbide, which are used in reactors WWER-1000. 
A major factor limiting the resource of CRs, is their 
radiation damage [1-3]. In process of an irradiation, 
embrittlement of the CRs cladding takes place, 
while mechanical loading on the cladding from 
inside grows. The partial release of helium formed 
during irradiation causes rise of gaseous internal 
pressure in the CR, and swelling of the core re-
sults in mechanical core-cladding interaction. Ra-
tes of both the helium release, and the core swel-
ling are governed by microstructure of B4C and its 
evolution during irradiation. Therefore, for a predic-
tion of CR performance, correct modelling the core 
microstructure is essentially important. In this res-
pect, main questions are formation of gaseous po-
rosity, sintering of the core and its cracking. 

All these processes are closely connected to 
dynamics of fission products (FP) – Helium and 
Lithium, formed as a result of neutron absorption 
by 10B. The interaction of fission fragments with 
crystalline lattice results in multiple production of 
vacancies and interstitials. The helium accumula-
tion causes formation of bubbles and the core 
swelling. The release of lithium to intergranular 
surfaces can initiate sintering of the core.  

The detailed mechanisms of formation and evo-
lution of B4C microstructure under irradiation till now 
are not investigated. Partly it is connected to lack 
and discrepancy of experimental data [4]. More or 
less reliably, ranges of the gas release and swelling 
and also general character of the microstructure 
change are established only. For typical conditions 
of operation, the helium release varies from several 
up to thirty percents. For number of neutron cap-
tures more than 1021 cm-3, swelling of B4C exceeds 
30% [4]. The swelling is accompanied by formation 
of numerous intra- and intergranular bubbles [5]. In-
clusions of other phases are not observed, that, 
apparently, testify to release of Lithium to intergra-
nular and open surfaces. The Helium release at a 
level dangerous from the point of view of mecha-
nical loading on the cladding does not occur. All ca-
ses of the CR's cladding failure analysed in the lite-
rature were cased by its mechanical interaction with 
the core in result of the core swelling [1-3]. 

The present work is devoted to the analysis of 
physical processes influencing structural changes 

of CR with boron carbide under irradiation, with the 
purpose of construction of a respective phenome-
nological model. In view of poor and partly incon-
sistent experimental material, it seems reasonable 
as a first step, proceeding from well investigated 
phenomenology of radiation induced swelling of 
metals and oxide nuclear fuel, to try to select a set 
of phenomena capable to manifest themselves un-
der conditions of work of absorbing elements. 
Such kind of analysis can form a basis of purpose-
ful experimental investigations for determination of 
parameters of the appropriate models. 

 
 

2. Physical Mechanisms of Change of 
Microstructure of the CR Core  

Swelling of metals and ceramic nuclear fuel in a re-
actor core takes place under essentially different 
conditions. In metals, a major factor of radiation 
damage is the neutron irradiation. Thus, the cha-
racteristic dozes of damage are moderate – about 
hundred and less displacements per atom. The ra-
diation damage of fuel is caused by fission frag-
ments, and the characteristic damage dozes ex-
ceed one thousand displacements per atom. The 
main consequence of the radiation damage of me-
tals is development of vacancy porosity. A role of 
gas atoms under these conditions appears only 
secondary – they, for example, can increase initial 
pore concentration by means of stabilisation of va-
cancy clusters. An important factor determining ob-
servable behaviour of the point defects in metals, 
is their rather high mobility. In nuclear fuel the ga-
seous fission atoms produced under irradiation 
play a crucial role, and essential swelling is reali-
sed as a result of formation and growth of gaseous 
(in some cases overpressurized) porosity. Ther-
mally activated mobility of point defects and fission 
products in the fuel is extremely low, so, at mode-
rate temperatures, a radiation induced mobility and 
an effect of radiation induced resolution play a 
principal role. 

Conditions of radiation damage, which are rea-
lised at work of CRs, essentially differ from both 
the irradiation conditions in construction elements 
of the reactor core, and the conditions in the nuc-
lear fuel. In some respects, they are intermediate, 
and in some others, they are extreme. 

The fluxes and energetics of fission fragments 
and fast neutrons in CRs appear to be compa-
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rable. As B4C is the semiconductor, beforehand it 
is not clear, whether the passage of a fission frag-
ment will result in occurrence of clear spikes 
similar to ones in the fuel. Apparently, the radiation 
damage of CR's cores is caused by both the neut-
ron irradiation and action of fission fragments. On 
the other hand, the fission rate per unit volume of 
the CR core can reach values about 5⋅1014 сm-3s-1, 
that more than on the order of magnitude exceeds 
fission rates typical of conditions of nominal work 
of the fuel. Moreover, each of fissions in the CR (in 
the fuel only one of four) produces a gas atom. In 
result the average concentration of the gas, accu-
mulated by the end of CR operation (10B burnup 
≈50%), appears to be about 8⋅1021 сm-3, i.e. it is 
also more than ten times greater than concentra-
tion of gas, accumulated in the fuel even at ma-
ximal burnups currently achieved. The local con-
centration can be even higher because of radial 
heterogeneity of boron burnup. Van der Waals 
volume of helium only twice is less than volume of 
xenon [6], being the main gaseous fission product 
in the fuel. Therefore, it should be expected, the 
fission gas (FG) accumulation to be a very factor, 
which causes the radiation damage of B4C. Under 
these conditions, the produced point defects will 
effectively annihilate on gas atoms, on vacancy 
clusters stabilized by gas and on tiny gaseous 
bubbles. In this respect, picture of processes 
occurring in CRs under irradiation, can appear to 
be closer to those in the nuclear fuel (see, for 
example, [7,8]), but in other range of fission rates 
and gas concentrations. The comparison of the 
key parameters controlling the gaseous swelling of 
UO2 and B4C is given in Table 1. 

Low release of helium from the boron carbide 
(less than 10% is typical [4]) indicates that the gas 
produced in course of irradiation is trapped inside 
the CR core. The accumulation could occur either 
in closed macroscopic (technological) porosity, or 
in microscopic bubbles (inter or intragranular). It is 
possible to assume that the 
porosity containing the major 
part of the gas has the domi-
nant influence on the swelling. 
According to available experi-
mental data, the capture of the 
gas occurs on a microscale, i.e. 
on surfaces or inside a grain – 
more than 80% of helium re-
mains in a sample after its 
crushing up to sizes about the 
grain size [4,9]. However, avail-
able experimental data are not 
sufficient to establish which 
bubbles – inter- or intragranu-
lar, are the basic traps of the 
gas. 

To answer this question it is 
possible to appeal to available 

results on gas capacity of intergranular surfaces in 
irradiated UO2 fuel. The existing data and the 
models of behaviour of intergranular porosity in 
oxide fuel specify that, at accumulation on grain 
faces of some critical amount of gaseous fission 
products, a formation of open intergranular poro-
sity and intense gas release occur. Despite some 
discrepancy between theoretical estimations of this 
critical level and some experimental data, it doubt-
less is no more than 50% of all fission gases pro-
duced [10]. As it was estimated above, characteris-
tic concentration of the fission gas in absorbing 
elements approximately on the order of magnitude 
exceeds that in the fuel. Hence, the capacity of 
closed intergranular porosity in CRs is no more 
than 5% of the helium produced, and the essential 
amount of the gas in B4C should be trapped in 
bubbles inside a grain. 

It is interesting to note that though the essential 
trapping of fission gases in intragranular bubbles is 
not observed in oxide fuel, the possibility of such 
situation was discussed in course of development 
of theoretical models of FG behaviour in the fuel 
[11]. According to this work, the accumulation of 
gas mainly in intragranular bubbles is inevitable, if 
the process of the gas collection by the bubbles 
occurs freely, instead of it is suppressed by any 
physical mechanism (overpressurizing of the bub-
bles, thermal or radiation-induced resolution etc.). 
Under such condition, "gas release from a grain is 
less than 1% irrespective of the value of the diffu-
sion coefficient" [11]. 

Basic process hindering the collection of the 
gas by intragranular bubbles in UO2 is the radia-
tion-induced resolution. By virtue of multiple birth 
of fission fragments in irradiated boron carbide, the 
radiation-induced destruction of fine bubbles 
should occur in this case also. The essential cap-
ture of the gas by intragranular bubbles implies the 
depressed efficiency of this process in B4C in com-
parison with the fuel. One of the possible reasons 

Table 1. Parameters of irradiated UO2 and B4C influencing the gaseous 
swelling 

Parameter UO2 B4C (70%) 

Typical swelling ∆Vt/V<10% ∆Vt/V≈20-30% 

Fission rate 1013 cm-3s-1 5⋅1013-5⋅1014 cm-3s-1 

Doze of damage 105 dpa 104-105 dpa 

Gas concentration 6⋅1018 -4⋅1020 cm-3 8⋅1019-8⋅1021 cm-3 

Diffusion coefficient 5⋅10-17-10-15 cm2s-1 10-22-10-10 cm2s-1 

Intragranular bubbles nb≈1018 cm-3 

∆Vb/V=3% 
nb≈1016 cm-3 

∆Vb/V-? 

Intergranular bubbles nb≈10-103 per face 

∆Vb/V=0-10% 
nb-? 

∆Vb/V–? 

Gas release FGR=0-90% FGR≈5% 
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of such situation can be lower (approximately on 
two orders of magnitude) energy of fission frag-
ments. However, this factor should be compensated 
in much by the increased rate of fissions (Table 1). 

Other probable reason is, that a plenty of gas 
produced at irradiation, its high mobility and ex-
cess amount of defects result in formation in B4C 
of intragranular bubbles, which are so large, that 
they are not broken any more wholly at interaction 
with a fission fragment. The efficiency of radiation-
induced resolution of a bubble is essentially redu-
ced after its achievement of such critical size [8]. 
Qualitatively this effect is explained by the fact 
that, when the bubble is not broken wholly at inter-
action with fission fragment, it is the most prefer-
able sink of the gas, which was knocked out at 
interaction. Consequently the gas practically comp-
letely is gathered by a bubble back. 

The hypothesis on formation of a population of 
such "nonbreaking" bubbles allows to overcome 
one more problem. Namely, to explain essential 
difference in observed concentration of intragra-
nular bubbles in the fuel and in boron carbide (see 
Table 1). Really, the long-living bubbles have time 
to exchange by gas. That will result to "eating up" 
of fine bubbles by large ones with the appropriate 
decrease of the bubble concentration. 

 
 

3. Phenomenological Model of Swelling 
of Boron Carbide 

Proceeding from aforesaid, it is possible to 
suggest following phenomenological model of be-
haviour of fission gas in B4C [12]. By virtue of 
high mobility and plenty of defects, the helium 
produced by fissions will form numerous intragra-
nular bubbles already at the initial stage of an 
irradiation. At small amount of He, the bubbles 
will be fine and should be effectively broken by 
fission fragments. With increase of concentration 
of gas, the bubble size also will grow and, begin-
ning from some critical level, bubbles become so 
long living, that processes resulting in the ex-
change by He between bubbles begin play a role. 
It should cause reduction of bubble concentration 
by means of "eating up" of relatively fine bubbles 
by larger ones. Just processes of gas exchange 
and production will determine characteristics of 
the bubble component at a final stage of evo-
lution. Part of the gas will leave the grain to faces 
and will form the intergranular bubbles. As the 
specific surface of intragranular bubbles is much 
higher than a grain surface per unit volume, the 
growth of intergranular bubbles will occur at the 
expense only of small part of He, which is produ-
ced directly in area neighbouring to grain faces. 
Accordingly, only this part of the gas will be avail-
able for release after formation of open intergra-
nular porosity. An appearance of the intense gas 

release can be a result of growth of volume of the 
intragranular bubbles to a level sufficient for their 
interconnection with formation of open intragra-
nular porosity. On the other hand, as near to 
grain surfaces the layer depleted by gas will be 
formed, the situation is possible, when the chan-
nels arising at interconnection of the intragranular 
bubbles will not have an exit outside. In this case, 
the bubble interconnection will result only in swel-
ling acceleration because of rapid enlargement of 
the bubbles. 

Development of adequate models describing 
the listed above processes needs a much greater 
experimental material than is available now. At the 
same time, the part of the processes is possible to 
describe, proceeding from available results of the 
detailed analysis of intragranular behaviour of 
fission gases in oxide fuel [8]. Let us consider 
some of them. 

 
3.1. Nucleation of Intragranular Bubbles 

The concentration of helium, accumulated in 
course of irradiation of B4C appreciably exceeds 
its solubility in the matrix. That should result in 
formation of fine gaseous bubbles. Similarly, how 
it occurs in fuel, it is possible to assume, that 
bubble nucleation in B4C occurs on spikes of 
fission fragments. The area of a spike for some 
time is characterised by high temperature, that 
results in high local mobility of gas atoms and 
provides conditions necessary for formation of 
bubble nuclei. In modern models it is adopted, 
that at each spike the certain quantity of the nuc-
lei (α) is formed [7,8]. The further evolution of 
bubbles is controlled by diffusion accumulation 
of the gas and radiation-induced resolution in re-
sult of bubble interaction with high-energy fission 
fragments and neutrons. Bubbles of small sizes 
will be broken wholly. For this case, the equation 
determining dynamics of bubble concentration 
has a form (1), [8]: 

( )2
2 2b

sp b sp b
d n a a F F l R R n
d t

α π+ −= − = − +& &

 (1) 
Here nb is bubble concentration; Rb is characte-

ristic radius of a bubble; F&  is fission rate per unit 
volume (it is equal to the rate of neutron capture by 
10B); factor two corresponds to birth of two frag-
ments at one fission; lsp and Rsp are length and ra-
dius of the fission spike, respectively. From Eq. (1), 
for steady-state concentration of bubbles one ob-
tains (2): 

( )2b

sp b sp

n
l R R

α

π
=

+
 (2) 

The spike length lsp can be estimated on the 
basis of existing data on mechanisms of braking of 
high-energy particles in solids. For ions with ener-
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gy higher than 1 keV/a.u.m. the braking predomi-
nantly is caused by losses on ionization and can 
be calculated under the formula (3), [13]: 

4 2
1

0 22

4 2lndE e Z mn Z
dx m J

π  
= −  

 

v

v  (3) 
where: 

E and v are energy and velocity of a braking 
particle (ion); 

Z1e is its charge; 
n0 is the atomic density of the solid; 
m is electron mass; 
J is average potential of electron excitation in 

the solid; 
Z2 is effective number of the electrons per 

atom. 
Taking into account that the energies of 

fragments formed in reaction 10B(n,α)7Li are about 
1 MeV, one can estimate the braking length for this 
case to be of the order of lsp≈(1-5)⋅10-4 cm. 

Such parameters as the spike radius Rsp and 
the number of bubble nuclei per spike α could be 
estimated, apparently, only on the basis of the 
appropriate experimental data. As far as we know, 
experimental investigation of occurrence of spikes 
at passage of the high-energy charged particles 
through В4С was not carried out up to now. In this 
connection, it can be noted, that though, as it 
follows from above estimations, the spike length in 
В4С is of the order of that in uranium dioxide, the 
fission fragment energy in В4С is less on two or-
ders. As a consequence, the degree of disorder in 
the spike area in В4С should be less and, hence, 
the radius of a spike and quantity of formed bubble 
nuclei will be less also. For the further estimations 
we shall use the following parameters: 
lsp≈1 µm, Rsp≈5 Å, α≈10 

For comparison, in the 
models of intragranular bubble 
formation by fission gases in 
UO2 nuclear fuel, lsp≈6 µm, 
Rsp≈6-1 Å, and α≈20-100 are 
usually accepted [7,8]. 

Bubbles will be broken 
wholly, if their radius is about 
the radius of a damaged region, 
which, in turn, is about of a 
spike radius. For such bubbles, 
from the relation (2) one ob-
tains nb≈3⋅1018 cm-3. According 
to [5], the concentration of intra-
granular bubbles at late stages 
of irradiation is of the order of 
1016 cm-3. Hence, if the process 
of bubble nucleation on spikes 
really occurs, coagulation and 
coalescence of bubbles should 
take place in course of their 
growth, resulting in reduction of 

the bubble concentration. 
If the bubbles are equilibrium and the gas in 

them behaves as a Van der Waals gas, amount of 
the gas atoms trapped in the bubbles of the critical 
size (maximal still do not broken wholly) is: 

3
2

4 1
3 ( ) / 2bg b

sp b sp g b

n R
l R R B kTR

α
π

π σ
= ≈

+ +  (4) 
4⋅1019 at cm-3. 

Here: 
Bg=39 Å3 is Van der Waals volume of Helium 

atom [6]; 
T is temperature;  
k is Boltzmann constant, is surface tension.  
The last estimation was obtained assuming: 

Rb=Rsp=5Å, T=900 K, σ=2 Jm-2 
The level of burnup, at which the described 

above state of the bubble component is reached, 
depends on a relation between amounts of gas 
dissolved in the matrix and trapped in bubbles. 
This relation is governed by the value of diffusion 
coefficient: at low diffusion coefficient the major 
part of gas is in a nonequilibrium solution in the 
matrix, at high – on the contrary, in the bubbles. As 
shown in [8], condition of almost total collection of 
the gas by bubbles has a form: 

2 310 /g cr sp spD D F l R α> = &
 (5) 

For parameters pointed above and  
F& =1014  cm-3s-1, Dcr=1.25⋅10-16 cm2 s-1. 

The spread of the available data on diffusion 
coefficient of helium in B4C is extremely wide 
(Figure 1). Apparently, it could be expected for 
conditions of nominal work of CR, that the helium 
diffusion coefficient would be not less than 10- 
15 cm2s-1. In what follow, for estimations we shall 
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Figure 1. Data from different sources concerning the helium diffusion 

coefficient in boron carbide [4,5] 
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use this value. Hence, the condition (5) is carried 
out, and practically all gas will be trapped in bubb-
les. This fact can be by one more factor reducing 
the bubble concentration in comparison with pre-
dictions made from relation (2). 

Really, the quantity of bubble nuclei formed on 
fission spikes is sensitive to a possibility of their 
stabilization by incoming atoms of gas. Under con-
ditions of an irradiation of oxide fuel, the major part 
of the gas is in solution in a matrix and conse-
quently always there is a gas for stabilization of 
newly formed nuclei. Under irradiation conditions in 
CRs, practically all gas knocking out in matrix from 
broken bubbles will be gathered by their neigh-
bours being left whole, instead of fresh nuclei, for-
med on a spike. Therefore, expression for the rate 
of bubble nucleation, used in (1), should be recon-
sidered. To take this aspect into account, as a first 
approximation the rate of bubble nucleation should 
be multiplied by probability of formation of a nuc-
leus in area, which still is rich by gas. This probabi-
lity can be estimated as a ratio of time required for 
collection of the gas by available bubbles to time 
between repeated destructions of bubbles, brin-
ging to new increase of gas concentration in mat-
rix. The collection time is (6): 

( ) 1
4dif b g bR D nτ π

−
=

 (6) 
where as the life-time of a bubble is (7): 

( )
12

2b sp b spF l R Rτ π
−

 = +
 

&
 (7) 

That leads to the estimation of the rate of bub-
ble nucleation in the form (8): 

( )22
sp b spdifdif

b b g b

F l R R
a a

R D n
ατ

τ+ +

+
= =

&

 (8) 
Using this relation instead of a+, from (1) one 

obtains for steady-state concentration of the bub-
bles (9): 

1/ 2

2b
b g

Fn
R D
α
π

 
=   
 

&

 (9) 
In contrast to (2), in this case the concentration 

of bubbles depends on both fission rate, and gas 
diffusion coefficient. 

As it was specified above, just the accumulation 
of an overwhelming part of gas in intragranular 
bubbles is capable to explain a low release of 
Helium from the core of the CR under nominal con-
ditions. 

 
3.2. Radiation-Induced Coalescence of 

Bubbles 

When the bubble radius exceeds the radius of a 
spike, the bubbles cease to be broken wholly. It 
will result in a sharp delay of intensity of their 

radiation-induced resolution, as practically all gas, 
knocking out by an interaction of the bubble with 
fission fragment will be collected by that bubble 
back [8]. The competition of resolution and collec-
tion processes results in an establishment near the 
surface of the bubble of some average concentra-
tion of gas in solution (10), [14]: 
nout=ninlsplbrVcr F& /2Dg (10) 
where: 

lbr≈Rsp is the characteristic length of knocking 
out of gas from a bubble;  

Vcr≈
3
brl is a change of bubble volume in result of 

interaction with a fission spike;  
nin is gas concentration inside the bubble.  
Thus, under an irradiation, there is an effective 

solubility of gas in a matrix. Accordingly under 
these conditions should arise and effect of bubble 
coalescence [15], resulting to swapping gas from 
rather fine in larger bubbles. 

According to (10), radiation-induced solubility of 
gas is inversely proportional to diffusion coefficient, 
β=nout/nin~1/Dg. Thus characteristic time of the 
coalescence process, τ~1/βDg, does not depend 
on diffusion coefficient. However, it does not mean 
the possibility of modelling the coalescence pro-
cess without knowledge of a particular value of the 
diffusion coefficient. 

Under conditions of the CR with boron carbide, 
specific feature of the coalescence process in 
comparison with cases analysed in [15] is essen-
tial nonstationarity of external conditions and con-
trolling parameters influencing rate of the process. 
First, the process goes at constant growth of total 
concentration of the gas, and second, in process 
of burning out of the absorber, the rate of captures 
and with it the effective solubility (10) varies. The 
role of these factors depends on a ratio of the 
intensity of gas exchange between bubbles to the 
rate of gas production. 

At a qualitative level, it is possible to expect a 
sequence of the following stages of the process. 

For small bubbles, the intensity of gas ex-
change exceeds the rate of the gas production. 
Therefore, the coalescence will occur in a way, if 
the concentration of gas is constant. Thus, it will 
lead to a reduction of bubble concentration with 
slow growth of the total volume [15]. 

As the bubbles growth, the process of gas ex-
change between them is slowed down and coal-
escence passes in a mode, when a major factor is 
the increase of total concentration of the gas. At 
this stage, the bubble concentration remains prac-
tically constant, the size distribution of the bubbles 
tends to δ-function, and there is a relatively fast 
growth of total volume of the bubbles [15]. Fast 
growth of the total volume is precondition of essen-
tial swelling of the CR core. 

If the appreciable burnup of the absorber is 
reached, the accumulation of the gas is stopped and 
coalescence can pass in a mode of so-called 
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saturated sources [15]. However simultaneously a 
decrease of fission rate takes place leading to 
reduce in effective gas solubility. That can result in 
appreciable suppression of the process as a whole. 

A relative role of each stage and detailed 
course of the process will depend on initial con-
centration and size of bubbles, on value of diffu-
sion coefficient, and also on the value of thermally 
activated solubility of helium in B4C. The current 
uncertainty of these parameters complicates the 
quantitative analysis of the problem. As shown in 
the previous section, the concentration of bubbles 
at the stage of their nucleation is approximately on 
two orders higher than that observed at later irradi-
ation stages. Taking into account that tiny bubbles 
are close to solid-state, such reduction of bubble 
concentration implies 1001/3≈5 times growth of ra-
dius of a bubble in result of coalescence. 

In conclusion, of the present section we would 
like to make three remarks. 

According to the experimental data (see e.g. [5]), 
Helium bubbles formed in irradiated boron carbide 
are essentially anizotropic. They have a lenticular 
form and are oriented along [1 1 1] crystallographic 
planes. Besides, around the bubbles the heavy 
anizotropic stresses are observed, so the gas in the 
bubbles appears to be significantly overpressurized. 
In the present paper, we did not take into account 
these factors, as the analysis of their significance 
requires a more detailed experimental material. 

As it follows from relations (9) and (10), some 
characteristics of bubble population depend on the 

gDF /& ratio. In this occasion, we shall note the 
following. In reactors with thermal neutrons, the 
burnup of boron occurs non-uniformly on radius. 
Therefore, local values of capture rate and tempe-
rature (which determines the diffusion coefficient) 
are in essence independent parameters. In course 
of irradiation, the higher capture rates can take 
place both in more cold (peripheral), and in hotter 
(central) areas of a pellet. In fast reactors, the 
burnup occurs uniformly. Therefore, temperature of 
the irradiation directly depends on the capture rate. 
Such situation can result in essential ambiguity, 
when someone constructs of one-parametrical 
correlations for bubble concentration, like as 

 ( )bn Bu , ( )bn F& , ( )bn T ,  
without an account for a reactor type and/or 

neutron spectrum. It also can explain a discre-
pancy of such type of the data available in the 
literature [4]. Simultaneously this circumstance 
complicates the usage (e.g. for the model valida-
tion) of experimental data received under condi-
tions, which are not prototypical from the point of 
view of operational conditions in CRs in the parti-
cular kind of reactor. 

The relations given in the present section include 
the local characteristics, like temperature, concen-
tration of gas, fission rate etc. Under conditions of 

an irradiation of boron carbide in reactors on thermal 
neutrons, all these characteristics will essentially 
vary on radius of the core and time of irradiation. 
Accordingly, adequate modeling evolution of the 
B4C microstructure needs the correct description of 
radial profile of 10B burnup. To overcome this prob-
lem without time-consuming neutron-physics calcu-
lations, the semi-analytical model was developed 
allowing a reliable description of evolution of the 
burnup profile [12]. The profile is essentially different 
depending on what neutrons – thermal or epither-
mal, bring a major contribution to burnup. As shown 
in Figures 2 and 3, the developed model gives a sa-
tisfactory accuracy in both cases. 

 
 

4. Conclusions 

In summary, the main results of the paper are: 
1. Despite an external similarity of processes of 

accumulation of fission gases in UO2 and in 
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Figure 2. Radial profile of 10B burnup under 

influence of thermal neutrons; lines  
show the model predictions, 
circles – data from [16] 
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Figure 3. Radial profile of 10B burnup under 

influence of epithermal neutrons; lines 
show the model predictions, circles – data 
from [3], crosses – data from [17] 
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B4C, phenomenology of gaseous swelling is 
much different for these two cases. That arises 
from distinction of physical conditions in 
irradiated fuel and CR core; 

2. The adaptation of models and approaches de-
veloped in course of investigation of FG 
behaviour in UO2, allows to formulate the model 
of gaseous swelling of B4C, that is in the quali-
tative accordance with available experimental 
data; 

3. The most appropriate way of the model verifi-
cation is the carrying-out of small-scale experi-
ments, which use the results of the theoretical 
analysis and are directed on measurement of 
particular physical parameters; 

4. Neutron spectrum has a principal effect on dy-
namics of gaseous swelling that can explain 
existing disagreement of the experimental data. 

The work was performed under partial support 
from Russian Foundation for Basic Research, Pro-
ject №00-02-16276. 
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