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Abstract

Absorbing materials are used to control the reactivity of nuclear reactors by taking advantage of nuclear reactions (e.g.,
'B(n,a)’Li) where neutrons are absorbed. During such reactions, energetic recoils are produced. As a result, radiation
damage in absorbing materials originates both from these nuclear reactions and from elastic collisions between neutrons and
atoms. This damage eventually leads to a partial destruction of the materials, and this is the main limitation on their lifetime
in nuclear reactors. Using a formalism developed to calculate displacements per atoms (dpa) in a multi atomic target, we
have calculated damages in terms of displacements per atom in a (n,a) absorbing material taking into account geometrical
effects of 10 boron self shielding and transmutation reactions induced by neutrons inside the absorber. Radiation damage is
calculated for boron carbide and hafnium diboride ceramics in a Pressurized Water Reactor environment. It is shown that
recoils produced by nuclear reactions account for the main part of the radiation damage created in these ceramics. Damages
are calculated as a function of the distance from the center of an absorber pellet. Due to the self-shielding effect, these
damage curves exhibit sharp maxima, the position of which changes in time. © 1997 Elsevier Science B.V.

1. Introduction evolution of such materials under irradiation is however
not well understood. It is observed that after a typical
burnup of 5%, B,C pellets fall apart [1]. The most likely
explanation proposed so far is that this destruction comes
purely from the high stresses built up by lenticular He
bubbles [1]. Indeed, in the '*B(n,a)'Li nuclear reaction,
neutrons with a kinetic energy of about 25 meV and above
are absorbed, which generates helium and lithium atoms.
However, radiation damages may play a role in this degra-
dation process, and so far there has been very few caicula-
tions of radiation damages in materials undergoing nuclear
reactions [2]. In such materials, in addition to the damage
produced by elastic collisions between neutrons and target
atoms, energetic recoils are a second source of damage:
indeed the '"B(n,a)’Li reaction generates helium and
lithium atoms with an average kinetic energy of 1.48 and
0.83 MeV, respectively. Moreover, the high thermal neu-
tron absorbing cross-section of "B induces non-uniform

* Corresponding author. Tel.: +33-1 69 08 29 20; fax: +33-1 production profiles of lithium and helium atoms in the
69 08 90 82; e-mail: lema@semt.smts.cea.fr. absorbing pellets. These profiles lead to a non-uniform

Control rods of pressurized water reactors (PWR) are
used to control generating plants. These control pins are
made of two kinds of absorbers, an alloy of silver, indium
and cadmium, and ceramic materials containing boron,
such as boron carbides. '°B can efficiently absorb low and
fast neutrons. That is why boron carbide is used in fast
breeder reactors (FBR) and in PWRs. With the new gener-
ation of PWRs, absorber pins will have to be able to
capture more neutrons. Hafnium diboride could be an
attractive material for this kind of reactors, because of the
high neutron absorption cross-section of both hafnium and
10 boron. In addition, their low cost of fabrication, their
high melting point (7, =2400°C for B,C, and T, =
3380°C for HfB,), and their low neutron activity, make
them attractive materials for the nuclear industry. The
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damage rate in these absorbers. Here, we present calcula-
tions of damages, taking into account the role of recoil
atoms and the chemistry shift induced by lithium and
helium atom formation and geometric effects due to self
shielding of 10 boron atoms in such absorbers. This paper
is divided into three parts: the formalization of the damage
calculation in a polyatomic material, the calculation dam-
ages in boron carbide and in hafnium diboride, and the
computation of the damages profile along the radius of
such neutron absorbing pellets.

2. Displacement cross-section calculation

A Binary Collision Approximation (BCA) model will
be used in this paper to calculate the average number of
displaced atoms induced by a neutron irradiation. This
model is also applicable to ion or electron irradiations. The
BCA method requires only interaction potentials for close
approaches between atoms. The crystalline structure of the
target will not be taken into account. Such a framework
has been extensively used for calculating radiation damage
due to charged particles [3,4]. Atomistic computer simula-
tions performed in the last decade [5,6] have shown that
this results in an overestimation of the number of displaced
atoms during the irradiation. However, any real improve-
ment of the calculations presented below would require the
development of realistic interatomic potentials stabilizing
the complex crystal structures of absorbing materials (the
unit cell of boron carbide is rhombohedral with icosahedral
units at the corners, and a three atoms chain along the
main diagonal; the unit cell of hafnium diboride is an
hexagon composed of intercalated plans of boron and
hafnium). This task is beyond the scope of this paper.

As recalled above, collisions of recoil atoms with target
atoms have to be treated to calculate damages in absorber
materials. For this purpose, we have developed a specific
code, DIANE (displacement induced by irradiation of
atoms by ions and neutrons and electrons), based on a
formalism introduced by Albermann and Lesueur [2] for
handling multicomponent targets. Moreover, displacement
threshold energies are allowed to take different values for
each species. As an example of application, displacements
per atom have been calculated for boron carbide and
hafnium diboride irradiated by a typical PWR neutron flux
spectrum.

2.1. Presentation of the formalism

Three hypotheses have been used to calculate the num-
ber of displaced atoms during an irradiation:

H1: The collision process can be treated as a binary
encounter.

H2: The crystal is considered as an amorphous mate-
rial. Neither canalization nor focalization effects are taken
into account. The target atoms are randomly distributed.

H3: The thickness of the crystal is higher than the
projectile mean free path. Therefore, the stopping power
can be considered as a continuous function of the penetra-
tion distance of the projectile into the target.

2.1.1. Equations of the problem

The first step in producing damage calculations is the
estimation of the number of primary knocked atoms (PKA)
by the elastic scattering of incident ions, electrons or
neutrons. This step is treated by using universal cross-sec-
tions derived by Lindhart et al. [7], using a Thomas Fermi
model for ions, and hard sphere cross-sections for neu-
trons.

The second step is the production of cascades created
by each PKA. The PKA dissipates its initial energy in two
ways. Some energy is lost by exciting the electrons of the
medium or those of the PKA itself. The PKA has elastic
collisions with atoms of the target. To calculate the num-
ber of atoms displaced by cascades, we formulate the
problem in terms of integral equations in the manner
presented by Lindhart et al. [7]. The basic idea of this
formalism is that the sum of the number of displaced
atoms induced by a particle participating in a specific
collision process should be conserved before and after that
collision.

Neglecting displacement induced by electrons because
of their low momentum, the balance of the number of
displaced atoms, n(E), created by the PKA of energy E
yields in a slide d x of mono-atomic target:

n(E) =Ndx(/ da;,‘e(n(E— T,— ZTC,.)

+n(T, - Ua)) dT) + (1 -Ndx[ do-n,e)n(E),
(1

where N is the number of atoms per volume unit, d x the
length of the slide, do; , the differential cross-section of
the projectile with a nucleus of the target or with an
electron of the target atom, U, the energy wasted to break
the atomic binding of a target atom, T;; the energy trans-
ferred to the ith electron of the target atom, and 7, the
energy transferred to the mass center of the struck atom.

Lesueur has shown that, under the assumptions of
Lindhart et al. [7], for a polyatomic target composed of p
elements, Eq. (1) is replaced by a set of ( p + 1) equations
that can be written as

dny; day,;
So(E)—7 (E) - (cj/Pj(T) —7 (E.T)dT
P doy;
+ X of — nij(T)dT) =0, ()

where So(E) = P, c,(S§,(E) + S{AE)) is the total stop-
ping power for the projectile, called 0 and hereafter re-
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ferred to by using subscript 0, S¢,(E) the electronic stop-
ping power, and S7,(E) the nuclear stopping power, ¢; the
atomic fraction of the jth atomic species of the target,
(doy;/dT)E, T) the differential cross-section between
atom O and atom j, T the recoil energy of atom j,
T,,=Ao,E and A,; is equal to (4M M) /(M + M),
where M, is the mass of the projectile and M; is the mass
of the atom j, Pj(T) the probability for an atom j of the
target to be displaced from its equilibrium position during
a collision with another atom, and »;; the number of
displaced j atoms in a collision induced by atom i recoil-
ing in the medium composed of p elements.

To obtain n,,( E), one should solve the set of p follow-
ing integrodifferential equations:

dn;; do;
S(E) 5 ~ of 7 (E. TR (T)dT
il doy,
+ Y ef — (E. T)n(T)dT | =0, (3)
k=1

with R, (T)=PATX8,+ (1 - 8,)P(E~T), where §,
is the Kronecker symbol. The term in brackets inside the
second term of Eq. (3) takes into account replacements of
an atom A inside the sub-lattice A.

The set of p equations of Eq. (3) is solved using an
iterative process [2]. The final values of n,-j(E) are in-
jected in Eq. (2), which makes it possible to calculate
ng j(E).

2.1.2. Scattering cross-sections and stopping powers

With the help of impulse approximations and extrapola-
tions to large scattering angles, Lindhart et al. [7] have
developed a universal function for the nuclear scattering
cross-section, which is represented in terms of the dimen-
sionless energy parameter ¢ as

do/} wa®, f(1'?
d;’ (E, T)dT = T’ f_(,s/z ) dr,
where
TEM, a \°
M, ( 2z,.z,e2)

and a is the Lindhart screening radius:
0.88534a,

(220 +227%)*

where a, is the Bohr radius.
The nuclear stopping power is calculated by integrating
over all possible values of the energy:

. A; ETdO',-r!
SHCE) = [ — - (B, T)dT. (4)

The nuclear stopping power has its maximal value for
about 1 keV /amu. The electronic stopping power is calcu-

lated using the Lindhart formula [8] for middle velocities
(up to 25 keV /amu) and the Bethe formula [9] for higher
velocities. The effective charge of the projectile in the
Bethe formula is estimated by the Ziegler formula [10].

2.1.3. Probability function

E,; is the threshold energy for the species j. Using the
Kinchin and Pease model [11], the probability function for
an atom to be displaced is written as

P(E)=0 if E<E,,
P(E)=1 if E>E,.

2.2. The displacement cross-section due to °B(n,o)'Li
reactions

For absorbers containing "B, neutrons produce
""B(n,a)"Li reactions. The recoils of “*He and 'Li atoms
are a new source of damage. A displacement cross-section
is associated to these reactions. This displacement cross-
section is the product of the probability to absorb a neutron
multiplied by the number of defects produced by lithium
and helium recoil atoms. The '’B(n,a)’Li cross-section
can be described by the Breit Wigner formula [12]. The
"B atom is a light atom and no resonances exist for
neutron energies up to 1 MeV [13], then the 08(n,a ) Li
cross-section follows a classical absorption law propor-
tional to 1/ VE . Between 1 and 10 MeV, the '°B(n,a ) Li
cross-section exhibits resonances. But these resonances are
smooth and in first approximation the 1/ VE law can be
used. Then the 10B(n,on )7Li cross-section can be written as

E,
o(E) =A\/;.

The displacement cross-section due to the ''B(n,a)’Li
reaction can be written as

a“*(E) =A\/§( Xp‘, ny,;(0.83MeV)

i=1

+hye(1.48MeV) |, (5
where A is about 0.606 b and E, is equal to | MeV [13],
ny;; is the number of atoms displaced by a 0.83 MeV
lithium atom, ny,; is the number of atoms displaced by a
1.48 MeV helium atom, and E is the kinetic energy of the
neutron. No nuclear reaction is induced by neutrons on
carbon atoms in boron carbide.

For hafnium diboride absorbers, epithermal neutrons
(E=1 eV) are absorbed and then induce a vy emission.
Energies of nuclei recoiling from the emission of a vy
photon [14] have been estimated in Table 1 for each
hafnium isotope. These recoil energies are presented in
Table 1. All these recoil energies being low, the recoils of
hafnium atoms are not taken into account in our calcula-
tions.
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Table 1

The hafnium isotopes emit photons when they absorb neutrons.
Measuring the maximum photon energies (column 1), it is possi-
ble to calculate the kinetic energies of recoils {column 2)

Isotope max(E, ) (keV) T €V)
174 433 Q.5

175 343 0.36

176 638 1.2

177 574 1.7

178 495 0.74

179 454 0.62

180 615 1.2

181 482 0.69

2.3. The displacement rate

The number of displaced atoms per time unit, K,
induced by elastic collisions between neutrons and atoms
and IOB(II,OL )7Li can be written as follows:

K=K"+K*,
where
ke =[5 “F(E)———a(ba(EE“) dE,
4 n
and
il do,

dT"’ (E, T)YP(T)dT

F(E)= Z Cif

i=1
P do,;

+ Zlcjfd—T’(E, T)n,(T)dT |,
iz

where n,; is obtained by the formalism described above.
The first term in brackets of the equation expresses the
number of displaced atoms by a neutron of energy E. Each
atom displaced is a PKA and induced displacement cas-
cades estimated by the second term of the equation and
d¢(E,)/E, is the neutron spectrum between 0 and E™,
and

ab_ [Ea 10 ab a¢(E")
K fo [c(B)a*(E)] oE dE,.
¢(*®B)a*(E) is the probability for a neutron to be cap-
tured by 10 boron atoms. This probability is equal to the
B(n,a)'Li cross-section multiplied by the probability of
finding a 10 boron atom, which is equal to the atomic
fraction of 10 boron c('°B).

3. Dpa calculations for absorbing materials

It is quite difficult to compare the calculated number of
displaced atoms with experimental measurements. We have

Table 2
Comparison between DIANE and TRIM-91 of the number of
displaced atoms created by an atom of Al on a target of Al

Energy (eV) DIANE TRIM-91
102 1.03 1
103 14.5 16
104 127 141
10° 882 970
10¢ 2701 3061
107 5555 4273

The threshold energy has been taken equal to 25 eV for Al

compared the number of displaced atoms due to the elastic
scattering as calculated by DIANE to the ones obtained by
the well-known code, TRIM-91. Both codes rely on the
BCA scheme, and neglect the effect of the crystalline
structure of the target.

3.1. Comparison between TRIM-91 and DIANE

In order to test the number of displaced atoms due 1o
elastic collisions, we have first compared DIANE and
TRIM-91 for several monoatomic targets. A very good
agreement is found (see Table 2).

A similar work has been done on a polyatomic target,
boron carbide, irradiated by '°B. As TRIM-91 does not
allow different threshold energies of elements in a com-
pound, threshold energies are taken as 20 eV both for
carbon and boron in both codes. The results are listed in
Table 3.

The agreement is fair. Notice that at high energies,
DIANE calculations give higher numbers of displaced
atoms.

Therefore, DIANE can easily calculate dpa produced
by nuclear reactions in materials, and also permits to
choose a different value of the threshold energy for each
species of atoms in the target.

3.2. Dpa calculations for boron carbide and hafnium
diboride in a PWR neutron spectrum

DIANE has been used to calculate dpa induced by
neutrons with an energy varying from 25 meV (thermal
neutrons) to 10 MeV for boron carbide (Fig. 1) and
hafnium diboride (Fig. 2). These calculations have been

Table 3
Comparison between DIANE and TRIM-91 of the number of
displaced atoms created by an atom of bore on a target of boron
carbide

Energy (eV) DIANE TRIM-91
10* 348 349
10° 619 545
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displacement cross section (bams)

101 ual. ol . i g ol ad, . ual.
0 10 10 1 10 1R 1 1t 1P 1P
neutron energy (eV)

Fig. 1. Dpa created in a slide of non-depleted boron carbide for a
fluence of 10%® n m™2 as a function of the neutron energy. At low
neutron energies, dpa are produced by the "B(n,a)'Li reaction
whereas at high neutron energies, dpa are produced by neutron
atoms elastic collisions.

done with threshold energies of 20 eV for boron and
carbon [15], and 50 eV for hafnium [16).

For low neutron energ;es (<1 keV), all the dpa are
created by the '’B(n,a)Li reaction. The effect of elastic
collisions between neutrons and atoms of the lattice plays
a role only for high neutron energies (1 MeV). The effect
of recoil atoms produced by the '°B(n,a )’ Li reaction is of
the same order of magnitude as the effect due to neutron
collisions for a typical PWR neutron spectrum.

During the neutron irradiation, '°B atoms are trans-
muted into lithium and helium atoms with different masses
and different threshold energies. The decrease in '°B
atomic fraction modifies the displacement rate of the ab-
sorber.

Fig. 3 shows how the dpa due to a neutron irradiation
depend on the irradiation fluence. The dpa decrease as the
fluence increases especially for low neutron energies. For

(n,alpha) reaction

a2

8

et

<

&
el i unl sl ol ol anl el - il ]
100 102 w0t 1 1t 1t 1 180 10 1 10

Neutron energy (eV)

Fig. 2. Dpa created in a slide of non-depleted hafnium diboride for
a fluence of 10%® n m™2 as a function of the neutron energy. At
low neutron energies, dpa are produced by the "B(n,a) Li reac-
tion whereas at high neutron energies, dpa are produced by
neutron atoms elastic collisions.

doa/( 1282 )
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Fig. 3. Dpa produced in a slide of boron carbide pellet for
different fluences as a function of the neutron energy. When
ﬂuences increase, the '°B atomic fraction and then the dpa due to
the "*B(n,a )’ Li reaction decrease. Moreover, the minimum of the
dpa curves is shifted to low neutron energles ThlS shift is due to
the chemlcal modification (transformation of '*B atoms in lighter
elements "Li and *He) of the target. :0ncem™?; A
21X10%° n em™%; @: 1.3%x102 n cm™?; a: 25X 102 n
cm” 2,

low neutron energles dpa are essentially due to the recoﬂs
produced by the "°B(n, a) Li reaction and then to the '°B
atomic fraction. This '’B atomic fraction decreases be-
cause the '"B(n,a)’Li is more efficient for low neutron
energies. If we assume that the material remains homoge-
neous and exposed to neutron fluxes, these dpa are largely
reduced when the fluence becomes important (see Fig. 3).
Moreover, the modification of the boron carbide composi-
tion does not modify the number of dpa due to elastic
collisions between neutrons and atoms.

4. Geometrical effects in absorber pellets

It has been shown that dpa depend on the fluence
irradiation in an boron carbide and hafnium diborides
pellets.

In order to determine dpa along the radius of a pellet
during a neutron irradiation, the self-shielding of "B must
be taken into account. The high absorbing cross-section of

'°B modifies the neutron energy spectrum of thermal and
epithermal neutrons in the absorber, and then modifies the
'°B atomic fraction in the absorber by a feedback effect.
ThlS effect is responsible for the non-uniform '°B, "Li and

*He atomic fraction distribution along the radius of the
absorbing pellet during a neutron irradiation.

4.1. Dpa calculations as a function of the radial distance

Before an irradiation, the atomic fraction of '°B is
uniform 1n51de the absorbing pellet. During the neutron
irradiation, '°B atoms absorbing neutrons are destroyed
and a '°B atomic fraction distribution along the radius of
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Fig. 4. Schema of a cylindrical absorbing pellet. Point P is a point
of the peliet surface, Q is the projection of point P in the plain
containing point M (r, 8). R is the radius of the pellet.

the pellet appears. The mean free path of a neutron with
the energy E, is 1/(N('°B)o(E,)). This mean free path
is very small in the absorber. Neutrons do not scatter and
do not go through the absorber. That is why the neutron
spectrum decreases near and inside the absorber. The
diminution of the neutron spectrum is quantified by a form
factor. It is possible to define a neutron spectrum form
factor inside the absorbing pellet by

a¢(r, E, t)/3E

fr Er) = 3y (7s E, 1)/ IE
1 o 2
=Efj;ﬂexp(—j; (iENi(P+p.PM, )
Xa',-IIPMIId;,L)) 0, (6)
Lo =0

174
LK
Neutron spectrum ( arbitrary unit )

formfactor f{t,E,0)
L

[£=1.75
00 1 i 1 1 ]

R

Fig. 5. The form factor f(r, E, 1) defined in Eq. (7) can be easily
expressed for ¢ = 0. Noticing X the term RYL Nt =0)o,(E)
and x = r /R, the form factor can be expressed as a function of x
for different values of 3.

Table 4

The '*B(n, )’ Li reaction generates 'Li and *He atoms. The high
energies of these recoils (0.83 MeV for 'Li and 1.48 MeV for
“He) generate a number of displaced atoms in boron carbide and
hafnium diborides absorbers

Projectiles Total number of Total number of
displaced atoms, n,  displaced atoms, n,
in B,C in HfB,

'Li(0.83 MeV) 259 327

“He (143 MeV) 106 174

where N, is number of absorbing atoms per volume through
the path PM and at the time 7, and o(E,) is the neutron
absorbing cross-section of the ith species in the material.
b, (r, E, t)/3E is the neutron spectrum out of the pellet
which is here considered as isotrope.

After tedious calculations, f(r, E, t) can be expressed
in a cylindrical pellet by the following expression:

f(r. E 1)
:ifﬂ (1 = (r/R)cos 8)
0 (1—2(r/R)cos 6+ (r/R)Z)

r\? r
XKi,{ —R 1+(E) —Z(E)cosf)

Xfol( i N(Q+ 1QM, t)‘Ti(E)dM) de, (7)

i=1

where R is the pellet radius, Ki, is the second order
modified Bessel function. P, M and Q are defined in Fig.
4. f(r, E, 1) depends on ¢ because the number of atoms i
per volume unit along the line QM decreases in time.
Knowing f(r, E, t) thanks to Eq. (7) permits to calculate
the burnup rate of the atoms i and then the number of i
atoms at the position r and at the time ¢ in the pellet. Fig.
5 shows the form of f(r, E, 0).

B 8 8 8§

=
o

o

l

0 10° 102 100 1P 10 ¢ 1P w0t P P 1O

Neutron energy (eV)

Fig. 6. Typical neutron PWR spectrum (enrichment: 3.7% in
23592U; burnup 12 GWd /t for 280 days, 103 tons of uranium and
a fission mean energy of 200 MeV, i.c., 1.38 X 10%° fissions /cm®).



212 D. Simeone et al. / Journal of Nuclear Materials 246 (1997) 206-214

surface

dpa/( 1e24nim2)
(4]

R

surface

dpa/( 1240 )
=]

dpa/ (1242 )

Fig. 7. (a) Dpa as a function of the reduced abscissa (R = 3.35
mm) for a non-depleted boron carbide pellet at different fluences.
The dpa peak is shifted to the center of the pellet when the fluence
increases. The '°B atoms are burned from the surface to the center
and then the maximum of dpa curves goes inward towards the
pellet when the fluence increases. Besides, the background of the
dpa curves along the pellet radius is constant and due to neutron
atoms elastic collisions. (b) Dpa as a function of the reduced
abscissa (R=3.35 mm) for a non-depleted hafnium diboride
peliet at different fluences. The dpa peak is shifted to the center of
the pellet when the fluence increases. As hafnium atoms have a
heavier mass than carbon ones, the dpa background is more
important than in (a). (c) Dpa as a function of the reduced abscissa
for a non-depleted boron carbide pellet for different fluences. The
form of the dpa maxima of the curves is sharp. These sharp peak
are due to the '°B high absorption cross-section for thermal
neutrons. :0ncm™?; W 1.3X10% 0 em™?; @:
2.5x102 ncm™2.

A specific code has been developed to estimate the
neutron flux distortion induced by the absorber inside an
absorbing pellet. This code has been used to calculate the
number of '°B atoms present at a time ¢ along the radius
of the pellet Table 4. If the number of '°B atoms destroyed
in the pellet is not too important, for instance 2 - 10%
atoms per cm?, i.e., a decrease of 2% in atomic fraction of
'°B, the dpa due to elastic collisions between neutrons and
atoms will not vary much. These dpa curves have been
fitted from the curves presented in Section 3 (Figs. 1 and
2) and added to the '’B atomic fraction profile obtained by
taking into account the self-shielding, to obtain the damage
rate along the radius of an absorbing material:

K(ron)= [*[FE) + ("B, r o (E)]

3p(E)
—2—dE, (8)

where f(r, t, E) is the form factor induced by the '°B
self-shielding for the boron carbide and by the hafnium
isotopes for the hafnium diboride on the neutron spectrum
inside the pellet.

For a typical PWR neutron spectrum (Fig. 6), dpa
profiles have been calculated using Eq. (8) for boron
carbide (Fig. 7a) and hafnium diboride (Fig. 7b). As
expected, the dpa are high at the periphery of the pellet. A
remarkable fact is that the dpa go through a maximum and
that this maximum is moving inwards as "B is trans-
muted. A related phenomenon is that dpa curves as a
function of the radius are not smooth around their maxima.

For a natural boron carbide irradiated in a PWR, some
microcracks have been observed in transmitted electron
microscopy [17]. On Fig. 4c, a zoom near the surface of
the pellet has been done on dpa calculated curves. The
maxima of the dpa for 13 - 102! and 25 - 10%' n m™~? are at
the reduced abscissa of 0.98. The maximum microcracks
density for similar fluences and similar pellets observed on
photographs is near the maximum of the dpa obtained in
our calculations. This maximum dpa also coincides with a
maximum in the production rate of helium. The effects of
the damage rate and of the helium production rate may
play a cumulative role in the creation of microcracks.

Xf(r,1, E)

Table 5

Comparison of the dpa/nm~? induced by recoil atoms and
elastic neutron atom collisions in a boron carbide pellet during a
PWR irradiation. This table shows that dpa induced by recoils are
predominant

Fluence (X 102 ncm™?) 0 13 250
Damage per 10%* nm™2 0.89 0.85 0.83
due to recoils (%)

Damage per 10%* n m™? 0.11 0.15 0.17
due to neutron scattering (%)

Total damage per 10%* n m™? 3.29 2.49 1.98
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Table 6

Comparison of the dpa/nm~° induced by recoil atoms and
elastic neutron atom collisions in an hafnium diboride pellet
during a PWR irradiation

2

Fluence (X 10%° n cm™2) 0 13 250
Damage per 102 nm™? 0.82 0.77 0.72
due to recoils (%)

Damage per 10% nm™? 0.18 0.23 0.28

due to neutron scattering (%)
Total damage per 10>* n m~?2 15.75 11.07 9.25

The number of dpa induced by the B(n,a)"Li is less important
than in Table 5 because the '°B atomic fraction in HfB, is lower
than the '°B atomic fraction in B,C. Moreover, as the hafnium
mass is heavier than the carbon one, dpa due to the neutron atom
collision are more important. An important fact to notice is that
the majority of dpa is produced by the "B(n,a)"Li reaction as in
boron carbide.

4.2. Role of recoil atoms in the displacement rate in an
pellet

Calculations have been done to estimate dpa due to
helium and lithium recoils and elastic interactions between
neutrons and lattice atoms. The results of these calcula-
tions are given in Tables S and 6.

The important result is that, for a PWR neutron spec-
trum, the major part of radiation damage is due to recoils
of atoms created during the nuclear reaction '°B(n,a)’Li.
In metallic targets, it is known that damage calculations
using the BCA overestimate the number of defects really
created, since at the end of the lifetime of displacement
cascades, many-body interactions result in the recombina-
tion of an important fraction of the defects initially created
in the so-called collisional phase of the displacement cas-
cade [5,6]. The fraction of defects surviving this annealing
stage decreases with increasing PKA energy, but also
seems to depend on the compactness of the structure (less
isolated defects would survive in close-packed structures).
In non-metallic targets, the understanding of this dynamic
recovery is far less advanced, and is mostly restricted to
silicon. For this material, only short replacement collision
sequences can take place because of the difficulty to focus
the kinetic energy along atomic rows. As a result, few
defects are expected to survive at the end of the cascade.
Some recent molecular dynamics (MD) simulations [18]
tend to suggest that for low mass PKA, the fraction of
isolated defects which will survive after the cascade in Si
may be about one third of the value expected from the
BCA. This implies that the contribution of Li and He
recoils to radiation damage in absorbing materials is not as
overwhelming as what is calculated in this paper (Tables 5
and 6). Indeed, Li and He recoils lead to more energetic
cascades than collisions produced by the elastic scattering
of neutrons, and should therefore be more affected by the
intracascade recombination. However, it remains true that

recoils from nuclear reactions account for an important
part of the radiation damage in these materials. More
accurate numbers will be obtained when MD simulations
will be performed, which implies first that reliable inter-
atomic potentials have to be developed for such absorbing
materials. Notice that efficiency factors can be incorpo-
rated in DIANE, as soon as this information will become
available.

5. Conclusion

In this paper, we used a model developed by Lesueur
and neutronic calculations to estimate the dpa along the
radius of absorbing materials. Our neutronic calculations
permit to obtain dpa along the radius of the pellet at
different neutron fluxes for a typical PWR neutron spec-
trum. It is shown that for both boron carbide and hafnijum
diboride (a new candidate for absorber pellets) a large
fraction of the damage produced under reactor conditions
results from the "Li and *He recoils due to '°B transmuta-
tion. Furthermore, the calculated dpa curves exhibit a
sharp maximum which moves towards the centre of the
pellet as the burnup of '°B increases. This is a direct
consequence of the B self-shielding effect. We hope the
quantitative results presented in this paper will stimulate
the study of radiation damage in absorbing materials. The
interest of our calculation is to calculate dpa along the
radius of the pellet which can be used to define a defects
production rate in rate equations which control the mi-
crostructural evolution of such materials.
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