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Abstract

The nuclear microprobe technique has been used to measure the 9B and "Li profiles after thermal neutron irradiation of
a boron carbide absorber. This technique allowed to obtain the 9B, "B and "Li concentrations along the radius of the
absorbing pellet. The "B measured distribution is used to calculate the spatial distribution of "Li if no migration out of the
sample is expected. This result is compared to the "Li measured distribution. This comparison suggests that 'Li atoms have
migrated out of the sample with a loss of about 40% in the pellet. Some assumptions have been investigated in order to
explain the main cause of the ’Li migration. This lithium migration may increase significantly the boron carbide brittleness

and may be important for the understanding of the boron carbide destruction mechanism under neutron irradiation.

1. Introduction

Control rods of pressurized water reactors (PWR) are

used for neutron absorption during the control and the shut
down of the generating plant, They are made of two kinds ’

of absorber material: an alloy of silver indium and cad-
mium (Ag-In—Cd) and a ceramic material, boron carbide
(B,O). B,C is the only material used in both fast breeder
reactors (FBR) and pressurized water reactors (PWR) be-
cause of its neutron efficiency. A low neutron induced
activity, a low cost and a high melting point make B,C an
attractive material.

Under neutron irradiation, the '°B(n, a)’Li reaction
induces a swelling of the control rod which reduces its
lifetime. Many authors have shown the creation of He
bubbles in the B,C rods [1], but the effect of "Li atoms is
not yet understood [2].

In order to investigate a possible migration of 'Li out
of the sample, we have measured the 7Li, %8 4nd ''B
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concentrations along a radius of a rod. This has been
performed using the nuclear reaction technique at the
Pierre Siie Laboratory Microprobe facility [3].

Two "Li profiles have been obtained and compared, the
first one from the experimental measurement of 'Li, the
second one deduced from the '°B profile. The comparison .
of these two profiles of Li along the radius of the pellet
shows a lack of "Li atoms. A possible explanation of this
lack of "Li is suggested.

2. Experimental details
2.1. Sample preparation

2.1.1. Material processing

Under thermal neutron irradiation and for an average
number of 2 X 102! captured neutrons per cm®, usual
boron carbide pellets are partially fragmented near their
surface because of the high level of transmutation of '°B
in this area. Consequently, it is not possible to analyze this
sample with the nuclear microprobe technique. To avoid
such a problem, a composite material made of B,C powder
and an organic resin have been elaborated. The different
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Fig. 1. Processing steps of B,C /carbon pellet.

processing steps of this composite material are presented
in Fig. 1.

Before the processing, the amount of resin in the initial
powder was about 10 wt%. The mean grain size of the
boron carbide powder is lower than 2 pm.

After the processing, the sample is composed of B,C
particles embedded in a carbonized resin. The observed
porosity of the sample is about 25.8%. The open porosity
volume is about 23.3% and the closed porosity volume is
about 2.5%. This porosity is essentially localized in the
carbonized resin (Fig. 2).

X-rays microanalysis (EDX) of the sample shows that
boron and carbon images are quite similar. Only some
carbon rich areas smaller than 10 um? could be observed.
These observations indicate a quite good homogenization
of these elements during the processing. The analysis also
shows the presence of small precipitates (< 10 um?) of
magnesium boride and silicon oxide. Quantitative EDX
analysis indicates that the sum of magnesium and silicon
impurities is lower than 1.5 wt%.

2.1.2. Sample irradiation

The analyzed sample had an initial boron isotopic
composition N('°B)/[N("°B) + N("'B)] equal to 20.8%
(N(X) is the number of atoms of the chemical element X
per volume unit). It was irradiated inside a capsule of
quartz filled with *He. Two thermocouples measured the
temperature at the surface of the sample during the irradia-
tion. The temperature was about 780 K. The irradiation
lasted 120 days with a thermal neutron flux of 3.0 X 10'2
ncm 2 s7} and a fast neutron flux (E,> 1 MeV) of
1.0 X 10* n em~? s~!. During the irradiation, a part of

B was transmuted into 'Li and *He according to the
fission reaction

n+'"B —"Li (0.83 MeV) +“He (1.48 MeV).

A part of the produced "Li is transmuted into *H and
*He by the reaction
n+'Li-n+’H+*He.

This last nuclear reaction occurs only under energetic
neutrons bombardment (E, > 2.8 MeV), with a cross sec-
tion of about 0.4 b. Calculations have been done to
estimate the 'Li burn-up. This phenomenon is maximum
near the pellet surface, but it is about four orders of
magnitude smaller than the e} burn-up at the same posi-
tion. The "Li burn-up can be neglected.

2.1.3. Sample preparation for microprobe analysis

For proton micro-beam analysis, an irradiated boron
carbide cylinder with a radius R equal to 3.72 mm and a
thickness of 2 mm has been polished with a patterned
structure less than 1 wm in order to remove edge effects
from scattered particles. Due to the 'Li high solubility in
water, a dry polishing with diamond abrasive powder has
been done at room temperature. An epoxy resin, included
under vacuum, was used to protect the pellet during the
polishing and to avoid that many grains be pulled out
because of the high porosity level of the pellet. The EDX
analysis shows an excess of carbon near the epoxy resin

Fig. 2. Microstructural appearance of a polished section of the
sample before neutron irradiation.
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Fig. 3. Carbon profile at the resin-pellet interface. (x is the
reduced abscissa from sample center and R is the radius of the
cylinder.)

interface of the pellet (Fig. 3). This excess is due to the
filling of the pellet porosity by the resin. This variation of
carbon concentration induces some artifacts in the determi-
nation of the "Li and '°B profiles near the interface of the
sample, due to the variation of the stopping power.

2.2. Microprobe experiment

During neutron irradiation, the self-shielding of the
pellet by the '°B induces "Li and '°B concentration pro-
files along the pellet radius. McMillan et al. [2] have
already shown 'Li profiles in pellets irradiated..in FBR
using the "Li(p, o) o nuclear reaction.

In the present work, 'Li, '’B and ''B profiles have
been measured by the following nuclear reactions:

"Li(p, p'y)'Li, E,=478keV,
1OB(p, ay)'Be E,=429keV,
"B(p,py)''B E,=2125keV.

Two main advantages can be pointed out by using these
reactions. First, they are induced simultaneously by the
proton beam allowing concentration measurements at the
same points in the pellet. Second, the counting rate is high
enough to obtain the profiles along a pellet radius in a
reasonable time. The proton beam energy, E, = 3.2 MeV,
has been chosen to optimize the counting rate for the three
nuclear reactions.

2.2.1. Microprobe description

The experimental arrangement is shown Fig. 4. The
proton beam is delivered by an HF source and accelerated
by a Van de Graaff accelerator. An analyzing magnet
located at 3.5 m from the accelerator output allows to bend
the beam into one of the available lines. The magnetic

field is adjusted to choose the kind of beam particle and its
energy.

The geometry of the micro-beam, spatial and angular
dispersion is optimized by two slit systems 6 m apart. The
beam is focused on the sample by a quadrupole doublet.
The spot size depends on the experiment. It is obtained by
adjusting the magnetic field in the doublet and the aperture
of the slits.

The samples are mounted on a target holder fixed on a
X-Y-Z-6 Ultra High Precision Manipulator (U.H.P.M.).
The U.H.P.M. allows a positioning of the sample with an
accuracy of 0.5 pm.

The gamma photons emitted by the nuclear reactions
are detected at 0° by a High Purity Germanium Detector
(80% efficiency, 2.8 keV energy resolution).

The material presents an heterogeneous microstructure
(porosity, secondary phase precipitates). For this reason,
the beam size has been taken large enough, 15 X 15 wm?,
to average the measurement over the structure of the
sample. Under these conditions, experiments performed
with unirradiated B,,C sample provide '°B and ''B homo-
geneous concentrations in the composite pellet. These
results have been used for normalization purposes in the
analysis of the "B and ''B profiles of the irradiated
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Fig. 4. Experimental arrangement to detect the +y-rays induced by
the proton beam.
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sample. The absorption of gamma photons by the samples
has been estimated with a '**Eu radioactive source. The
differential absorption between the studied samples is less
than 1%. It has been neglected in our analysis.

3. Experimental results

A typical energy spectrum is shown on Fig. 5. The
nomber of counts in each gamma ray of interest is ob-
tained by summing the contents of the channels which
define the ray. A linear background is deduced to eliminate
the Compton contribution of all the higher energy gamma
rays.

The number of detected photons depends on the con-
centration of the analyzed elements (1°B, "B, "Li) accord-
ing to the equation

y(X X tm‘) = kN(X’ X, tirr)Np :B’ (1)
where f3 is
E, do
p= f 40 (dE/dx)

X is the studied element (Li, '°B or ''B); N, (X, x, ) is
the number of collected photons at the 1rrad1at10n duration
t,, and at the reduced abscissa x=r/R; k is the factor
depending on the geometry and the detector efficiency;
N(X, x, t,,) is the number of target atoms per volume unit
at the irradiation duration f;,, and at the reduced abscissa
x=r/R; N, is the number of incident protons; do/ d{2 is
the cross-section of the reaction; (d E/d x) is the stopping
power of the matrix; E, is beam energy (3.2 MeV); and
E, is cut off energy for the nuclear reaction.

The stopping power of the matrix, has been calculated
according to the Ziegler and Bierzack formula [4] and the
Bragg rules [5].

In order to simplify the reading of equations, we ne-
glect the reduced abscissa x and the irradiation duration
t,,- But we must keep in mind that N(X) depends also on
x and #,.

60000
1°8 (429)
o]
Q40000 ] Li (478)
3 B (2124)
o
@
5
2 20000
o
aart |
0 . et :
0 500 1000 1500 2000 2500

Channel number

Fig. 5. y-energy spectrum corresponding to the proton interaction
with the pellet. The three lines of interest are identified.
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Fig. 6. Pellet B ratio ¢* along the radius of an irradiated B,C
pellet. (The star refers to the irradiated sample.)

3.1. '°B profile

The '°B concentration at a given point, N("°B) in Eq.
(1), depends on four quantities.

The stopping power of the irradiated pellet is different
of that of the unirradiated sample by a factor less than
0.5%. Doing the assumption that it is equal in both sam-
ples, we can simplify the calculation of the '°B concentra-
tion by using the N('°B)/N(''B) ratios in both, irradiated
and unirradiated pellets. This method avoids to know the
k, N, and integral quantities. According to Eq. (1), we
then obtain

[vCB)/NCB)] = [N(°B) /N (')
[mCom) /M) | [ By ()]

The stars denote the irradiated sample.
The ratio, ¢*, is obtained by the following relation:

LG R GN] ©)

Fig. 6 shows this measured ratio e” (black squares)
along the reduced abscissa x (r/R ratio).

The full line represents the values of ¢ deduced from
a classical calculation including the neutron cross section
on '°B. As expected, the experimental values (black
squares) decrease from the center to the surface of the
Il)(g)ron carbide pellet, due to the neutron self-shielding of

B.

We observe a good agreement between the calculated
values and the experimental measurements, except for
points close to the interface pellet—epoxy resin (x > 0.97).
The difference may come from a higher value of the
stopping power due to the excess of carbon near the
interface (cf. Section 2.1.3).

e* =[N(°B)]’

3.2.7Li profile

A reliable standard pellet of B,C including a known
concentration of 'Li cannot be used to determine the Li
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Fig. 7. "Li profiles along the radius of an irradiated B,C. m -
produced number of "Li atoms per volume unit along the radius of
the irradiated sample. O — measured number of "Li atoms per
volume unit along the radius of the irradiated sample.

profile according to Eq. (2). For this reason, reference
measurements have been performed on a NBS standard
composed of Si (25 at.%), Ca (4.5 at.%), Na (9.4 at.%), O
(61.1 at.%) and Li (700 at.ppm). The NBS standard is a
pellet with a radius of 3.5 mm and a thickness of 4 mm.
NBS measurements were done using the same experimen-
tal arrangement as for boron carbide sample. The "Li
concentration in the irradiated B ,C sample is then deduced
from Eq. (4):

Nv(7Li) BNBS

N('Li) = N¥BS (L)) ————— )
(L) ( )NYNBS(7Li) Bg,c

4)
The cut-off energy of the 'Li(p, p'y)’Li reaction, E,,
has been taken equal to 400 keV [6].
These results are shown on Fig. 7 as white circles.
From the knowledge of the B experimental distribu-
tion, we have deduced the 'Li expected profile. The
number of 'Li atoms generated in the irradiated pellet is
given by the relation

NOL) = =y NCB), ®)

where e is the ratio N(IOB)/[N(IOB)—!—N(“B)] of the
unirradiated boron carbide pellet. This "Li calculated pro-
file is shown in Fig. 7 as black squares.

As expected, we show that the i profiles increase
from the center to the edge of the sample. Near the center
of the peliet, the calculations are in good agreement with
the direct measurements but a large discrepancy is ob-
served for 0.7 < x < 1. This difference can be explained by
"Li migration out of the pellet. The "Li profile deduced
from the '°B concentration provides an average value of
(2.44 +0.2) X 10%" atoms cm ™3 whereas the average value
of the experimental ' Li measurement is (1.4 + 0.15) X 10?!
atoms cm >, Approximately 40% of the "Li produced by
the fission reaction migrates out of the pellet. A possible
explanation of this phenomenon will be presented below.

A drop in "Li measured concentration is also observed for
x> 0.97. This decrease may be an artifact partly caused by
the excess of carbon discussed previously (cf. Section
2.1.3).

4. Discussion

To predict the lithium behavior in irradiated boron
carbide pellets, a mechanism of lithium migration is pre-
sented. Two cases must be distinguished:

Migration of lithium atoms in the boron carbide bulk,
Migration of lithium atoms at the sample surface.
We study these cases separately.

4.1. Migration of lithium atoms in the boron carbide bulk

To explain this discrepancy of "Li atoms from the
center to the surface of the pellet, a three step mechanism
is proposed:

- Escape of the Li atoms out of the boron carbide solid
phase.

Desorption of 'Li at the boron carbide solid phase

surface.

+ Migration of "Li from the pores to the capsule free
volume.

A schematic description is shown Fig. 8. This mechanism

is detailed below.

4.1.1. Lithium escape out of the solid phase

The '“B(n, «)'Li reaction generates "Li atoms. These
atoms may react with boron and carbon to create a chemi-
cal compound. They may also either precipitate as second
phase in the sample inside the grain and at the grain
boundary. A solubility of lithium atoms in the sample is
also possible.

These three possibilities are discuss below.

The first possibility is the formation of lithium com-
pounds {7]. Some authors have reported the formation of
Li,C, [8], LiB,, [9] and Li—C at high temperature (above

interconnected
porosity

(1) diffusion of "Li in a boron carbide grain
(2) desorption at the grain surface

3) migration of gaseous "Li in open pores of the sample
g

Fig. 8. Schematic of Li transport in the boron carbide ceramic.
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973 K) [10]. It is possible to calculate the temperature
along the radius of the pellet taking into account the "“B(n,
o)’ Li reaction nuclear heating. The temperature field is
calculated using the well known heat equation in the
steady state case by the following equation:

T(x) = eurface szl dy fy P(A':T)u u; (6)

x is the reduced abscissa, Ty ... is the temperature at the
surface (793 K), and A™ is the thermal conductivity of the
irradiated boron carbide pellet (6 W m~! K~ 1) [11].

P(1) is the thermal source due to the nuclear heating
(W m™3). If we assume that this term is constant over the

irradiation time, it can be written as follows:

QdN(Li, x, t,,)  ON(Li, x, ;)
de - 1

ur

P(x,1)= ; )
QO is the energy of the transmutation reaction (2.7
MeV /atom), t,, is the duration of the irradiation (120
days), N(Li, x, t;,) is the number of transmuted atoms at
the position x in the pellet and at the irradiation duration
bire-

The estimated maximum thermal gradient is about 5 X
1073 K m~". This value is very weak and the temperature
along the radius of the sample is considered as constant
and equal to 773 K. At this temperature, no lithium
compounds are created.

The second possibility is the formation of inter or intra
granular lithium inclusions. Copeland et al. have irradiated
boron carbide sample in a thermal flux spectrum and
examined slides of irradiated boron carbide by transmis-
sion electron microscopy. They did not find any lithium
precipitates [12]. From these studies, we deduce that no
lithium precipitates are created in the boron carbide sam-
ple.

The third and most probable possibility is a "Li solubil-
ity in the boron carbide lattice. The unit cell of boron
carbide is rhombohedral with icosahedral units on the
corners and three atom chain along the main diagonal. In
this structure lithium atoms may be in interstitial position
in the lattice. Lithium atoms may diffuse in atomic form
through the grains or the grain boundaries into pores [13].

According to the thermodynamics of irreversible pro-
cesses, the flux of lithium atoms depends on the tempera-
ture and on the number of lithium atoms per unit volume
according to the following relation [14]:

N(Li)Dy; VT (x)
KT(x) ~ P T(x)’

Oy is the apparent heat of transport (J), D;; is the lithium
diffusion coefficient in the boron carbide (m? s™'), and k
is the Boltzmann constant (J K1),

As has been shown before (Eq. (6)), the temperature
gradient is weak (5 X 1072 K m™!) and then the lithium
flux depends only on the lithium atoms gradient.

Ji= —DVN(Li) -

®

The lithium diffusion takes place not only in the grain
but also in the grain boundary. However, the grain bound-
ary diffusion is assumed to be much more rapid than
intragranular diffusion. For this reason, the choice of ge-
ometry for grain boundary diffusion is not discussed. The
limiting step is only the lithium diffusion in the boron
carbide grain.

4.1.2. Desorption at the solid pore interface

At the solid phase pore interface, lithium atoms desorb
into pores. The simplest lithium desorption model is the
Langmuir mechanism. The lithium release rate, R, in a
first order desorption reaction is given by

_dcs Edes
R(t) = I " koC,exp| — o (9)

C, is the number of lithium atom per surface unit (atoms
m™2), k, is the pre-exponential factor (s '), E,,. is the
desorption energy (J), T is the temperature (K), and k is
the Boltzmann constant (J K™ 1).

This desorption mechanism occurs while the lithium
partial pressure in each pore is lower than the lithium
saturated vapor pressure.

4.1.3. Migration through pores

The high level of interconnected porosity (23.3%) al-
lows to think that lithium gas atoms can migrate through
pores out of the pellet in the capsule free volume. The
lithium flux in pores is given by

Ji; = —DgVNE(Li); 10
L eff

1

N&(Li) is the number of lithium gas atoms in pores (atoms
m3) and D, is the effective diffusion coefficient (m?
s ).
his coefficient can be estimated [15]. It depends on pore
tortuosity, pore size, pore distribution and on the lithium
diffusion coefficient in helium (helium fills interconnected
pores in the pellet). The tortuosity factor is used to account
for the fact that the diffusive path length is longer than the
physical dimension of the porous material. The pore size
distribution induces constrictions and expansions which
modify speed of lithium gaseous atoms. The lithium effec-
tive diffusion coefficient in pores is many orders of magni-
tude higher than the lithium diffusion coefficient in a
boron carbide grain.
This interpretation can not be actually quantified. More
information is needed:
« Li diffusion coefficient in boron carbide grain,
+ lithium desorption coefficient at the surface,
- detailed information on pores (arrangement, shape, dif-
fusion coefficient),
« possibility of the formation of lithium compounds under
irradiation.
To obtain these data, different experimental techniques
would be used like nuclear microanalysis, specific surface
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BET, Raman spectroscopy. These different approaches are
under development.

4.2. Ejection of lithium atoms at the sample surface

At the surface of the pellet, another mechanism con-
tributes to the lithium migration out of the sample. Lithium
atoms produced by the '°B(n, )'Li reaction have a mean
energy of 0.83 MeV. It corresponds to a path length of
about 1.7 pwm in boron carbide which is the same order of
magnitude as grain size. A lithium atom produced in the
two first wm from the surface of the sample can leave the
grain and go out of the pellet.

The lithium migration out of the sample stops only
when the lithium partial pressure in the capsule free vol-
ume is equal to the lithium saturated vapor pressure.

5. Conclusion

The experimental e} profile is in good agreement with
the calculated '°B distribution deduced from a classical
neutron absorption mechanism. It implies that there is no
migration of '8 in the irradiated boron carbide pellet.

ALi profile has been calculated from the experimental
9B distribution and compared to the experimental data. A
large discrepancy of about 40% is observed. We suggest a
"Li desorption out of the grain followed by a migration
through pores to the capsule free volume. This qualitative
interpretation has to be confirmed by a quantitative study.
Different experimerital approaches are suggested to define
all the parameters needed to propose a lithium migration
explanation from the grain to the outside of the pellet.

The 'Li migration out of the boron carbide pellet leads
to a relative mass variation of about 6 X 107%, which is
not very significant in the present case. In FBR or for
longer irradiation times in PWR, this relative mass varia-
tion can become more important. It may contribute to the

swelling of boron carbide absorbers. The actual calcula-
tions of the swelling based on a density variation method
including only the helium production, must take into ac-
count this lithium migration.

In addition, during the neutron irradiation in a PWR,
the lithium lost from the pellet may settle on the metallic
sheath holding the pellets and migrate inside the sheath
inducing its brittleness.
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