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In this study, spark plasma sintered boron carbide (B4C) was examined against neutrons. The specimens were irradiated by
reactor neutrons (include both thermal and fast neutrons) up to fluence of 1.37x10*n-m? Thermal and fast neutrons cause
swelling by different interactions with boron (*°B) atoms in the related materials. X-Ray diffraction (XRD) patterns and scanning
electron microscopy (SEM) images were investigated for initial and irradiated samples. In addition, lattice parameters and unit
cell volumes were calculated for the samples. The swelling percentages were calculated to be within a range of 0.49-3.80 %
(average 1.70 %) for the outer surface of the materials for applied neutron irradiation doses.

Introduction

Boron carbide (B4C) is extremely important ma-
terial for nuclear technology because of its advanced
properties such as high hardness, high melting point,
low density and high thermal neutron capture cross-
section [1, 2]. Boron carbide is widely used in fission
reactors as control rods and have potential to be
used in fusion reactors [2-4]. Since boron carbide
and regarding materials are commonly used in nuc-
lear applications, radiation effects on boron carbide
is one of the most important subjects that has to be
clearly understood. Therefore, there are remarkable
studies on irradiation effects on boron carbide and
related materials in the literature [3-5].

Spark plasma sintering (SPS) technique is a rela-
tively new process that enables high heating rate,
low sintering temperature which prevents grain coar-
sening during sintering since all of the sintering
process takes place within minutes rather than hours
or days compared to other sintering methods.

Either thermal neutrons (E<0.025 eV) or fast neu-
trons (E>0.1 MeV) affect the structure of the mate-
rials; in the central thimble or the reactor. Thermal
neutrons mostly have inelastic interaction (n,a) with
the °B atoms which have reasonably high neutron
absorption cross-section (3855 barns) [25], in B4C-Al
composites. The remaining helium causes the swel-
ling for boron related materials [6-8]. On the other
hand elastic collisions are leading to fast neutrons
and material-atoms interactions. Fast neutrons can
cause displacement of lattice atoms from their origi-
nal places which cause swelling with change in the
lattice parameters and cell volumes of the materials
[9].

In this work, the reactor neutrons irradiation ef-
fects on the spark plasma sintered monolithic boron
carbide (B4C) were investigated. The effects of reac-
tor neutrons on the structure of boron carbide were
evaluated.

X-Ray Diffraction (XRD) and SEM (Scanning
Electron Microscopy) were carried out for initial and
irradiated boron carbide-aluminum composites. The
phase composition of the samples was carried out by
XRD where the surface morphology was analyzed by

means of SEM. The structure features of boron car-
bide were carried out. The lattice parameters of crys-
talline and unit cell volumes were investigated for
B4C for initial and reactor neutrons irradiated sam-
ples.

Experimental

Boron carbide-aluminum composites were pro-
duced by spark plasma sintering technique. Com-
mercial HS grade B4C powders from H.C. Starck Co.,
with an average particle size of 0.7 um (99.5% purity)
were used to produce B4C composites. Samples
having 50x50 mm cross section and 5mm height for
B4C composites were sintered in SPS and their be-
haviors under reactor neutrons were analyzed for
these dimensions for the first time in literature.

The samples were sintered by using the SPS ap-
paratus (SPS-7.40MK-VII, SPS Syntex Inc.). After
initial pressure of 10 MPa was applied manually for
compaction before sintering, 100°C/min heating rate
was used with 40 MPa of applied pressure from
room temperature to sintering. An optical pyrometer
was used for measuring the temperature from the
outer side of the die. All of the samples were sub-
jected to 4 minute soaking time. Whole process was
carried out in vacuum and shrinkage, displacement,
temperature, vacuum, current, and voltage for every
5 seconds were recorded. At the end of the process,
sintered B4C was obtained. Before irradiation, sin-
tered samples were sand blasted and cut into re-
quired pieces so as to determine their density values
by Archimedes principle.

Samples were irradiated in the central thimble of
Istanbul Technical University TRIGA Mark-Il Re-
search Reactor with a power of 160 kW. A spectrum
of neutron fluxes at different energies (up to 10 MeV)
which include thermal (E<0.025 eV) and fast (E>0.1
MeV) neutrons in the central thimble of the reactor
[10]. The average total neutron flux was 6.34-10"°
n-m?s™. The samples were irradiated to total neu-
tron (both thermal and fast neutrons) fluences up to
1.37x10%'n-m™. However, the main subject which we
focused on was the swelling of the materials after
neutron irradiation. The swelling effect of neutrons
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comes from both thermal and fast neutrons which
have some different interaction mechanisms on bo-
ron atoms [6, 11].

Results and Discussion

SEM analysis of initial and irradiated samples
were figured out and compared with each other.
SEM images of the initial and neutron irradiated
samples were given in Fig. 1.

SEI 10.0kv X10,000 Tum WD 10.0mm

X10,000 g WD 9.8mm

(b)
Fig. 1. SEM images of initial (a) and irradiated by
1.37x10%'n.m™ neutron fluence (b) of B4C.

From the Fig. 1, it could be said that no signifi-
cant change on the boron carbide due to applied
neutron fluences. In addition XRD-patterns were
analyzed for spark plasma sintered boron carbide as
initial and after irradiated by reactor neutrons. The
phase composition of the irradiated samples were
compared with initial ones and given in Fig. 2.

There was no new phase composition which
could be related with the applied neutron irradiations.
However, little peak shifts were observed which were
caused by irradiation for boron carbide. Therefore d
spacing values between the planes were increased
with neutron irradiation of the samples. The lattice
parameters and unit cell volumes were carried out by
using hexagonal structure as a reference [7, 12] and
obtained results were given in Table 1.

The lattice parameter-neutron fluence graphs
were drawn for B4C phase of the materials by using

the values in Table 1 and graphs were shown in Fig.
3.
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Fig. 2. XRD patterns of initial and neutron irradiated boron
carbide.

Table 1. The lattice parameters and unit cell volumes of
boron carbide for initial and irradiated samples.

The Lattice Para-

l;lleutron meters (A°) Cell Vo- Swelling
uence 03 o
) lume (A°%) (%)
a c
0 5.6045 12.0002  326.4375 -
0.46 5.6001 12.0786  328.0473 0.4931

0.91 5.5957  12.4959
1.37 5.6090 12.0789
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Fig. 3. The lattice parameters of the initial and neutron irra-
diated boron carbide.

From Fig. 3, it could be seen the lattice parame-
ter a, doesn’t change meaningfully with the neutron
irradiation for boron carbide. On the other hand the
lattice parameter c slightly increases with increasing
neutron fluence. The propagated relative errors were
calculated in a range of 0.4-0.7 percentage. Fur-
thermore, the lattice parameters were calculated
from surface of the irradiated samples. Cell volume
graphs of the samples were drawn against irradiation
fluences and given in Figure 4.

The swelling percentages of spark plasma sin-
tered boron carbide were obtained to be in the range
of 0.49-3.80. Although there were differences in pro-
duction and irradiation conditions, it could be said
that our results were compatible with the literature
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Fig. 4. The cell volumes of B4C for boron carbide.

[9]. In addition, the swelling was one of the important
parameters for B4C which is essential for nuclear
applications. There were some researches and new
equipment for the reactor materials such as swelling
resistant control rods for the nuclear reactors and
applications [13].

Conclusions

Spark plasma sintered boron carbide for the first
time were produced having 50x50x5 mm?® dimen-
sions were investigated under reactor neutrons up to
1.37x10**n-m? fluence. No new phase formation, or
phase transition could be observed which could be
related with the neutron irradiation. In addition, there
wasn’t significant change on lattice parameter a due
to neutron irradiation. However, the lattice parameter
¢ and cell volumes of the samples were increased
with neutron irradiation. Swelling was observed in
boron carbide structure which is caused by both
thermal and fast neutrons. The average swelling
percentage was obtained as 1.70 %. The differences
maybe caused from the irradiation position in the
central thimble of the reactor.

Further researches need to make theoretical cal-
culation and partition of the thermal and fast neutron
irradiation effects on the whole material by including
burn up (depletion of 198 in time) parameter. In con-

clusion, an experimental study was realized on spark
plasma sintered boron carbide-aluminum composites
which could be used in fission reactors (as control
rods) and waste disposal applications and also for
possible uses in fusion reactors.
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