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Amorphisation of boron carbide under gamma irradiation
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Abstract. Boron carbide (B4C) has been widely used in nuclear reactors and nuclear applications. In this work, the
high-purity (99.9%) B4C samples were irradiated using a gamma source (°°Co) with a dose rate (D) of 0.27 Gy/s at
different gamma irradiation doses at room temperature. Phase and microstructural characterisation of B4C samples
were carried out using X-ray diffraction (XRD) and scanning electron microscopy (SEM). XRD results displayed
some degradation of the diffraction peaks. The calculations reveal that 62% of B4C has changed into the amorphous
phase when the irradiation dose is 194.4 kGy. Fourier transform infrared spectroscopy (FTIR) was used to explain
chemical bonds and functional groups of B4C samples before and after gamma irradiation. The results showed that C—
C chemical bonds are weaker than B—C chemical bonds and tend to break under gamma irradiation. Element mapping
analysis for each gamma irradiation dose of B4C samples was performed using SEM patterns. The dynamics of the
elements on the surface and chemical formula of all B4C samples were also determined after gamma irradiation.
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1. Introduction

In recent years, boron ceramic compounds such as BSiy,
B, C, SiBC, BC-ZrC, ZrB, and BSi-ZrC have been
widely studied and have attracted considerable inter-
est from researchers [1-6]. Elemental boron forms a
wide variety of compounds with electron deficiency and
unusual binding states. The number of boron modifica-
tions has not been fully understood till now. However, it
is well-known that boron has two crystalline modifica-
tions under normal pressure, known as a-rhombohedral
boron and B-rhombohedral boron [7]. Higher borides
are also reasonable candidates for high-temperature
applications in the technology due to their large See-
beck coefficients and intrinsic low thermal conductivity
[8,9]. Boron carbide, commonly referred to as B4C,
has an enigmatic ability to adapt to major changes in

61.05.cj; 61.05.cp; 71.23.Cp; 07.85.—m; 68.37.Hk; 33.20.Ea

carbon composition (up to B19C) without any funda-
mental structural change. B4C is one of the most studied
material among the carbonaceous compounds due to its
unique physical and chemical properties [10,11]. How-
ever, major aspects of the bond in B4C and the significant
structural changes caused by changing the carbon con-
centration are still not clearly comprehended [12]. On
the other hand, B4C is widely used for producing bal-
listic armor [13] and neutron detectors [14,15]. B4C
possesses acombination of outstanding features in mate-
rial science such as high-melting temperature properties
and perfect crystal structure geometry [16—-19]. Due to
its degree of special rigidity and good mechanical prop-
erties, B4C is in some cases included in the composition
of materials that require very high resistance to differ-
ent chemical mixtures [20-23]. Therefore, it is widely
used in the fields of advanced technology. B4C is used
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in nuclear technology for producing of neutron absorb-
ing materials [9,24]. It is used in almost any type of
nuclear power plant due to its high neutron absorption
efficiency, easy availability and relatively low cost. Its
electrical and thermomechanical properties are due to
the interatomic bonding, which is essentially covalent.
However, its poor thermomechanical properties, when
used as a neutron absorber, lead to damage and a short
life cycle. Two main events occur in the nuclear reactors.
First, atomic displacements cause high point defects,
resulting in structural issues in nuclear reactor materials.
Amorphisation is one such issue. Secondly, helium pro-
duction causes damage to microstructural stability [25].
Studies on the irradiation of B4C with heavy ions at dif-
ferent doses revealed some structural changes in these
compounds [26-28]. Most of the processes under the
influence of various ionising radiation have shown some
degradation in its crystal structure [29]. However, it is
capable of self-healing and recombination of radiation
defects after a low and high irradiation dose [30-33].
Icosahedral boron-rich solids are materials that contain
boron-rich units where atoms are located in 12 cor-
ners of an icosahedron. These materials are well known
for their extraordinary bonding and unusual structures.
The studies clarify that this self-healing is of unusual
structural and electronic stability of boron-rich icosahe-
dra fragments [34,35]. Amorphisation is characterised
by changes in the structural parameters of the materi-
als that alter the physical and chemical properties of
the compound [36,37]. Some studies have been carried
out to better understand the amorphisation behaviour of
B4C under irradiation conditions. Regarding the irradia-
tion of B4C with electrons, an amorphous structure was
observed in the irradiation with 2 MeV electrons at low
temperatures. On the contrary, there was no amorphous
phase for 1 MeV electron irradiation at room tempera-
ture [38,39]. It has also been shown that B4C has a very
high structural stability under irradiation conditions,
which is much higher than indicated when compared to
similar compounds such as silicon carbide [40,41]. In
the literature review, we could not find any study about
structural parameters, especially amorphisation of B4C
compounds under gamma irradiation conditions. There-
fore, in this study, we aimed to investigate the effects of
gamma irradiation on microstructure, especially amor-
phisation of B4C compounds.

2. Experimental

Boron carbide (B4C) samples with a bulk density of 1.8
g/cm?, specific surface area of 2—4 m? /g, particle size of
1-10 pm and a purity of 99.9% (US Research Nanoma-
terials, Inc., TX, USA) were used in the experiments.
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B4C samples were irradiated using a gamma source
(°°Co) with a dose rate (D) of 0.27 Gy/s at 9.7, 48.6,
97.2, 145.8 and 194.4 kGy doses at room temperature.
The calculated values of the absorbed dose of dosi-
metric (ferrous sulphate, cyclohexane) system based on
the electron density were in agreement with the exper-
imental data [42-46]. Powder samples of B4C were
prepared from single-crystal B4C and analysed using
X-ray diffraction spectra (XRD) at the following param-
eters: 40 kV, 40 mA, Cu Ka radiation (A = 1.5406
A). The X-ray diffraction spectra were analysed by the
Rietveld method using the Fullprof program [47]. The
crystalline structures were obtained in the Diamond pro-
gram [48]. The functional groups and chemical bonds of
the irradiated B4C samples were investigated by Fourier
transform infrared (FTIR) spectroscopy (FTIR Varian-
640). In order to examine the structural changes in B4C
samples caused by gamma radiation, we used the FTIR
spectroscopy method based on the measured spectra
of translucent compressed tablets. These tablets were
measured by mixing (1:300) B4C using KBr, under
6 - 10* N/m? pressure at room temperature in thin lay-
ers of 3—7 um thickness and 8 x 30 mm? sizes in the
range of 4000-500 cm~!. The surface morphology and
element mapping of B4C samples were carried out at
room temperature using scanning electron microscope
(SEM)/ HE-SE2 detector (ZEISS,XIGMA VP). It was
also used to investigate particle size and microstructural
properties of B4C samples in the experiments, which
was performed under vacuum condition of 10~ Pa gen-
erated by turbo-molecular pumps [49].

3. Results and discussion

XRD analysis was performed in the range of 15° <
26 < 60° to comprehend the amorphisation kinetics
of gamma-irradiated boron samples. The XRD patterns
of B4C before and after gamma irradiation are shown
for each gamma dose in figure 1. According to the
diffraction pattern of B4C samples, it has R-3m spatial
symmetry group. This finding is consistent with the pre-
vious studies [16,17,21]. The lattice parameters of B4C
in ambient conditions were determined as a = 5.630(2)
Aandc = 12.151(4) A at room temperature. The effect
of gamma irradiation on the crystalline structure of B4C
was examined by XRD technique before and after irra-
diation as shown in figure 1a. Furthermore, it can be seen
that an increase in gamma irradiation dose of B4C causes
the expansion of diffraction peaks and modifies the for-
mation of the XRD pattern. Moreover, it can also be
clearly seen that peak intensities decrease with increas-
ing doses of gamma radiation. Figure 1b shows the
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Figure 1. (a) XRD spectra of B4C samples for each gamma irradiation dose, (b) the background of XRD spectra for unirra-
diatied and 194.4 kGy gamma-irradiated B4C sample and (¢) XRD spectra of unirradiated and irradiated B4C samples (194.4

kGy dose) for graphite and hydroxyl group.
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Figure 2. (a) The lattice parameters of B4C samples with increasing gamma irradiation dose, (b) a/ag and c/cg relative
values of the lattice parameters depending on gamma irradiation dose and (¢) amorphisation of B4C depending on gamma

irradiation dose.

background of the XRD spectra to illustrate the amor-
phisation of the irradiated B4C samples (at 194.4 kGy).
Figure 1b shows that there are strong changes in the
background of XRD spectra for 194.4 kGy irradiation
dose. This result can be expressed as the degradation
of the crystal order of the material and the transition to
an amorphous structure. When the material is in amor-
phous phase, diffraction peaks appear as large lumps

distributed over a wide range rather than as narrower
peaks of high intensity [50]. On the other hand, as can
be seen from figure la, a complete amorphous phase
does not occur and the diffraction peaks do not com-
pletely disappear. Our experimental calculations reveal
that 62% of B4C has changed into the amorphous phase
when the irradiation dose is 194.4 kGy. According to the
literature review, the diffraction peaks of unirradiated
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Figure 3. C-C and B-C chemical bonds of B4C compound.

B4C samples can be attributed to graphite and B—-OH
groups (see figure 1¢) [51-53]. Conversely, it can be seen
that there is almost no hydroxide peak (B—OH) at the
194.4 kGy gamma irradiation dose. The lattice param-
eters of B4C were determined as a = 5.630(2) A and
¢ = 12.151(4) A at room temperature. Figure 2a shows
the change in lattice parameters of B4C samples with
increasing dose of gamma irradiation. A slight increase
was detected in the lattice parameters of B4C samples
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by gamma irradiation. It is thought that this increase
may be due to the breaking of interatomic bonds due to
gamma irradiation. The lattice parameter a of B4C sam-
ples as a function of gamma irradiation dose increases
by 0.39% which is more than the increase in the value
of lattice parameter a (0.33%). The changes of lattice
parameters of B4C samples depending on gamma irradi-
ation dose can be understood clearly from figure 2b. The
percentage of amorphisation of B4C samples was deter-
mined using the background field integration method
of X-ray diffraction models. Amorphisation of B4C
increased significantly under gamma irradiation up to
97.2 kGy. A slight increase in amorphisation of B4C
was also observed from 97.2 kGy to 145.8 kGy. The
results showed that the amorphisation of B4C samples
has reached upto 62% for the maximum irradiation dose
(194.4 kGy). The crystal structure of B4C consists of six
boron and three carbon atoms (figure 3). It can be seen
that carbon atoms form C—C chemical bonds along the
axis ¢. On the other hand, B-C chemical bonds were
formed in the direction of axes a and b. It is under-
stood from the dependence of the lattice parameters
on the gamma absorption dose (figure 2a) that the lat-
tice parameter ¢ changes faster than lattice parameter a
under the effect of gamma irradiation. The C—C chem-
ical bonds along the c-axis are weaker than the B-C
chemical bonds and tend to break under gamma irradi-
ation. FTIR spectroscopy was carried out to understand
the behaviour of chemical bonds and functional groups
of B4C samples before and after gamma irradiation.
FTIR transmission spectra for B4C at different gamma
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Figure 4. FTIR transmission spectra at different gamma irradiation doses for B4C samples.
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Figure 5. Elemental mapping analysis showing the distributions of B, C and O for (1) unirradiated, (2) 9.7 kGy, (3) 48.6 kGy,
(4) 97.2 kGy, (5) 145.8 kGy and (6) 194.4 kGy gamma-irradiated B4C samples.
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Figure 6. SEM images of (1) unirradiated, (2) 9.7 kGy, (3) 48.6 kGy, (4) 97.2 kGy, (5) 145.8 kGy and (6) 194.4 kGy

gamma-irradiated B4C samples.

absorption doses are seen in figure 4. According to FTIR
analysis, the chemical bonds and functional groups of
B4C were determined at vs = 1030, vy = 1219,
v3 = 1376, v, = 2351 and v; = 3278 cm~!. These
peaks can be attributed to B-C, C-O, B-O, C-H, C-
OH and B-OH, respectively [54,55]. The presence of
hydroxyl groups in the FTIR analysis may be explained
by the fact that B4C powders naturally have the abil-
ity to absorb water vapour [56-58]. After high gamma
irradiation, the assessment of the physical and chem-
ical processes of the materials is called solvothermal
chemical reactions, and this is a very complex process.
The concentration of H and OH groups at the surface of
the material decreases with increasing dose of gamma
radiation. The increase in the temperature of the gamma-
irradiated B4C samples can be explained as the cause of
this situation. In our study, the temperature of the mate-
rials measured by a thermocouple was approximately
150°C for 194.4 kGy. At this temperature, no OH func-
tional group remained in the material. The following
mechanism describes this process:

Gamma irradiation

HOH — H* + OH.

Hydrogen atoms and the hydroxyl groups that have
emerged after gamma irradiation, are captured by struc-
tural defects, excited boron atoms, free carbon atoms
and active centres. Moreover, more complex events also

occur for hydrogen atoms, hydroxyl groups, carbon and
boron atoms. Some of these events are shown as follows:

C*+H* - CH

OH* + OH* — HOH + O
OH* + C* - C — [OH]
OH* + B* — B — [OH].

Figure 4 shows that the intensity of the peaks charac-
terising OH groups (B—C and C-H bonds) is decreased
by the increase in the gamma radiation dose. OH and C—
H groups leave from the structure as vapour afterwards.
B4C bonds break and become amorphous. FTIR analy-
sis revealed that B-OH, B—O and C-O chemical bonds
(at 1700, 1389 and 1200 cm™!, respectively) are com-
pletely degraded with increasing gamma radiation dose.
Furthermore, radical oxygen atoms turned into molec-
ular oxygen, which is also justified by an increase of
0.92% of oxygen in elemental mapping analysis. It can
be said that FTIR analysis results are compatible with
XRD and SEM results.

Element mapping analysis was performed in B4C
samples of 50 um cross-section at different doses of
gamma radiation as shown in figure 5. Fluctuation
dynamics of the elements on the surface of all B4C
samples were determined. The distributions of the B,



Pramana — J. Phys. (2020) 94:110

C and O elements on the surface of B4C samples for
different gamma irradiation doses are shown in differ-
ent colours. The results revealed that the distributions
of B, C and O elements were not homogeneous on the
surface. On the other hand, the distribution of boron
elements on the surface was more homogeneous than
carbon and oxygen. Moreover, the distribution of B
on the surface is much richer than the distribution of
C and O. On the other hand, small percentages of Si,
Ca, Mg and Al was also found on the surface of B4C
samples. In addition, it has also been reported to be
technically difficult to completely remove these ele-
ments during the synthesis of B4C samples. HE-SE2
detector was used to determine the chemical struc-
ture of the irradiated materials. The results reveal the
chemical formula of gamma-irradiated B4C samples.

B79.1+0.4C20.3+0.400.6+0.1: B79.340.4C20.140.300.6+0.1;
B78.6+0.4C20.7+0.300.7+0.1; B78.940.4C20.3+0.300.8+0.1;

B783+0.4C208+04009+01 and  B78.1+0.4C20.740.4
O1.240.1 for 9.7, 48.6, 97.2, 145.8, 194.4 kGy, respec-

tively. As can be seen in figure 5, although there is some
homogeneity in the distribution of B, it is not the case
for C. Furthermore, although B4C has a high degree of
purity, it can be concluded that the emergence of O in the
analyses after gamma irradiation is due to the chemical
reactions. The results of the elemental mapping analysis
have also confirmed that the oxygen atoms on the surface
is increased by 0.92%. SEM images of all B4C samples
are shown in figure 6. It should be noted that the SEM
images of the B4C samples were not taken during the
gamma irradiation. All measurements were performed
at room temperature after irradiation. As can be seen
from figure 6, degradations were observed on the sur-
face of the 194.4 kGy gamma-irradiated B4C samples.
The occurrence of amorphisation of B4C was seen when
the gamma irradiation dose was 194.4 kGy. It can be
seen as white clouds which are indicated by red arrows
in figure 6. The size of the white cloud was measured to
be 14-23 pm while the particle size of B4C was 7-10
pm initially.

4. Conclusion

The process of amorphisation of B4C samples has
been evaluated using ®°Co gamma radioisotope (D =
0.27 Gy/s) for different gamma irradiation doses at
room temperature. X-ray diffraction (XRD), scanning
electron microscope (SEM) and Fourier transform
infrared spectroscopy (FTIR) analysis were carried out
to understand the behaviour of B4C samples against
gamma irradiation. XRD results revelated that lattice
parameters of the samples slightly increase with increas-
ing gamma irradiation dose. However, the intensities
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and expansion of diffraction peaks of B4C samples
decrease with increasing doses of gamma irradiation.
Furthermore, XRD results showed that 62% of B4C
has passed into the amorphous phase when the irradia-
tion dose is 194.4 kGy. Under FTIR analysis chemical
bonds and functional groups were observed around
vs = 1030, v4 = 1219, v3 = 1376, v = 2351 and
v1 = 3278 cm~ . These peaks are respectively assigned
to B=C, C=0, B=0O, C=H, C=0OH and B=OH chemi-
cal bonds. In addition, B=OH, B=0O and C=0 chemical
bonds in 1700, 1389 and 1200 cm™! were completely
degraded by increasing gamma irradiation dose. The
amorphous cluster sizes were observed to be 14-23 um
after gamma irradiation. In contrast, the initial particle
size of B4C was 7-10 um. The degradation behaviours
of chemical bonds and hydroxyl groups of B4C were
examined carefully under gamma irradiation conditions.
In this study, the crystal structure and surface mor-
phology of B4C were studied in detail before and after
gamma irradiation. The results show that the amorphisa-
tion mechanism of the gamma-irradiated B4C samples
increases depending on the gamma irradiation dose.
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