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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini In the study, the influence of doping apatite-wollastonite (AW) glass-ceramics (GCs) with ByO3 on the structural,
physical, microstructural, and light and heavy particle interaction properties is presented. Using the solid-state
reaction and the cold isostatic press method, pristine AW, 10 wt% (AW-B10), and 20 wt% (AW-B20) B,O3-doped
AW GCs were prepared. The prepared GCs were subject to structural, chemical compositional, and surface
morphological investigation through standard experimental processes. Furthermore, the neutron (fast and
thermal) and charged radiation (electron, proton, alpha, and carbon ion) interactional parameters of the GCs
were obtained through standard theoretical models and software. The density of AW (2.91 gem ™) increases to
about 2.957 and 2.986 gem ™ as B,O3 increases to 10 and 20 wt%, respectively. The presence of boron oxide
supported the wollastonite phase to remain glass and suppressed crystallisation in the AW GCs. Doping AW with
B,03 improved the interaction probabilities of the GCs with fast and thermal neutrons, electrons, protons, alpha
particles, and carbon ions. B-rich AW is thus potentially useful as a target material in human tissues for boron
neutron capture therapy for the management of cancer and tumours, isolating or shielding specific tissues in ion
beam therapy processes, and other techniques that require the exposure of human tissues to irradiation.
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1. Introduction responsible for its wide application as a bonding agent for dental and

bone reformations [3,6]. In addition, SHA has also been adopted as a

Synthetic biomaterials such as glasses and ceramics have become
essential resources in biomedical processes involved in the management
of human tissues and organ impairments. Common among these appli-
cations are tissue regeneration and engineering, dental care and cor-
rections, stimulation of growth in bones, and replacement of bone
tissues [1-4]. In the past, different glass-ceramics (GCs), such as syn-
thetic hydroxyapatite (SHA) and calcium-phosphate based ceramics,
have been successfully used in bone engineering, among others. The
SHA is particularly popular in clinical practices due to the similarity
between its chemical composition and the inorganic content of bone
tissues since HA is the major composite of human bone [5]. The
osteo-inductive, osteogenic, and osteoconductive attributes of SHA are
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courier to deliver therapeutic materials such as drugs, proteins, and
genes to target tissues [6,7]. Despite its properties and success as a
biomaterial, the bioactivity, mechanical strength, and associated attri-
butes of SHA have been found to be second best to those of
apatite-wollastonite (AW) glass ceramic [8].

Apatite-wollastonite (AW) glass ceramics were first developed by
Kokubo et al. in 1982 [9,10]. This novel material (as it were) contains
the crystal phase of wollastonite and apatite within a glassy structure.
Compared to other bioglasses and ceramics such as the SHA, the AW GCs
have higher bioactivity and are osteoconductive [8]. It has been re-
ported that AW GCs can withstand up to 65 MPa stress in a biological
environment for a period spanning over a decade [9]. Thus, AW GCs are
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increasingly being used in clinical processes for different functionality.
Apatite-wollastonite (AW) glass ceramics are commercially available in
powder or bulk forms for applications and studies. However, the powder
form is a homogeneous mixture of apatite and wollastonite crystalline
phases, unlike the bulk form, which often cracks due to the presence of
the crystal phases.

Due to the importance of AW GCs, different preparatory routes have
been used to fabricate them. Also, the role of diverse modifying agents in
influencing their useful properties has been investigated. Similar to
glasses and ceramics, altering the chemical composition of AW would
absolutely influence its properties and functionality. The bioactivity,
stability, physical attributes, and tissue-bonding properties of AW GCs
have been altered when the composition stoichiometry is changed
[11-13]. Research has also suggested that an increase in the crystallinity
of AW GC can affect its bioactivity [14]. In 2020, Melo et al. showed that
doping AW with Al;O3 (0.14-0.68 wt%) improved thermal stability,
lowered density, and crystallized the GCs [15]. Jing et al. [16] have also
reported that when doped with Ti, AW GC had enhanced mechanical
features, stability, and bioactivity. Ti-doped AW was thus recommended
as a good biomaterial for orthopaedical functions. Obviously, the
bioactivity and essential attributes of AW GCs can be improved when the
right modifier ions in the right quantity are introduced to the GC system.

B,03 is a glass-forming oxide whose glass-forming ability can be
improved through the addition of modifying oxides or other glass-
forming oxides. Due to its low melting point, BoO3 is sometimes used
as a fluxing agent for reducing the sintering and melting temperatures of
ceramics [17]. Boron-rich bioactive glasses have shown remarkable at-
tributes compared to their boron-deficient counterparts. For instance,
Yan et al. [18] showed that the addition of B,O3 has a significant impact
on the general properties of CaO + SiO+P20s5 bioactive GCs. The
melting temperature was lowered from 1050C to 950C when the borate
content increased from 0 to 20 mol% without significantly altering the
bioactivity of the glass system. The mechanical strength was also re-
ported to be enhanced by borate introduction. Similar benefits of BoO3
in other bioactive glass systems have also been reported [19-21].
Consequently, the introduction of B;Oj3 into the structure of AW GCs
could be desirable based on the aforementioned studies.

The use of radiation and isotopes for therapeutic purposes is well
known. Radiation can be delivered into tissues using external or internal
beam sources. In brachytherapy, the source of radiation can be kept
inside the patient for long or short periods, depending on the dose rate
and medical condition. The traditional brachytherapy source includes
seeds of radiation sources encapsulated and implanted inside the pa-
tients. This method requires at least two surgical procedures: first, to
insert and second, to remove the source capsule after the treatment
procedure. These can be expensive and also cause patients some
discomfort. To address this issue, compatible bioactive GCs could be
inserted and activated to serve as the source of radiation. AW GCs doped
with B203 could be an ideal material for the target radiotherapy pro-
cedure. First, boron has a strong affinity for neutrons; this boron-rich GC
can be used to control the neutron activation process. Second, the boron
content could serve as the target nucleus to initiate boron-neutron
capture therapy.

In this research, we present the synthesis, structural and micro-
structural properties, and physical features of AW GCs. Also, neutron,
light, and heavy ion cross-section-related parameters are presented in
order to understand how boron can be used to improve the radiation
absorption ability of AW GCs in brachytherapy and external beam
therapy procedures. The light and heavy ions considered are electrons,
protons, alpha particles, and carbon ions. These could be primary beams
for therapy or secondary knock-on particles in ion beam therapy. The
data from this research are significant for assessing the radiation
dosimetry properties of the investigated materials. They are also useful
for the analysis of the optimum boron concentration for the absorption
of neutrons and charged radiation in the AW GCs. This will reveal the
possibility of using the synthesized materials as radiation insulators in
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Table 1

The classifications of the samples.
Samples Codes
AW Undoped AW Glass Ceramic
AW-B10 10 % B,0O3 doped AW Glass Ceramic

AW-B20 20 % B,03 doped AW Glass Ceramic

AW-B20

AW-B10

AW

Fig. 1. Fabrication of the samples.

external (ion or neutron) beam therapy and brachytherapy.
2. Materials and method

In the study, AW glass ceramics doped with different amounts of
B203 were prepared through the solid-state reaction process. The AW
was obtained in powder form, while BoO3 (purity 99.99 %) was obtained
from Merck, Germany. All laboratory wares were cleaned with ethyl
alcohol before being used for the GCs preparation. Appropriate pro-
portions of the AW and B,O3 powders were mixed according to the
composition given in Table 1. The codes AW, AW-B10, and AW-B20
present undoped AW samples, 10 wt% B20O3-doped, and 20 wt% B,03
doped AW GCs, respectively. The components were thoroughly mixed
using the ball milling process for 30 min for a solid-state reaction to take
place and to obtain homogeneous samples. To densify the powder
samples, they were poured into steel molds and subjected to a pressure
of 225 bar. In addition, using 250 MPa pressure, the cold isostatic press
(CIP) process was performed to further densify the samples. The
resulting samples were then sintered in an aluminium crucible for 2 h at
a temperature of 1000 °C. The summary of the fabrication process of the
AW GCs is presented in Fig. 1. The density of each densified AW GC was
measured by measuring the mass with an electronic weighing balance
and estimating the volume of the regular shaped disc shown in Fig. 1.
The density of the prepared material was then obtained by dividing the
obtained mass by the estimated volume of the disc. The error (Ap) in the
density was computed as:

Ap ::—r’;Am + g—‘p/AV €h)
where, Am and AV is the error associated with mass and volume,
respectively.
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Table 2
Sample code and weight fraction (wt.%) of compound present in the prepared
AW-xB glasses including their measured density.

Composition (wt%) Glass sample

AW AW-10B AW-20B
B 3.10571 6.21142
(0] 41.17605 43.95274 46.72971
F 0.03407 0.03066 0.02725
Mg 1.17592 1.05833 0.94074
Al 1.00558 0.90502 0.80446
Si 15.78995 14.21096 12.63196
P 5.86986 5.28287 4.69610
Ca 34.94858 31.45372 27.95886
Density (+0.002 g/cm®) 2.905 2.957 2.986

The consequent influence of doping the AW GCs with B;O3 on the
various properties of the AW samples was investigated as follows: First,
the structural integrity of the prepared AW GCs was probed using the X-
ray diffraction (XRD) method. Second, the surface morphology and
particle distribution were investigated with the aid of a scanning elec-
tron microscope (SEM). Third, the electron diffraction spectroscopy was
adopted for evaluating the chemical composition of the GCs. Lastly, the
relevance of the GCs in attenuating, absorbing, or capturing radiation
such as neutrons and charged radiation was evaluated, starting with the
computation of parameters linked to the interaction of the different
radiation with the GCs. The interaction probability of neutron with GCs
was assessed by calculating the fast neutrons (FN) removal cross-section
(Zg) and the thermal neutron total cross-section (o4,¢) and Equations (1)
and (2) summarised the computation process [22-25]. The
cross-sections measure the probability of neutrons of a particular energy
interacting in a certain way in a material. Thermal neutrons can be
absorbed or scattered through elastic and inelastic scattering by an
interacting medium. The microscopic cross-section o; expresses the
probability of these interactions taking place within a medium. On the
other hand, Xy is a measure of how well the material can thermalize fast
neutrons after the first collision between atoms of the material and FN.

Zafem )= Y (32) @

i
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Otot = Z Oj 3

In Equation (1), p; is the partial density of the chemical elements present
within the chemical composition of the GCs, the corresponding FN mass

X of each element is denoted as (27") . Both parameters were estimated
i
directly according to the following expressions:

pi=fip C)]

IR\ _ [ 0.19Z2°°7% forz; <8 )
p ). 10.12527°%5 forz, > 8

where, f; is the weight proportion of the chemical elements in the GCs
with corresponding atomic number Z;. The measured bulk density of the
composite GC sample is represented by pIn Equation (2), the total
thermal neutron (TN) interaction probability for scattering (coherent
and incoherent) and absorption, designated as o;, were calculated each
based on the expression [25]:

o (cm’l) =0.602p ) {—;iai ©)

where, 6; and M; are the cross-sections (for scattering (coherent and
incoherent) and absorption) and molar weight of the distinguished el-
ements in the composite GCs.

Also, the stopping power S, (MeVem?/g) and range of electrons,
protons, and alpha particles were computed using ESTAR, PSTAR, and
ASTAR [26] while those of heavy carbon ions[27,28] were obtained
from SRIM Monte Carlo calculations [29]. The range and stopping
powers were estimated for particles having kinetic energies within the
15 keV and 15 MeV range. The densities and elemental compositions of
the samples were used as the input data in the mentioned computational
software.

Fig. 2. SEM images of the GC samples a) AW b) AW-B10 c¢) AW-B20.
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Fig. 3. The relationship between hardness and density depending on
B,03 content.

3. Results and discussion
3.1. Chemical analysis and density

The results of the chemical analysis of the GC samples as well as the
measured density are presented in Table 2. The undoped AW sample can
be seen to consist of oxides of Ca, Si, P, Mg, and Al. The trace amount of F
in the sample was present in the form of CaFs. In the absence of Al, the
chemical distribution of elements is similar to those of Kokubo et al. and
previously reported AW samples [10,29-32]. The presence of Al in the
samples could be attributed to impurities from the milling and calci-
nation processes. In addition, the introduction of B;Os3, as expected,
reduced the weight concentrations of the oxides present in the AW
sample. Doping AW with B,O3 gradually increased the density of the
GCs, as seen in Table 2. The density of AW (2.905 gcm’3) increases to
about 2.957 and 2.986 gcm’3 as B,Os3 increases to 10 and 20 wt%,
respectively. This suggests better compatibility and strength for samples
rich in BoO3. Comparatively, the density of the AW and ByO3-doped AW
GCs are higher than those of some common glasses, including soda-lime
(2.40 gcm’3), silicate (2.18 gcm’g), and borosilicate (2.23 gcm’g)
glasses [32,33]. Also, compared to Li;O (2.12-2.29 gcm’3), NayO
(2.21-2.47 gem™3, and K0 (2.14-2.38 gem™>) -doped borate glasses
[34], the densities of the BoO3-doped AW GCs are higher. This could be
an indication of higher compactness and mechanical strength simulated
by the presence of the AW crystal structure. On the other hand, the
density pristine AW sample (2.905 gem™>) had comparable density
(2.917 gem™3) with AW sample prepared in previous study [32]. The
slim differences in the two densities could be attributed to nearly similar
chemical composition of the two undoped AW samples.

3.2. Surface and crystal structure

The SEM images of the produced AW-doped samples are presented in
Fig. 2. The white regions in Fig. 2(a) show fine-grained apatite crystals.
The absence of pores in the structure is an indication of condensation.
Apatite crystals in the structure are almost spherical. When Fig. 2 (b) is
examined, it is seen that the number of apatite crystals increased with
the addition of ByO3. As the BoO3 contribution increases (Fig. 2(c)), it is
observed that the apatite crystals condense and become homogeneous.
In addition, it is seen that the crystals started to transform from spherical
form to rod form. The presence of ByO3 thus supported the formation
and growth of apatite crystals. The Vickers hardness values were
calculated as 550, 563 and 582 HV under a 0.1 kg load for AW, AW-10B,

Ceramics International 50 (2024) 27139-27146

1000
®: Fluorapatite
y: B—wollastonite
8004 o: Diopsit
e
=
<
— 6004 AW-B20
>
N
o
2]
= 400+
Y
N
=
!
200+
0-
) i ) * T
20 30 40
20 (deg)
Fig. 4. XRD spectrogram of AW and AW-B20.
0.105 . ; . . 40
- Fast neutron
Thermal neutron
0.100 |
)
S
&
N
0.095
0.090
< & N
N
4 & <

Fig. 5. Variation of removal and total scattering cross sections of the prepared
AW-xB glasses for fast and thermal neutrons.

and AW-20B, respectively. As shown in Fig. 3, the BoOs-rich AW GCs
samples have higher Vickers hardness values. Also, the density of the
GCs increased as the B,O3 content increased. The calculated densities
are 2.905, 2.957, and 2.986 g/cm3 for the AW, AW-10B, and AW-20B,
respectively. The increase in GCs density and hardness indicates that
doping AW with B,O3 increases its compactness and strength. The
higher hardness of the BoOs-rich glass could be attributed to the increase
in the formation of fine and fibrous microstructure within the GCs sys-
tem. The XRD spectrogram in Fig. 4 supports the predominance of
apatite crystals in the presence of ByOs, thus complementing the
observation of the SEM images. It appears that the presence of boron
oxide supported the wollastonite phase to remain glass and suppressed
crystallisation.

3.3. Radiation interaction property

Radiation interaction parameters are important for delineating ma-
terials for application in radiation environments. They are also crucial
for identifying radiation dosimetry potentials and shielding competence
a substance possesses. For AW GCs, they are important radiological
studies of tissues and substitute materials. The value of Xz and the pa-
rameters adopted in estimating it for the GCs are presented in Fig. 5. The
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Table 3
The FN moderating capacity of AW-B20 in contrast. to different categories of
moderators.
Material SR (cmfl) Reference
AW-20B 0.1024 Present Study
Graphite 0.0771 [35]
Water 0.1024 [36]
Ordinary concrete (OC) 0.0937 [37]1
Hematite-serpentine concrete (HSC) 0.0967
Ilmenite-limonite concrete (ILC) 0.095
Basalt-magnetite concrete (BMC) 0.1102
Steel-magnetite concrete (SMC) 0.142
PA-6 polymer 0.1151 [38]
PVDC polymer 0.0706
SSS30 glass 0.0893 [39]
B4 glass 0.092 [40]
G5 glass 0.1055
L5 glass 0.1123
S5 glass 0.0985
CoO-4 0.0959 [41]
NiO-4C 0.0997 [42]
ICSW9 0.0916 [43]
3%V-B3 0.0979 [44]
FBCSP4 alloy 0.1561 [45]

values of the FN removal probabilities for AW, AW-B10, and AW-B20 are
0.0913 cm’l, 0.0972 cm’l, and 0.1024 cm’l, respectively. These
represent about 6.46 % and 12.16 % growth in the ability of the AW GCs
to slow down FN as the boron (III) oxide weight proportion increases by
10 and 20 wt%, respectively. The rise in the value of X can be a result of

higher values of p;, <E7R> or both, as predicted by Equation (1). A close
i
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look at Table 2 reveals that B and O have higher (%) compared to

1

other elements contained in the AW-Bx GCs. The introduction of B,O3
into AW increased the relative weight content and partial densities of B
and O, while reducing those of other chemical species in the GCs system.
This is responsible for the consistent growth in the value of Xy as dis-
played in Fig. 5. This shows that the FN thermalizing ability of B,O3-
doped AW increases with BoO3 content. AW-B20 has X value is higher
than that of some human tissues, such as cortical bone (0.0637 cm™1),
and the brain (0.1015 ecm ™). It is, however, lower than that of muscle
(0.1032 cm_l) and soft tissues (0.1047 cm_l) [28]. The X could be used
to predict which tissues respond in a similar way to FN interaction. In
addition, the FN moderating capacity of AW-B20 is related to that of
different classes of materials in Table 3. The classes of materials are
traditional fast neutron moderators (graphite and water), light and
heavy concrete (OC, HSC, ILC, BMC, and SMC), polymers (PA-6 and
PVDCQ), shielding glasses (SSS30, B4, G5, L5, and S5), bioactive glasses
(Co0-4, NiO-4C, ICSW9, and 3%V-B3), and a Fe-based alloy (FBCSP4).
The table shows that AW-20B has a comparable FN neutron moderating
capacity as water and a higher FN removal ability compared to many of
the compared materials such as graphite, OC, HSC, ILC, PVDC, SSS30,
B4, S5, CoO-4, NiO-4C, ICSW9, and 3%V-B3. This implies AW-20B is a
better moderator compared to these materials. The relatively higher X
value of AW-20B can be attributed to its high B content as well as other
low-atomic-number elements.

Table 3 shows the total cross-sections as well as the interaction
(scattering and absorption) of moderated neutrons. The data show that
all the o; increase with B,O3 weight quantity in AW. The higher o; of B
compared to other identified elements in the AW-Bx composition is the
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Fig. 6. Variations of total mass stopping power with respect to a function of kinetic energy in the prepared AW-xB glasses presented for electron, proton & alpha

particles, and carbon ion.
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carbon ion.

factor responsible for the steady growth of the scattering, absorption and
total o; (as seen in Fig. 5). Also, the oy, value of AW-20B is greater than
that of B4 (2.847 cm™1), L5 (25.5 cm™1), and S5 (17.244 cm™!) glasses
[40]; an indication of better thermal neutron interaction competence
relative to the glasses. The addition of B to AW increased the thermal
neutron cross-sections considerably. It is safe to conclude that increasing
the amount of BoO3 in AW can be used to improve the FN and thermal
neutron interaction probabilities. The B-rich AW is thus potentially
useful as a target material in human tissues for boron neutron capture
therapy for the management of cancer and tumours.

The stopping power and range of charged radiation (CR) or ions are
important in many areas of radiation physics, such as shielding design,
absorbed energy calculation, and radiation-induced damage estimation,
among others. Due to the use of radiation in many fields, including
medicine, the S, and ranges of some common ions or CR encountered in
radiation therapy is important. The S, electrons, protons, apha particles,
and carbon ions in AW, AW-B10, and AW-B20 are plotted against par-
ticle kinetic energy (T) between 15 and 15000 keV and shown in Fig. 6.
For AW, the S, electrons, protons, o-particles, and carbon ions were
within the ranges of 1.54-12.78 MeVem?g™!, 26.42-539.06
MeVem?g™!, 305.34-1455.51 MeVem?g™!, and 820.80-5583.45
MeVem?g ™!, respectively. For AW-B10, the ranges are 1.54-12.88
MeVem?2g ™!, 26.59-548.97 MeVem?g ™!, 320.51-1488.52 MeVem?Zg L,
and 848.70-5699.50 MeVem?g~!, while for AW-B20 they are
1.54-12.97 MeVem?g~!, 26.78-558.98 MeVem?g ™!, 335.68-1521.54
MeVem?g ™!, and 876.6-5800.36 MeVem?g ™!, accordingly. Generally,
CR interacts with matter through Coulomb interactions and nuclear
collisions. The energy dependence of S, varies for each ion depending of
the particle properties, such as charge and energy, and the interacting

medium effective electron density. Empirically, S, is given as [45,46]:

- 1.02 x 10° x g?
S, (Mchng 1) _ZC{ln <W> —ﬁz} 7
0.15422 (z/ A)

C (MeVem®g™') = (8

ﬁ2
where, 3 is the normalised incident particle velocity, Z/ A is the number of
electrons per unit molar mass of the interacting medium, and I is the Z-
dependent ionisation potential of the absorber. Higher S, values are
expected for particles with a higher charge magnitude (22). This is due to
the higher Coulomb interaction losses. In addition, materials with higher
Z/5 values are expected to have higher S,. This means they slow down

charged radiation at a faster rate per unit mass thickness. Based on the
values of the stopping powers, it is clear that the increase in the BoO3
content enhances the S, of the GCs. Comparatively, the S, of the AW at

each energy trends according to the following order: (SP)AW <
(SP)AW—IO < (Sp)AW—BZO.

As a charged particle moves in matter, it slows down due to energy
loss. If the interacting medium is thick enough, the particle would
eventually lose all its energy and come to rest in the medium. The
projected range (M) measures how far the particle moved before losing
all its energy. Fig. 6 shows a plot of the range of the four CR considered
in this work for the three doped AW GCs. The decreasing interacting
probabilities of more energetic particles ensure they travel farther in a
given substance. Therefore, Fig. 7 shows that the range of each radiation
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type increases with particle kinetic energy. Also, BoO3 makes the AW
less transparent to CR as the particle range is reduced in B-rich AW
samples. For example, for 15 MeV carbon ions, the ranges in AW, AW-
B10, and AW-B20 are 10.95 pm, 10.59 pm, and 10.31 pm, respec-
tively. The B-rich AW could thus be used for isolating or shielding spe-
cific tissues in ion beam therapy processes and other techniques that
require the exposure of human tissues to ion beam irradiation [47-51].
This will ensure radiation or particles are retained within the target
volume using tissue-compatible biomaterials or glassy materials[52,53].

4. Conclusion

In this research, the synthesis, structural and microstructural prop-
erties, physical features, and neutron, light, and heavy ion cross-section-
related parameters of AW GCs are reported. The density of the GCs
increased, suggesting better compatibility and strength for B;Os-rich
AW GCs. The introduction of boron oxide supported the wollastonite
phase to remain glass and suppressed crystallisation. The values of the
FN removal probabilities for AW, AW-B10, and AW-B20 are 0.0913
em™}, 0.0972 cm™, and 0.1024 cm ™Y, respectively. The results of the
neutron cross-sections showed that B,O3 in AW can be used to improve
the FN and thermal neutron interaction probabilities. The S, values of
the AW at each energy and charged radiation trend according to the

order: (S,)"" < (8,)""1% < (5,)""7P%°. Also, B203 makes the AW less
transparent to CR as the particle range is reduced in B-rich AW samples.
The B-rich AW could find applications in neutron and ion beam therapy
as a radiation absorber outside target volumes. However, the long-term
stability in human tissues or the environment against radiation would
need to be verified before practical deployment.
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