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Abstract. To understand the impact of radiation doses, polycrystalline hydroxyapatite (HAP) samples were exposed to
10 MeV electron irradiation, reaching doses of up to 20 MGy and their structural-thermal—optical properties were
compared with unirradiated sample by using powder X-ray diffraction (XRD), energy-dispersive X-ray fluorescence
(EDXRF), Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), thermogravimetric
analysis (TGA) and photoluminescence (PL) measurements. The results suggest that the samples exhibit high-phase
stability, though irradiation induces the formation of surface defects and oxygen vacancies, while leaving morphology
unchanged. It was noted that the lattice contracts, leading to reduced bond lengths and an increase in bond covalency,
consequently resulting in a decrease in charge transfer (CT) energy. This nephelauxetic (covalency) effect is associated
with a red shift observed in the excitation spectrum. Additionally, a noticeable enhancement of luminescence intensity
was exhibited by HAP-1MGy sample attribute to the structured alignment of defects and oxygen vacancies within the
lattice. These findings imply the exceptional radiation durability of HAP even after exposure to high electron-irradiation

doses.
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1. Introduction

Nuclear power is the clean power source after hydroelectricity,
which has expanded over the last decades, owing to its growing
importance in meeting the global energy demands [1]. As per
the latest report from the International Atomic Energy Agency
(IAEA), there are ~416 operational nuclear power reactors
worldwide, with a combined net electrical capacity of 374.26
GW(e) [2]. However, one of the major challenges associated
with energy generation from nuclear reactor operations is the
management of radioactive waste (RW). This waste originates
from diverse sources, including mining and fuel processing
activities, spent fuel assemblies, ion exchange resins as well as
from facilities like radioisotope production laboratories, radio-
pharmaceuticals for biomedical applications and other pro-
cesses, such as membrane operation, evaporation and filtration
[3-7]. Effectively handling this radioactive waste has been a
global priority for numerous years. Presently, vitrification of
HLW in the borosilicate glass matrix is the adapted technology
[8]. However, there is a continuous exploration for developing
newer ceramic waste forms to capture and immobilize
radioactive substances offering an efficient and effective
solution to environmental challenges.
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To address this, extensive research has been conducted on
crystalline ceramic waste forms to gain insights into radiation-
induced behaviours, with the goal of immobilizing and incor-
poration of radionuclides [9—12]. Significant computational
and experimental studies on apatite structure have provided
valuable insights for designing chemically durable apatite/
phosphate-based waste matrices. Apatite is an earth-abundant
mineral bearing the chemical formula of A;y(BO4)sX, (A =
Ca, Pb, rare earth, fission product elements or actinides; B =P,
V, Si or Cr; X = OH, O or halogens). These matrices show
potential for immobilizing salt waste streams, nuclear fission
by-products, actinide elements and other radioactive isotopes.
The apatite matrices can act as potential crystalline ceramic
waste forms for high level nuclear waste owing to their crystal
chemistry, structure flexibility, promising thermal stability and
low leaching rate [13]. Hydroxyapatite (HAP: Ca;o(PO4)s
(OH),), renders it, as a promising crystalline ceramic waste due
to its thermal stability, structural adaptability and low leaching
rate; and ease to plant scale synthesis (co-precipitation, sono-
chemical and hydrothermal techniques). Studies have revealed
HAP’s flexibility in its crystal structure, enabling the incor-
poration and retention of diverse cationic and anionic species,
and creating vacancies within its framework [14].

Further, evaluating the influence of radiation on material
stability remains as a most critical concern in developing
matrices for nuclear waste immobilization or transmutation.
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To assess radiation stability, various types of ionizing and
nonionizing radiations, including swift heavy ions, alpha
rays, X-rays, gamma rays and specific wavelengths of light
are utilized [15,16]. Parthiban et al [17] investigated the
effects of swift heavy ion irradiation on HAP using 100
MeV oxygen ions at three different fluences of 10'% 103
and 10" ions cm ™2, confirming incomplete amorphization
of HAP with an increase in fluence, accompanied by a
reduction in particle size. Suljovrujic et al [18] studied the
effects of gamma irradiation on structure and physico-
chemical properties of the HAP/poly-L-lactide (HAP/
PLLA) composite. Some of the major results on various
irradiation studies were listed in table 1. Previous studies on
irradiation effects on HAP have revealed a myriad of
impacts on various aspects including crystallinity, particle
size, structural and mechanical properties, optical charac-
teristics, formation of defect clusters, absorbability, and
osteoconductivity. Among that, electron beam irradiation is
highly significant in radiation stability studies due to its
ability to facilitate controlled assessment of radiation effects
and induce controlled defects in materials, mimicking
radiation damage [19]. Further, the medium-lived B-emitter
fission products, 137Cs and 90Sr constitute the largest
fraction of the nuclear waste in terms of activity. These
radionuclides have high solubility in water at all pH values
and hence, can be found in the cooling water of the dam-
aged power plants and its adjacent areas [20]. If HAP is
chosen as a potential sorbent for these radionuclides or
waste forms to confine these radionuclides, it is thus
essential that the radiation stability of these matrices under
B-emission or electron beam is studied. This is because in
the present study, 10 MeV electron beam irradiation on
HAP samples was conducted to simulate the effects of
B-induced damage, as the nature of defects introduced into
the system is expected to be similar in both cases. Among
various radiation sources, electron beam irradiation from an
electron accelerator stands out as one of the most prevalent
and socially acceptable processes, given that accelerators
offer fully controlled systems [21]. A few electron irradia-
tion studies were reported on the HAP samples, in which
they are more concentrated on the surface and physico-
chemical properties [22-26]. However, these are leading to
an incomplete comprehension of its impact on the structure
and induced levels of defects within the HAP lattice.

Bull. Mater. Sci. (2024) 47:170
Moreover, the creation of vacancy defects leads to changes
in the electronic configuration of HAP, potentially resulting
in luminescent properties. Pure or stoichiometric HAP
typically lacks luminescence. Studies have indicated that
defective or non-stoichiometric HAP displays pronounced
inherent photoluminescence (PL) within the visible spectral
range [27,28]. Utilizing this form of HAP, as a contrast
agent without dopants, offers a non-toxic and environmen-
tally friendly alternative.

To evaluate radiation stability and defect generation, our
study examines the influence of electron-beam irradiation
on HAP samples subjected to doses ranging from 1 to
20 MGy. Analysing the unirradiated and irradiated HAP
samples involves characterizing their structure, morphology,
electronic configuration and defects using various tech-
niques: powder X-ray diffraction (XRD), energy-dispersive
X-ray fluorescence (EDXRF), Fourier transform infrared
spectroscopy (FTIR), scanning electron microscopy (SEM),
thermogravimetric analysis (TGA)- and PL measurements.

2. Experimental

2.1 Sample preparation

Phase-pure HAP compositions conforming to the general
formula Ca;g(PO4)s(OH),, were procured from Ceramat
Private Limited. These HAP powders were synthesized via
an aqueous precipitation method, a widely favoured tech-
nique for producing HAP powders without the use of
organic solvents at a cost-effective rate [29]. The synthesis
involved thorough mixing of calcium hydroxide (Ca(OH),)
and orthophosphoric acid (H;PO,) in specified proportions,
followed by calcination to achieve the desired powder. This
reaction solely yielded water as the end product and
involved no introduction of foreign elements. The adjusted
ratio of phosphoric acid to calcium hydroxide was main-
tained to sustain a Ca>" to P°" ratio of 1.7.

2.2 Irradiation of samples

Electron irradiation of the specimens was carried out at the
indigenously developed radiofrequency (RF) 10 MeV
electron linear accelerator facility housed at Electron Beam

Table 1. List of various irradiation studies on Ca;o(PO4)s(OH),.

Radiation Dose/flux Major findings Reference
Ca;o(PO,4)s(OH), Kr*" ions 1 MeV Amorphization [22]
Cap(POy4)s(OH),:Mg Electron 2 and 50 Gy Morphological and physiochemical modifications [23]
Cay9(POy4)s(OH), Electron 460 kGy Surface modification [24]
Ca;o(PO,4)s(OH), High energy laser 21-500 J cm ™2 Structural transformation [25]
Ca-hydroxyapatite Gamma 200 kGy Biomedical competency [26]
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Centre (EBC), Kharghar, Mumbai, India. Samples were
irradiated at two doses, 1 and 20 MGy. Parameters used
during electron irradiation of the specimens are listed in
table 2. The electron accelerator operated at 1 kW beam
power, 35 mA beam current and 2857 MHz RF. The
detailed description of the system developed, is provided in
Banerjee et al [19]. The specimen powder was filled in a
nickel crucible; the sample depth was kept less than the
penetration depth (usually < 2 cm). The irradiation treat-
ments were carried out at room temperature (25 £+ 2°C, RH
60%) under normal light conditions.

2.3 Characterization techniques

HAP samples were analysed using a Rigaku Miniflex 600
equipped with Ni-filtered CuKa radiation to obtain their
powder XRD patterns. The measurements were conducted
over a 20 scan range of 10-80° with a step size of 0.01° s~ .
EDXRF of the HAP samples were done in Xenemetrix
model: Genius IF EDXRF instrument. The measurements
were conducted at a voltage of 30 kW, a current of 1000 pA
and a measurement time of 100 s, utilizing a Ti secondary
target. FTIR spectra of the samples were acquired
employing a Bruker FTIR spectrometer INVENIO instru-
ment in ambient air conditions. The spectrometer was
equipped with a PIKE MIRacle attenuated total reflection
(ATR) accessory featuring a ZnSe ATR crystal, a KBr beam
splitter and a DLaTGS detector. The powder samples were
mixed with KBr in the ratio of 1:150 and pressed to form a
13 mm diameter pellet. Spectra were collected with a res-
olution of 4 cm™' across the spectral range of
400-4000 cm™" in transmission mode, with 1-min collec-
tion times for both sample and background measurements.
Data analysis was conducted using Bruker’s Opus software.
The sample morphology analysis was performed utilizing a
Carl Zeiss EVO 18 SEM. Simultaneous TG-DTA mea-
surements were conducted using a Netzsch thermo-balance
(model no.: STA 409 PC Luxx system). Pt and Pt-10% Rh
thermocouples served as the temperature and differential
temperature sensors for all the experiments involving TG-
DTA analysis. Re-crystallized alumina crucibles held the
samples and reference materials. Precisely weighed samples

Table 2. Parameters used during electron irradiation of

specimens.

Parameters Values/condition

Accumulated dose 1, 20 MGy

Dose rate 1 MGy h™

Activation Not observed

Mode of beam operation Static holder, scanning electron
beam

Beam power 1 kW

Page 3 of 10 170

were heated in either air or an inert atmosphere to the
desired temperature at a heating rate of 10°C min~'. High
purity nitrogen acted as the purge gas. The TG-DTA data
analysis was performed using the Proteus software from
Netzsch. PL spectra of the samples were obtained utilizing
the Edinburgh FL-920 spectrofluorimeter unit. This system
incorporates a 450 W variable frequency (10-100 Hz) Xe-
flash lamp designed for excitation purposes.

3. Results and discussion

3.1 Calculation of range

The maximum range, expressed as density thickness, is
determined using the empirical formula established by Katz
and Penfold [30]:

Rumax(g cm™2) = 0.530 x E — 0.106  for 1)
E >25MeV,

where E = 10 MeV. The calculated R,,,, is found to be
5.194 g cm 2. Accordingly, based on theoretical density
value of HAP: 3.156 g cm ™, electrons with an energy of
10 MeV will penetrate a depth of 1.65 cm within the HAP
sample. Thickness of the aluminium foil used is 75 pum and
the electron range within aluminium is determined to be
1.92 cm. Consequently, the electrons effectively traverse
through the aluminium foil, rendering its absorption negli-
gible. The fraction of Bremsstrahlung X-rays produced in
HAP by a mono-energetic electron beam of 10 MeV is
provided as follows:

fe=107 xZ x E. (2)

Here, E represents the energy of electron or beta particle,
which is 10 MeV in this case. Z is the average atomic
number, determined from the atomic fractions of Ca, P, O,
H, along with their respective atomic numbers: Zc, = 20,
Zp =15, Zy =1 and Zp = 8 and is given by Z = 11.465.
Upon substitution of the given values, the fraction of X-
rays generated by 10 MeV electron beam is 0.115.

In the present investigation, the electron displacement
cross-section, g4 was also calculated following the formula
provided below [19]:

04 = Sna*Z*E* /MC*E,. (3)

In this equation, a denotes the Bohr radius of a hydrogen
atom (5.29 x 10-11 m), Z represents the atomic number
and M signifies the mass of displaced atom. The variables
E and E4 correspond to the energies involved, with E being
13.6 eV (Rydberg constant) and E; denoting the threshold
energies necessary to displace primary knock-on atoms
(PKAs) from their lattice positions. The displacement cross-
sections for calcium (Ca) and phosphorus (P) are calculated
to be 36.4 and 49.87 b, respectively, as detailed in Banerjee
et al [19].
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32 XRD

Investigation of the crystalline structure of unirradiated and
irradiated HAP samples were conducted using powder XRD
analysis. All samples demonstrated a strong agreement with
the documented diffraction pattern of Ca;o(PO4)s(OH),
(ICDD-PDF no: 9-0432; hexagonal; space group P63/m).
No additional peaks attributable to impurities were detec-
ted, confirming the high crystallinity of the samples. The
Rietveld refinement of all the samples was conducted uti-
lizing the X’ Pert high score plus program, with the detailed
results given in figure 1. The starting models employed for
the refinement process are listed in table 3. The obtained
XRD pattern demonstrates a strong agreement between the
refinement and space group across all aspects, reflected in
goodness-of-fit values of 2.76, 2.65 and 2.59 for HAP,
HAP-1MGy and HAP-20MGy, respectively. Comparison
between the irradiated and unirradiated systems reveals a
slight decrease in lattice size; HAP: a = b = 9.4123 10%,
¢ =6.8842 A; HAP-IMGy: a = b = 9.4056 A, ¢ = 6.8758 A
and HAP-20MGy: a = b = 9.4096 A, ¢ = 6.8816 A,
accompanied by a corresponding lattice contraction in the
irradiated samples. This shift is associated with the emer-
gence of defects within HAP lattice following electron
irradiation [31]. Molecular dynamics studies have estab-
lished that the size of an oxygen vacancy is smaller than
that of an oxygen ion [32]. Consequently, the introduction
of more oxygen vacancies into the HAP lattice results in its
contraction due to the smaller ionic size of the vacancies.
This finding supports with previous research [31]. Specifi-
cally, a more pronounced lattice contraction is observed in
the HAP subjected to a 1 MGy radiation dose compared to
both the unirradiated HAP and 20 MGy HAP. This disparity
can be attributed to the short-range ordering of generated
oxygen vacancies within the HAP-1MGy lattice. However,
as the irradiation doses increase, a greater number of oxy-
gen vacancies are created, diminishing the ability to form
short-range clusters. Correlation between defect clustering
and the facilitated ordering of oxygen vacancies is sup-
ported by the enhanced PL emission intensity observed in
the HAP-1MGy sample. The average crystallite size of the
samples was determined using Scherer’s equation. A
decreasing trend was observed as the irradiation dose
increased: Dyap = 113.8 nm; Dyap.imgy = 96.2 nm;
Dyap-2omcy = 92.3 nm, respectively. Further, it was noted
that there was a slight decrease in intensity and broadening
of the Bragg peaks (figure 2), which is attributed to the
decrease in crystallinity following irradiation.

3.3 FTIR analysis

The chemical structure of Ca;3(PO4)¢(OH), before and after
electron irradiation is further analysed in detail via FTIR.
Within HAP molecules, both phosphate and hydroxyl groups
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play essential roles in the infrared spectrum’s vibrational
range, as depicted in figure 3. These groups exhibit four
fundamental vibrational modes: symmetric stretching, sym-
metric bending, asymmetric stretching and asymmetric
bending, typical for phosphate tetrahedral [33]. Phosphate
ions are expected to manifest four distinct vibrational modes
denoted as vy, v, v3 and v4. Among these, three stretching
modes were clearly observed, occurring at approximate
wavenumbers of 962, 1030 and 1088 cmfl, while bending
vibration peaks generated near to the wavenumbers 470, 565
and 600 cm ™. The vibrations near 1088 and 1030 cm™" are
attributed to the asymmetric stretching vibration (v3) of the
PO, group, while the peak at 962 cm ™! is due to the sym-
metric stretching vibration (v;). It is worth noting that a
shoulder peak appearing around 870 cm ™" is likely related to
the presence of carbonates in the sample [34]. Bending
vibrations corresponding to the v, degenerate state were
observed at wavenumbers of 565 and 600 cm_l, while the v,
bending vibration was noted at 470 cm™'. The subsequent
predominant FTIR-active group comprises the hydroxyl
functional group, which is corroborated by the small peaks
around 632 and 3565 cm ™. These band positions align with
previously reported findings, reinforcing the presence of
hydroxyl groups within the structure [24]. The distinct
phosphate peaks in the FTIR spectrum remained unchanged,
indicating high structural stability of the HAP samples and
there were no evident additional peaks corresponding to
phosphate condensation observed within the spectra. The
inset figure provides expanded view of the vibrational mode
near 1075 cm™', revealing change in intensity in the
stretching vibration of PO, group. The irradiated samples
exhibited notably higher intensity compared to the unirradi-
ated ones. This change suggests potential rearrangements of
atoms of PO, group within the HAP lattice, potentially due to
the defect formation. These alterations influence the vibra-
tional modes, resulting in the intensified peaks observed in the
spectrum. Furthermore, the FTIR analysis provides invalu-
able understanding of the structural stability of HAP samples
after electron irradiation, underscoring the significance of
these vibrational modes in characterizing the material’s
properties.

3.4 Morphological analysis

Figure 4 exhibits SEM micrographs of both unirradiated
HAP and irradiated HAP-IMGy and HAP-20MGy
powder samples. The particles are seen with some
amount of aggregation with a size range of 1-10 pm. No
additional morphology changes were observed in the
samples across varying radiation doses. The elemental
composition was verified by energy-dispersive spec-
trometer (EDS) analysis attached with SEM (figure 5).
These analyses confirmed the presence of all the
expected elements in the samples.
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Figure 1.
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Table 3. Starting model of Ca;y(PO,)s(OH),.

Elements Wyckoff positions X y Z SOF
Ca 4f 0.3333  0.6667 0.0015 1
Ca 6h 0.2468 0.2534 0.2500 1

P 6h 0.3987 0.0302 0.2500 1
(¢} 6h 0.1564 0.4848 0.2500 1
(¢} 6h 0.5873 0.1222 0.2500 1

o 12i 0.3437 0.0858 0.0702 1
(0] 4e 0.0000 0.0000 0.1950 0.5
H 4e 0.0000 0.0000 0.608 0.5

3.5 EDXRF analysis

An assessment of the chemical elements in both unirradi-
ated and irradiated HAP samples was conducted through
EDXRF analysis. EDXRF analysis of HAP revealed dis-
cernible peaks for calcium (Ca) and phosphorus (P) exclu-
sively, as the analysis could not include oxygen (O) and
hydrogen (H) due to their lower atomic numbers. Further,
this confirmed the phase purity of the samples, with detailed
values presented in table 4. Additionally, the Ca*™—P>"
ratio for the powdered samples was determined to be
~1.75, which is in close agreement with the Ca’t—P°"
ratio of HAP reported in existing literature, i.e., 1.67
[35,36]. To gain further clarification on the increase in Ca/P
ratio of the irradiation samples, EDS analyses were
conducted, as illustrated in figure 5. Further, it was observed
that the atomic weight percentage of oxygen decreases as
irradiation doses increase, which is attributed to the emer-
gence of oxygen vacancy defects within the lattice struc-
ture. The generation of defects was confirmed from the
XRD analysis. HAP possesses a fixed stoichiometry

HAP
HAP-IMGy
HAP-20MGy

Q@1

Intensity (a.u)

30 31 32 33 34 35
20 (degree)

Figure 2. Powder XRD patterns of HAP, HAP-1IMGy and
HAP-20MGy within the 26 range of 30-35°.
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Figure 3. FTIR spectra of HAP, HAP-1MGy and HAP-20MGy
samples and the inset figure provides the expanded view of the
vibrational mode near wavenumber 1075 cm™".

involving calcium (Ca), phosphorus (P) and oxygen (O).
Any disruption to this stoichiometry, such as the formation
of oxygen vacancies, can introduce charge imbalances
within the crystal lattice. To maintain charge neutrality,
adjustments in the ratio of calcium to phosphorus atoms
may occur. As a result of the generation of oxygen vacancy
defects caused by irradiation, the Ca/P ratio was observed to
increase in the irradiated samples.

3.6 TGA

Thermal stability of the unirradiated and irradiated HAP
samples was examined through TGA in the temperature
range of 50-1000°C. The findings clearly indicate a neg-
ligible weight loss within the investigated temperature
range. Up to 700°C, HAP demonstrates remarkable ther-
mal stability, evident from the uniformly progressing TG
curve. However, at 800°C, a slight weight loss becomes
apparent, which is evident from the TG analysis. The
initial break in the curve correlates with a partial release of
water and the dehydroxylation process within HAP. The
subsequent break signifies the onset of thermal decompo-
sition of HAP. The cumulative weight loss for the HAP,
HAP-1MGy and HAP-20MGy samples were 2.46, 2.59
and 2.78%, respectively.

3.7 PL analysis

PL excitation spectrum of the HAP, HAP-1MGy and HAP-
20MGy samples for an emission at 500 nm are depicted in
figure 6. The spectrum includes a broad CT band ranging
from 230 to 300 nm, attributed to the charge density
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Figure 4. Typical SEM photographs of (a) HAP, (b) HAP-1MGy and (¢) HAP-20MGy samples.

(a) (b)

62.6 79.41
11.12 7.99

26.27 12.60

58.16 76.24
12.13 8.21
29.70 15.54

58.78 76.47
13.92 9.36
27.30 14.18

Figure 5. EDS spectra of (a) HAP, (b) HAP-1MGy and (¢) HAP-20MGy samples.

Table 4. EDXREF results of HAP, HAP-1MGy and HAP-20MGy
samples.

X-ray emission energy, keV

Compositions Ca P Ca/P ratio
HAP 3.45 1.99 1.73 £ 0.01
HAP-1MGy 3.51 1.99 1.76 £ 0.02
HAP-20MGy 3.49 1.98 1.76 £ 0.01

redistribution from the 2p orbit of O*~ to the 3p orbit of
P>". Upon increasing the electron irradiation dosage, a
pronounced red shift in the CT band of HAP-1MGy sample
is observed, while a slight red shift is observed in the HAP-
20MGy sample. Additionally, a similar increasing trend in
the intensity of CT band is evident with the rising irradia-
tion dose. The emission spectra of HAP, HAP-IMGy and
HAP-20MGy samples under 260 nm excitation, are shown
in figure 7. Within the spectrum, intrinsic luminescence is
evident, characterized by a violet emission at ~425 nm and
a sharp green emission around 500 nm. These emissions are
attributed to CT transitions and distortions in PO, induced
by defects or oxygen vacancies, respectively [37]. It was
found that from the emission spectra, the electron irradia-
tion significantly enhanced the luminescence attributed to
defects or oxygen vacancies rather than the luminescence
associated with CT transitions. Specifically, the HAP-
IMGy sample exhibited the most pronounced emission

4x10° -
Aamp = 500 —
emn e — — HAP-IMGy
II \\ ......... HAP-20MGy
- 3X10°] 21
:.i E \ P aryass o
=
7 2x10°
=
]
5
]x]03-
0 T T v T T T T T T T T T T
220 240 260 280 300 320 340 360

Wavelength (nm)

Figure 6. Photoluminescence excitation spectra of HAP, HAP-
IMGy and HAP-20MGy samples for 500 nm emission.

intensity, exceeding that of both the HAP and HAP-20MGy
samples.

A schematic representation outlining the intrinsic lumi-
nescence mechanism in HAP is shown in figure 8. Intro-
duction of electron irradiation triggers the formation of
defects, particularly oxygen vacancies within the HAP
crystal lattice, consequently leading to luminescence emis-
sion within the system. Presence of these oxygen vacancies
prompts for the generation of multiple holes close to the
valence band (VB) edge [38]. Simultaneously, these
vacancies induce the creation of shortened deep defects due
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Figure 7. Photoluminescence emission spectra of HAP,
HAP-1MGy and HAP-20MGy samples under 260 nm excitation.

to distortions occurring in phosphate tetrahedra within the
band gap. This vacancy-induced phenomenon leads to an
increased presence of holes, facilitating electron transitions
from O 2p orbitals in the VB to P 3p orbitals in the CB
through absorbed energy. The resultant photoemission
process involves excited electrons returning to their ground
state through radiation, as illustrated in figure 7.

3.8 Discussion

Electron irradiation prompts the creation of defects, such
as oxygen vacancies, within the PO, tetrahedra. This
concept becomes clearer when considering the displace-
ment cross-section for phosphorous (P): 49.87 b and for
calcium (Ca): 364 b due to energetic electrons. The
incident electrons reveal a higher capability to displace P—
ions within the lattice than the Ca-ions. These defects
generated in the PO, tetrahedra act as energy level traps,
serving as luminescent centres that generate emissions. As
the electron irradiation doses increase, it was observed that
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the lattice contracts, resulting in a decrease in bond
lengths and an increase in bond covalency. This enhanced
covalency leads to a reduction in the CT energy. Conse-
quently, this nephelauxetic (covalency) effect is associated
with a red shift observed in the excitation spectrum [39].
Specifically, a more significant lattice contraction is evi-
dent in the 1 MGy radiation dose of HAP compared to
both the unirradiated HAP and the 20 MGy HAP. Con-
sequently, the pronounced nephelauxetic effect in the
HAP-1MGy sample results in a more pronounced red shift
in its CT band. The enhancement of luminescence in the
HAP-1MGy sample is mainly attributed to combined
effect of both nephelauxetic effect and the short range
ordering of oxygen vacancies. Upon further increase in
irradiation doses, an inverse covalency effect was
observed, leading to a slight red shift in the CT band of
HAP-20MGy sample. The enhancement of luminescence
emission intensity is strongly dependent on the creation
and arrangement of defects, notably oxygen vacancies.
Electron irradiation played a significant role in enhancing
these mechanisms by altering phosphate tetrahedra and
generating oxygen-deficient tetrahedra (defects), conse-
quently promoting a more organized alignment of oxygen
vacancies within the lattice. However, as observed in the
excitation spectra, owing to the inverse nephelauxetic
effect, a larger number of disordered oxygen vacancies
emerged and diffused within the lattice. These disorga-
nized vacancies impose limitations on radiative transitions,
consequently leading to the quenching of luminescence
emission intensity at higher doses. In a nut shell, the
inverse nephelauxetic effect along with disordered oxygen
vacancies diminishes the luminescence intensity of HAP-
20MGy sample. In the present study, it was discovered
that HAP samples exhibit a defective, strong intrinsic PL
across the visible spectrum, ranging from violet to green.
This inherent property of HAP as a contrast agent, without
the incorporation of dopants, represents a nontoxic, envi-
ronmentally friendly alternative to activator-doped phos-
phors currently in use. Moreover, we substantiate the
existence of vacancy defects through PL measurements.

o

Figure 8. Schematic representation of the intrinsic defect luminescence mechanism of HAP.
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Furthermore, the extensive analysis conducted on both
unirradiated and electron-irradiated HAP samples provides
crucial insights, such as the characteristic XRD peaks were
retained in the irradiated samples, indicating substantial
structural stability following electron irradiation. Addi-
tionally, irradiation induces the formation of surface defects
and oxygen vacancies, while leaving the chemical compo-
sition and morphology unchanged. Moreover, PL studies
strongly suggest the ordered configuration of oxygen
vacancies within the HAP-1MGy sample. These findings
imply the exceptional radiation durability of HAP even after
exposure to high electron irradiation doses, highlighting its
potential for serving as a viable host for immobilizing
radioactive waste and as a phosphor material.

4. Conclusions

To investigate the effects of radiation doses, HAP samples
were exposed to 10 MeV electron irradiation, reaching
doses of up to 20 MGy. Notably, the HAP specimens
showed no post-irradiation radioactivity. A comprehensive
analysis employing powder XRD, EDXRF, FTIR, SEM,
TGA and PL measurements, was conducted to evaluate the
impact of electron beam irradiation on both unirradiated and
irradiated HAP samples. The results indicated high struc-
tural stability within the samples, accompanied by irradia-
tion-induced surface defect and oxygen vacancy formation,
without altering the chemical composition or morphology.
Notably, observed lattice contraction led to reduced bond
lengths and increased bond covalency, resulting in a low-
ered CT energy and a corresponding red shift in the exci-
tation spectrum. Additionally, the HAP-IMGy sample
exhibited significantly enhanced luminescence intensity,
attributed to the organized alignment of defects and oxygen
vacancies within the lattice. These findings underscore the
exceptional radiation durability of HAP, even after expo-
sure to high electron irradiation doses, highlighting its
potential for immobilizing radioactive waste and its appli-
cability as a phosphor material.
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