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Abstract. This study presents an integrated assessment of the crystal structure, post-irradiation
oxidation behavior and vibrational response of titanium nitride (TiN) nanoparticles exposed to
gamma radiation. Nanopowders with an average particle size below 20 nm were irradiated using a
%0Co source at absorbed doses of 50, 200, 900 and 3500 kGy. Structural changes after annealing at
1173 K were examined by X-ray diffraction and Rietveld refinement, while dose-dependent lattice
dynamics were evaluated by Raman spectroscopy in the 100-600 cm™ range. The cubic Fm-3m
structure remained stable throughout irradiation, and no radiation-induced phase transformation was
detected. After annealing, rutile TiO2 was identified as a minor phase; its fraction decreased from
6.40 % in the unirradiated specimen to 3.88% after irradiation at 3500 kGy. High-dose irradiation
followed by annealing reduced microstrain and dislocation density and increased the average
crystallite size to approximately 50 nm. Four Raman modes near 152, 246, 359 and 500 cm™* persisted
at every dose, although their positions, widths and areas changed. The combined results show that
gamma irradiation does not destabilize the TiN framework but modifies defects, interatomic distances
and surface-bound species, thereby suppressing subsequent oxidation and altering the vibrational
response.
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1. Introduction. Titanium nitride is a refractory ceramic combining a high melting point, high
hardness, electrical conductivity and resistance to chemical degradation. These properties support its
use in nuclear systems, protective coatings, diffusion barriers, plasmonic devices and components
exposed to aggressive thermal environments [1-3]. Its mechanical, corrosion-resistant and electronic
characteristics further broaden the range of potential applications. TiN nanoparticles have also
attracted interest as near-infrared photothermal and plasmonic agents [4]. At the nanoscale, however,
the large surface-to-volume ratio increases the contribution of adsorbed oxygen, water and structural
defects; consequently, irradiation and heating may affect nanopowders differently from bulk TiN.

Energetic particles can produce vacancies, interstitials, residual stress and symmetry-lowering
distortions in TiN. Ar-ion irradiation has been associated with lattice expansion and dislocation
formation, whereas Xe implantation caused peak splitting, lattice contraction and rhombohedral
distortion in thin films [5]. Electron irradiation likewise modifies the structural and functional
response of TiN films [6]. These observations show that the response depends on particle type,
energy, fluence and specimen morphology. Gamma photons mainly interact through electronic
excitation and secondary electrons, so their crystallographic consequences can be subtler than those
caused by direct ion displacement [7].
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Temperature introduces an additional mechanism because TiN surfaces oxidize when oxygen
becomes sufficiently mobile. Rutile TiO2 develops during heating, and oxidation progresses from the
surface toward the interior with nitrogen release [8]. The thermal behavior is also affected by particle
size, surface chemistry and irradiation history [9]. Gamma irradiation may modify oxidation by
removing weakly bound surface species, generating defects and changing diffusion paths. Earlier
diffraction work demonstrated that nanocrystalline TiN retains its cubic phase up to 3500 kGy,
although small contractions of the unit cell occur. Post-irradiation annealing further changes phase
fractions, crystallite size and microstrain [10].

Diffraction provides information on long-range order and phase composition, whereas Raman
spectroscopy probes local bonding, phonon behavior and disorder. Raman measurements are
therefore valuable for identifying irradiation-induced changes that do not produce a new
crystallographic phase [10-17]. Vibrational spectroscopy has been successfully used to connect local
structural rearrangement with macroscopic stability in a wide range of crystalline systems [18].

The present work correlates XRD/Rietveld observations after irradiation and annealing with
the dose-dependent Raman response of TiN nanoparticles. The objective is to determine whether the
preserved average crystal symmetry is accompanied by local vibrational and defect evolution, and to
clarify how prior gamma exposure influences subsequent oxidation.

2. Materials and Methods. Commercial TiN nanopowder supplied by US Research

Nanomaterials, Inc. was used. The purity was 99.2%, the particle size was below 20 nm, the specific
surface area was 50-80 m? g, the bulk density was 0.08 g cm—3 and the true density was
approximately 5.24 g cm™, TiN has a face-centered cubic structure described by space group Fm-3m
[11,12].
Irradiation was conducted in air at room temperature using a 60Co gamma source at the Institute of
Radiation Problems. Absorbed doses were 50, 200, 900 and 3500 kGy. The irradiation conditions and
facility characteristics are described in [10]. For the thermal series, each irradiated powder and an
unirradiated reference were annealed at 1173 K for 9 h under a vacuum of about 10 Torr; heating
and cooling rates were 5 °C min™..

XRD patterns were recorded at room temperature with a PANalytical EMPYREAN
diffractometer using Cu Ka radiation (A = 1.5405 A) in 6/20 geometry. The angular interval was 20—
100°, with a 0.02° step. Rietveld refinement was carried out with the FullProf suite. Phase fractions,
lattice parameters and fit indices were refined. Crystallite size and microstrain were estimated from
line broadening by the Williamson—Hall approach.

Raman spectra were collected at room temperature with a Horiba LabRAM HR spectrometer
using a 633 nm He—Ne laser, an 1800 groove mm—1 grating, a 100 um confocal aperture and a 50x
objective. Laser power was 0.5 mW. Spectra were acquired for 30 s over ten accumulations, and five
measurements were averaged per specimen. The 100-600 cm—1 spectra were fitted with mixed
Lorentzian—Gaussian components.

3. Results and Discussion

3.1. Crystal structure after gamma irradiation and annealing. Figure 1 presents the
Rietveld-refined diffraction patterns of the initial TiIN powder and the specimens annealed at 1173 K
after irradiation at different doses. The annealed diffraction patterns are dominated by reflections of
cubic TiN. Rietveld analysis confirms space group Fm-3m for all specimens. Weak reflections at
approximately 54.33° and 56.63°, assigned to the (211) and (220) planes of tetragonal rutile TiO:
(P42/mnm), reveal limited oxidation during annealing. No other crystalline products were detected.

The oxide fraction decreases systematically as the preceding gamma dose rises: 6.40% for the
unirradiated sample, 5.16% at 50 kGy, 5.10% at 200 kGy, 4.00% at 900 kGy and 3.88% at 3500 kGy.
Thus, irradiation does not itself generate a detectable bulk oxide phase; instead, it weakens the
subsequent oxidation response. A plausible explanation is the radiation-induced decomposition and
desorption of surface-bound water and oxygen-bearing species, accompanied by defect
rearrangement and partial structural compaction [19].
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Fig.1. Rietveld-refined XRD patterns of TiN nanoparticles irradiated at different gamma doses and
annealed at 1173 K

The principal (111) and (200) reflections retain their positions and overall profiles, confirming
the stability of the cubic TiN phase. Their intensities and breadths nevertheless change with
irradiation dose. After irradiation at 900 and 3500 kGy followed by annealing, the reflections become
more intense, indicating improved crystalline ordering. The residual line broadening shows that
irradiation-induced stress and defects are not completely removed. The refined lattice parameter
varies only slightly around 4.24 A, while the unit-cell volume remains within 76.1-76.3 A3,

The structural parameters summarized in Table 1 show that annealing increases the average
crystallite size from the nominal 20 nm powder value to 43.5 nm in the unirradiated reference. Values
of 42.1, 42.6, 50.0 and 49.9 nm were obtained after 50, 200, 900 and 3500 kGy, respectively.
Microstrain decreases from 26.65x10 to 25.78x10™*, while the calculated dislocation-density
indicator falls from 2.04x10® to 1.72x107° at the maximum dose. These changes indicate thermally
assisted defect recombination and crystallite coarsening, most pronounced after high-dose exposure.

Table 1. Principal structural parameters of annealed TiN specimens

Dose a(A) V (A% Crystallite size (nm) | Microstrain (x10™)
Initial 4.2400 76.230 43.5 26.65
50 kGy 4.2369 76.060 42.1 25.50
200 kGy 4.2360 76.060 42.6 25.30
900 kGy 4.2404 76.246 50.0 25.97
3500 kGy 4.2410 76.287 49.9 25.78

The diffraction-line broadening was further evaluated by the Williamson—Hall (W-H) method
[20]. The measured FWHM values were corrected for instrumental broadening using the LaBse
standard and analyzed with the uniform-deformation relation:

kA _
pcos 0= 3+4551n9 (D
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Here, B is the instrument-corrected peak broadening expressed in radians, 0 is the Bragg angle, k is
the shape factor (0.9), A is the Cu Ko wavelength (1.5405 A), D is the volume-weighted average
crystallite size, and ¢ is the microstrain. In the conventional W-H representation, B cos 0 is plotted
against 4 sin 0; the intercept equals kA/D and the slope gives €. Figure 2 displays the FWHM input
points as a function of 20, while the values of D and & were obtained after applying the W—H
transformation in Eq. (1).

The W—H results are consistent with the values summarized in Table 1. The average crystallite sizes
are 43.5 nm for the annealed initial sample and 42.1, 42.6, 50.0, and 49.9 nm for the samples irradiated
at 50, 200, 900, and 3500 kGy, respectively, before annealing. Thus, the low-dose specimens remain
close to 42 nm, whereas irradiation at 900 and 3500 kGy followed by annealing produces crystallites
of'about 50 nm. The corresponding microstrain values are 26.65, 25.50, 25.30, 25.97, and 25.78 x 10
4, The lowest microstrain is obtained at 200 kGy; all irradiated and annealed samples nevertheless
show lower microstrain than the annealed unirradiated reference. These results indicate partial
relaxation of irradiation-induced lattice defects during annealing, accompanied by enhanced
crystallite coarsening at high doses.
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Fig. 2. Williamson—Hall analysis of TiN nanoparticles after annealing

The FWHM data points are plotted against 20 and were transformed according to Eq. (1) for
determination of the crystallite size and microstrain. The black open circles and black dashed line
represent the annealed initial sample; the gray open circles and red dashed line correspond to 50 kGy;
the blue, green, and magenta open circles with their respective dashed fits correspond to 200, 900,
and 3500 kGy, respectively. The bright-pink points and dashed line at the bottom represent the
instrumental LaBs standard used to evaluate instrumental broadening.

3.2. Raman spectra and local lattice dynamics. The Raman spectrum of the initial powder
contains four broad bands centered near 152, 246, 359 and 500 cm ™. Their broad shape is consistent
with disorder-activated scattering in non-stoichiometric or nanoscale TiN. Studies of TiN films
reported acoustic modes in the 216-440 cm™ region and an optical contribution near 570 cm™ [13-
15]. The lower frequencies measured here are compatible with weaker effective bonding, nanoscale
disorder and the different stress state of free nanoparticles.
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Figure 3 compares the Raman spectra of the initial specimen with those irradiated at 50, 200,
900 and 3500 kGy. All four principal bands remain present at every dose, providing no evidence of
a radiation-induced vibrational phase transition. Their widths and intensities nevertheless vary with
dose. The vs band near 359 cm™ exhibits the clearest positional shift, whereas the modes near 152,
246 and 500 cm™ change more weakly.
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100 200 300 400 500 600
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Fig.3. Raman spectra of titanium nitride nanoparticles before and after gamma irradiation

For clarity, the spectra are vertically offset and arranged from bottom to top in order of

increasing irradiation dose: initial, 50, 200, 900, and 3500 kGy. Analysis of the Raman line-shape
parameters shows that the full width at half maximum (FWHM) of v; rises from 5.93 to 7.30 cm™
while its integrated area decreases from 13,375 to 5,045. For v, the FWHM increases from 35.0 to
46.35 cm™ and the area falls from 804,432 to 488,674, consistent with reduced vibrational coherence
and increased local disorder. The v, area decreases overall but partially recovers at 3500 kGy relative
to 900 kGy. In contrast, the v4 area is non-monotonic and increases at the highest dose. The dose
response is therefore mode-specific rather than governed by one identical mechanism.
The XRD and Raman findings are therefore complementary. XRD establishes preservation of the
long-range cubic framework and reveals reduced post-irradiation oxide formation. Raman data show
that gamma exposure still alters the local lattice through defect redistribution, fragmentation of weak
bonds and changes in Ti—N interatomic distances. The removal of adsorbed species can densify the
near-surface structure, whereas defect creation and recombination modify the distribution of
vibrational states [21-25].

4. Conclusion. Gamma irradiation at doses up to 3500 kGy preserves the cubic Fm-3m
framework of TiN nanoparticles. Subsequent annealing at 1173 K produces only a minor rutile TiO>
fraction, and the amount of this oxide decreases from 6.40% to 3.88% as the prior irradiation dose
increases. High-dose irradiation followed by annealing promotes crystallite growth to about 50 nm
and reduces microstrain and dislocation density. Raman spectra retain four characteristic modes
throughout the dose range, while their positions and line-shape parameters change. Therefore, the
average crystal structure remains stable even though local bonds, defect populations and surface
species evolve. The combined diffraction and vibrational evidence identifies TiN as radiation resistant
while showing that gamma exposure can regulate its later oxidation and nanoscale defect state.
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