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In this work, titanium carbide nano powders were irradiated at normal conditions of 293.15 K and 1 atm with
fluencies of 4.0 x 10'? n/cmz, 8.0 x 1012 n/cmz, 1.3 x 10%3 n/cmz, 4.0 x 10 n/cmz, and 10'® n/cm? (neutron
energy 1 MeV). The microstructure of the titanium carbide nano powders after irradiation was examined using X-
ray diffraction, Raman spectroscopy, and FTIR spectroscopic analysis methods. The X-ray diffraction analysis
revealed that no significant phase transition or amorphization occurred in the TiC nano powders exposed to fast

R e . .

F;rl;an neutrons. More sensitive results obtained from the FTIR analysis showed that the water molecules absorbed on
TEM the material surface were disintegrated under the influence of fast neutrons. Exceptional structural stability to
SAED neutron irradiation of titanium carbide without amorphization was also observed by morphological analysis via

transmission electron microscopy (TEM) and selected area electron diffraction (SEAD).

1. Introduction

Titanium carbide (TiC) is a transition metal carbide with a rock-salt
crystal structure, which has gained significant attention as a material for
use in extreme environments due to its high melting temperature,
hardness, and thermal/electrical conductivity [1-6]. TiC, as an
ultra-high-temperature ceramic (UHTC), is widely utilized for fabri-
cating cutting tools, heat-resistant hard alloys, abrasive, and anti-wear
materials [3,7,8]. Moreover, TiC exhibits high mechanical resistance,
good fission product confinement, and small neutron capture
cross-sections [6,9-11], making it a promising candidate for use as a
matrix material for inert matrix fuel (IMF) in gas-cooled fast reactors

(GFR) and as a structural material in nuclear reactor technology [4-6,
11-15]. However, any material utilized in nuclear technologies must be
able to withstand the harsh nuclear reactor environment, which includes
constant bombardment by hydrogen isotopes, helium, and incident
neutrons [1,3,6,11,16], to meet the high expectations. Although TiC
appears to satisfy the necessary physical and chemical criteria outlined
by Agarwal et al. [1], its suitability as a material must be evaluated
based on its irradiation resistance, which requires multiple real-time
experiments. Surprisingly few experiments have been conducted to
test the irradiation resistance of TiC, despite suggestions dating back to
the mid-1960s that TiC holds significant potential as a structural
element in nuclear technologies. Koval’chenko and Ogorodnikov [17]
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suggested in 1966 that studying the structural defects resulting from
neutron irradiation experiments is the best way to determine whether
TiC can be utilized in a nuclear reactor or as a component of the first
wall. Only one article has been published on this subject in the last 30
years [1], and the total number of available studies does not exceed ten.
Table 1 summarizes the specific experimental irradiation conditions
utilized by various groups and one critical characteristic of TiC, its
stoichiometry (when available).

Agarwal et al. [1] have emphasized that the development of point
defects in the crystal structure of TiC and their subsequent evolution into
two- and three-dimensional defects are directly linked to temperature
and radiation dose (or fluence). When discussing and comparing
changes occurring in TiC structure due to neutron irradiation, it is
important to consider the energy of neutrons used in the experiment, as
shown in Table 1. Despite the limited number of investigations, the
experimental conditions cover almost all the pre-conditioning necessary
to evaluate the neutron irradiation effects on the material. The in-
vestigations used fast neutrons (>0.1 MeV) [1,17-20], fusion neutrons
(~14 MeV) [21-23], and even thermal neutrons (0.025 eV) [24] for
irradiation of TiC (Table 1). It should be noted that in studies conducted
before 1980, the reported temperatures of the samples studied were
mostly a consequence of the introduced irradiation at room tempera-
ture. During the next decade of neutron irradiation experiments,
low-temperature investigations aimed at fundamental physical insight
into the changes in the crystal lattice, as well as those carried out by
irradiating the samples with 14 MeV neutrons to simulate damage in a
real nuclear reactor environment, were focused upon [20-23]. All in-
vestigations included fluencies above 10'® n/cm? (Table 1). As a result
of neutron irradiations, ambiguous changes have been reported,
including changes in the parameters of the crystal lattice with increasing
dose and some physical characteristics (e.g., electrical resistance) of TiC.
While Koval’chenko and Ogorodnikov [17] observed a decrease in mean
grain size upon irradiation, a subsequent study [19], by largely the same
scientific team, concluded that neutron irradiation leads to an increase
in the lattice parameters in TiC under identical conditions in both

Table 1
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experiments (Table 1). G. W. Keilholtz et al. [18] and M.S. Kova’lchenko
et al. [24] both report an initial increase in the TiC crystal volume with
subsequent contraction or retention of the new values reached upon
irradiation. Other important findings include a linear increase in the
electrical resistivity [17,20,24] and the micro hardness [17] with
increasing irradiation dose. On the other hand, H. Matsui et al. [21]
describe their observations on electrical resistivity as “almost” linear
with increasing fluence, with some initial decrease in the values for the
resistivity for their TiCp 72 specimen. In their further investigations,
Matsui et al. [22,23] concluded that non-stoichiometry of the compound
is a major factor in considering the induced damage with irradiation.
The higher carbon content means more induced damage and thus an
increase in the electrical resistivity [21-23]. The differences in the
observed changes of the crystal lattice parameters could also be
explained by differences in the stoichiometry of the studied samples in
the different experiments. In all cases, the neutron irradiation induced
point defects and their evolution are described as the major factors
driving the damage levels. Such evolution could manifest as an increase
in the mobility of vacancies or interstitials leading to their accumulation
and agglomeration or clustering and swelling [1,18,19]. At the same
time, annihilation by recombination of point defects with structural
carbon vacancies [23] could occur in parallel as a kind of opposite or
“healing” process.

This complex phenomenon requires extensive scientific research on
the defects induced by irradiation, especially considering the numerous
advanced methods available for characterization and analysis.
Furthermore, given the rapid development of nuclear and nanotech-
nologies, previous qualitative research conducted before 1991 [17-24]
has limitations in terms of application due to the strong possibility that
commercially available TiC products today may differ significantly from
those studied more than three decades ago, with regards to preparation
methods and resulting products. To address this gap, recent research by
S. Agarwal et al. [1] investigated the microstructural degradation pro-
cess in TiC using TEM and HRTEM analysis, which was not done in
previous neutron irradiation studies. The authors observed two types of

Overview of published neutron real-time experiments conducted through the last 60 years.

Year of research Reference Energy of neutrons used Fluence, [n/cm?] Temperature during TiC stoichiometry (if
publication for irradiation, [MeV] irradiation” available)
1966 M.S. Koval'chenko and V. >0.1 10'6 <100 °C Not specified
V. Ogorodnikov [17] 10%
1968 G. W. Keilholtz et al. [18] >1 0.8 x 10?! to 5.4 x 10% 300-700 °C Not specified”
1972 M.S. Kova’lchenko et al. Thermal neutrons (0.025 1.0 x 10" 50 °C TiCo.04
[24] eV), Th.n/f.n = 8/1 3.7 x 10"
7.5 x 10"
1.5 x 10%°
1974 M.S. Koval’chenko et al. >0.1 10'® 0-1200 °C During annealing  Not specified
[19] 10'®
1020
1981 J. Morilo et al. [20] >1 1.3 x 108 21 K; followed by annealing ~ TiCo.o7
1.8 x 108 up to 400 K
1985 H. Matsui et al. [21] 14 0.97 x 107 4-5.5 K (LHeT); followed by  TiCo s
1.92 x 107 annealing up to 340 K TiCo.66
TiCo.72
1988 H. Matsui and M. Iseki [22] 14 6.1 x 10® RT TiCo.66
3.3 x 107 TiCo.72
1.0 x 10'8 TiC1.00
2.0 x 10'®
3.5 x 10'®
1991 H. Matsui et al. [23] 14 In-situ measurements up to 1.92 x LHeT (for nonst.) TiCo.56
10" at intervals of roughly 1.5 x 10*>  RT (for st.) TiCo.66
723 K TiCo.72
TiC1.00
2020 S. Agarwal et al. [1] >0.1 1.97 x 10% 220 °C TiCo.80°
2.16 x 10% 620 °C
2.24 x 10% 1115 °C

@ Units given as in the original article;

b Data is available on the “total” and “free” carbon in the specimens under investigation in wt %;

¢ The value is based on comparing Raman spectra.
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dislocation loops formed during irradiation, depending on the temper-
ature, and no amorphization of the specimen at any of the conditions
used. It is worth noting that in addition to neutron irradiation, the
material is also subjected to bombardment with hydrogen and helium
ions, as they are participants in the fusion reaction. In our study, we used
a combination of various characterization techniques, including X-ray
diffraction (XRD), Raman spectroscopy, Fourier-transform infrared
spectroscopy (FTIR), and transmission electron microscopy (TEM), to
comprehensively evaluate the microstructure of commercially available
nanosized TiC before and after fast neutron irradiation (>0.1 MeV) at
room temperature and fluence values not previously reported, ranging
from 4.0 x 10'% n/cm? to 10> n/cm?. Special attention was given to the
degree of amorphization resulting from irradiation and the extent of
surface oxidation of the material, which have not been addressed in
previous research.

Positron annihilation, due to its non-destructive approach and high
sensitivity to structural defects, is an essential method in materials sci-
ence and solid-state research [25]. The trapping model is a theoretical
approach used to explain the processes involved in positron research.
When positrons enter a solid, they are trapped by the defects in the
crystal lattice [26], where the electron density is lower than the average
volume. The lifetime values of a positron trapped in vacancy clusters
differ from those of a positron trapped in nano-voids that contain helium
or hydrogen. However, our powdered samples posed a significant
challenge in conducting a real experiment. Therefore, our study focused
on analyzing the defects’ evolution through model calculations. In this
manner, it was examined the penetration of hydrogen and helium into
the material by using model calculations, while the consequences of
neutron irradiation were studied through a real experiment.

2. Materials and methods

The nano titanium carbide samples were thermal annealing at
1200 °C for 2 h in a Linn™ HT-1800 high-temperature controlled at-
mosphere furnace with a heating and cooling rate of 5 'G/min under
vacuum (10°° Tr), followed by inert Ar gas conditions. The micro-
structure of the samples was analyzed by utilizing transmission electron
microscopy (TEM) and scanning electron microscopy (SEM) with JEM
200 A and JSM640LV (JEOL, Japan) instruments, respectively. The
investigation focused on commercially available powdered, nan sized
titanium carbide (Sigma-Aldrich, Germany) with a purity of 99.999%, a
bulk density of 0.069 g/cm?, a specific surface area of 70-90 m?/g, and a
particle size larger than 100 nm. Aluminum foil was used to envelop the
samples, which were then irradiated at different doses. Neutron irradi-
ation was performed at normal conditions (293.15 K, 1 atm) at fluencies
of 4.0 x 10'? n/em?, 1.3 x 10" n/em?, 4.0 x 10'* n/cm?, and 10" n/
cm? (neutron energy 1 MeV) at the IBR-2 high-flux pulsed reactor at
Frank Laboratory of Neutron Physics (JINR, Dubna, Russia) [27-30].
The y dose rate was approximately 500 Gy/h, which accounted for about
85% of the total dose [31,32]. Structural characteristics of the samples
were measured using the XRD EMPYREANPAN analytical diffractometer
with a CuKa source (A = 1.5406 f\). The tube of the diffractometer with a
copper anode was set to U = 40 kV voltage and generated a current of I
=40 mA [33,34]. The Rietveld analysis of X-ray diffraction patterns was
carried out using the FullProf software package. Raman spectroscopy
experiments were performed at room temperature using an INTEGRA
Spectra LS PNL instrument [35]. The Raman spectrometer SOLAR TII
was excited with a 633 nm Helium-Neon laser with up to 35 mW output
power, and the wavelength resolution was 0.03 nm. Spectra were
collected from at least 7 different points for each specimen for optimal
statistics. FTIR experiments were performed using the Thermo Scienti-
fic™ Smart™ iTX ATR Accessory instrument [30].

The positron lifetime was determined using the MIKA (Multi-grid
Instead of the K-spAce) package [36], which utilizes a two-component
expansion of density functional theory (TCDFT) and a local density
approximation (LDA) method. The calculation was carried out with
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fixed TiC unit cell parameters of a, b, c = 4.3305 A and a, B,y =90°. The
TiC material has a face-centered cubic (FCC) crystal structure with
Fm/3 m (225) group symmetry [37]. Specifically, attention was given to
the portion of the general functional that governs the
exchange-correlation interaction [38-40]:

Eofn(r)] = / n(r)exn(r)dr, (1a)

exc[n(r)] is the one-particle functional of the exchange-correlation en-
ergy. This component is included in the effective Kohn and Sham po-
tential by means of a one-particle equation:

{ N %Vz +Vegln(r), 7] }%(r) =&pi(r), (22)

The DFT formalism proposed by Hohenberg, Kohn, and Sham [39,
40] provides an effective description of the interaction between elec-
trons and positrons. The expression for the positron wave function ¢+(r)
is given by:

()= 0. ()’ (3a)

The positron lifetime t in an inhomogeneous electron gas was
determined by means of the annihilation rate A:

k:;rréc/drn+(r)n,(r)y: ﬂrécZ/dr. 4)

Where: ry is the classical electron radius; c is the speed of light; and y is
the enhancement factor of the electron density at the positron. The
precision of the iterative procedure is up to twelve decimal places.

3. Result and discussion
3.1. XRD analysis

Fig. 1 shows the X-ray diffraction patterns of unirradiated and irra-
diated nanopowdered TiC samples at different fluencies. TiC (FCC) has a
cubic crystal structure and belongs to the Fm-3m space group [41]. The
presence of TiC peaks at two-theta values of 36, 42, 61, 73, 77, 92, 103,
and 107 indicates the formation of TiC. The absence of additional peaks
suggests that the sample has been synthesized with high purity. On the
other hand, no peak displacement or new peak formation was observed
depending on the intensity of the neutron flux. The obtained peaks were
indexed as face-centered (100), (110), (111), and (225), respectively.
Additionally, the same XRD data were used in Rietveld refinement
analysis based on a face-centered cubic structure, as shown in Fig. 1. The
Ti and C elements were found to be coordinated at positions (0, 0, 2) and
(1, 1, 0), respectively. As mentioned previously, Rietveld refinements
were performed for the Fm-3m space group using similar initial pa-
rameters for the refinement models. After refining each parameter for
different models, the reduction of Bragg R factor and y2 values were
lowered between 10 and 1 for goodness of the Rietveld refinement [42].
The refined parameters are presented in Table 2, and the lattice pa-
rameters and atomic planes were found to be fully consistent with pre-
vious literature results for nano TiC crystals [43-47]. It is worth noting
that lattice parameters can vary between 4.20 A and 4.33 A depending
on the stoichiometric ratio [47]. Our results show a slight deviation in
lattice parameters within this range, with the unirradiated sample
exhibiting a lattice parameter of 4.2888 A. However, following neutron
radiation at a fluence of 4.0 x 10'2 n/cm? the lattice parameter
increased to 4.2895 A. For fluences of 1.3 x 10'® n/cm? and 4.0 x 10
n/cm? doses, no significant changes were observed (it remained as if it
was not irradiated). However, a decrease in the lattice parameter was
observed at a fluence of 10'® n/cm?. The lattice shrinkage is considered
to result from the impact of higher energy irradiation, allowing for
atomic annealing and increased crystallinity. This effect has been
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Fig. 1. X-ray diffraction patterns of unirradiated and irradiated at different fluencies nano powdered TiC samples.

Table 2

Rietveld refinement parameters for atomic lattice for different irradiation dose.
Neutron Irradiation (n/ cmz) a(f\) x2 R Factor
Unirradiated 4.2888 (+0.00002) 2.24 1.73
4.0 x 10'2 4.2895 (+0.00002) 2.10 2.18
1.3 x 10"3 4.2889 (+0.00002) 2.15 1.97
4.0 x 10 4.2889 (+0.00002) 2.15 2.20
1.0 x 10%° 4.2876 (+0.00002) 2.26 1.98

previously reported [48], indicating consistency with our findings. The
mechanism of defect formation and amorphization in the TiC crystal
under the influence of fast neutrons is not observed.

3.2. Raman spectral analysis

At the nanoscale level, two types of processes are likely to occur in
TiC samples - oxidation and amorphization. However, these processes
are not easily detected using XRD, especially at small scales. While
surface oxidation is a naturally occurring process that does not require
irradiation, amorphization may only occur under irradiation. Although
TiC lacks Raman-active modes due to its structure, any deviation from
its stoichiometry can produce distinct Raman features in its spectra
[49-55]. Therefore, Raman measurements were performed using a
Helium-Neon laser with 633 nm excitation wavelength in the 50-2000
em™! range, and the collected spectra are presented in Fig. 2. Drawing
on a range of previous studies focused on TiC [56-65], it can be inferred
that identifying non-stoichiometric powdered TiC;.x via Raman spec-
troscopy is feasible by detecting three distinct peaks that correspond to
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Fig. 2. Raman spectra of unirradiated TiC nanosized powder (bottom curve)
and of irradiated at different fluencies samples.

the total vibrational I' = Ajg + E4 + T4 of Raman-active modes [52].
These peaks are typically located at approximately 605 cm ™! for the Arg
mode, which ranges from 594 em ! to 623 em ™! [50,52,56-59,61-66],
420 cm™! for the Eg mode, ranging from 396 cm ! to 426 em ™! [50,52,
56,58,59,61,62,64-66], and 260 cm ™! for the weakest peak intensity Tag
mode [52], which ranges from 250 cm ! to 280 cm ™! [49,50,52,56-58,
61-66]. Notably, the precise positioning of these peaks is independent of
the excitation wavelength used for Raman probing (such as 512 nm, 532
nm or 633 nm) [57,60]. However, differentiating between surface
oxidation products such as TiO2 and TiC in a Raman spectrum can be
challenging, as most of the unique TiO5 Raman-active modes for both
anatase and rutile polymorphs are found within a 30 cm™! range sur-
rounding the central positions of the TiC peaks [53,67-73]. Moreover, it
should be noted that when TiC material is in the form of a single crystal,
poly crystal, or thin film, the band positioning is entirely different, with
four peaks or rather two doublets observed in the 280-700 cm ™! range
[49,60,61,63]. The Raman spectrum of unirradiated TiC reveals four
distinct spectral features, as demonstrated by the bottom curve in Fig. 2.
At lower wave numbers, the spectrum displays a well-defined peak at
176 cm_l, as well as two broad bands located at 435 cm™! and 635
cm ™}, respectively. These latter two bands correspond to the Egand Agg
modes of TiC;, but shifted to higher wave numbers in comparison to
previous reports [54,56]. The Ta; mode, which is another characteristic
feature of non-stoichiometric TiC, is not prominently visible in this
spectrum. It should be noted that rutile TiO, exhibits two strong Raman
peaks at approximately 446 cm ™' and 610 cm ™, respectively [53,67].
Given the susceptibility of TiC to oxidation, it is possible that the broad
bands observed in the unirradiated spectrum may contain contributions
from these characteristic rutile peaks. The peak at 176 cm™! in the
spectrum (Fig. 2) is the most intense and sharpest, and may be associated
with the E; Raman active mode of anatase TiO, albeit shifted to higher
wave numbers than its authentic position at around 145 cm ! [67,
71-73].

This prominent peak at 176 cm* in the Raman spectrum may be
associated with the E; Raman active mode of anatase TiO2 with a high
degree of probability. However, it shifted to a higher wave number
compared to its expected position at around 145 cm™?, as reported in
previous studies [67,71-73]. In this work, it could be inferred that
samples subjected to irradiation at or above 1.3 x 10'% n/cm? exhibit a
second anatase characteristic peak at 520 cm ™, as observed in Fig. 2
[53,67,68,70-73]. Additionally, a new Raman feature emerging on the
high-frequency shoulder of the 176 cm ! peak increases in intensity
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with an increase in irradiation fluence, and it has been attributed to
anatase TiOy [71-73].

The fourth Raman peak can be observed as a broad, ill-defined
“bump” spanning from approximately 1300 em™! to 1650 cm™!
(Fig. 2). This spectral region contains the characteristic Raman bands for
various graphitic materials, including the G-band at approximately
1330 cm ! and the D-band at around 1620 cm ™!, which are well asso-
ciated with the A;g and Eog vibrational modes, respectively [74,75]. The
absence of these features in the Raman spectrum of unirradiated TiC
indicates the near absence of non-reacted amorphous carbon in the
nanosized powder. This provides evidence for good stoichiometry of the
material with low carbon vacancies, which is also confirmed by the XRD
results. Hence, the potential presence of non-stoichiometric TiC; x in the
unirradiated TiC spectrum can be considered a minor contributor at
best. It is highly likely that the primary contributor to the spectrum is a
blend of oxidation products of anatase and rutile TiO,. The low intensity
and broadness of the Raman bands, coupled with the absence of
well-crystallized second phase in the XRD data, suggest the presence of
TiO, particles in very small sizes and quantities. The impact of irradia-
tion on the material’s characteristics can be observed in the TiC spectra
at various fluencies, as depicted in Fig. 2. The spectrum of the sample
irradiated at the lowest fluence (4.0 x 10'? n/cm?) exhibits significant
differences compared to both the original sample and those subjected to
higher fluencies. The broad bands at 435 cm ™! and 635 cm ™! become
narrower and markedly increase in intensity, while the peak associated
with anatase TiO, at 176 cm ™! in the pristine sample nearly disappears.
It is worth noting that this peak is attributed to the symmetric stretching
vibrations of oxygen atoms in O-Ti-O bond [68,75]. Two new weak
spectral features can be observed at approximately 290 cm ™! and 720
em ! in the TiC spectrum (Fig. 2). While there is a slight increase in
intensity at the position of characteristic carbonaceous lines (1300 em !
to 1650 cm™1), it is not significant enough to suggest the initiation of
material amorphization. This is true even for samples irradiated at
higher fluences, indicating that neutron irradiation does not lead to
material amorphization, even at the highest fluence studied (10'°
n/cm?). These results are consistent with the findings of S. Pellegrino
et al. [54,61], who used Au ions for TiC irradiation.

On the other hand, the spectrum exhibits a decrease in the intensity
of the 176 cm ™! peak, accompanied by sharpening and an increase in the
intensity of the peaks at 435 cm™! and 635 ecm™! (Fig. 2). This phe-
nomenon could be interpreted as a type of “surface healing” associated
with deoxidation, leading to the presumable recovery of some of the
Ti-C bonds at the surface. Supporting this hypothesis is the appearance
of the low intensity features at 290 cm ! and 720 em™! (Fi g. 2). These
are considered indications of the splitting of the peaks at 435 cm™* and
635 cm™ !, respectively, into doublets, which is the principal spectral
pattern observed for mono- and polycrystalline TiC samples [49,60,61,
63]. The process of deoxidation can be easily observed in the Raman
spectrum for anatase TiO», but not in the case of rutile TiOo, as the peaks
for both rutile and non-stoichiometric TiC overlap. It is likely that the
deoxidation process affects both polymorphic forms of TiO,, given that
neutron irradiation is known to induce intrinsic defect states, such as
oxygen vacancies in rutile [76-79]. As previously noted, the spectra of
TiC samples irradiated at fluencies of 1.3 x 10! n/cm?, 4.0 x 10'*
n/cm?, and 10'° n/cm? exhibit similarities (Fig. 2). All spectra display a
highly intense peak at 176 cm ™! with a small peak at 225 cm ™! on its
high frequency shoulder, as well as a new band at 520 cm™!. These
features suggest a significant increase in the contribution of anatase
phase to TiCjx spectrum. This reconstruction of Ti-O bonds with
increasing irradiation fluence indicates that a TiO2 consolidation effect
likely takes place on the surface of the TiC particles. This is further
supported by the increase in intensity of all anatase-assigned peaks and
the appearance of the peak at 225 cm™!, which is characteristic of
particles of anatase above a certain size [71]. Furthermore, the
non-monotonic nature of the observed changes with increasing irradi-
ation dose is worth noting, which it is also consistent with the
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observations of TiC by Pellegrinno et al. [61].

3.3. Fourier transform infrared (FTIR) spectroscopy

The results showed in Fig. 3 illustrate the Fourier transform infrared
(FTIR) spectra of nano TiC crystals exposed to fast neutrons with varying
intensities of 1 MeV energy. The non-irradiated and irradiated nano TiC
crystals up to 10'® n/em? intensity displayed peaks indicative of distinct
modes. Notably, the 645 cm ™! T-C vibration modes [80], 745 cm-1
O=Ti=0 modes, and 841 cm ' modes [81] were detected. Further-
more, the 1066 cm ™! TiC surface exhibited =C=0 radicals associated
with vibration modes. In the wavenumber range of 1000-1500 cm-1, the
spectral features corresponding to weak interactions of the functional
groups =C—H and =C=0 are typically observed [82,83]. Additionally,
the interval from 2900 to 3450 cm™! is known to correspond to the
valence v (OH) oscillations of water molecules adsorbed on the surface
of the crystal [84]. After irradiation, a decrease in the spectral peaks
attributed to absorbed water can be observed (Fig. 3). The underlying
mechanism for the decomposition of absorbed water molecules under
the influence of different neutron fluxes can be explained through the
following diagrams.

H-OH + TiO,-Ti—-OHF +(=C=0) (1b)
Ti-OH ©Ti-O + H' (2b)
Ti-OH3 ©Ti-OH + H" (3b)

A comparison of the Raman and FTIR analyses reveals an increase in
the intensity of modes that characterize the chemical bond O=Ti=0,
indicating the formation of TiO crystal centers as a result of reactions
with mechanism (2).

3.4. Surface morphology analysis

The images of nano-sized crystal TiC before and after irradiation
with different neutron fluxes obtained using TEM and SEAD methods
were presented in Fig. 4 and Fig. 5. The results of Raman and FTIR
analysis indicate that the nano TiC crystals do not undergo amorphiza-
tion depending on irradiation. Furthermore, TEM images reveal that the
crystal size ranges from 50 to 120 nm and remains unchanged depending
on the intensity of the neutron flux. This funding is also supported by the
Raman analysis, which confirms that the crystallite size remains con-
stant. Additionally, SEAD micrographs provide information on the
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Fig. 3. FTIR spectroscopy of nano TiC crystal at different neutron irradia-
tion fluencies.
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structural properties of TiC, which exhibits a halite structure type with
cubic symmetry (space group-Fm3m), cage parameters of 4.3280 A°, a
cage volume of 81.67 A%, and a molar volume of 12.21 cm®/mol. The
experiments revealed that changes in the interatomic planes (200, 111,
220, 113 and 222) of the nano TiC crystal were observed depending on
the intensity of radiation. However, the maximum intensity of the (200)
plane remained unaffected. The experimental results from all analyses
showed that irradiation of the nano-crystalline TiC sample with fast
neutrons with an energy of 0.1 MeV up to 10'® n/cm? did not lead to any
structural damage and the crystal maintained a stable structure.

3.5. PLT calculations

A structure consisting of 500 TiC molecules was utilized to construct
the TiC lattice in MIKA. The void cluster was increased to 2 vacancies,
specifically a di-vacancy consisting of 1 Ti and 1 C atom. The distribu-
tion of hydrogen (H) and helium (He) atoms within the void clusters was
gradually increased, considering the potential formation of hydrogen
molecules as well as the likelihood of valence interaction between
hydrogen and neighboring atoms of the underlying material. Based on
the fact that hydrogen molecules have stronger molecular bonds than
hydride modifications at Ti and C, it is anticipated that hydrogen-
hydrogen interactions will be the primary interaction in vacancies
[85-87]. The MIKA calculation was conducted without relaxation, but
the H and He atoms were relocated to positions that could be occupied
due to Ti-H or C-H chemical bonds [88,89]. For test calculations, a
different type of Ti structure was utilized as a starting point. In Fig. 6, a
cluster consisting of two vacancies is depicted with 4H and 4He atoms
implanted. The calculated values of T are listed in Table 3 and presented
graphically in Fig. 6. The graph in Fig. 7 illustrates the correlation be-
tween the number of implanted H or He atoms and the corresponding
values of 7, as presented in Table 3. TiC, similar to WC, can be consid-
ered as a layered material that exhibits strong metallic properties while
possessing a two-dimensional structure consisting of a light element. In
order to make a comparison, fcc Ti was used as a benchmark, although
evaluations were also conducted on bcc and xec Ti. The resulting data
suggests that the variations observed are negligible and can be attrib-
uted to potential deformations in the lattice constants [90]. In TiC ma-
terials, the positron lifetime by calculation was 111.9 ps. However, the
presence of a single TiC vacancy in the crystal structure of TiC increases
this time to 180.1 ps. On the other hand, when a C vacancy replaces a Ti
vacancy, the difference in positron lifetime values between the perfect
lattice and the vacancy-containing structure decreases. The data pre-
sented in Table 1 demonstrate that the T value increases at a faster rate
for a Ti vacancy compared to a C vacancy. This observation is reasonable
since the volume of the titanium atom is considerably larger than that of
the carbon atom, although the valence electrons are equal in both cases.
The electron density in a titanium vacancy is significantly lower than in
a carbon vacancy, although the positron lifetime is functionally depen-
dent on the electron density. Based on the observed range of values for
different types of defects in Ti and TiC, it can be inferred that TiC is a
better material as compared to Ti. The difference between 7 for a tita-
nium vacancy and a perfect lattice (bulk) in Ti is 88 ps, while in TiC, it is
approximately 68 ps. Additionally, the layered structure of TiC makes it
a promising candidate for use in radiation protection from ion radiation.
This inference is further supported by the “trampoline effect,” a phe-
nomenon resulting from the irradiation of two-dimensional structures of
nano-particles, as described in reference [91]. To establish a reliable
benchmark, a comparison was made with the results obtained by
Gopalan [92]. The study by Gopalan provided a result for a perfect
lattice that matched our findings. On the other hand, De Vries reported
lifetime values around 160 ps, which depended on annealing conditions
and temperature Kkinetics, suggesting the possibility of a
non-stoichiometric form of the material being considered. The results in
our Table 3 that were closest to this value were observed for implanta-
tion. Therefore, it is plausible to assume that non-stoichiometry may be
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Fig. 4. SAED patterns of nano titanium carbide sample at different neutron irradiation fluencies.
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Fig. 5. TEM images patterns of nano titanium carbide sample at different neutron irradiation fluencies.

present in De Vries samples. In Fig. 6, the positron lifetime (t) is pre-
sented as a function of the number of implanted hydrogen or helium
atoms. The observed decrease in 7t values can be attributed to the
increased electron density caused by the impurity atoms, which in turn
reduces the effective size of the vacancy cluster. Notably, the t values for
1Tiy + nHe decrease more rapidly than those for 1Tiy + nH due to the
presence of an additional electron in the helium atom’s outer shell.
Although both electrons of the helium atom are in a bound state, they
occupy the same 1 S orbital, making annihilation with them highly
likely. A similar trend in t values is observed for 1Cy + nH and 1Cy +
nHe. One of the noteworthy observations in Fig. 6 is the saturation of
1Cy with hydrogen, which exhibits an unconventional curve shape and a
sharp decrease in 7 values as the number of hydrogen atoms increases
from one to two. This behavior can be attributed to the distinct chemical
interactions between the hydrogen electrons and the vacancy.

Furthermore, the comparison of the T change upon saturation of a tita-
nium vacancy with hydrogen and helium for both TiC and Ti corrobo-
rates our previous conclusion that TiC is a more stable material. This
conclusion is reiterated by an analogous comparison between the results
of a di-vacancy for TiC with one vacancy for Ti. Specifically, the dif-
ference from O impurities atoms in the di-vacancy to 4 hydrogen atoms is
63.5 ps, whereas the difference from 1 vacancy in Ti to 4 hydrogen
atoms is 83.8 ps. Thus, we can again claim that TiC material has
significantly better density qualities and, accordingly, resistance to ion
radiation than Ti. The smoother course of the curves for the saturated
vacancy clusters with implanted hydrogen and helium atoms at TiC
compared to the analogous curves at Ti in Fig. 6 supports this inter-
pretation. In the present work, the main claim can be made that TiC,
which has a sufficiently high melting temperature of 3160 °C, can be
considered as a competitor to tungsten for use as a diverter coating in a
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Fig. 6. Vacancy cluster formed by two vacancies (1Ti vacancy and 1C vacancy) where 4H or 4He atoms were implanted.

Table 3
Values of T depending from number of vacancies in vacancy cluster and impu-
rities H and He atoms in structure TiC and Ti(¢cc, xec, bec)-

No. No. No. No. (ps)/ 7(ps)/ 7(ps)/ 7(ps)/
Vi A% imp H imp He TiC Tifee Tixec Tipee

- - - 111.9 147.7 148.9 147.9
- - 180.1 235.7 235.3 236.2

139

- 198.2

- 159.6 205

- 138.5 176.7

- 118.6 151.9

- 137.6

112.3

- 179.2

- 159.2

134.7

133.7 175.9

119.2 154.9

115.4
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Dependence of 7 from the number of impurities atoms in TiC and Ti
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Fig. 7. Variation of t for the implanted H or He atoms in vacancy clusters from
one, two vacancies by TiC and in 1 vacancy by Ti.

fusion reactor. Despite its lower atomic number and corresponding
atomic weight, TiC exhibits good radiation resistance, making it a
promising candidate for this application. Moreover, TiC offers the
additional advantage of producing low activity daughter isotopes.

4. Conclusions

In conclusion, the investigation of the effects of fast neutron irradi-
ation on nano TiC crystals revealed that the crystals remained struc-
turally stable up to 10'° n/cm? intensity of radiation. The Raman and
FTIR analyses revealed an increase in the intensity of modes associated
with the chemical bond O=Ti=0, which suggests the generation of TiO,
crystal centers. Structural analyses revealed that TiC exhibited a halite
structure type with cubic symmetry, and changes in the interatomic
planes of the nano TiC crystal were observed depending on the intensity
of radiation. X-ray diffraction (XRD) analysis revealed an annealing ef-
fect with increasing neutron dose, which is consistent with the observed
increase in the anatase phase relative to rutile for TiOz on the surface as
demonstrated by Raman and FTIR results. The consolidation of TiO,
occurred on the grain surface, and these observations are consistent with
the non-monotonic nature of the TiO, phase change. The results of the
PLT indicate that TiC is a better material for radiation protection than Ti
due to its strong metallic properties and two-dimensional structure, as
determined by the MIKA software. Moreover, it can be concluded that
hydrogen-hydrogen interactions are the primary interaction in va-
cancies, and the electron density in a titanium vacancy is considerably
lower than in a carbon vacancy. The morphological analysis by trans-
mission electron microscopy (TEM) and selected area electron diffrac-
tion (SEAD) confirmed the material’s exceptional structural stability to
neutron irradiation without amorphization. Additionally, our model
calculations for implanting hydrogen and helium atoms into a TiC
sample are consistent with the findings and the results suggest that the
nano TiC crystals can withstand fast neutron irradiation without any
significant structural damage, making them suitable for various appli-
cations in radiation environments.
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