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We present the first report on the structural effects induced by swift xenon ions in nanocrystalline
pyrochlore Y2Ti2O7 (outside the metal matrix) studied using high resolution transmission electron
microscopy. Latent amorphous tracks were observed in the range of electronic stopping powers 4.8–23.2
keV/nm. Obtained results enabled estimation of the threshold energy loss values for formation of
continuous and not continuous (surface) tracks at ≈ 8 keV/nm and 3.5 keV/nm, respectively.
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Introduction

One consequence of swift heavy ion (SHI) impact ( E ≥ 1 MeV/nucleon) is the for-

mation of disordered regions around the ion trajectory in the irradiated material,

so-called latent tracks. Tracks are formed in many solids, particularly in dielectric

crystals, due to energy deposition via electronic energy loss over a certain thresh-

old level [1–9]. Because of the exceptional importance of such structural effects

on radiation resistance, a study of the formation conditions, parameters, and mor-

phology of tracks becomes necessary and practically valuable. In some cases, the

track formation process is accompanied by phase transformations, for example,

by transition from a crystalline to an amorphous state. It allows to reliably regis-

ter them using various techniques, such as X-ray diffraction (XRD), Rutherford

backscattering spectroscopy (RBS), and transmission electron microscopy (TEM).

The latter should be highlighted as the only direct experimental method [10–12].

However, the observation of ion tracks in nanocrystalline materials can be hin-

dered by different orientations of crystallites and/or by the background matrix

influence, as typical, for example, for dielectric nanoparticles in oxide dispersion

strengthened (ODS) alloys. A reduction of the incident particles’ energy down to

the threshold levels for track formation leads to a decrease in effective track radii

and therefore a decrease in the resulting defect contrast in TEM images.

The Y-Ti-O pyrochlores are promising materials for nuclear application and

hence attract special interest to study their properties under irradiation [13–24].

To date, a major part of research has been focused on nanoparticles included

in ODS steels [9, 18–21]. The most detailed analysis of the radiation-induced

response of Y2Ti2O7 pyrochlore nanoparticles in EP450 steel is presented in [9].

There the threshold ionization energy losses for track formation were found to be

equal to Sth ≈ 7.4–9.7 keV/nm.

A lack of published experimental data on tracks in both bulk and isolated

nanocrystalline yttrium titanate is further motivation for this work. The study

aims to provide a comparative analysis of structural changes induced with high-

energy heavy ion irradiation in Y2Ti2O7 nanooxides in isolation and embedded

into a ferrite matrix.

Materials and Methods

Nanocrystalline powder Y2Ti2O7 ( ρ =4.86 g/cm3 ) was synthesized at the Re-

search Institute of Physics and Technology of the Nizhny Novgorod State Uni-

versity, Nizhny Novgorod, Russia. Pyrochlore Y2Ti2O7 was synthesized by co-

precipitation method. Y(NO3)3 · 6H2O (yttrium(III) nitrate hexahydrate, 99.99%)

and TiCl4 (titanium(IV) chloride, 99.9%) precursors were added to distilled wa-

ter to make 0.3 mol aqueous solutions. The pH of the aqueous solutions was

adjusted to 8 by adding NH4OH (ammonium hydroxide, ≈ 25%). After that,

both solutions were mixed and stirred for 20 min. The resulting mixture was

evaporated at 100◦C . The dry residue was annealed at 350◦C , and then heated

to 800◦C at a rate of 5◦C/min and annealed for 1 h.
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The preparation of TEM specimens consisted of grinding, weighing, process-

ing in an ultrasonic bath, and separating particles into fractions. About ≈ 0.02

grams of Y2Ti2O7 were mixed in a test tube with 10 ml of 70% alcohol for the

subsequent ultrasonic processing of nanoparticle dispersions in a Bandelin ultra-

sonic bath (for 15 minutes at the operating frequency of 35 kHz). The accelerated

sedimentation to separate particles into fractions after ultrasonic treatment by

removing large particles and agglomerates was performed using an MPW-352

centrifuge, the centrifugation time was 5–10 minutes. As a result, the largest

components of the solution accumulated at the tube bottom, the light ones – on

the surface. A drop of this liquid was placed on a TEM grid and allowed to

evaporate in a dry atmosphere.

The obtained samples were irradiated with 148 MeV Xe ions at room tem-

perature at the IC-100 FLNR JINR cyclotron for applied research. Aluminium

degraders of various thicknesses were used to vary the energy of incident ions.

Uniform distribution (with an accuracy of no worse than 10%) of the ion beam

over the irradiated sample surface was achieved by scanning in the horizontal

and vertical directions. To prevent sample heating, the average fluences of Xe

ions were less than 108 cm−2 s−1 . The total ion fluence was equal to 4× 1011

cm−2 , which corresponds to the single track mode. Ionization energy losses Se

were calculated using the SRIM-2011 program.

The electron microscopic analysis was carried out at the Center for High-

Resolution Transmission Electron Microscopy, Nelson Mandela University, Port

Elizabeth, South Africa and the Flerov Laboratory of Nuclear Reactions, JINR,

Dubna, Russia using JEOL ARM200F with Cs correction and TalosTM F200i

S/TEM high-resolution transmission electron microscopes at 200 kV, respectively.

Results and discussion

Visible tracks were found by TEM in samples irradiated with 148 MeV Xe ions

with all aluminium degraders except 16 µm ( Se ≈ 1.7 keV/nm). Typical TEM im-

ages are shown in Figure 1. Tracks in Y2Ti2O7 are cylindrical zones of amorphous

material along the incident ion trajectory.

The track sizes determined based on the contrast in TEM images and calcu-

lated values of the ionization energy loss for degraders with different thicknesses

are presented in Table 1. Generally, the track formation process in yttrium titanate

irradiated with SHI is very similar to the radiation response of other nanoma-

terials, see for instance [25, 26]. Smaller particles (sized about 20 nm) and/or

thinner parts of specimens, especially close to particle borders, are more sensitive

for the defect formation (Figure 2). This effect might be concerned with so-called

a surface effect according to which a melting temperature can extremely decrease

for a surface of particles/small particles than for bulks [27, 28]. It becomes more

evident as the value of the ionization energy loss Se is decreased.

At Se ≈ 4–5 keV/nm, tracks are no longer seen as amorphous cylinders within

the nanoparticles but instead appear as regions of defected crystal visible due to

the associated strain (see Figure 3). However, the border regions and especially
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Figure 1. Bright-field TEM images of nanocrystalline Y2Ti2O7 irradiated with 148 MeV Xe without (a) and with 8 µm Al
degrader (b).

smaller particles do show amorphous tracks as shown in Figure 2. Very thin

regions such as near the edge of a particle or within a particle of sufficiently

small size places the entire interaction zone within the effective "near surface"

zone [29, 30] where track formation efficiency is enhanced. Thus, this ionization

energy loss should be close to the threshold level Sth whereas continuous tracks

are formed at Se ≈ 8 keV/nm and higher.

Table 1.

Parameters of irradiation with 148 MeV Xe ions and track sizes in

nanocrystalline Y2Ti2O7 .

Ion, energy Degrader thickness, µm Se, keV/nm Track diameter, d, nm

Xe, 148 MeV No 23.22 8.9×1.2

8 15.38 7.6×1.1

9.6 12.51 6.1×1.1

11.7 8.13 4.2×1.3

14 4.83 1.5×0.8*

16 1.67 No tracks

* Track size was measured only for amorphous tracks which were observed only

in the smallest particles or near the edges of larger particles. In large particles

tracks appeared as in Fig 3 and diameter measurement was not possible. In

Figure 4 this result is marked with a green diamond.

For a more accurate assessment of the threshold values of the specific ion-

ization energy loss for track formation in nanocrystalline Y2Ti2O7 , all results

obtained were combined and presented as a function of d(Se) in Figure 4. Sub-

sequent fitting by the least-squares method made it possible to estimate Sth for

the formation of discontinuous tracks at a level of 3.5 keV/nm. The resulting

equations are shown in Figure 4. For a similar range of ionization energy losses

of xenon ions Se =3.6–24.3 keV/nm for nanoparticles in EP450 steel [9], the corre-

sponding value of Sth was much higher ≈ 7–9 keV/nm (Figure 4). One possible
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explanation of this phenomenon is that the observation of partially amorphous

track regions in nanoparticles located in a metal is significantly complicated due

to the influence of surrounding crystal lattice of the matrix. This does not allow

to reliably determine track parameters in nanooxides in an ODS alloy close to the

threshold of their formation.

Figure 2. Bright-field TEM image of nanocrystalline Y2Ti2O7 irradiated with 148 MeV Xe ions with 14 µm Al degrader
( Se ≈ 4.83 keV/nm).

According to the conventional thermal spike model [15, 16, 31], the formation

of latent tracks in solids occurs due to a local increase in temperature to a level

exceeding the melting temperature and subsequent rapid cooling. In this case

it seems reasonable that isolated nanoparticles could have a lower threshold

Se for track formation compared to particles embedded in an Fe matrix since

the surrounding matrix facilitated energy transport out of the particle leading

to lower transient thermal spikes and thus a higher Se is required to cause

local melting. Verification of this statement based on the assumption of the

dependence of track parameters on the nanoparticles size is a very complicated

experimental issue due to many factors as irregular particle shapes, their different

crystallographic orientation, and their boundaries imperfection.

It should be noted that at present there is no information in the literature on

tracks in yttrium titanate single crystals and only one work is devoted to poly-

crystalline Y2Ti2O7 irradiated with 2.2 GeV 197Au ions ( Se =35.7× 0.9 keV/nm)

[22]. The diameter of amorphous latent tracks, according to XRD analysis, was

about 3–4 nm at the indicated value of the ionization energy loss. Even taking
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Figure 3. High resolution TEM image of nanocrystalline Y2Ti2O7 irradiated with 148 MeV Xe ions with 14 µm Al
degrader ( Se ≈ 4.83 keV/nm).

Figure 4. Dependence of the average track diameter, d, on ionization energy losses, Se.
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into account the so-called "velocity effect", which predicts a smaller track size

for ions with the same energy losses but with a higher velocity [32], the average

track diameter in polycrystals is much smaller than that for a nanocrystalline

material. According to the available experimental data, for example, presented

in [32] for Y3Fe5O12 , the track radius due to the velocity effect can differ by no

more than 50%. It agrees with the suggestion that heat transfer processes in

the limited volume of small particles could be considered as the main factors

determining track formation thresholds. The creation of a quantitative model

for such processes requires further structural electron microscopic studies and

computer simulations using molecular dynamics methods.

Conclusions

For the first time this work presents the results of studying the morphology of

latent tracks induced with high-energy xenon ions in isolated Y2Ti2O7 nanoparti-

cles. The threshold energy levels for formation of not continuous (surface tracks)

and continuous amorphous tracks in yttrium titanate were estimated as ≈ 3.5

keV/nm and ≈ 8 keV/nm, respectively, based on analysis of high-resolution TEM

images of samples irradiated in the single-track mode in the range of specific

ionization energy losses Se ≈ 2÷ 23 keV/nm. It is important to remember that

particle size becomes an important factor determining the presence of visible

tracks at Se values near the threshold. At similar values of electron energy losses,

the track diameter in isolated nanoparticles of yttrium titanate was found to

be significantly larger than in similar sized nanoparticles embedded in a metal

(ferrite) matrix. Parameters of the track regions are assumed to be largely de-

termined by peculiarities of the heat transfer processes in the nanostructured

material.
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