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A B S T R A C T   

We report the first results of a TEM study of structural changes induced by high energy xenon and bismuth ions in 
Y4Al2O9 nanoparticles (10 to 100 nm grain size) in the range of electronic stopping powers 6 ÷ 35 keV/nm. It 
was found that swift Xe an Bi ion irradiation, starting from threshold energy loss ~ 8 keV/nm, leads to the 
formation of continuous amorphous latent tracks, while discontinuous tracks are observed at ~ 6 keV/nm. No 
effect of grain size on the ion track parameters was observed for all specific ionizing energy losses used in 
experiments.   

1. Introduction 

Radiation tolerance of nanocrystalline oxide ceramics against swift 
heavy ion (SHI) irradiation has been extensively studied in recent years 
(for example, [1–8]). In addition to practical interest related to the 
simulation of fission fragment impacts, there are also fundamental issues 
concerned with the role of confinement of excited electrons in structural 
changes. In particular, it is of considerable interest to investigate how 
the localization of energy, deposited via electronic excitations, affects 
latent track or associated damage formation processes in nanograins. 
Contrary to conventional irradiation demonstrating an enhanced radi-
ation resistance due to high grain boundary densities, there are exam-
ples that high energy heavy ion exposure may reduce the stability of 
nanocrystalline materials in comparison with microcrystalline ones, as 
was reported in [2,5]. Most available data were obtained using XRD and 
Raman techniques and targets as nanopowders pressed into pellets 
[1–8]. As a result, these methods provided information averaged over a 
large number of grains. The only technique with sufficient spatial res-
olution to examine the structure of isolated nanoparticles is transmission 

electron microscopy (TEM). However, very few studies are available in 
the literature where TEM was used for the characterization of SHI 
induced effects in individual nano-oxides or their small agglomerates 
[9–20]. It should be noted that in some works TEM was utilized to 
determine crystallite/grain size prior to SHI irradiation (for example, 
[5]). 

Latent tracks of 4.6 MeV/amu Pb ions as cylindrical holes were re-
ported in tin oxide nanopowder deposited on copper grids and irradiated 
to a fluence of 3 × 1011 cm− 2 [9]. The radii of such tracks corresponded 
to the theoretical vaporized radius in the framework of the thermal spike 
model (TSM). At higher fluences, above 2 × 1012 cm− 2, TEM observa-
tions have revealed that the largest grains with size ~ 150 nm split into 
~ 20 nm sized nanodomains while the smallest ones disappear [10]. The 
TSM has predicted a critical radius of 8 nm for completely evaporated 
grains. The formation of nanodomains was ascribed to a pressure effect 
via accumulation of a number of pressurized zones (due to ion tracks) 
until a critical value is reached [10]. High energy Ar (6.7 MeV/amu), Cd 
(9.9 MeV/amu), Ta (6.04 MeV/amu), Pb (4.06 MeV/amu), and U (3.4 
MeV/amu) ion irradiated SnO2 nanometric powders have been studied 
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using high resolution TEM in [11]. It was found that all ions except Ar, 
induce cylindrical tracks. Ta, Pb and U ions with the highest electronic 
stopping power created cylindrical holes, while in the case of Cd ion 
irradiation, a crystal-like contrast remained in the core track. Cylindrical 
holes correspond to a local zone where the maximum temperature 
calculated using the TSM exceeds the boiling point. 

High resolution TEM examination of nanocrystalline Y2O3 irradiated 
with 120 MeV Ag ions to a fluence of 3 × 1013 cm− 2 has revealed the 
absence of amorphization but cubic to monoclinic phase transition [12]. 
It was also found that the average grain size changed from 25 to 17 nm. 

The SHI irradiation induced structural transformations in Y-Ti nano- 
oxides embedded into metallic (ferritic) matrices, oxide dispersion 
strengthened (ODS) alloys, have been studied in [13–20]. Amorphous 
latent tracks were observed in Y2TiO5 and Y2Ti2O7 nanoparticles with 
size variance from tens to hundreds of nm. The most detailed analysis 
was done for Y2Ti2O7 pyrochlore nanoparticles in EP450 ODS steel 
irradiated by 1.2 MeV/amu xenon, krypton and argon ions in the range 
of electronic stopping powers 3.6–24.3 keV/nm [17]. It was found that 
track diameters are in the range 3 to 7 nm for electronic stopping powers 
in the range10 to 24 keV/nm. The threshold ionization energy loss for 
track formation was estimated to be between 7.4 keV/nm and 9.7 keV/ 
nm. Another finding was that SHI irradiation in the track overlapping 
regime (1.5 × 1013 710 MeV Bi/cm2) led to complete amorphization of 

Y-Ti nano-oxides. 
No latent tracks have been revealed in Y4Al2O9 (YAM) particles in 

KP4 alloy irradiated with 710 MeV Bi ions as well as no amorphization of 
Y4Al2O9 oxides was observed after exposure at the same Bi ion fluences, 
up to 1.5 × 1013 cm− 2 [20]. Small Y4Al2O9 oxides (~5 nm), remained 
crystalline and only subsurface (interfacial) regions in large (~20 nm) 
particles were amorphized. 167 MeV Xe ion irradiation at fluences of 
1014 cm− 2 and 1.5 × 1015 cm− 2 resulted in amorphization of small 
Y4Al2O9 particles while the amorphous bodies of large particles were 
found to contain small crystalline inclusions [20]. Such enhanced radi-
ation stability of Y-Al-O nanoparticles in metallic matrices in compari-
son with Y-Ti nano-oxides motivates further research of YAM involving 
new irradiation conditions. It should be noted that no data about SHI 
induced defects in both single and polycrystalline YAM as well as 
nanocrystalline, except of those mentioned above, are known from the 
literature. The aim of this work is TEM examination of structural 
changes in individual YAM nano-oxides (not in a metallic matrix) irra-
diated with high energy Bi and Xe ions in a wide range of electronic 
stopping powers. 

2. Materials and methods 

Nanocrystalline Y4Al2O9 powder (grain size 10 to 100 nm and 
average grain size 43.4 ± 0.7 nm) was synthesized by means of the 
citrate–nitrate sol–gel combustion. For this, Y(NO3)3 (yttrium(III) ni-
trate hexahydrate, 99.99%) and Al(NO3)3 (aluminium(III) nitrate non-
ahydrate, 99%)precursors were added to distilled water in a ratio 2:1. 
The citric acid (CA) solution was added to the nitrate mixture in the 
molar ratio 1 : 1 (NO3– : CA). The resulting mixture was evaporated at 
130 ◦C with constant stirring until a thick gel was formed, which was 
then annealed at 350 ◦C for 2 h. The resulting powder was heated to 
1000 ◦C at a rate of 5 ◦C/min and annealed for 1 h. The powder was 
sonicated with ethanol and dispersed on TEM copper grids, which were 
directly used for irradiation experiments and TEM examination. The 
monoclinic phase of pristine specimens was verified by XRD measure-
ments (Fig. 1). Peak positions shown in Fig. 1 agree with those known 
from the literature [21]. 

The specimens were irradiated with 156 MeV Xe, 230 MeV Xe and 
714 MeV Bi ions to a fluence of 5 × 1011 cm− 2 at the IC-100, U-400 and 
DC-60 cyclotrons at FLNR JINR (Dubna, Russia) and Astana Branch of 
Institute of Nuclear Physics (Nur-Sultan, Kazakhstan). Ion beam homo-
geneity over the irradiated specimen surface was controlled using beam 
scanning in the horizontal and vertical directions and was better than 
10%. Average Bi and Xe ion fluxes were less than 108 cm-2s− 1 to avoid 
any significant heating of the specimens. To widen the ion energy range, 
Al degraders of varying thicknesses have been used. Energy spreading 
(average values and standard deviation) after passing through the de-
graders as well as electronic energy losses, Se, was calculated using SRIM 
code. 

Structural examination was performed using Talos™ F200i S/TEM 
and JEOL ARM-200F TEM operating at 200 kV. TEM analysis done prior 

Fig. 1. XRD spectrum collected from pristine YAM nanopowder.  

Fig. 2. BF (a) and DF (b) TEM images of YAM nanoparticles. (c) – SAED pattern from individual grain prior to irradiation.  
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Fig. 3. BF TEM (left) and HRTEM (right) images of nc-YAM irradiated with 230 MeV Xe ions.  

Fig. 4. DF TEM images of nc-YAM irradiated with (a) 156 MeV Xe, (b) 230 MeV Xe, (c) 714 MeV Bi ions. (d) – DF image of 230 MeV Xe ion induced tracks in the non- 
reflective position. 
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to irradiation has revealed that YAM nanoparticles are composed of 
individual single crystalline grains as follows from bright-field (BF) and 
dark-field (DF) images shown in Fig. 2. The SAED pattern taken from an 
individual grain confirms its monoclinic phase. 

3. Results 

It was found that high energy Xe and Bi ions, induce latent tracks in 
nanocrystalline YAM (nc-YAM) particles when the electronic stopping 
power exceeds some threshold value as shown in Fig. 3. The areal track 
density was equal to the fluence 5 × 1011 cm− 2 within the accuracy of 
ion fluence measurements (15%) for all specimens except those that 
were irradiated close to the threshold electronic stopping power (~6 
keV/nm for 15.7 MeV Xe). This implies that any ion hit results in track 
formation. TEM analysis of a large number of particles has shown that 
track sizes at a fixed electronic stopping power are very similar in small 
(~20 nm) and large (~100 nm) grains (a TEM image is presented as an 
example in Appendix A). 

The morphology of tracks (cylindrical regions of amorphous material 
along the ion path) was determined using DF TEM images, some of 
which are shown in Fig. 4a–c. Electron diffraction from amorphous Y-Al- 
O oxide is much weaker than diffraction from crystalline YAM grains in 
reflecting positions; that is why the amorphous material of tracks in such 
grains is not visible in DF images (Fig. 4a–c). In contrast, amorphous 
tracks are seen in the DF image of the grains in the non-reflective po-
sition (Fig. 4d). An inhomogeneous substance of ion tracks is seen as 
regions consisting of many small light dots, thus clearly demonstrating 
their cluster, so-called X-ray amorphous structure. 

Table 1 summarizes track sizes deduced from analysis of TEM mi-
crographs. Bi and Xe ion energies, specific ionizing energy loss and 
thickness of Al degraders are also given. Se values were calculated 
assuming a density of 4.45 g/cm3 for Y4Al2O9). The error in the stopping 

power is due to the energy dispersion of the incident ion beam after 
passing through the aluminum foil. 

4. Discussion 

Ion track radii vs specific ionizing energy losses are given in Fig. 5. 
Interest in such plots stem from the fact that the experimentally deter-
mined track sizes and threshold energy loss Set are the only parameters 
that can be used for verification of existing theoretical models of track 
formation. 

An evident problem in finding the correct Set value is the track 
morphology at low (near threshold) stopping powers. Fig. 6 shows tracks 
in nc-YAM produced by 1.8 and 0.1 MeV/amu energy xenon ions with 
corresponding Se = 22.5 and 6.2 keV/nm, respectively. Despite detec-
tion of “TEM visible” tracks, it is impossible to determine their size at ~ 
6 keV/nm scattered in the range 0 ÷ 2 nm. We suggest that lower density 
of tracks in comparison with ion fluence and irregular shape may indi-
cate that tracks are discontinuous at this energy loss. The transition from 
amorphous continuous to discontinuous tracks is quite common for 
energy losses near the threshold of track formation [22,23]. Therefore, it 
seems reasonable to speak about two different thresholds for both 
continuous and discontinuous tracks. According to our data the upper 
limit for discontinuous track formation in nc-YAM is no more than 6.2 
keV/nm. As for continuous tracks, we have contradictory results. As 
shown in Fig. 5, no tracks were registered in 0.1 MeV/amu Bi ion irra-
diated specimens contrary to Xe ion irradiation at a similar (~7–8 keV/ 
nm) energy loss. Lower track radius for Bi ions in comparison with Xe 
ions was also observed at Se ~ 17 keV/nm. It should be noted that 
despite different Xe and Bi ion velocities, this discrepancy cannot be due 
to the velocity effect which predicts a bigger track size at lower ion 
velocity for the same stopping power (for example, [22]) since the trend 
shown by our data (see Fig. 5 and Appendix B) is opposite that of the 
velocity effect. 

A possible effect of the nuclear energy loss, Sn, should be ruled out of 
consideration in view of its negligible contribution in total stopping 
power. Actually, the nuclear energy loss may play an important role in 
the track formation when its level is comparable or higher than elec-
tronic energy loss, as demonstrated in a TEM study of latent track pa-
rameters in amorphous silicon nitride films irradiated with high energy 
monoatomic ions and fullerenes [24]. One more process affecting the 
final track size is recrystallization of distorted regions after initial 
excitation [25]. However, the amorphous nature of ion tracks suggests 
that no significant recrystallization occurs in YAM as an amorphizable 

Table 1 
Details of irradiation parameters and track measurements for nanocrystalline 
Y4Al2O9.  

Ion, 
energy 

Al degrader, 
μm 

Ion energy, 
MeV/amu 

Se, keV/ 
nm 

Track radius, 
nm 

Bi, 714 
MeV 

no  3.4 35.3 ±
0.2 

4.8 ± 0.3 

14  1.7 30.9 ±
0.4 

5.5 ± 0.2 

17.4  1.4 28.6 ±
0.5 

5.3 ± 0.3 

19.2  1.2 27.3 ±
0.5 

5.1 ± 0.2 

23.2  0.8 23.5 ±
0.5 

4.7 ± 0.3 

27  0.5 19.1 ±
0.5 

3.4 ± 0.3 

28.7  0.4 16.7 ±
0.6 

2.7 ± 0.4 

34.7  0.1 7.8 ± 0.6 no tracks 
Xe, 230 

MeV 
no  1.8 22.5 ±

0.4 
3.8 ± 0.4 

8  0.8 18.3 ±
0.3 

3.6 ± 0.3 

9.6  0.7 17.1 ±
0.6 

3.9 ± 0.4 

11.7  0.5 14.9 ±
0.6 

3.4 ± 0.3 

14  0.3 11.8 ±
0.4 

3.0 ± 0.4 

16  0.2 8.4 ± 0.6 2.8 ± 0.5 
17.4  0.1 6.2 ± 0.5 0 ÷ 2 

Xe, 156 
MeV 

no  1.2 20.4 ±
0.3 

3.6 ± 0.3 

7.5  0.4 13.8 ±
0.3 

4.0 ± 0.5 

10  0.3 11.6 ±
0.4 

3.3 ± 0.4  

Fig. 5. Track radius as a function of electron energy loss.  
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material. The reason for the difference in Xe and Bi ion track radii at near 
threshold stopping powers requires further research with the possible 
involvement of another ion species. At present, the threshold electronic 
energy loss for continuous track formation in nc-YAM can be estimated 
to be ~ 8 keV/nm. 

Since no other data about SHI induced structural transformations in 
YAM are known from the literature, we cannot compare track parame-
ters in the same nano- and poly/single crystalline material. Considering 
data available for yttrium aluminum garnet (YAG) Y3Al5O12 single 
crystals, (similar to YAM by composition and thermal properties Y-Al 
oxide), one should note the similarity in track sizes [26,27] and in track 
formation threshold of approximately 6 keV/ nm, determined by 
extrapolation of the thermal spike calculations [26]. This may imply that 
if a significant effect of electron confinement does exists for small grain 
sizes, the critical size for the onset of such effects should be below 20 nm 
which were the smallest grains studied in this work. 

5. Conclusions 

Latent tracks induced by high energy xenon and bismuth ions form in 
nanocrystalline YAM and can be imaged by TEM. This is in contrast to 
the high radiation stability under SHI impact of these nanocrystals 
included in a metallic matrix [20]. The threshold electronic stopping 
power was found to be about 8 keV/nm and not more than 6.2 keV/nm 
for the formation of continuous and discontinuous tracks respectively. 
Unfortunately, different results corresponding to track parameters at 
lowest Se values of Xe and Bi ion irradiation could not be explained 
properly within this investigation and requires additional studies. 
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