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This paper presents the results of a study of changes in structural characteristics, such as the degree of 
crystallinity, dislocation density, and deformation of the crystal lattice in ZrO2 ceramics as a result of 
irradiation with heavy Kr15+ ions with an energy of 147 MeV. The choice of the type of irradiation ions 
is due to the possibility of simulating the processes of defect formation comparable to the irradiation of 
radiation-resistant materials by fragments of uranium fission. The radiation doses ranged from 5х1013 to 
1х1016 ion/cm2. The dependences of the change in the crystallographic parameters on the radiation dose 
were established. At the same time, the maximum decrease for an irradiation dose of 1x1016 ion/cm2 was no 
more than 10 %, which in turn indicates a high radiation resistance to the accumulation of defects during 
large-dose irradiation. It was determined that the greatest change in the degree of crystallinity is observed 
above a dose of 1х1015 ion/cm2. The data obtained indicate a high degree of resistance of these ceramics to 
radiation damage. 
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1 Introduction

To date, the most promising materials for nuclear 
power as structural materials are oxide or nitride 
ceramics, which are highly resistant to degradation, 
refractory and wear resistance, and good insulating 
properties [1-5]. Among the variety of oxide types 
of ceramics, one can distinguish ceramics based 
on zirconium dioxide (ZrO2), which are among the 
most refractory oxides (Tmelt=2715°C). In nature, 
zirconium dioxide exists in three crystalline forms: 
in the form of a monoclinic structure characteristic 
of the mineral baddeleyite, a metastable tetragonal 
phase, and an unstable high-temperature cubic phase 
[5-15]. Resistance to most types of acids and alkalis, 
as well as high wear resistance and refractoriness 
make ceramics based on ZrO2 the basis for the 
manufacture of refractory, abrasive materials, 
superhard glasses and fuel cells [16,17]. All of the 
above properties make ZrO2-based ceramics one of 
the candidate materials as the basis for the materials 
of the first wall of high-temperature reactors. 
However, in the case of potential application of 
ZrO2 ceramics in this direction, it is necessary to 
know the degree of resistance of these ceramics to 
the action of ionizing radiation, as well as the effect 

of the accumulation of structural defects in the 
material [18-20].

The aim of this work is to study the structural 
changes in ZrO2 ceramics as a result of irradiation 
with heavy Kr15+ ions with an energy of 147 MeV.

2 Experimental technique

Commercial samples of ceramics based on zirco-
nium dioxide with a tetragonal type of crystal lattice 
were selected as objects of research. The choice of 
these ceramics as an object of research is due to their 
high resistance to chemical and temperature degrada-
tion, as well as their increased resistance to radiation 
damage [21-25].

The irradiation of ceramics was carried out on a 
DC-60 heavy ion accelerator. The ions for irradia-
tion were Kr15+ ions with an energy of 147 MeV. 
The radiation doses ranged from 5x1013 to 1x1016 
ion/cm2. The choice of the type of irradiation ions is 
due to the possibility of simulating defect formation 
processes in the range of particle energies compa-
rable to irradiation with uranium fission fragments 
in a reactor. The choice of the range of irradiation 
doses is due to the possibility of simulating defect 
formation processes both in the case of the begin-
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ning of the overlapping of ion trajectories in the ma-
terial, and in the case when the probability of over-
lap exceeds 1000.

The study of the effect of irradiation on structural 
distortions and amorphization as a result of the ac-
cumulation of defects in the irradiated material was 
carried out using the standard method of X-ray dif-
fraction, which belongs to the methods of non-de-
structive testing of defects. The studies were carried 
out using X-ray diffraction of the samples in the an-
gular range 2θ=20-100°, with a step of 0.03°. X-ray 
diffraction patterns were recorded on a D8 Advance 
ECO powder X-ray diffractometer, Bruker, Germa-
ny. The assessment of changes in structural charac-
teristics was carried out by determining changes in 
the shape and intensity of diffraction lines, as well as 
their distortion.

 
3 Discussion

Figure 1 shows the dynamics of changes in the X-
ray diffraction patterns of the studied ceramics before 
and after irradiation. The general view of the diffrac-
tion patterns indicates a polycrystalline structure of 
ceramics with a high degree of structural ordering, 
which is evidenced by the symmetric shape of the 
diffraction lines in the diffraction pattern of the initial 
sample. The general view and angular position of the 
diffraction peaks are characteristic of the tetragonal 

phase of zirconium oxide with the spatial symmetry 
P42/nmc (137), which is most common for this type 
of ceramics. 

For irradiated samples, according to the given 
X-ray diffraction data, the appearance of new reflec-
tions was not detected, which indicates the absence 
of phase transformation processes or the formation of 
new phase inclusions as a result of the accumulation 
of defects in the structure. 

The main changes in the diffraction patterns are 
reflected in the form of changes in the shape of the 
diffraction peaks, as well as their intensity. These 
changes indicate that the main structural changes 
in this case are associated with deformation and 
disordering of the crystal structure, changes in 
dislocation density, and the formation of highly 
disordered regions or amorphous-like inclusions 
in the structure. These changes are caused by the 
processes of defect formation, which arise as a result 
of elastic and inelastic collisions of incident ions with 
atoms of the crystal lattice, as well as the formation 
of displacement atoms and knocked out electrons. In 
this case, in the case of irradiation with high-energy 
ions with an energy of more than 100 MeV, the main 
contribution to the energy losses of incident ions 
is made by elastic collisions of ions with electron 
shells, as a result of which cascades of knocked-out 
electrons arise and, therefore, the electron density in 
the irradiated material changes. 

Figure 1 – X-ray diffraction patterns of ceramics before and after irradiation

Analyzing the obtained data of X-ray diffraction 
patterns, it was found that the greatest changes in the 
shape of diffraction peaks are observed at irradiation 
doses above 1x1015 ions/cm2, which are characterized 

by an increase in the overlapping areas of defects 
by more than 100 times. As is known, in the case 
of single ion trajectories isolated from each other in 
the material, most of the formed point defects are 
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capable of annihilating with each other, thereby not 
making a significant contribution to the change in 
the concentration of defects in the ceramic material. 
However, in the case when the trajectories of incident 
ions begin to overlap, which is observed with an 
increase in the radiation dose, the concentration of 
defects becomes much higher and can lead to the 
formation of regions of disorder and deformation 

of the crystal lattice in the structure. In the case of 
high-temperature refractory ceramics, the formation 
of defect regions can lead to a decrease in the degree 
of perfection of the crystal structure due to partial 
disordering and deformation. Figure 2 shows the 
dynamics of the dependence of the change in the 
degree of crystallinity of the studied ceramics as a 
result of irradiation.
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Figure 2 – Dynamics of changes in the degree of crystallinity of the 
studied ceramics as a result of irradiation

According to the data obtained, it can be seen that 
the greatest decrease in the degree of crystallinity is 
observed for samples irradiated with a dose of 1x1015 
ion/cm2 and above. At the same time, the maximum 
decrease for an irradiation dose of 1x1016 ion/cm2 was 
no more than 10 %, which in turn indicates a high 
radiation resistance to the accumulation of defects 
during large-dose irradiation.

Based on the change in the shape and intensity 
of the diffraction peaks, the contributions from 
amorphous-like inclusions and highly disordered 
regions in the structure of ceramics, which 
appeared as a result of an increase in the radiation 
dose, were calculated. The calculation method was 
based on the approximation of diffraction peaks by 
the required number of pseudo-Voigt functions, 
which make it possible to separate the contribution 
from amorphous-like inclusions and an ordered 

structure. Figure 3 shows the results of these 
calculations.

As can be seen from the data presented, the 
change in the concentration of amorphous-like 
inclusions in the structure of ceramics as a result of 
an increase in the irradiation dose is nonlinear and 
has a pronounced increase in the samples irradiated 
with a dose above 1x1015 ion/cm2. This nonlinearity 
of changes in the concentration of amorphous-like 
inclusions is due to an increase in the regions of 
overlapping ion trajectories in ceramics, as a result of 
which the defects do not have time to annihilate, but 
form cluster two-dimensional and three-dimensional 
defects. In this case, the formation of strongly 
disordered regions can lead to a strong deformation 
of the crystal lattice, which is also clearly seen from 
the asymmetric shape of the diffraction maxima for 
samples irradiated with high doses. 
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4 Conclusions 

In conclusion, the studied ZrO2 ceramics have a 
high degree of resistance to radiation damage under 
high dose irradiation, and the maximum degree of 
disordering and amorphization of the structure 
at high irradiation doses of 1x1015 – 1x1016 ion/

cm2 is no more than 7-12 %. At the same time, 
no new phase inclusions or impurity formations 
were observed for all irradiated samples, which 
also indicates the high resistance of these ceramics 
not only to radiation damage, but also to phase 
transformations that can occur during large-dose 
irradiation. 
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Figure 3 – Graph of the dependence of the change in the concentration 
of amorphous-like inclusions in the structure of ceramics as a result of 

an increase in the radiation dose

References 

1 Liu J. et al. In-situ TEM study of irradiation-induced damage mechanisms in monoclinic-ZrO2 // Acta Materialia. 
– 2020. – Vol. 199. – P. 429-442.

2 Chauhan V., Kumar R. Phase transformation and modifications in high-k ZrO2 nanocrystalline thin films by low 
energy Kr5+ ion beam irradiation // Materials Chemistry and Physics. – 2020. – Vol. 240. – P. 122127.

3 Wang Z. G. et al. Enhanced nucleation undercooling and surface self-nanocrystallization of Al2O3-ZrO2 (Y2O3) 
eutectic ceramics // Journal of the European Ceramic Society. – 2019. – Vol. 39. –No.4. – P. 1707-1711.

4 Wang J. et al. Pump laser induced photodarkening in ZrO2-doped Yb: Y2O3 laser ceramics // Journal of the European 
Ceramic Society. – 2019. – Vol. 39. –No.2-3. – P. 635-640.

5 Kadyrzhanov K. K., Tinishbaeva K., Uglov V. V. Investigation of the effect of exposure to heavy Xe22+ ions on the 
mechanical properties of carbide ceramics // Eurasian Phys. Techn. J. – 2020. – Vol. 17. –No.33. – P. 46-53.

6 Peuchert U. et al. Transparent cubic-ZrO2 ceramics for application as optical lenses //Journal of the European Ce-
ramic Society. – 2009. – Vol. 29. – No. 2. – P. 283-291.

7 Deng Z. Y. et al. Microstructure and thermal conductivity of porous ZrO2 ceramics //Acta materialia. – 2007. – Vol. 
55. – No. 11. – P. 3663-3669.

8 Han J. et al. Highly porous ZrO2 ceramics fabricated by a camphene-based freeze-casting route: Microstructure and 
properties //Journal of the European Ceramic Society. – 2010. – Vol. 30. – No. 1. – P. 53-60.

9 Li W. et al. Preparation, microstructure and mechanical properties of ZrB2–ZrO2 ceramics //Journal of the Euro-
pean Ceramic Society. – 2009. – Vol. 29. – No. 4. – P. 779-786.

10 Zhang K. et al. Digital light processing of 3Y-TZP strengthened ZrO2 ceramics //Materials Science and Engineer-
ing: A. – 2020. – Vol. 774. – P. 138768.



36

Study of structural changes in ZrO2 ceramics irradiated ...                    Phys. Sci. Technol., Vol. 7 (No. 3-4), 2020: 32-36

11 Liu Y. et al. Fabrication of micro-scale textured grooves on green ZrO2 ceramics by pulsed laser ablation //Ceram-
ics International. – 2017. – Vol. 43. – No. 8. – P. 6519-6531.

12 Rittidech A., Somrit R., Tunkasiri T. Effect of adding Y2O3 on structural and mechanical properties of Al2O3–
ZrO2 ceramics //Ceramics international. – 2013. – Vol. 39. – P. S433-S436.

13 He S., Tong H., Liu G. Spark assisted chemical engraving (SACE) mechanism on ZrO2 ceramics by analyzing 
processed products //Ceramics International. – 2018. – Vol. 44. – No. 7. – P. 7967-7971.

14 Guo L., Li M., Ye F. Phase stability and thermal conductivity of RE2O3 (RE= La, Nd, Gd, Yb) and Yb2O3 co-
doped Y2O3 stabilized ZrO2 ceramics //Ceramics International. – 2016. – Vol. 42. – No. 6. – P. 7360-7365.

15 Santa Cruz H., Spino J., Grathwohl G. Nanocrystalline ZrO2 ceramics with idealized macropores //Journal of the 
European Ceramic Society. – 2008. – Vol. 28. – №. 9. – P. 1783-1791.

16 Ivanov K. V., Kalashnikov M. P. Structure and phase composition of “ZrO2 thin coating–aluminum substrate” 
system processed through pulsed electron beam irradiation // Applied Surface Science. – 2020. – Vol. 534. – P. 147628.

17 Baksht E. K. et al. Yttrium sesquioxide ceramics glow under irradiation with an electron beam // Russian Physics 
Journal. – 2020. – P. 1-7.

18 Srivastava S. K. et al. Ionoluminescence to study irradiation stability of zirconia // AIP Conference Proceedings. 
– AIP Publishing LLC, 2020. – Vol. 2265. -No.1. – P. 030225.

19 Xia W. et al. Corrosion behavior of a sol-gel ZrO2 pore-sealing film prepared on a micro-arc oxidized aluminum 
alloy //Ceramics International. – 2019. – Vol. 45. –No. 8. – P. 11062-11067.

20 Leonov A. A. et al. Effect of electron beam irradiation on structural phase transformations of zirconia-based 
composite reinforced by alumina nanofibers and carbon nanotubes // Journal of Physics: Conference Series. – IOP 
Publishing. – 2019. – Vol. 1393. –No. 1. – P. 012106.

21 Börner F. D., Lippmann W., Hurtado A. Laser-joined Al2O3 and ZrO2 ceramics for high-temperature applications 
//Journal of nuclear materials. – 2010. – Vol. 405. – No. 1. – P. 1-8.

22 Guo H. et al. Cold sintering process for 8 mol% Y2O3-stabilized ZrO2 ceramics //Journal of the European Ceramic 
Society. – 2017. – Vol. 37. – №. 5. – P. 2303-2308.

23 Yang Z. et al. Investigation of surface topography formation mechanism based on abrasive-workpiece contact rate 
model in tangential ultrasonic vibration-assisted CBN grinding of ZrO2 ceramics //International Journal of Mechanical 
Sciences. – 2019. – Vol. 155. – P. 66-82.

24 Smirnov A., Bartolomé J. F. Microstructure and mechanical properties of ZrO2 ceramics toughened by 5–20 vol% 
Ta metallic particles fabricated by pressureless sintering //Ceramics International. – 2014. – Vol. 40. – No. 1. – P. 1829-
1834.

25 Bian R. et al. Experimental investigation on ductile mode micro-milling of ZrO2 ceramics with diamond-coated 
end mills // Micromachines. – 2018. – Vol. 9. – No. 3. – P. 127.


