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Bulk ZrO2 polymorphs generally have an extremely high amorphization tolerance upon low

energy ion and swift heavy ion irradiation in which ballistic interaction and ionization radiation

dominate the ion–solid interaction, respectively. However, under very high-energy irradiation by

1.33 GeV U-238, nanocrystalline (40–50 nm) monoclinic ZrO2 can be amorphized.

A computational simulation based on a thermal spike model reveals that the strong ionizing

radiation from swift heavy ions with a very high electronic energy loss of 52.2 keV nm�1 can

induce transient zones with temperatures well above the ZrO2 melting point. The extreme

electronic energy loss, coupled with the high energy state of the nanostructured materials and a

high thermal confinement due to the less effective heat transport within the transient hot zone,

may eventually be responsible for the ionizing radiation-induced amorphization without

transforming to the tetragonal polymorph. The amorphization of nanocrystalline zirconia was

also confirmed by 1.69 GeV Au ion irradiation with the electronic energy loss of 40 keV nm�1.

These results suggest that highly radiation tolerant materials in bulk forms, such as ZrO2, may be

radiation sensitive with the reduced length scale down to the nano-metered regime upon

irradiation above a threshold value of electronic energy loss.

Introduction

Materials for current and future nuclear technologies are

utilized under an extreme environment consisting of extensive

radiation, high temperature and highly corrosive conditions.

Accident-tolerant materials will greatly improve the materials

performance and extend the lifetime of components, critical

for the safer, more reliable operation of nuclear systems.

Zirconium oxide (ZrO2) has received great attention with

important nuclear applications as engineering materials for

inert matrix fuels, actinide waste forms and targets for trans-

mutation of radionuclides, due to its high chemical durability

and excellent radiation stability.1–4 Under thermal equilibrium

conditions, bulk ZrO2 has a stable monoclinic structure up to

1170 1C, a tetragonal structure between 1170 1C and 2370 1C,

and a cubic phase between 2370 1C and 2715 1C (melting

point). Under highly non-equilibrium conditions of intensive

ballistic and ionizing radiation, ZrO2 polymorphs in the bulk

form are highly radiation tolerant. No radiation-induced

amorphization of bulk ZrO2 has been observed even with an

extreme displacive damage up to 600 dpa (displacements per

atom) and intensive ionizing radiation by swift heavy ions

(SHIs).5,6 Instead of amorphization, phase transformations

can occur between different ZrO2 crystalline polymorphs of

monoclinic and tetragonal phases.6–11

For example, ion beams with energies of several MeV or less

have been used to irradiate monoclinic ZrO2, in which ion–

solid interactions are mainly ballistic and the nuclear energy

loss (Sn) dominates the damage process. Upon the creation

of Frenkel defects at the cation and oxygen sublattices, a

monoclinic-to-tetragonal phase transformation can occur due

to the displacive nature of the ion irradiation. Similarly, a

monoclinic-to-tetragonal phase transformation for ZrO2 can be

achieved by swift heavy ions (SHIs) when their electronic energy

losses (Se) exceed a threshold of B13 keV nm�1.10 SHIs with a

high energy per atomic unit mass (typically >1 MeV amu�1),

which can be utilized to simulate fission fragment radiation effects

for nuclear applications, lose their energy via intense ionization,

leading to the phase transformation, structural disorder or

amorphization within the nano-scale latent tracks of SHIs.
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The swift heavy ion irradiation-induced monoclinic-to-tetragonal

phase transformation can be described by a thermal spike

mechanism, in which the energy of the SHIs is transferred to

the lattice via ionization and electron–phonon coupling, causing

an increase in temperature allowing a direct transition from

monoclinic to tetragonal phase below the melting temperature.12

To further develop radiation tolerant materials for advanced

nuclear energy systems, nano-scale materials design has been

proposed as an effective approach for mitigating radiation

damage of materials in which the surfaces, interfaces and grain

boundaries are considered as effective sinks for defect recovery.

However, nanostructured materials are not intrinsically radia-

tion tolerant, as the excess surface, interface and/or grain

boundary energies associated with nanostructured materials

may significantly affect the energetics of phase transformation

processes and thus alter the phase stability of nanostructured

materials under both thermal equilibrium and highly non-

equilibrium conditions. Using ZrO2 as the model system, grain

size has been shown to have a significant effect on the thermal

stability of ZrO2 polymorphs, and tetragonal zirconia is

energetically favorable as the grain size decreases below a

critical value as a result of energy crossover.8 Upon intensive

radiation damage, the phase stability and the transformation

process could be dramatically different for the nanostructured

materials as compared with their bulk counterpart. Radiation

tolerant crystalline materials in the bulk form may become

sensitive to radiation-induced defect accumulation and even

full amorphization upon the reduction of length scale to the

nano-metered regime. For example, ultrafine nanocrystalline

(B3 nm) tetragonal zirconia (t-ZrO2) precipitates embedded

in an amorphous SiO2 matrix can be easily amorphized

by displacive 1.0 MeV Xe2+ ions, and the existence of the

interfacial silica phase and the associated energetics may play

an important role in determining the amorphization of several

nm sized tetragonal zirconia.13 Fundamental understanding of

radiation response and the damage mechanism of nanostructured

materials, and the interplay among the grain size, defect

energetics, and various radiation conditions, is critical for

developing advanced materials with enhanced radiation tolerance

based on the nano-scale design strategy.

In this study, for the first time, we report that the highly

radiation-tolerant monoclinic ZrO2 can be sensitive to amor-

phization with the reduction of the length scale below 50 nm,

upon intensive ionizing radiation by 1.33 GeV U-238 ions. The

amorphization occurred directly within the monoclinic zirconia

nanoceramic matrix without the formation of intermediate

phases. A computational thermal spike modeling reveals that

high transient temperature within the nano-scale latent tracks

upon energetic SHI irradiation may exceed the melting

temperature of ZrO2. A strong size effect was observed for

the ionizing radiation-induced amorphization, which cannot

be achieved in bulk materials. The excess surface/interface

energy and high thermal confinement in nanostructured

materials, coupled with an extreme electronic loss, might

eventually be responsible for the amorphization of the nano-

sized monoclinic ZrO2 without irradiation-induced monoclinic-

to-tetragonal transition. Our results demonstrate that radiation

tolerant bulk materials, such as zirconia, which are highly

resistant to displacive transformations in bulk forms, can be

amorphized by radiation above the electronic energy loss

threshold with nanosized grains.

Experimental methods

Pure nanocrystalline ZrO2 thin films on Si substrates were

synthesized by ion beam assisted deposition (IBAD) under

ultra vacuum followed by thermal annealing at 1000 1C for

1 hour, leading to the formation of the monoclinic phase in the

thin films.14 Ex situ transmission electron microscopy (TEM)

characterization using a JEOL-2010 TEM shows that the

monoclinic nanocrystalline ZrO2 thin film has a thickness of

B400 nm and an average grain size of 40–50 nm. The

as-prepared nanocrystalline monoclinic ZrO2 thin film samples

were bombarded with 1.33 GeV U and 1.69 GeV Au ions at

GSI in Darmstadt, Germany, at different fluences up to 1 �
1013 ions per cm2. The electronic energy losses of 52.2 keV nm�1

for 1.33 GeV U-238 and 40.2 keV nm�1 for 1.69 GeV Au are

very high in ZrO2 for such projectiles based on the SRIM

2008 code.15 In order to characterize the structural changes

induced by the swift heavy ion irradiation, Raman spectro-

scopy was performed using a Jobin-Yvon HR300 Raman

spectrometer equipped with a 632.8 nm red laser and X-ray

diffraction (XRD) patterns were collected with a PANalytical

X’pert Pro X-ray diffractometer.

Results and discussion

Raman spectra (Fig. 1a) and XRD patterns (Fig. 1b) show the

phase evolution of nanocrystalline monoclinic ZrO2 thin films

after irradiation as a function of increasing fluence up to 1 �
1013 ions per cm2. The monoclinic ZrO2 phase in the original

sample is evidenced by the characteristic Raman vibrational

modes. The peak intensity is significantly reduced with

increasing U fluences, and eventually no vibrational modes

are detectable at the highest fluence of 1 � 1013 ions per cm2.

This result indicates a swift heavy ion induced amorphization

process without any intermediate transformation to other

zirconia polymorphs. The amorphization is further confirmed

by the XRD patterns collected at different irradiation stages,

whose penetration depth is larger than that for the 400 nm

zirconia thin film. The intensities of the original monoclinic

ZrO2 diffraction peaks gradually decrease with fluence to almost

zero at 1 � 1013 ions per cm2. This is also evidenced by the

relative intensity (peak intensity divided by background inten-

sity) change of the monoclinic (002) peak as shown in Fig. 2.

The ZrO2 samples were also irradiated with 1.69 GeV Au

ions with fluences up to 8 � 1012 ions per cm2. Under the Au

bombardments, ZrO2 underwent an amorphization process

similar to that observed in 1.33 GeV U-238 irradiated samples,

as shown in Fig. 3. The elimination of Raman vibrational

modes and the disappearing XRD peaks were clearly identified

in the irradiated samples.

The swift heavy ion induced amorphization can be attri-

buted to the high electronic energy loss (Se) and consequently

strong ionization by the high energy U-238 beams in the

nanocrystalline ZrO2. Previously, a thermal spike mechanism

was suggested by Benyagoub12 to explain the swift heavy

ion induced monoclinic-to-tetragonal phase transformation
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in ZrO2 without invoking a transition through a molten phase.

A threshold Se of 13 keV nm�1 was identified for the phase

transformation, which scales well with the monoclinic–tetragonal

transformation temperature at thermal equilibrium. Another

proposed interpretation16 suggested that the transformation

results from melt quenching, probably consisting of small

instable nanograins with respect to the monoclinic phase.17 In

comparison, the 1.33 GeV U and 1.69 GeV Au ions used in this

study have much higher Se of 52.2 keV nm�1 and 40.2 keV nm�1

in ZrO2, respectively, almost three orders of magnitude greater

than the nuclear energy loss Sn (r0.09 keV nm�1). Therefore,

a very large amount of energy is deposited into the nano-sized

ZrO2 matrix via strong ionization and electron–phonon

coupling, which may result in a high transient temperature

above the ZrO2 melting point, leading to the amorphization

process.

To understand the underlying physics governing the amor-

phization of nano-sized monoclinic ZrO2 upon an extreme

ionizing irradiation of 1.33 GeV U-238 without transforming

to the tetragonal phase, we performed computational simula-

tions based on the thermal spike model as developed by

Toulemonde et al.,18–20 with the focus on the latent track

formation induced by swift heavy ions. Bulk geometry (infinite

medium) is assumed for the modeling of the thermal spike in

ZrO2 samples. In this model, the energy is deposited on the

electrons by ionization and is then transferred to the lattice

atoms by electron–electron and electron–atoms interactions.

By a systematic study done on insulators, the electron–phonon

mean free path (l) is linked to the optical band gap (Eg) and

for ZrO2, Eg = 5.8 eV, l = 4.5 nm.19 The following two

coupled diffusion equations were solved numerically:19

Ce
@Te

@t
¼ rðKerTeÞ � gðTe � TÞ þ Bðr; tÞ

rCðTÞ @T
@t
¼ rðKðTÞrTÞ þ gðTe � TÞ

where Te and T, Ce and C(T), Ke and K(T) are the temperature,

specific heat and thermal conductivity of the electronic and atomic

subsystems, respectively; r is the specific mass of the lattice; g is the

electron–phonon coupling constant; B(r,t) is the energy density

supplied by the incident ion to the electronic system.

The simulation results, plotted in a three dimensional surface

plot in Fig. 4, show the temporal evolution and radial distribu-

tion of the temperature at the location of the ion impact side, and

provide the explanation for the experimental results of this study.

Upon U-238 ion irradiation, the temperature along the ion track

increases rapidly and exceeds the melting temperature (2715 1C)

of ZrO2, inducing nanometer-sized molten zones in ZrO2. The

plots in Fig. 5a show the radial distribution of the temperature at

different times after the track formation, suggesting that the center

temperature of the ion track exceeds the melting temperature of

the bulk ZrO2 within the timescale of B1.8 femtoseconds upon

ion–matter interaction. Within B0.2 picoseconds, a circular area

with a radius of B6 nm experiences high temperatures above the

melting point of ZrO2. The temperature evolution curves at

different radial distances (Fig. 5b) show that the duration of the

Fig. 1 Raman spectra (a) and XRD patterns (b) of ZrO2 samples

irradiated to different U-238 fluences. The mark ‘‘m’’ denotes mono-

clinic peaks and ‘‘Si’’ denotes silicon peaks. The monoclinic zirconia is

almost fully amorphized as evidenced by the disappearance of most of

the X-ray diffraction peaks and Raman signals upon intense ionizing

radiations at a high fluence (1 � 1013 ions per cm2).

Fig. 2 Relative intensity (peak intensity/background intensity)

change of the monoclinic (002) peak upon 1.33 GeV U irradiation

indicates the amorphization process.
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temperature above the melting point can last B30 picoseconds at

the center of the track and over 10 picoseconds within the zone

of B6 nm radius from the center. The subsequent rapid

quenching of the high temperature molten zones may lead to

the formation of amorphous tracks.

The very high electronic energy loss is crucial to the

amorphization of ZrO2. In lower energy displacive ion irradia-

tion, a significant amount of energy is transferred to the

atoms via ballistic interactions, which can only lead to the

monoclinic-to-tetragonal phase transformation of ZrO2 by

oxygen vacancy accumulation. Swift heavy ion irradiation

with a high Se, however, can induce a phase transformation

via the ionizing thermal spike mechanism. When Se exceeds the

threshold of 13 keV nm�1, thermal spikes with a transient

temperature above the tetragonal formation point can trigger

a monoclinic-to-tetragonal transformation in bulk ZrO2. A

further increase of the Se above 40 keV nm�1 up to 52 keV nm�1,

like in the case of 1.69 GeV Au and 1.33 GeV U-238, will result

in even higher transient temperatures above ZrO2 melting point,

leading to the amorphization of ZrO2.

The ionizing radiation-induced amorphization is unique

to the nano-sized ZrO2. A previous study reported that

bulk monoclinic ZrO2 cannot be amorphized by the highly

Fig. 3 Raman spectra (a) and XRD patterns (b) of ZrO2 samples

irradiated to different Au fluences. The mark ‘‘m’’ denotes monoclinic

peaks and ‘‘Si’’ denotes silicon peaks. The monoclinic zirconia is

almost fully amorphized as evidenced by the disappearance of most

of the X-ray diffraction peaks and Raman signals upon intense

ionizing radiations at a high fluence (8 � 1012 ions per cm2).

Fig. 4 Three dimensional surface plot of matrix temperature (z-axis)

vs. radial distance from the center (x-axis) and time elapsed since the

ion incidence (y-axis).

Fig. 5 Radial distribution of ZrO2 temperature at different times

(a) and time evolution of ZrO2 temperature at different radial

distances (b). Tb and Tm correspond to the boiling and melting point

of zirconia, respectively.D
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ionizing 2.64 GeV uranium beam with the electronic energy

loss of 53 keV nm�1, but rather underwent a monoclinic-to-

tetragonal phase transformation.5 The sharp contrast between

the radiation response of bulk and nanocrystalline ZrO2 under

similar radiation conditions implies that the nanostructured

nature of the m-ZrO2 may also play an important role in

the amorphization process induced by swift heavy ions. A

threshold grain size may exist between 50 and 200 nm, above

which materials will change to tetragonal phase instead of

undergoing amorphization. Specifically, nanosized ZrO2

exhibits large specific surface area and excess of surface

energy, which drives the system to a higher energy state and

significantly reduces the energy difference between the mono-

clinic and amorphous ZrO2 polymorphs, resulting in a lower

temperature for melting. This is similar to the reduction of

melting temperature previously reported in various nano-

structured materials with the reduced grain size down to the

nanometer-scale, e.g. metals (Au, Ag, Sn)21–24 and semi-

conductors (CdS, Ge).25,26

Another important consideration is that the high density of

grain boundaries and the nano-sized geometry of the ZrO2

grains may significantly reduce the thermal conductivity of the

material due to prominent confinement of phonon modes

and boundary scattering, leading to a less effective thermal

dissipation after the ionizing thermal spike.27,28 As a result, the

thermal spike may induce a higher transient temperature with

longer duration than that predicted by the simulation result

assuming bulk geometry of the sample, enabling thermal

melting processes in cylindrical volumes with B6 nm radius.

The overlapping and quenching of the transient molten zones

at high U doses (1 � 1013 ions per cm2) finally leads to the

amorphization process of the nanocrystalline m-ZrO2. The

greater energy states and higher thermal confinement at

reduced length scales strongly determine the amorphization

process of m-ZrO2.

Based on the combination of the current data with previous

results on radiation-induced phase transformation and amor-

phization in zirconia polymorphs,8,10–12,29 the correlation

between dpa and Se in driving ZrO2 phase transformations

can be established as illustrated in Fig. 6. In the left side of the

diagram, in which Sn and ballistic interactions dominate,

displacive radiation-induced m–t phase transformation occurs

(e.g. 300 keV Kr2+ and 1 MeV Kr2+). In contrast, in the right

side, in which the electronic energy loss dominates, ionizing

radiation-induced m–t transformation occurs above a threshold

electronic energy loss Se > 13 keV nm�1 (e.g. 300 MeV Ge

with Se = 15.7 keV nm�1 and 595 MeV Xe with Se =

28.1 keV nm�1).10,12 At greater electronic energy losses of

40.2 keV nm�1 and 52.2 keV nm�1, ionizing radiation-induced

amorphization occurs in nanocrystalline monoclinic ZrO2,

suggesting that a second Se threshold between 28.1 keV nm�1

and 40.2 keV nm�1 may exist, above which nanocrystalline

ZrO2 will experience amorphization instead of the m–t phase

transformation. These results demonstrate that the phase

stability of a material depends on the irradiation conditions,

specifically the energy density. Thus, highly radiation tolerant

ZrO2, durable even at an extremely high displacive radiation

dose of over 600 dpa, can be readily damaged by ionizing

radiation with high electronic energy loss.

Conclusions

In conclusion, monoclinic ZrO2 with an average grain size of

40–50 nm was amorphized by 1.33 GeV U-238 and 1.69 GeV

Au irradiation, respectively. A computational simulation

based on the thermal spike model shows that the very high

electronic energy loss (e.g., 52.2 keV nm�1) and strong ioniza-

tion effects of the U projectiles are responsible for high

transient temperatures in ZrO2 above the melting point. The

nanocrystalline nature of the ZrO2 sample significantly assists

the radiation induced amorphization process by heat confine-

ment and excess surface energy that reduces the energy

difference between amorphous and monoclinic phases. These

results indicate that the phase transformation of different ZrO2

polymorphs depends critically on the ratio of the nuclear

energy loss to the electronic energy loss, and the grain size

and associated energetics play an important role in governing

materials response in intensive radiation environments. Materials

such as ZrO2, which are highly radiation tolerant materials in

bulk forms, may be radiation sensitive with the reduced length

scale down to the nano-metered regime upon irradiation above

a threshold value of electronic energy loss.
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Fig. 6 Diagram of dpa vs. Se for driving ZrO2 phase transformations

is divided into a ballistic regime (left) and an ionization regime (right).

Monoclinic-to-tetragonal phase transformations are indicated by filled

circles, while amorphization processes in nanocrystalline ZrO2 are

indicated by hollow squares. The data used in the diagram include

previous studies using 300 keV Kr2+,11 1 MeV Kr2+,8 300 MeV Ge,10

and 595 MeV Xe.12
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