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Abstract

The evolution of radiation-induced damage in fully-stabilized, cubic zirconia (FSZ) (Y, Ca and Er dopants acting as

stabilizers) and in pure, unstabilized, monoclinic zirconia, was investigated using Rutherford backscattering spec-

trometry and ion channeling (RBS/C), along with X-ray di�raction and transmission electron microscopy (TEM). FSZ

crystals were irradiated with 340±400 keV Xe�� ions and at temperatures ranging from 170 to 300 K, or with 127I� ions

(72 MeV) at temperatures ranging from 300 to 1170 K. No amorphization of zirconia was found under any irradiation

condition, though in the case of 72 MeV I� ion irradiations, the irradiation-induced defect microstructure was observed

to produce dechanneling e�ects in RBS/C measurements that reach the `random' level. Damage accumulation in Xe-ion

irradiation experiments on FSZ crystals was found to progress in three stages: (1) formation of isolated defect clusters;

(2) a transition stage in which damage increases rapidly over a small range of ion dose, due to the linking of dislocations

and defect clusters; and (3) a `saturation' stage in which damage accumulation is retarded or increases only slowly with

ion dose. The FSZ crystal composition does not seem to alter signi®cantly the dose-dependence of these damage stages.

Unstabilized, monoclinic ZrO2 was observed to transform to a higher symmetry, tetragonal or cubic phase, upon

340 keV Xe�� ion irradiation to Xe ¯uences in excess of 5� 1018 mÿ2 (dose equivalent, � 2 displacements per atom or

dpa) at 120 K. This transformation was accompanied by a densi®cation of the ZrO2 phase by � 5%. No amorphization

of the pure ZrO2 was observed to a Xe�� ion ¯uence equivalent to a peak displacement damage level of about

680 dpa. Ó 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

Advanced nuclear fuel design concepts have recently

focused attention on so-called `inert-matrix' fuels (e.g.,

see Refs. [1±7]). These fuels burn plutonium or other

actinides such as americium instead of uranium. They

have the dual advantage that they do not breed plu-

tonium or higher actinides (Am, Cm) during burnup

and that the actinide inventory in the spent fuel is

signi®cantly reduced compared to conventional urania

or mixed oxide (MOX) 1 fuels. Of the candidate non-

fertile diluents for inert matrix fuels, zirconia has re-

ceived much attention (see, for instance [4,8,9]). This

high temperature refractory oxide is attractive because

actinides are readily incorporated in its structure and

because it possesses high chemical durability and ex-

cellent radiation stability characteristics. The purpose

of this paper is to examine further the radiation be-

havior of cubic zirconia and its monoclinic polymorph.

First some additional introductory remarks are neces-

sary.
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Zirconia is the common name for zirconium dioxide

(ZrO2), a polymorphic oxide that exists in three di�er-

ent crystal structures below its melting point of 2950 K:

(1) a high-temperature cubic (c) phase, isostructural

with ¯uorite (CaF2) (space group Fm �3m) from 2640 to

2950 K; (2) an intermediate temperature tetragonal (t)

phase (space group P42/nmc) from 1440 to 2640 K; and

(3) below 1420 K, the low temperature, naturally

occurring monoclinic (m) form of zirconia (same as the

mineral baddeleyite, space group P21/c) [10±12]. The

m-ZrO2 phase is a distorted ¯uorite structure (a� 514.6

pm, b� 521.3 pm, c� 531.1 pm, b � 99:2� [13]), as is

the t-ZrO2 phase (for the primitive t unit cell, a� 364

pm, c� 527 pm [13]), the latter having the appearance

of being in tension along the c-axis (a� � 515 pm,

c� � 527 pm, for the non-conventional t unit cell)

compared to c-ZrO2 (a� 509 pm [13]). The polymor-

phism of zirconia is particularly interesting in that each

successive high-temperature structure is more symmet-

ric (as may be expected), yet more dense

(V m
unit cell � 0:1407 nm3, V t

unit cell � 0:1397 nm3, V c
unit cell �

0:1319 nm3).

An important property of zirconia is that when cer-

tain aliovalent cations are substituted for Zr4� in ZrO2

(for instance, Mg2�, Ca2�, or Y3�), they e�ect stabili-

zation of the cubic ¯uorite structure from room tem-

perature to the melting point of the compound [12].

Cubic solid solutions produced in this way (ZrO2±MgO,

ZrO2±CaO, or ZrO2±Y2O3) are commonly referred to as

fully-stabilized zirconia (FSZ) compounds. Somewhat

smaller additions of these same oxides lead to com-

pounds referred to as partially-stabilized zirconia (PSZ),

which are characterized by the presence of both c and t

(and sometimes m) forms of zirconia [12]. In the context

of nuclear fuels, the cubic phase of zirconia is of interest

because compounds such as urania (UO2), plutonia

(PuO2), ceria (CeO2), and thoria (ThO2) crystallize in the

¯uorite structure and so are isostructural with cubic

ZrO2 (e.g., [14,15]).

The concept of a zirconia matrix fuel is not new. A

1962 Westinghouse Electric Co. report documents irra-

diations performed on 94 fuel elements in the ZrO2±UO2

composition ®eld [16]. The elements were irradiated at

the National Research Universal (NRU) reactor at

Chalk River, Ontario, and the National Reactor Testing

Station in Idaho. A 1966 report describes a ZrO2±UO2±

CaO fuel burned in the Power Burst Facility (PBF) at

the Idaho National Engineering Facility with no fuel rod

failures for temperatures to 2420 K [17]. Between 1969

and 1974, a ternary fuel consisting of 57 ZrO2±38 UO2±5

CaO (wt%) was successfully irradiated in the Shipping-

port pressurized water reactor (PWR) in Pennsylvania

[18]. And a light water breeder reactor (LWBR) pro-

gram tested a ternary ZrO2±UO2±CaO fuel and achieved

high burnup without fuel failure [18]. In 1965, a study

was conducted to identify an inert diluent for UO2±

PuO2 fuel mixtures [19]. ZrO2 was selected because of its

low neutron absorption cross-section, such that it be-

haves as an innocuous material in a reactor environ-

ment. The neutronic behavior of elemental zirconium in

reactor environments is well known, as it is the majority

constituent in Zircaloy, a corrosion-resistant fuel clad-

ding material with small neutron capture cross-section.

Zircaloy has been used in thermal reactors for more than

30 yr now [20].

As a fuel matrix, zirconia must survive energy de-

position due to neutron exposure, gamma and beta ra-

diation, ®ssion fragment damage, and self-irradiation

from alpha decay of Pu and other actinides. To date,

neutron and ®ssion fragment damage studies have been

performed on various forms and compositions of zir-

conia, and alpha decay damage has been simulated in

ion irradiation experiments. At least one electron irra-

diation damage study on zirconia has also been reported

[21].

The ®st neutron irradiation experiment on zirconia

was reported by Klein in 1955 [22]. Klein irradiated a

pressed disk of PSZ consisting of both m- and c-ZrO2

phases, and an FSZ (c-ZrO2) disk to a fast-neutron

(En > 0.1 MeV) ¯uence of 2� 1024 mÿ2 or about 0.2

displacements per atom (dpa). 2 In the PSZ sample, the

monoclinic phase was seen to `disappear' by this neutron

dose, while the cubic phase remained intact. In the FSZ

sample, the lattice parameter of the cubic phase was

observed to increase by 0.28%.

Wittels and Sherrill [24] reported in 1956 on a fast

neutron irradiation of natural baddeleyite (m-ZrO2)

powder samples to a neutron ¯uence of 9:4� 1023 mÿ2

(0.094 dpa) at 373 K. They observed that by this dose,

more than 90% of the m-ZrO2 transformed into the

high-temperature c-ZrO2 phase. Further exposure to

neutrons caused complete disappearance of the mono-

clinic X-ray re¯ections [25]. The lattice parameter of the

irradiation-induced c-ZrO2 was reported to be appre-

ciably greater than that of FSZ, suggesting that the ir-

radiated zirconia contained a relatively high

concentration of lattice defects [25].

But in subsequent neutron irradiation experiments

using synthetic crystals and powders of pure ZrO2,

Wittels and Sherrill could not reproduce the m! c

transformation, even at neutron ¯uences four times the

original dose [26]. Wittels and Sherrill discovered that

the transformation they observed previously in natural

baddeleyite was due not to neutron damage, but to

2 In this paper, fast-neutron induced displacement damage is

estimated assuming an equivalence of 1 dpa per 1025 mÿ2

neutron ¯uence, En > 0.1 MeV. Comments regarding the

validity of this approximation for oxide ceramics are given

elsewhere [23].
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®ssion fragment damage induced by ®ssioning of ura-

nium and thorium impurities in the baddeleyite (con-

centrations of 3550 and 39.2 ppm, respectively) [26].

They proposed that a `®ssion spike' mechanism is re-

sponsible for the m! c transformation in ZrO2.

Adam and Cox [27,28] con®rmed that pure, m-ZrO2

does not undergo an m! c transformation under neu-

tron bombardment, but their results indicated further

that the transformation is only possible when impurities

are present to aid the heterogeneous nucleation of the

cubic phase. In the absence of impurities, not even ®s-

sion fragment damage could e�ect an m! c transfor-

mation in ZrO2. Adam and Cox also noted that the

alleged m! c transformation in natural baddeleyite

was actually a monoclinic to tetragonal (m! t) trans-

formation.

Nevertheless, stress measurements in ®ssion-frag-

ment-irradiated pure m-ZrO2 single crystals implied that

an m! c (or m! t) transformation takes place upon

irradiation to an integrated ®ssion fragment ¯uence of

� 5� 1018 mÿ2 [29]. Speci®cally, the authors of this

study observed a signi®cant contraction of the zirconia

crystals at this dose, which is best explained by an ir-

radiation-induced phase transformation to the denser

tetragonal or cubic phase.

The m! c (or m! t) transformation has special

signi®cance in relation to zirconium alloy fuel claddings.

Were the surface of zircaloy cladding to experience such

transformations during irradiation, the concomitant

volume change would lead to cracking of the native

oxide coating. This must necessarily increase the corro-

sion rate of the underlying metal [30]. This e�ect was

con®rmed in oxide ®lms on Zr±5%V alloys exposed to

an integrated ®ssion fragment ¯uence of � 7:5� 1018

mÿ2, where a 90% m! c transformation was observed

at this ¯uence using glancing-angle X-ray di�raction

[31]. This e�ect led Johnson [30] to develop a Zr alloy

with a cubic zirconium oxide coating for zircaloy, in

order to prevent phase transformation of the oxide

coating under irradiation.

In 1960, results from in-pile reactor irradiation tests

of ZrO2±UO2 alloys were ®rst reported [32]. Two

compositions were tested: (1) cubic UO2±20ZrO2

(wt%); and (2) ZrO2±13CaO±17UO2 (wt%) (a mixture

of a zirconia-rich tetragonal phase and a urania-rich

cubic phase). Neither sample exhibited measurable

volume swelling, while X-ray di�raction patterns ob-

tained from both samples were unchanged following

neutron exposures of 1:5� 1023 and 6:8� 1023 mÿ2,

respectively (these neutron ¯uences likewise induced

®ssion events with ®ssion fragment concentrations

given by 2:8� 1025 and 1:4� 1026 mÿ3, respectively).

X-ray di�raction from the cubic UO2±20ZrO2 sample

did reveal an initial lattice expansion from a� 537.1

pm to a� 538.2 pm at ®ssion fragment concentration

2� 1022 mÿ3, followed by a contraction of the cell edge

to a� 534.3 pm at ®ssion fragment concentration 1:4�
1025 mÿ3.

Volume swelling was observed in neutron-irradiated

yttria cubic stabilized zirconia (Y-FSZ) samples by

Clinard et al. in 1977 [33]. Speci®cally, they observed a

volume expansion of 1.76% at 875 K following a fast-

neutron (>0.1 MeV) exposure of 3:8� 1025 mÿ2 (3.8

dpa). However, they observed no swelling at an irradi-

ation temperature of 1025 K to a neutron ¯uence of

2:8� 1025 mÿ2 (2.8 dpa), nor more than 0.21% swelling

at 640 K to a neutron ¯uence of 4:4� 1025 mÿ2 (4.4

dpa). Nevertheless, the observed swelling behavior of

Y-FSZ at intermediate temperatures indicates potential

concern for pellet stability under nuclear fuel irradiation

conditions.

More recent e�orts to assess the radiation damage

behavior of zirconia have emphasized ion irradiation

studies. Most of these experiments have involved at-

tempts (without success) to amorphize FSZ. Xenon ion

irradiations of Y-FSZ (5±10 mol% Y2O3) to very high

doses indicate no propensity for amorphization (for ir-

radiation temperatures as low as 20 K), nor are other

crystal phase transformations observed (240 keV Xe�,

[34]; 400 keV Xe��, [35]; 1.5 MeV Xe� and 60 keV

Xe��, [36]; 400 keV Xe��, [37]; 60 keV Xe��, [38]; 370

keV Xe��, [39]). Under cryogenic and ambient irradia-

tion conditions, no amorphization was observed in zir-

conia to peak atomic displacement damage levels of at

least 100 dpa [34,35,37]. This peak dose is far greater

than that necessary to amorphize magnesium aluminate

spinel (MgAl2O4), itself a highly radiation tolerant

material [40]. Fleischer et al. [34,41] also observed a

substantial hardening (15%) of Y-FSZ at low Xe ion

¯uences followed by softening to a level 15% below the

unirradiated value at higher Xe doses. Other ion irra-

diation studies showing signi®cant changes in hardness

or fracture toughness of zirconia include Al� and Zr�

irradiations of Y-FSZ [42] and Ar� [43] or As� [44] ir-

radiations of Y-PSZ. Their observations were made

using the Knoop and Vickers microindentation tech-

niques. On the contrary, using the nanoindentation

technique, Sickafus et al. [39] measured very little

change in hardness (or elastic modulus) for Y-FSZ with

increasing Xe ion ¯uence.

Finally, a recent report discussed results of ion ir-

radiations of Y-FSZ single crystals using 72 MeV I�

ions [45]. The intent of these irradiations was to sim-

ulate ®ssion fragment damage in zirconia. For I�

¯uences ranging from 0:1� 1019 mÿ2 and irradiation

temperatures from 300 to 1770 K, these irradiations

resulted in signi®cant microstructural alterations to the

crystals, but no amorphization of Y-FSZ was ob-

served.

In this paper, we report new ion irradiation results

for both FSZ (c-ZrO2) samples with varying composi-

tion and for unstabilized, m-ZrO2.
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2. Experimental procedure

The cubic-stabilized zirconia crystals used in this

study were obtained from Zirmat Corp. (P.O. Box 365,

N. Billerca, MA 01862, USA). FSZ crystals contained

either Y2O3 (Y-FSZ) or CaO (Ca-FSZ) to stabilize the

cubic, ¯uorite structure. One yttria-stabilized crystal

also contained Er2O3 as a rare-earth dopant (heretofore,

this composition is referred to as (Y, Er)-FSZ). Com-

positions of the FSZ crystals used in these experiments,

determined using an electron microprobe are indicated

in Table 1.

Crystals were aligned to an h0 0 1i-orientation using

a Laue back-re¯ection X-ray di�raction camera, then

cut to dimensions of approximately 10 mm ´ 10 mm ´ 1

mm. 3 Each sample was then polished on one side to a

mirror ®nish.

Polycrystalline samples of synthetic m-ZrO2 (same

structure as the mineral baddeleyite) were also prepared

for irradiation, using 99.978% `Puratronic' grade ZrO2

powder from Alfa AESAR (30 Bond Street, Ward Hill,

MA 01835, USA). Monoclinic ZrO2 powder was cold-

pressed into 10 mm diameter by 1 mm thick disks using

a static load of about eight metric tons.

Samples were irradiated with 340±400 keV Xe�� ions

using a 200 kV ion implanter in the Ion Beam Materials

Laboratory (IBML) at Los Alamos National Labora-

tory (LANL). The samples were tilted to about 15° with

respect to the incident ion beam, in order to minimize

ion channeling e�ects during the irradiations. Xe ¯ue-

nces ranged from 1� 1017 to 2� 1021 mÿ2. The sample

stage was cooled to a temperature of 120±170 K by

liquid nitrogen conduction cooling. Additional irradia-

tions were performed with the sample at ambient tem-

perature (300 K). Temperature excursions during

irradiations were about �5 K, as measured using a

thermocouple attached to the sample stage. The Xe��

ion ¯ux was maintained at 1� 1017 mÿ2 sÿ1, corre-

sponding to a peak damage rate of about 0.03 dpa sÿ1

for zirconia.

A similar set of zirconia crystals was irradiated with

72 MeV 127I� ions in the TASSC accelerator facility at

Chalk River Laboratory. Irradiations were performed

over the I� ¯uence range 0.1±5�1019 mÿ2, at tempera-

tures of 300, 770 and 1170 K. The I� ion ¯ux was

maintained at 1� 1016 mÿ2 sÿ1. The irradiated sample

area was about 2 mm in diameter.

Radiation damage accumulation in single crystal

FSZ samples was assessed using Rutherford backscat-

tering spectrometry and ion channeling (RBS/C) tech-

niques. RBS/C analyses of Xe�� ion implanted crystals

used a 2 MeV He� ion beam aligned along the h0 1 1i
axial direction in the in situ analysis chamber at LANL

(see Yu et al. [46] for experimental details). These sam-

ples were coated with a 20 nm thick layer of carbon to

avoid surface charging problems during ion beam

analysis. I� ion implanted samples were examined by

RBS/C at INFP, FZK Karlsruhe, using a 2 MeV He�

beam aligned along an h0 0 1i-orientation. Samples were

coated with thin layers of gold, except where small (� 2

mm diameter) masks were placed over the areas of in-

terest, again to minimize charging problems during

RBS/C analyses. Volume swelling in the I� irradiated

samples was also measured using a Rodenstock RM600-

S laser pro®lometer.

The projected range of 370 keV Xe�� ions (an average

energy used in these experiments) and 72 MeV I� ions as

well as the number of atomic displacements produced

per ion in zirconia were estimated from Monte Carlo

simulations using the TRIM binary collision code [47]

(speci®cally, using SRIM, i.e., TRIM-96). For calcula-

tions, a density of 5:96� 103 kg mÿ3 was used (according

to [13], this is the density of Zr0:85Y0:15O1:93, Y-FSZ,

which is close to the composition of most of our sam-

ples). Also, a threshold displacement energy of 40 eV was

assumed for all elements. TRIM simulation results are

shown in Table 2.

Due to ionization mechanisms, the swift 72 MeV I�

ions are subjected to large electronic losses over much of

their range. This electronic loss component of the

stopping decreases approximately linearly over most of

the ion range.

The irradiated monoclinic ZrO2 samples were ana-

lyzed by X-ray di�raction using a Scintag XDS 2000

with theta±theta geometry using CuKa1 radiation, and a

graphite secondary monochromator. The data were ta-

ken in Bragg re¯ection geometry, and the instrument

was operated in step-scan mode with 0.01° 2h steps and

5 s step-time. Rietveld structure analyses were

Table 1

Compositions of FSZ single crystals used for ion irradiation damage studies

X-FSZ ZrO2 (mol%) Y2O3 (mol%) Er2O3 (mol%) CaO (mol%) HfO2 (mol%)

Y-FSZ 89.5 9.5 ± ± 1.0

Ca-FSZ 85.0 ± ± 14.1 0.9

(Y, Er)-FSZ 86.6 11.1 1.3 ± 1.0

3 We also used samples that were cut to a thickness of 0.5

mm, but these samples tended to fracture during the 72 MeV I�

irradiations, presumably due to thermal shock.
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performed using the GSAS package [48]. No internal

standard was added to the ZrO2. To re®ne di�racto-

meter constants, the structural parameters of bad-

deleyite were ®xed for the ®rst re®nement cycles.

These same ZrO2 samples were then impregnated

with epoxy and prepared in cross-section for examina-

tion by transmission electron microscopy (TEM). The

radiation-induced microstructures were examined in a

Philips CM-30 electron microscope operating at 300 kV.

Bright-®eld (BF) imaging and microdi�raction tech-

niques were used for analyses.

3. Results

3.1. Fully-stabilized cubic zirconia

Lattice damage evolution in Xe-irradiated FSZ single

crystals were quanti®ed using RBS/C analysis tech-

niques. A useful damage accumulation parameter by ion

channeling is v, a ratio between the direct backscattered

He ion yield with the crystal aligned in a low index

crystallographic orientation, and the backscattered He

ion yield with the crystal aligned in a `random' (high

index) orientation. Typically, v is an integrated ion yield

ratio, for a backscattered He ion energy range corre-

sponding to depths in the crystal where lattice defects

due to irradiation damage reside. Fig. 1 shows a plot of

v as a function of Xe ion dose for cubic zirconia crystals

Y-FSZ, Ca-FSZ, and (Y, Er)-FSZ (Table 1). This data

was obtained from RBS/C spectra (not shown) similar to

results obtained by Yu et al. [35] and Yasuda et al. [37].

v was calculated using a He backscattered energy range

between 1.5 and 1.6 MeV, where a peak in RBS/C

backscattering spectra is observed due to subsurface

radiation-induced defects from Xe-ion implantation.

In each FSZ crystal, the damage accumulation pa-

rameter v is observed to rise slowly over a range of

about two orders of magnitude ion ¯uence, then to rise

rapidly over less than an order of magnitude ¯uence,

and ®nally to saturate or rise slowly for higher ion

¯uences. These regions are denoted in Fig. 1 by the la-

bels, Stages 1±3. The peak displacement damage esti-

mated using TRIM is also shown in Fig. 1, and for all

FSZ crystals, Stage 2 occurs between 3 and 10 dpa. Data

in Fig. 1 were obtained from samples irradiated under

ambient conditions (300 K), but vmin results obtained

from each sample under cryogenic irradiation conditions

(170 K) are nearly identical to those shown in Fig. 1.

In a previous study, TEM experiments were per-

formed on FSZ samples taken from Stages 1 and 3 [37].

In the middle of Stage 1, tiny (<5 nm diameter) isolated

defect clusters were observed, while in Stage 3 samples,

high densities of overlapping microstructural defects,

primarily dislocations and dislocation clusters, were

observed. Apparently, Stage 2 denotes a transition in the

radiation damage evolution from the formation of iso-

lated microstructural defect clusters to the linking or

interconnecting of extended lattice defects. According to

Fig. 1, this transition occurs at a similar displacement

Table 2

Calculated ion transport parameters for 370 keV Xe�� and 72 MeV I� ion irradiations of zirconia (based on the TRIM code)

Ion species Longitudinal

range (nm)

Longitudinal

straggling

(nm)

Peak implantation

concentration per

1019 mÿ2 Ion

¯uence (at.%)

Total atomic

displacements

per ion (ionÿ1)

Peak displacement

damage per

1019 mÿ2

Ion ¯uence (dpa)

Electronic

stopping power

at crystal surface

(keV nmÿ1)

370 keV Xe�� 77 27 0.185 2300 3.4 (depth � 50 nm) 1.3

72 MeV I� 6.8 ´ 103 510 0.014 3.2 ´ 104 1.5 (depth � 6.7 ´ 103nm) 19

Fig. 1. Damage accumulation parameter, v, versus Xe�� ion

¯uence, based on RBS/C measurements of FSZ samples irra-

diated at �170 K using 400 keV Xe�� ions. The upper abscissa

on the graph represents the maximum number of displacements

per atom (dpa) e�ected by 400 keV Xe�� ions at the corre-

sponding ion ¯uence on the lower abscissa. This maximum

occurs at a depth of �50 nm in FSZ.
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damage level (� 3 dpa) in Y-FSZ and (Y, Er)-FSZ; by

comparison, it is slightly delayed (5±9 dpa) in Ca-FSZ.

However, this discrepancy may simply re¯ect the fact

that the FSZ density used in TRIM calculations was

that of yttria-stabilized zirconia rather than calcia-sta-

bilized zirconia.

72 MeV I� irradiations produced damage levels in

FSZ considerably higher than the Xe�� irradiations.

Fig. 2 shows RBS/C spectra from (Y, Er)-FSZ samples

irradiated to an I� ¯uence of 1� 1019 mÿ2 at 300 and

770 K. Independent of irradiation temperature, the

channeling spectra are very similar to the `random'

spectrum in Fig. 2, indicating that vmin, as de®ned ear-

lier, is approximately unity for these irradiation condi-

tions. Dechanneling to the random level is usually

indicative of an amorphization (or metamict) transfor-

mation. However, previous TEM observations of similar

I� irradiated FSZ crystals found no evidence for such a

transformation [45]. In that TEM study, a large con-

centration of dislocations and defect aggregates was

observed in the irradiated volume of the FSZ crystals.

These defects are apparently responsible for the ob-

served dechanneling to the random level in the RBS/C

measurements. An alternative explanation would be

polygonization and formation of subgrains as is known

to occur in the isostructural materials UO2 and CeO2

[49±51] and has been observed in Fe-implanted Y-FSZ

[52].

If amorphization were to occur upon I� irradiation,

it should be accompanied by a substantial volume

change. Examples of this include observations of � 20%

swelling in CePO4 irradiated with 72 MeV I� to a dose

of 1� 1018 mÿ2 at 813 K [53], and � 30% free swelling in

Al2O3 irradiated with 72 MeV I� to a dose of 1� 1021

mÿ2 at 423 K [54]. In these studies, unilateral swelling

due to ion irradiation was visible in pro®lometry scans

as `pop-out' features on the surface of the irradiated

samples. Fig. 3 shows laser pro®lometry results obtained

from FSZ crystals irradiated in this study. No pop-out

features due to unilateral swelling are apparent, re-

gardless of the composition of the sample or the tem-

perature of irradiation. By contrast, Fig. 3(f) shows the

surface of an I� irradiated spinel (MgAl2O4) crystal in

which the two highest I� ¯uences have produced visible

pop-out features. The diameter of the pop-out features

in Fig. 3 (� 2 mm) correspond to the diameter of the

irradiating I� ion beam. Amorphization of a portion of

the irradiated volume in spinel has been con®rmed by

TEM observation [55]. But, to date, no evidence for

amorphization of FSZ has been obtained.

3.2. Unstabilized monoclinic zirconia

Fig. 4 shows portions of X-ray di�raction patterns

obtained from a sample of pure, polycrystalline m-ZrO2

and from a similar sample irradiated with 340 keV Xe��

ions to a ¯uence of 2� 1021 mÿ2 at cryogenic tempera-

ture (120 K). All of the peaks in the unirradiated spec-

trum are indexed as re¯ections from monoclinic ZrO2.

However, following irradiation a new Bragg peak ap-

pears at d� 296 pm. This peak can be indexed as the

h1 1 1i di�raction peak for a cubic Fm �3m unit cell with

a lattice parameter of a� 512.8 pm. This is in reasonable

agreement with lattice parameter measurements for cu-

bic stabilized zirconia (for instance, a� 513.9 pm in

Zr0:85Y0:15O1:93, [13]). The large full-width at half-maxi-

mum (FWHM) of about 0.5° 2h of this additional Bragg

peak indicates rather poor crystallinity of the stabilized

phase; as a result, it can also be indexed as h1 0 1i peak

using a tetragonal P42/nmc unit cell. No other peaks are

visible in the irradiated spectrum to resolve this ambi-

guity.

This structural transformation was con®rmed by

TEM observations. Fig. 5 shows a BF TEM image of

the Xe-irradiated m-ZrO2 sample described above. The

irradiated volume is viewed in cross-section with the

ions incident from the top of the BF micrograph. A 170

nm thick layer of material exhibiting `mottled' di�rac-

tion contrast is visible on top of a substrate made up of

clearly visible grains (100±150 nm diameter) and voids.

Microdi�raction patterns in Fig. 5 obtained from po-

sition (1) in the irradiated layer and (2) in the unirra-

diated substrate reveal a di�erence in structure. The

substrate pattern is consistent with a monoclinic bad-

deleyite structure, while the implanted layer must be

either tetragonal or cubic. Assuming a cubic structure,

the principal re¯ections in microdi�raction pattern (1)

Fig. 2. RBS/C spectra obtained from sample (Y, Er)-FSZ ir-

radiated with 72 MeV 127I� ions to a ¯uence of 1 ´ 1019 ions

mÿ2 at either ambient temperature (300 K) or at 770 K. Spectra

show the backscattered yield of 2 MeV He� ions as a function

of backscattered ion energy. A `random' RBS spectrum from

(Y, Er)-FSZ is also shown for comparison with the channeling

spectra. The leading edge in the spectra (�1.7 MeV) represents

scattering from Hf (an impurity in the FSZ crystals) and Er (an

intentional dopant in these samples). The prominent rise in

yield at lower energy (�1.6 MeV) is due to surface scattering

from Zr.
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are indexed as h1 1 1i, h�3 3 1i, and h4 �2 0i, which yields

a beam direction of �B � ��1 �2 3�. The corresponding

cubic lattice parameter derived by TEM is a� 506 pm,

smaller than measured by X-ray di�raction, TEM re-

sults are unable to resolve the ambiguity regarding

transformation to either a cubic or tetragonal unit cell.

Table 3 shows measured lattice spacing ratios (based on

microdi�raction results from Fig. 5) versus calculated

lattice spacing ratios, assuming either a cubic or a te-

tragonal unit cell. Within experimental error, either

assumption yields results in agreement with the obser-

vations.

4. Discussion

Our studies have shown that for Xe ions in the energy

range 340±400 keV, lattice damage in FSZ (c-ZrO2)

crystals increases in three distinct stages. The ®rst stage

involves the formation of isolated defect clusters. The

third stage is when radiation damage evolution is con-

summated with the interconnecting and overlapping of

dislocations and extended lattice defects, but without a

transformation to an amorphous (or metamict) phase.

The second stage is a transition stage in which lattice

damage appears to accumulate rapidly with ion ¯uence,

as irradiation-induced defects begin to interact. Prelim-

inary experiments presented here suggest that these ob-

servations may apply to all FSZ, independent of

Fig. 4. X-ray di�raction pattern obtained from A: a sample of

polycrystalline, unstabilized monoclinic ZrO2; and B: a similar

sample irradiated with 340 keV Xe�� ions to a Xe ¯uence of

2 ´ 1021 mÿ2 at cryogenic temperature (120 K). The solid curves

(light gray) are Rietveld structure re®nement ®ts to the dif-

fraction data. The curves labeled `obs-calc' show the re®nement

residues RBragg �
P

Fobsj j ÿ Fcalj j� �=P Fobsj jÿ �
. For both spectra,

the residue is �9%. Following irradiation, a new peak appears

at d � 2:96 �A. This peak is labeled here as h1 1 1i; this assumes

cubic indexing for the new irradiation-induced zirconia phase.

Fig. 3. (a±e). Laser pro®lometry traces from FSZ crystals irradiated with 72 MeV 127I� ions to 3 ion ¯uences: 0.1, 1, and 5 ´ 1019 mÿ2.

Irradiation temperatures are denoted adjacent to the pro®lometry traces. (f). Laser pro®lometry traces from a magnesium aluminate

spinel (MgAl2O4) crystal irradiated with 72 MeV 127I� ions to 3 ion ¯uences: 0.5, 1, and 5 ´ 1019 mÿ2 at 370 K. Two `popout' features

(marked with arrows), each �2 mm diameter, are visible in the traces. These are due to swelling of the spinel at the two highest ir-

radiation doses. Lateral dimensions of scans are 10 mm ´ 10 mm with a vertical dimension of 25 lm. It is estimated that the resolution

of this technique is �0.1 lm. Thus, were the volume irradiated to exhibit unilateral swelling of �2%, this would be visible as popout in

the surface scan.
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Fig. 5. The BF cross-sectional TEM micrograph of an unstabilized ZrO2 sample irradiated with 340 keV Xe�� ions to a Xe ¯uence of

2 ´ 1021 mÿ2 at cryogenic temperature (120 K) (same as Fig. 4). A layer (�170 nm thick) at the top of the BF image shows a structure

di�erent than the polycrystalline substrate. Microdi�raction patterns (labeled (1) and (2)) were obtained from the irradiated layer at

position 1 and in the substrate at position 2. Contamination spots are visible in the micrograph at these positions; this gives an in-

dication of the size of the focused electron beam used for microdi�raction analysis. The re¯ections in pattern (1) are indexed assuming

a cubic structure in the irradiated layer. Pattern (2) is consistent with a monoclinic ZrO2 structure. The brightest re¯ection in this

pattern is indexed as h�1 1 1i. The topmost layer visible in the BF image is an epoxy layer used for cross-sectional TEM preparation

following irradiation. In the microdi�raction patterns, label `T' indicated the transmitted beam.
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composition. Other Xe ion irradiation studies using

di�erent FSZ compositions are in general agreement

with our results. For instance, irradiations of ZrO2±

10YO1:5±5ErO1:5±10ThO2 (at.%) cubic solid solutions

showed no evidence for amorphization for 1.5 MeV Xe

ions to a ¯uence of 2 ´ 1020 mÿ2 (�25 dpa) at 20 K [36],

as well as microstructural evolution qualitatively similar

to the description above.

For high radiation resistance, it is desirable to pro-

duce a material in which the onset of Stage 2 damage is

delayed to the highest possible dose. Results presented

here do not suggest that much variation in the onset of

Stage 2 with composition is to be expected in FSZ ma-

terials. However, the initiation of Stage 2 damage in

FSZ occurs at damage levels greater than in many ce-

ramic materials (see, for instance, Sickafus et al. [56])

(exceptions include UO2, ThO2, UC, and UN [50,54]).

So, FSZ appears to exhibit attractive radiation tolerance

characteristics under moderate energy, heavy ion irra-

diation conditions. Such conditions are typical of certain

fast neutron radiation damage conditions, as well as

damage induced by heavy ion self-recoils associated with

a-decay events. Much work is needed, however, to assess

the temperature dependence of this three-stage radiation

damage accumulation behaviour. Especially worrisome

is the before-mentioned swelling peak at � 875 K ob-

served in neutron irradiation experiments on Y-FSZ

[33]. This temperature is reached and surpassed in light-

water reactors. Consequently, care must be taken to

assess FSZ swelling behavior under irradiation at high

temperatures.

Swift heavy ions, such as the 72 MeV I� ions used in

our experiments, appear to produce rather di�erent

damage in FSZ compared to lower energy, Xe ion ir-

radiations. Though no amorphization is observed by

these ®ssion fragment simulation experiments, nor is

volume swelling observed, the microstructural damage

to FSZ induced by these highly-ionizing ions apparently

is more severe than in moderate energy, heavy ion ir-

radiations. Comparison of the RBS/C results presented

here to previous work on Y-FSZ [45] suggests that ®s-

sion fragment damage may also vary as a function of

FSZ composition. Much more work is necessary to es-

tablish the relative resistance of FSZ to ®ssion fragment

damage.

Important results were also presented here regarding

radiation damage evolution in unstabilized, m-ZrO2.

This material is observed to transform to a higher-

symmetry phase, either t- or c-ZrO2, upon exposure to

heavy ion (Xe) irradiation. Our experiments indicate

that this transformation begins at a Xe ¯uence of about

5 ´ 1018 mÿ2 for 340 keV Xe implantation at � 120 K,

and is complete within an order of magnitude above this

dose (between 2 and 20 peak dpa). But this transformed

ZrO2 structure persists to a larger Xe ion ¯uence, cor-

responding to a peak displacement damage level of

about 680 dpa. As with FSZ samples, no amorphization

is observed in unstabilized ZrO2. Our results contradict

an earlier study suggesting that a `®ssion spike' mecha-

nism is necessary to induce a structural transformation

in monoclinic zirconia [24], although some sort of

thermal spike mechanism may be operative in our ex-

periments.

Heavy ion irradiation of monoclinic zirconia leads

not only to stabilization of a structure with higher

symmetry, but to higher density as well. Assuming the

irradiation-induced transformation is from m-ZrO2 to c-

ZrO2 (m ® c), X-ray structure re®nement values from

data presented in Fig. 4 indicate that the ZrO2 unit cell

volume decreases from 0.1408 to 0.1348 nm3, while the

theoretical density increases by � 5%, from 5.8 to

6.1 ´ 103 kg mÿ3. It was proposed previously by Wittels

and Sherrill [24] and it seems plausible still, that this

transformation is related to irradiation-induced inter-

stitial point defects. To quote their words:

The internal stresses about these defects and the

proposed volume collapse which results are consis-

tent with the unique temperature-structure behav-

ior of zirconia.

Additional work is needed using di�erent ion masses

and energies to determine how important thermal spike

e�ects are in inducing the m ® c (or m ® t) transfor-

mation (and to resolve debate regarding the structure of

the transformation product, i.e. cubic or tetragonal).

Nevertheless, it is important to realize that these ex-

periments suggest that point defects produced by irra-

diation of pure, monoclinic ZrO2, seem to `self-stabilize'

a higher symmetry phase of zirconia. It is now apparent

Table 3

Measured interplanar (d) spacing ratios versus calculated ratios assuming either a cubic or tetragonal ZrO2 unit cell. d1, d2, and d3

correspond to the re¯ections in Fig. 5 labeled h1 1 1i, h�3 3 1i, and h4 �2 0i, respectively. d-ratios for the tetragonal unit cell assume a c/a

ratio of 1.448 [13]

Measured d-ratio Cubic unit cell d-ratio Tetragonal unit cell d-ratio

d1

d2
2.52 � 0.03 2:517

d111

d331

� �
2:508

d101

d213

� �
2:533

d101

d301

� �
d1

d2
2.57 � 0.03 2:582

d111

d420

� �
2:554

d101

d114

� �
2:590

d101

d222

� �
2:602

d101

d310

� �
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that the actual purpose of chemical additives to ZrO2 is

to prevent (if necessary) the volume change concomitant

with an m ® c (or m ® t) transformation, rather than

to enhance amorphization resistance or other adverse

microstructural phenomena.

In summary, FSZ appears to exhibit impressive ra-

diation tolerance and looks attractive as a material for

application in high radiation environments. Moreover,

pure m-ZrO2 transforms to a phase resembling FSZ

under low ion dose conditions and this structure per-

sists to very high irradiation doses. Much more re-

search is needed to fully understand the radiation

damage behavior of zirconia. For instance, temperature

e�ects are important and yet di�cult to assess accu-

rately due to the poor thermal conductivity of zirconia.

Also, little or no work has been performed to deter-

mine the characteristics of microstructure in irradiated

ZrO2 (dislocation habit planes, faulted loop character-

istics, unfaulting mechanisms, etc.). Additionally, ef-

fects due to high oxygen mobility at elevated

temperature have not been examined. Even funda-

mental information regarding threshold energies for

atomic displacements have not been studied either ex-

perimentally or theoretically. Since zirconia appears to

be a promising material for either nuclear fuel or

wasteform applications, many of these issues must now

be addressed.

5. Conclusions

Radiation damage behavior in FSZ and in pure,

unstabilized, monoclinic zirconia, was investigated

using: (1) Rutherford backscattering spectroscopy and

ion channeling techniques (RBS/C), (2) X-ray di�raction

and (3) TEM. FSZ crystals were irradiated with Xe��

ions (energies ranging from 340 to 400 keV) at temper-

atures ranging from 170 to 300 K and with 127I� ions (72

MeV) at temperatures ranging from 300 to 1170 K. No

amorphization of zirconia was found under any irradi-

ation condition, though irradiation-induced defect con-

centrations became high enough to produce maximum

ion dechanneling e�ects in RBS/C measurements (for 72

MeV I� ions). Damage accumulation in Xe-irradiation

experiments on FSZ crystals was found to progress in

three stages: (1) an isolated defect cluster stage; (2) a

transition stage in which damage increases rapidly over

a small range of ion doses; and (3) a `saturation' stage in

which damage accumulation is retarded or increases

only slowly with ion dose. FSZ crystal composition does

not seem to alter signi®cantly the dose-dependence of

these damage stages.

Unstabilized, monoclinic ZrO2 was observed to

transform to a higher symmetry, cubic or tetragonal

phase, upon 340 keV Xe�� ion irradiation to Xe ¯uences

in excess of 5 ´ 1018 mÿ2 (dose equivalent, � 2 dis-

placements per atom or dpa) at 120 K. This transfor-

mation was accompanied by a densi®cation of the ZrO2

phase by � 5%. No amorphization of the pure ZrO2 was

observed for a Xe ion dose equivalent to a peak dis-

placement damage level of about 680 dpa.
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