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Abstract

Optical absorption measurements and luminescence experiments have been made in neutron-irradiated or the-

rmochemically reduced yttria-stabilized-zirconia (YSZ) crystals. Two absorption bands centered at about 375 and

470 nm were observed after irradiation or reduction; however, the thermal stability of these bands in each case is very

di�erent. In irradiated crystals the bands disappear with heat treatments at �600 K, whereas in reduced crystals they

anneal out at �1300 K. This di�erence is probably due to interstitial±vacancy recombination in the oxygen sublattice of

the former crystals. Nano-indentation tests show that hardness and the elastic modulus remain practically unchanged

after TCR or neutron-irradiation. These results con®rm that YSZ single crystals are radiation resistant and that the

radiation damage can be easily removed by anneals in air at temperatures above 600 K. Ó 2000 Elsevier Science B.V.

All rights reserved.

1. Introduction

Yttria-stabilized zirconia (YSZ) is a solid ionic con-

ductor with applications ranging from oxygen sensors to

solid fuel cells [1]. Its high ionic conductivity at high

temperatures is related to oxygen vacancies already

present in the YSZ crystal associated with the charge

compensation induced when Y2O3 is added to ZrO2 to

stabilize the cubic phase. The oxygen vacancy allocation

has been extensively investigated in recent years [2±4].

This material is a candidate inert-matrix, nuclear fuel-

form for the destruction of excess plutonium [5±10].

Both cubic UO2 and PuO2 are isostructural with cubic-

zirconia. In addition, actinides are soluble in zirconia.

These properties make this refractory ceramic a good

candidate actinide host material for nuclear waste stor-

age [9]. As a fuel material, the YSZ will be the host phase

of Pu, U, other actinide elements or high energy ®ssion

products, and will consequently experience neutron

bombardment damage. For its application in ®ssion and

fusion reactors, zirconia must retain its structural in-

tegrity under neutron-irradiation.

The behavior of zirconia-based ceramics under ir-

radiation is not well known. Early studies showed that

natural monoclinic ZrO2 is transformed into the cubic

phase under the action of ®ssion fragments produced

by fast-neutron-irradiation of impurities present in the

crystal, such as uranium and thorium [11,12]. How-

ever, more recent studies in cubic-stabilized zirconia

showed that this material is radiation resistant when

neutron or ion irradiated and thus favor its selection

as an advanced nuclear fuel for Pu incineration

[9,10,13±16].

In general, defects in the form of anion vacancies

can be produced in ceramic oxides by irradiation with

energetic particles, such as neutrons, electrons, and

ions. Elastic collisions with energetic particles do not

produce cation vacancies because the cation interstitials

are unstable and quickly recombine with the vacancies.

In the present work, the damage introduced in single

crystals of YSZ by irradiation with fast neutrons has

been primarily characterized by optical measurements.

Nano-indentation experiments were made to study the

possible in¯uence of the radiation damage on the me-

chanical properties. The results are compared with

those for samples thermochemically reduced at high

temperatures.
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2. Experimental procedures

Single crystals of ZrO2 stabilized with 16 wt% of

Y2O3 were purchased from CERES Corporation (USA).

Excellent optical quality crystals were grown by the skull

method. Samples were cut with a diamond saw and

polished to optical quality. Powder X-ray di�raction

patterns of the samples were recorded with an X'Pert-

MHD Philips di�ractometer using Cu Ka radiation.

Neutron-irradiations were performed at the High

Flux Reactor of the Institute for Advanced Materials

of the Joint Research Center (JRC) at Petten, using

¯uxes of 0.78 ´ 1018 ®ssion spectrum neutrons/m2 s

(E > 0.1 MeV). The neutron doses were 1.2 ´ 1021 and

1.0 ´ 1022 neutrons/m2, respectively. The ambient tem-

perature was 330 K. Thermochemical reduction (TCR)

was made by placing the samples inside a graphite

container surrounded by ¯owing oxygen-free nitrogen

gas inserted in a horizontal furnace.

Optical absorption measurements in the UV-VIS-IR

were made with a Perkin±Elmer Lambda 19 spectro-

photometer. For the luminescence experiments, the

samples were excited with an ORIEL Hg(Xe) 400 W

lamp. The emitted light was focused onto the entrance

slit of a SPEX 1000M monochromator and detected

with a Hamamatsu R943-02 cooled photomultiplier

tube. The spectra were recorded with a SR400 gated

photocounter.

Nano-indentation experiments were made with a

Nano Indenter II s to determine the Young's modulus

(E ) and the hardness (H) by the Oliver and Pharr

method [17]. A fused silica sample was used as a con-

trol and tested at the outset of each experiment. In each

indentation experiment, the indenter was ®rst loaded

and unloaded three times in succession at a constant

rate of 10% of the maximum depth and for three dif-

ferent depths. Each of the unloadings terminated at

10% of the peak load to assure that the contact was

maintained between the specimen and the indenter.

Three hold periods of 50 s were inserted at the maxi-

mum depths and another hold period of 100 s was

inserted at the minimum of the ®nal unloading. During

this last hold period the displacement of the indenter

was carefully monitored to establish the rate of thermal

drift in the machine for subsequent correction of the

data. Three experiments were carried out for maximum

depths of ®rst, 200, 250 and 300 nm; second, 400, 550

and 700 nm; and third, 900, 1200 and 1400 nm, re-

spectively. Thus, for each sample, nine peak loads were

investigated.

3. Results and discussion

X-ray analysis shows that these crystals have a well-

crystallized cubic ¯uorite structure with a lattice

parameter of 0.5146 nm, in agreement with previously

reported values [18]. No change in the lattice parameter

has been observed in the samples after either n-irradia-

tion or TCR.

Undoped YSZ crystals are transparent in the as-

grown state. After either neutron-irradiation or the-

rmochemical reduction they become colored. The ab-

sorption spectra of two n-irradiated crystals with a dose

of 1.2 ´ 1021 and 1.0 ´ 1022 neutrons/m2, respectively, are

shown in Fig. 1. For the sake of comparison, the ab-

sorption spectrum of a crystal thermochemically re-

duced for 20 min at 1273 K is also displayed. In all the

spectra, a broad absorption band centered at about

470 nm is observed. The intensity of this band increases

with the irradiation dose. In addition, the absorption

edge shifts towards lower wavelengths in the TCR

sample as previously described [19,20]. This e�ect was

not found in n-irradiated samples. The 470 nm band has

been previously associated with electrons trapped at

oxygen vacancies nearest to Zr cations, and with oxygen

ions with trapped holes adjacent to yttria cations [19].

The di�erential spectra between either the n-irradiated

samples or the TCR sample and the as-grown sample

reveal the presence of a shoulder at about 375 nm

(Fig. 2), which has been tentatively assigned to both

electrons trapped at oxygen vacancies nearest to Zr

cations and to Ti3� impurities [19].

The formation of the 470 nm band in TCR crystals

was investigated by reducing a YSZ sample for 15 min

intervals at increasing temperatures. The optical densi-

ties versus temperatures are plotted in Fig. 3. A

threshold temperature for the band formation was esti-

mated to be 1200 K.

With 16% in weight yttria, ¯uorite structure, lattice

parameter a� 0.5146 nm, one can calculate from

the structure a theoretical density of 5900 kg/m3,

Fig. 1. Optical absorption spectra of (a) as-grown crystal, after

(b) TCR at 1273 K, (c) irradiation with 1.2 ´ 1021 n/m2 and (d)

irradiation with 1.0 ´ 1022 n/m2.
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corresponding with a concentration of oxygen vacancies

of �3 ´ 1027 mÿ3. Application of the Ivey±Mollwo rela-

tion [21,22] as modi®ed by Turner [23], to 16% in weight

yttria in zirconia, yields the position of the F� center (an

oxygen vacancy with one electron) at 6.4a2:4� 325 nm

[24], below the absorption edge. In order to determine

whether n-irradiation has produced defects whose

absorptions occur at wavelengths below the absorption

edge and thus are undetectable by optical absorption

measurements, luminescence experiments were per-

formed at several selected wavelengths: 300, 325 and

350 nm. Also luminescence experiments were made by

excitation in the peak position of the 375 and 470 nm

bands. No luminescence in the visible region was ob-

served under excitation in the latter band. Fig. 4 shows

the luminescence spectrum under excitation with 325 nm

light for the as-grown sample. A broad emission band

centered at about 570 nm was observed, in agreement

with previous ®ndings [25±27]. In TCR and n-irradiated

samples, the peak of the emission spectra appears to be

shifted to 585 nm, due to self-absorption in the lower

wavelength side from the 470 nm absorption band

(Fig. 2). Similar spectra were obtained when the samples

were excited with 300, 350 and 375 nm.

These results indicate that most likely the band at

470 nm is associated with the same type of defects in

both TCR and n-irradiated samples. This is also true for

the 375 nm band. Furthermore, neither n-irradiation nor

TCR appears to create new defects that are optically

active below the absorption edge.

The thermal stability of the defects produced by ei-

ther TCR or neutron-irradiation was studied by sub-

jecting the samples to isochronal thermal annealings for

10 min. at increasing temperatures in air. The evolution

of the intensity of the optical-absorption band at 470 nm,

measured at RT, with the annealing temperature is

plotted in Fig. 5. Clearly, the band of the n-irradiated

crystal is much less stable than that of the TCR sample.

The same is true for the shoulder at 375 nm. After

thermal treatment at �590 K, the n-irradiated bands

have completely annealed out, while the bands in the

TCR crystal remain stable until 1100 K and only dis-

appear after the annealing at 1300 K. Similar results

were obtained in other oxides [28,29] and this di�erence

in stability was attributed to interstitial-vacancy re-

combination in the oxygen sublattice of the irradiated

crystals, where the oxygen interstitials are delocalized at

temperatures not much higher than RT. In TCR crystals

anion vacancies can readily survive 1100 K because

there are no interstitials.

Nano-indentation experiments were made to deter-

mine the e�ects of both n-irradiation and TCR on the

mechanical properties. Fig. 6 shows a selected load±

displacement curve for the as-grown sample. The shape

Fig. 3. Optical density versus temperature after isochronal

anneals in a reducing atmosphere.

Fig. 4. Luminescence spectra under excitation with 325 nm

light for (a) as-grown crystal, and after (b) TCR at 1373 K, (c)

irradiated with 1.2 ´ 1021 n/m2, and (d) irradiated with 1.0 ´ 1022

n/m2. All the spectra were normalized at 580 nm.

Fig. 2. Di�erential spectra between an as-grown sample and

samples after (a) TCR at 1273 K, (b) irradiation with 1.2 ´ 1021

n/m2, and (c) irradiation with 1.0 ´ 1022 n/m2.
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of the curve is typical of most ceramics, that is, a large

elastic component due to the recovery of the surface

¯exure coupled with a small additional recovery of the

indentation depth itself [30]. Similar curves were ob-

tained for both the TCR and the n-irradiated samples.

From these load±displacement curves, and knowing the

exact geometry of the indenter tip, it is possible to de-

termine the hardness, H, and elastic modulus, E, as a

function of the indenter displacement.

Fig. 7 shows the results obtained for the four types of

samples tested. Data points represent the mean values of

the hardness and elastic modulus at speci®c indentation

depths, based on ten separate load±displacement tests.

The standard deviation in the mean values of H (not

shown in Fig. 7) divided by the mean value of H ranges

from 4% at an indentation depth of 100 nm to 2% at an

indentation depth of 1200 nm. The standard deviation in

the mean values of E divided by the mean value of E

ranges from 3% at an indentation depth of 100 nm to 1%

at an indentation depth of 1200 nm.

The H values in Fig. 7(a) are practically independent

of depth and of the treatment (TCR or n-irradiation)

given to the samples. The resulting values range from

18.5 to 20 GPa, as the indentation depth varies from 100

to 1200 nm. The E values in Fig. 7(b) for the as-grown

sample range between 305 and 320 GPa, in good

agreement with previous ®ndings [9]. No signi®-

cant changes were observed after the samples were TCR

or n-irradiated, indicating that the defects induced by

either TCR or n-irradiation do not signi®cantly change

the mechanical properties of YSZ. In n-irradiated crys-

tals, radiation hardening is expected and is caused pri-

marily by the presence of interstitials [31,32]. The lack of

hardening in our irradiated samples may be due to the

fact that the concentration of interstitials is too low to

produce any signi®cant increase in hardness. Indeed, in

YSZ crystals irradiated with I� ions, where a high

concentration of interstitials should in principle be cre-

ated, softening (a decrease in the elastic modulus and

hardness) was observed and tentatively attributed to

partial amorphization [9].

Fig. 6. Selected load±displacement curve for as-grown YSZ

crystals.

Fig. 7. (a) Hardness and (b) elastic modulus versus contact

depth for as-grown crystals (h), after TCR (s), irradiated with

a dose of 1.2 ´ 1021 n/m2 (D), and 1.0 ´ 1022 n/m2 (´).

Fig. 5. Normalized intensity of the 470 nm bands versus

isochronal annealing temperature of samples (a) irradiated with

1.2 ´ 1021 n/m2 and (b) thermochemically reduced at 1373 K.
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4. Summary and conclusions

Single crystals of YSZ have been neutron irradiated

up to doses of 1.2 ´ 1021 and 1.0 ´ 1022 neutrons/m2, re-

spectively. Optical absorption measurements and lumi-

nescence experiments indicate that the optically active

defects induced by irradiation are those responsible for

the absorption bands at 375 and 470 nm, which have

been related to charged oxygen vacancies and to oxygen

ions with trapped holes [19]. These absorption bands

have also been observed in YSZ crystals after TCR at

temperatures higher than 1200 K. However, the bands in

n irrudiated crystals are thermally much less stable than

in TCR crystals. The former anneal out at �590 K while

the latter disappear only after an annealing at �1300 K.

This di�erence in stability is probably due to interstitial-

vacancy recombination in the oxygen sublattice of the

irradiated crystals. In TCR crystals anion vacancies are

more stable because there are no interstitials.

Hardness and the elastic modulus of YSZ crystals

were determined by Nano-indentation experiments. The

resulting values were �20 and �305 GPa, respectively.

No signi®cant changes are induced by TCR or neutron-

irradiation.

In conclusion, these results con®rm that YSZ crystals

are radiation resistant when irradiated with neutrons.

The induced damage does not signi®cantly change their

mechanical properties. The radiation damage can easily

be recovered by thermal anneals in air at temperatures

above 600 K.
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