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EPR structural study on hydrothermally aged
yttria-doped tetragonal zirconia polycrystals
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EPR measurements on yttria-doped tetragonal zirconia polycrystals (Y-TZP) were performed
in order to study the modifications of the structure of the material following hydrothermal
treatments. By X-ray irradiation of the samples, the structural defects near the oxygen
vacancies were magnetically activated by electron trapping. Y,05 aggregates were identified
by EPR signals of defects of F* type, coordinated with yttrium ions, and defects such as Y?*
(4d") in four-fold coordination, randomly tetragonally distorted. The analysis of these defect
sites, used as local probes, supports the existence of structural modification of the material

and the formation of «-Y(OH); clusters.

1. Introduction

Zirconia (ZrQO,) is a promising material for a wide
number of technological and engineering applications
[1]. Apart from its good chemical stability due to the
strong Zr—O chemical bond, it exhibits outstanding
mechanical properties. High strength and toughness
can be achieved by adding some kinds of oxides in a
narrow range of composition; the most commonly
used are MgO, CaO, Y,0; and CeO,. These oxides
act to retain the high-temperature phase of zirconia at
room temperature at which it is normally in the
monoclinic phase. The cations of such added sub-
stances randomly substitute the Zr** cations in their
lattice sites and are therefore called lattice stabilizers.
Depending on the amount of stabilizer, a tetragonal
phase can be retained in a high volume fraction.

Yttria-doped tetragonal zirconia polycrystals
(Y-TPZ) is one of the zirconia-based materials with
very high strength and toughness. However, attention
to the use of this kind of stabilized zirconia is directed
at hydrothermal treatments occurring when the envir-
onment is constituted by hot steam. In fact, in a humid
atmosphere at relatively low temperatures (about
200°C), an uncontrolled tetragonal-to-monoclinic
transformation occurs resulting in microcracking and
strength degradation [2, 3]. Several theories have been
proposed in order to explain the mechanism involved,
in which atomic positions are rearranged, leading to
the transformation.

One theory proposes the breaking of the bonds of
the oxygen bridge Zr—O—Zr with formation of Zr-OH
bonds [4]; more elaborate evolutions of this theory
propose multi-step degradation processes, also res-
ulting in the formation of Zr—OH bonds which create
stress sites [5, 6]. Another theory involves the produc-

tion of nanometric a-Y(OH), which draws yttrium
from the grains of zirconia in the tetragonal phase, as
experimentally observed [7, 8]. Parts of the volume of
the zirconia crystal lattice, which lack stabilizing ions,
can therefore easily transform into monoclinic nuclei
which grow with further yttrium depletion, until the
complete transformation of the whole grain. Micro-
cracks occurring on the surface of the ceramic piece
allow the process of transformation to proceed into
the bulk.

However, only a few structuristical experiments
have been performed to study the atomic rearrange-
ment. The study of the intrinsic defects due to oxygen
vacancies or associated with the presence of substitu-
tional cations, is a fundamental step to control the
physical-mechanical properties of this material.

A detailed analysis by electron paramagnetic reson-
ance (EPR) has aiready been carried out on single
crystals of yttria-stabilized zirconia. That analysis was
focused on identifying the structure of the main para-
magnetic defects induced either by chemical reduction
or ultraviolet and X-ray irradiation [9]. The EPR
centres were found to be sensitive probes, able to
provide information on the local nanostructure of the
material, thus giving detail of the arrangement of the
anionic sublattice [10, 11]. On the other hand, analog-
ous spectroscopic data are not available on sintered
samples, in spite of the large number of possible
technological applications of this ceramic material.

In this paper we report EPR measurements on
ceramic samples of zirconia stabilized by the addition
of 3mol% yttria (Zry4,Y0.030,.¢¢). The experi-
mental spectrum was resolved into the different com-
ponents by analysing the dependence on the
measuring temperature and the microwave power,
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and on thermal annealing. Further details of the sur-
face structure of the material were obtained by using
the paramagnetic defects induced by X-ray irradiation
as local probes. Using these data, an attempt is made
to explain the processes leading to brittleness of surgi-
cal tools made of this material exposed to short hydro-
thermal treatments (e.g. sterilization procedures of
bistouries by autoclaving).

2. Experimental procedure
2.1. Composition and production

of the samples
A series of bars, with dimensions 20 x 1 x 0.5 mm?>
after sintering, were produced. These samples were
prepared for this study using the same procedure
utilized to produce prototypes of ceramic bistouries in
IRTEC-CNR. As starting materials, zirconia powders
stabilized with 3 mol % Y,0O, were used (TSK TZ-3Y,
Toyo Soda Mfg. Co. Ltd, Japan). Such prototypes
were produced under a project devoted to the devel-
opment of ceramic materials for use in surgery and are
the subject-matter of a thesis for Design and Ceramic
Technology Certificate coordinated by the IRTEC-
CNRK authors of this paper [12].

For the adopted manufacturing process, the green
samples were prepared by mixing the utilized powders
with a 2 M solution of polyethyleneglycol PeG-300
[HO(C,H,0O),H]. The mixture was carefully milled
for 20 h with water in a jar-mill with zirconia milling
balls. The obtained slurry was freeze-dried and the
powders obtained were sieved. The powders were then
pressed uniaxially at 6.1 MPa by a double-effect press.

The sintering of the samples was carried out in a
programmable laboratory kiln with the adoption of
the following thermal cycle: temperature raised to the
sintering temperature of 1500 °C by a linear increment
of 100°C h™!; hold at the sintering temperature for
1 h; cooled at 300°C h™ 1,

All the sintered samples were carefully polished with
a 0.3 um diamond paper on their surface to eliminate
superficial defects.

2.2. EPR measurements

EPR measurements were carried out on the samples
using a spectrometer in the X band (about 9.12 GHz)
in the temperature range — 135 to 30°C. A cryostat
with a nitrogen flux and a temperature control within
1 °C, were used for this purpose. The modulation field
was kept down to suitably low values to avoid signal
distortions. Different values of the incident radiation
power were used, 1-10 mW, to keep saturation phe-
nomena under control. The EPR centres concentra-
tion was estimated with respect to a standard, by
measuring the weight and volume of the samples, and
having particular care to the reproducibility of the
positioning of the samples in the resonant cavity. The
interpretation of the EPR spectra was verified by
numerical methods of simulation of resonance signals
of polycrystalline materials (such as powders and
glasses), i.e. of signals originating from paramagnetic
centres randomly oriented and characterized by a
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g tensor with a gaussian distribution of principal
values.

2.3. X-ray diffraction analysis

Samples (prepared in the same way as those for EPR
measurements) were analysed by X-ray diffractometry.
A Rigaku powder diffractometer was used to test the
phase composition directly on the surface of the
samples.

2.4. Treatments

Some ceramic samples were treated before any meas-
urement in an autoclave with a hot water vapour
atmosphere. This treatment should simulate the oper-
ative conditions of contact with steam in turbines and
in sterilization procedures adopted in surgery, which
are known to cause transformations within the micro-
structure of the material.

The treatment involved a run in the autoclave at
medium pressure (500 4 20 kPa) at 160°C. These
values were reached gradually over 1 h and then they
were held steady for 1 h. At the end, the pressure was
suddenly removed and the samples cooled within the
autoclave in 0.5 h.

Some samples, treated both in an autoclave and
untreated, were heated at 850 ° C in air for 2 h follow-
ed by natural cooling to room temperature, in order to
observe the stability of the centres and the effects of
the hydroxylation of possible hydroxyl groups in-
duced by the autoclave treatments. Other samples,
treated and untreated in the autoclave, were exposed
to X-ray irradiation at room temperature, using a
beam of about 15 keV from a tungsten target: because
structural defects may be present in diamagnetic form
(undetectable by EPR), X-ray irradiations were per-
formed in order to activate such defect sites by elec-
tronic trapping. The X-ray irradiation treatments do
not modify the atomic arrangement of the structure,
and allow a sclective activation of the material by
choosing the suitable photon energy with the desired
attenuation depth.

Isochronal annealings were carried out to discrimi-
nate EPR signals characterized by different thermal
stability by leaving the samples for 5 min in a thermo-
stated furnace at a prefixed temperature, at normal
pressure and in air.

3. Results
3.1. Virgin samples
Although the EPR spectra obtained were highly com-
plex, three types of signal could be identified (Fig. 1):

(a) a narrow, intense signal at low magnetic fields
(about 150 mT) having a g value around 4.3 (see insert
in the Fig. 1a);

(b) a weak and unstructured signal with g ~ 2;

(c) an asymmetric signal composed of two struc-
tures with g = 1.97 and 1.96.

The shape and position of signal (a) are typical of
ions with spin S = 5/2 and with orbital angular mo-
ment L = 0 such as Fe** [13]. The concentration of
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Figure 1 EPR spectra of a sintered sample of Zrg 9,Y 530, o4 at
—135°C : (a) before and (b) after X-ray irradiation.

this ion is estimated to be about 107 cm ™3 for all the
samples.

Signal (b) is very weak and the defects responsible
for this resonance should have a concentration of
about 5 x 101% ¢cm 3.

Signal (c) shows a change in its shape on increasing
the temperature from — 135°C to 30°C. This change
depends on the structure at g = 1.97 alone. This sug-
gests that signal (c) is composed of two different
signals. The evaluated density of the correspondent
paramagnetic centres is about 10 ecm 3.

The corresponding X-ray diffraction spectra show
the presence of tetragonal phase, with some traces of
cubic phase.

3.2. Effects of autoclave treatment

The EPR spectrum of the samples treated in the
autoclave differs from that of the virgin samples only
for signal (c) which is more intense. It is noteworthy
that segmentation of the samples into pieces with
different surface/volume ratios shows that signal (a)
has an intensity that is proportional to volume, while
signals (b) and (c¢) have amplitudes which do not
depend on the volume, but rather on the surface of the
sample.

All the identified signals are very stable and no
decrease in their magnitude was observed, even after a
prolonged heating of 2 h at 850°C.

The corresponding X-ray diffraction spectra show a
predominance of tetragonal phase, but with the ap-

pearance of a small amount of monoclinic phase and
some weak but significant peaks attributable to Y,O;.

3.3. Irradiated samples
The spectrum of an irradiated sample is shown in
Fig. 1b. In addition to some structures (arrowed)
attributable to signals already present in the un-
irradiated samples and unaffected by the irradiation,
some other structures can be identified:

(A) a portion of a signal about 6 mT wide, struc-
tured, at fields higher than 340 mT, with g = 1.90;

(B) an asymmetrical narrower signal (3 mT wide) at
g = 1.96, which overlaps signal (c) observed in the
unirradiated samples;

(C) other weaker signals overlapping signal (B) (as-
terisks in Fig. 1b).
The spectrum induced by the irradiation in the sample
treated in the autoclave, although preserving the same
characteristics, shows a weaker intensity of signal (A)
with respect to the untreated samples.

3.4. Thermal annealing of irradiated
samples

Isochronal annealing at increasing temperatures has
allowed identification of the spectra obtained from the
irradiated samples, because the different spectral com-
ponents show different thermal stabilities. The spec-
trum of a sample, only just irradiated, is
shown in Fig. 2 together with those of the same sample

100°C
200°C
250°C
350°C \\\\w
tan ™
l | ]
350 330 310

B (mT)

Figure 2 EPR spectra at — 135°C following pulsed annealing of 5
min at the indicated temperatures.

3953



after heating for 5 min at different temperatures. At
250°C, signal (B) is practically absent, whilst signal (A)
(whose structured shape is ecasier to investigate be-
cause it does not overlap with other signals) is shown
to have a slightly reduced intensity.

4. Discussion

The analysed spectra show the complexity typical of
spectra of sinterized materials, with powder signals,
often overlapping with extrinsic signals of paramag-
netic impurities not always identifiable by the EPR
technique alone.

A detailed study of the signals cannot always be
carried out on sintered materials, unlike for single
crystals on which the analysis of the spectrum may be
performed as a function of the orientation of the
crystallographic axes with respect to the direction of
the magnetic field. However, a study of the depend-
ence of the signals upon the different treatments de-
scribed here has allowed an analysis, qualitative and
quantitative, of the EPR spectrum and of the related
properties of these materials.

The EPR signals detected before and after X-ray
irradiation are separately discussed below, giving
them, at least in the second case, specific attribution to
a defect structural model. The presence of the identi-
fied EPR defects and the effects on their concentration
of the steam pressure treatment are then discussed in
terms of the possible physical and chemical mech-
anisms involved in the sample production and
hydrothermal ageing of the sintered material.

4.1, Spectrum of unirradiated samples
Unirradiated samples give rise to a spectrum domin-
ated by signal (a) at low fields which results from Fe**
impurities, and by the weak and very stable signals (b)
and (c) in the region around g = 2. The value g = 2
and a lack of particular structures do not allow the
formulation any hypothesis about the origin of signal
(b). Uncertainty also exists about the origin of signal
(c): the change in its shape with temperature suggests it
might be a superposition of two different signals of
which one is subjected to a broadening with increasing
temperature. Because saturation is absent, such a
signal may be affected by fast processes of spin-lattice
relaxation. On the other hand, the observation of the
presence of these signals even after a prolonged
heating at 850 °C (the temperature at which the mobil-
ity of oxygen atoms becomes relevant within this
material [1]) allows one to think it very improbable
that their origin could be lattice defects involving
oxygen vacancies. Moreover, the analysis of the in-
tensities of this kind of signal as a function of the
surface/volume ratio, suggests attribution to defects
originating on the surface. In fact, measurements on
progressively smaller samples obtained by consecutive
breaking of the original samples, show no dependence
on the volume but rather on the proportion of the
original sample surface. The variation of the intensity
of one of the components of signal (c) with the treat-
ment in the autoclave also suggests its localization on
the surface.
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4.2. Spectrum of irradiated samples

4.2.1. Signal (A)

The shape of signal (A) is symmetrical and structured
in components with different intensities. This may be a
feature of a multiple hyperfine structure (hfs) due to
interactions with more than one nuclear spin. In
particular, the observed relative intensities (with a
maximum for the central signal) is typical of structures
due to a hyperfine interaction with identical nuclei at
equal distance [14]. In the case of zirconia—yttria
material, the nuclei with a spin different from zero that
can be present in significative amounts are those of
89Y (I = 1/2, 100 % natural abundance) and of °'Zr
(I =5/2, 11 % natural abundance). However, signals
of paramagnetic centres interacting with zirconium
nuclei should be constituted by a single signal, due to
the interaction with the nuclet of the main isotope
927Zr (I = 0, 89 % natural abundance) overlapping a
weak hfs from the interaction with nuclei of *'Zr
consisting of sextets (21 + 1 = 6). The shape of signal
(A), however, implies an equivalent interaction with
four nuclei of #%Y, giving rise to five elements with
relative intensities 1:4:6:4:1 (see the draft in Fig. 3)..
A comparison by numerical computation, performed
starting from this hypothesis, yiclds the following
parameters: g = 1.899, hyperfine splitting of the com-
ponents & = 4 mT, linewidth- of the single component
4.5 mT, with gaussian shape of the line.

The origin of this kind of signal could be a F*
centre due to an electron trapped within an oxygen
vacancy of a cationic tetrahedron of ions Y3*, Values
of g of the order of 1.90 were actually observed for F*
centres on other compounds [15]. Because an anionic
vacancy surrounded by four trivalent cations could
not give rise to an electronic trap in the stabilized
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Figure 3 (a) Computed simulation of signal A and (b) energy-level
diagram of the hyperfine interactions with four yttrium nuclei (see
text).



zirconia lattice for obvious reasons of charge defect,
whereas it could be in the yttrium oxide, the hypo-
thesis formulated implies the presence of Y,O; micro-
aggregates within the analysed samples. In fact, the
oxygen ions are coordinated with four cations in
tetrahedral symmetry in the yttrium trioxide, in an
approximately regular arrangement [16]. The anionic
vacancy is then equidistant at 0.230 nm [17] from the
four cations of the first shell; this highly symmetrical
coordination justifies the symmetrical shape of the
signal. This attribution is also supported by the fact
that the amount of experimental hyperfine splitting
o =4 mT is in agreement with a theoretically com-
puted estimate on the hypothesis of an F* centre [15,
18]: assuming the hfs is mainly due to a contact
interaction, the computed constant for the hfs inter-
action matches the experimental one within a factor of
2, even though constrained by the limits imposed by a
point charge approximation (see -Appendix).

4.2.2. Signal (B)

In order to analyse signal (B) induced by the irradia-
tion procedure, all other spectral components must be
subtracted from the experimental spectrum. The result
of this operation is shown in Fig. 4 in which an
asymmetric signal having the typical shape of a pow-
der signal, is seen. A numerical reproduction of the
signal obtained with a randomly angular distribution
of axial EPR centres gives g, | = 1.85, g, = 1.96, line-
width  AB; =AB, =3mT, and a gaussian
distribution of the g, value, corresponding to an
inhomogeneous broadening of about 2 mT.

The principal values of the g tensor and the asym-
metric shape of the signal suggests that signal (B) is
due to a cationic defect (electron trapped in 4d orbitals
of Zr**or Y**) rather than due to an anionic defect
{electronic hole in anionic orbitals) or to an F*-like
defect. An analysis of the energy levels in the crystal-
line field was carried out on different possible config-
urations of cationic defects. The condition g;, < g,
for ions 4d* (pertaining to Zr®* and Y?*) is satisfied
only in eight-fold (cubic) and four-fold (tetrahedral)
coordinations with tetragonal distortion (elongation
of the c-axis). The following remarks may also be
made.

1. The eight-fold coordination must be ruled out
because the cationic sites thus coordinated have no

B (mT)

Figure 4 EPR spectrum of signal B, obtained after subtraction of
the other overlapping signals (——), and (@) computed simulation
(see text).

defects of negative charge and consequently they
cannot be electronic traps able to capture electrons in
4d orbitals.

2. The four-fold coordination must also be ruled out
in the stabilized zirconia structure, because it requires
the contemporary presence of four oxygen vacancies
for each defect site: a very improbable condition to
take place.

3. The four-fold coordination could, instead, have
a high probability to occur in the structure of the
yttria where only two oxygen vacancies are involved
with respect to the normal six-fold coordination of
yttrium ions.

Thus, signal (B) seems to provide further evidence of
the existence of a cluster of nuclei of Y,0; inside the
structure of the Y-TZP samples. Inhomogencous
broadening of the EPR signal may be related to a
statistical structural disorder originating from a
tetragonal distortion differing slightly from one defect
site to another. By the adoption of the unit cell
parameters of Y, O, the {r?) and <{r*) and A values of
the 4d orbital of the Y2* ion [19], the elongation of
the c-axis is found to vary over a reasonable range
between 0.0005 and 0.0015 nm.

4.3. Effects of autoclave treatment

The EPR spectrum of the irradiated samples sub-
mitted to treatment in an autoclave does not substan-
tially differ from that of the untreated samples, except
in the lower intensity of signal (A).

The treatment has in some way decreased the effici-
ency of the creation of EPR centres by irradiation,
with a modification of the surface structure of the
material. A diffusion process of some ionic species
could have taken place, connected with the steam
present under pressure in the autoclave. The conse-
quent atomic structural rearrangement may have
played a compensating role in the process of the
creation of the defects. Such phenomena have been
observed in other materials such as silicon dioxide
[20] in which the hydrogen assumes a radioprotective
function.

5. Conclusions

The identification of the EPR defects observed in
sintered Y-TZP allows certain aspects of the structure
of this material to be considered.

1. The X-ray-induced EPR signals (A) and (B) indi-
cate the presence of Y,0; aggregates in all the
analysed samples. Both types of defect involve the
presence of oxygen vacancies in lattice sites such as an
F* centre (signal A) or Y?* ion (signal B).

2. The absence in X-ray irradiated samples of the
EPR signal attributed to six-fold coordinated Zr®*
ions [11] in observed single crystals of stabilized
zirconia, containing about the same nominal concen-
tration of Y?*, suggests that the concentration of
oxygen vacancies in the zirconia lattice in the surface
region affected by irradiation is lower than that ex-
pected, probably because of the presence of Y,0,
aggregates.

39565



The autoclave treatment does not produce strong
modification of the EPR spectra; nor are new signals
observed. Nevertheless, some remarks may be made
about the lower intensity of the EPR signal (A) and the
higher intensity of the signal (c} after the autoclave
treatments.

3. Because signal (A) has been attributed to F*-like
centres constituted by oxygen vacancies coordinated
to four Y3* ions, its lower intensity may be related to
the treatment-induced modification of the F?* dia-
magnetic precursor defect site in a radiation-resistant
form. This agrees with the formation of Y(OH); clus-
ters as observed by Lange et al. [7].

4. The increase in the intensity of signal (c) observed
in all the samples may be interpreted as a modification
of the surface structure. Because its thermal stability
and spectroscopic features rule out that it arises from
oXygen vacancies, it may be an indication of an in-
crease in structural phases different from the tetrago-
nal or cubic ones (e.g. the monoclinic phase). The
corresponding X-ray diffractometric spectra always
show a predominance of tetragonal phase, but with
the appearance of a small amount of monoclinic phase
after autoclave treatment.

In reality, the observed changes of the EPR spectra
are found to be sensitive to the consequent modifica-
tions of the material, because they pertain to relatively
short hydrothermal treatments.
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Appendix

By assuming the hfs is mainly due to a contact inter-
action (as it generally is for F centres for which the hf
anisotropic interaction is much lower than the isotro-
pic one [15]), the constant for the hf interaction is
given by [18]

a = %ngeuBgNuNAR|¢F(R)|2 (A1)

where g and p are the Bohr and nuclear magnetons,
g. and gy the electron and nuclear g values, and ¢x(R)
the envelope function of the F* centre for which the
wave function can be expressed by the electronic wave
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functions, V,, of the ions of the first shell

\IIF = N(¢’F - Z\|h<‘|/z|¢F>) (A2)

where N is a normalization factor. In Equation Al,is a
factor relating the mean electronic density |g|? of the
nucleus with the value |¢g|? given by only that part of
the envelope of the wave function of the F* centre,
which is roughly proportional to R* Thus

a = 3ng.usgninArk/R? 3)

where k is a constant and Ay is a simple function of
Z3? in a first approximation, where Z is the atomic
number of the first-shell ions. The value of k is empir-
ically found, by experimental collections of «, to be
around 12.7x 1073 +4.5x107*
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