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Abstract—Tetragonal Zr ggsY.057F€0.05702 _ 5 Solid solutions prepared by calcining coprecipitated and suc-
cessively precipitated hydroxide mixtures were studied by M éssbauer spectroscopy immediately after calcina-
tion and after long-term storage. The results indicate that the solid solutions prepared via coprecipitation and

successive precipitation contain Fe** in two (octahedral coordination) and three (octahedral, fivefold, and tet-

rahedral coordinations) inequivalent sites, respectively. Partial Fe>* substitution for Y3* is shown to prevent or
substantially slow down the low-temperature structural degradation of stabilized zirconia.

INTRODUCTION

The ZrO,~Y ,0,+e,0; system is of great practical
importance in the development of high-strength ceram-
ics[1, 2] and solid electrolytes [3-6]. Partial Fe** substi-
tution for Y3* in ZrO,~Y ,O; ceramics makes it possible
to markedly reducetheir sintering temperature[3, 5] and,
accordingly, to obtain a fine-grained microstructure,
which is essentia for achieving high mechanical
strength. ZrO, and Y ,0O; are known to form oxygen-
deficient substitutional solid solutions (the excess neg-
ative charge resulting from Y3+ substitution for Zr#* in
ZrO, is compensated by oxygen vacancies) [7, §].

There are a number of reports [6, 9, 10] that the
ZrO,—Fe,0; system contains no solid solutions,
whereas Teterin et al. [11] and Berry et al. [12] hold
that ZrO, dissolves a small amount of Fe,05. Accord-
ingtoNeuiminet al. [6] and Karavaev et al. [10], ZrO,—
Y ,0; solid solutions dissolve Fe,0O5 and Sc,05, and the
solubilities of these additives correlate with the content
of the stabilizing oxide Y ,0O5. This correlation can be
understood in terms of oxygen vacancies (variation in
their concentration) in ZrO,-based solid solutions and
the formation of impurity—vacancy defect complexes
[10]. The nonlinear temperature variation of the electri-
cal conductivity of ZrO,-based solid solutions was
interpreted by Kotlyar et al. [13] as being due to the
interaction between oxygen vacancies and solute cat-
ions. The interaction between lattice defects and near-
est neighbors of stabilizer cations in ZrO,-based solid

solutions was studied in [12-17]. Only alimited hum-
ber of such studies have been reported for Fe-contain-
ing systems[11, 12, 18].

M 6sshauer studies of the ZrO,—Fe,O; system were
reportedin[11, 12]. According to Teterin et al. [11], the
products of thermal transformations in this system are
o-Fe, 05, ZrO,, Fe** in a superparamagnetic state, and
Fe** ions dissolved in zirconia. In our opinion, the
Mosshauer parameters of the resonance doublets for
the Fe**-containing phases were determined in that
study inaccurately, since they were not checked by cal-
ibration, and the assignment of the resonance absorp-
tion doublets is debatable. The Mdssbauer results
reported by Berry et al. [12] indicate that the Fe-con-
taining cubic ZrO, phase formed at 770 and 1020 K at
certain Fe concentrations is represented by a quadru-
pole doublet close in parameters to that of high-spin
Fe* in distorted octahedral coordination. With increas-
ing iron content and calcination temperature, the dou-
blet gives way to a singlet, which may be due to phase
transformations or changes in the coordination of Fe**.
Berry et al. [12], however, did not specify the parame-
ters of the paramagnetic component, which impedes
interpretation of their results.

Thelack of dataon the defect structure and nature of
ZrO,~Y ,05-Fe,0; solid solutions prompted us to
undertake a detailed M6ssbauer study of this system
with the aim of gaining greater insight into the nearest
neighbor environment of Fe** and the interaction
between the solute cations and oxygen vacancies. To
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rule out the ambiguity associated with the presence of
two or three phasesin partially stabilized ZrO,, itisrea-
sonable to investigate stabilized ZrO, (single-phase
solid solutions). In light of this, we studied single-phase
samples of composition 0.94ZrO, - 0.03Y,0;
0.03Fe, 03, which were calcined at 1470 K. The sam-
pleswere prepared by two procedures and had atetrag-
onally distorted fluorite structure [19].

Yttria-stabilized ZrO, is known to be prone to low-
temperature structural degradation because of the tet-
ragonal—monoclinic phase transformation [20]. It is,
therefore, also of interest to examine the evolution of
the fine structure of the Mdssbauer spectrum during
long-term storage (aging) of the material.

In this paper, we report aM dssbauer study of the tet-
ragonal solid solution 0.94Zr0O, - 0.03Y ,0; - 0.03Fe,04
(Zry 336 Y 0.057F€00570,_5) before and after long-term
storage, using samples prepared by two procedures.

EXPERIMENTAL

Zro 36 Y 0.057F€005702 -5 samples were prepared by
calcining appropriate mixtures of ZrO(OH),, Y (OH),,
and FeOOH precipitated from concentrated ZrOCI,,
Y (NOy);, and Fe(NOg); solutions by adding agueous
ammonia. We used two procedures: copreci pitation and
successive precipitation. In the latter case, Y (OH); was
precipitated after ZrO(OH), and FeOOH coprecipita-
tion. After washing with distilled water until the wash
water was free of CI- and NO*-, the precipitates were
dried at 350 K and then calcined at 1470 K in a com-
partment furnace. The samples obtained by successive
precipitation were characterized after calcination and
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after storage under atmospheric conditions for two
years.

X-ray diffraction (XRD) measurements were made
on a DRON 4-07 powder diffractometer (CoK,, radia-
tion, 40kV, 18 mA). In phase analysis, we used JCPDS
Powder Diffraction File data. Structural parameters
were refined by the Rietveld profile analysis method,
using the FullProf program. XRD patterns were run in
the angular range 26 = 10°-150° in a step-scan mode
with astep size A26 = 0.02° and acounting time of 10 s
per data point. As external standards, we used SO,
(26 calibration) and Al, O (intensity standard [21]).

M 6sshauer spectrawere recorded at room tempera
ture on an electrodynamic spectrometer at a constant
acceleration. The gamma source used was %Co in
metallic Rh. In velocity calibration in the magnetic and
extended-scal e paramagnetic ranges, we used o-Fe and
sodium nitroprusside, respectively (the isomer shift rel-
ative to o.-Fe can be converted to that relative to sodium
nitroprusside by adding 0.258 mm/s). In what follows,
the isomer shiftsin both ranges are specified relative to
the respective standard.

Fe content was determined on a Pye Unicom SP
9 atomic absorption spectrophotometer (A = 248.3 nm,
spectral dlit width of 0.2 nm, acetylene—air flame). Zr and
Y were determined using the fluoride procedure [22]. In
addition, Zr was determined as described in [23].

RESULTS AND DISCUSSION

XRD examination showed that the
Zrg 836 Y 0,057F€0,0570, 5 samples prepared via both
coprecipitation and successive precipitation had a tet-
ragonally distorted fluorite structure (sp. gr. P4/nmc,
no. 137) (Fig. 1, Table 1). In addition, the samples con-
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Fig. 1. XRD patterns of Zrg gge Y 0.057F€0.05702 — § Samples prepared via (1) coprecipitation and (2) successive precipitation.
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Table 1. Structural parameters of ZrgggsY 0.057F€0.05702 — 5
samples prepared via coprecipitation (CP) and successive
precipitation (SP)

Sample CP SP
a A 3.60562(9) 3.60628(9)
c, A 5.1693(2) 5.1690(2)
vV, A3 67.203(3) 67.224(3)
o J2a 1.011(2) 1.013(2)
Thermal parameter B, A2
Zr 0.90(2) 0.08(2)
Y 0.90(2) 0.08(2)
Fe 0.90(2) 0.08(2)
o] 2.2(2) 1.6(2)
Site occupancy
Zr 0.926 0.925
Y 0.058 0.058
Fe 0.016 0.017
o] 1.80(2) 1.87(3)
Reliability factors
Rg, % 2.30 3.19
Re, % 273 233
Lattice strain
n % | 8.7(1) | 9.6(1)

Note: Zr—O bond length is2.218 A.

tained trace levels of a-Fe,0; (Fig. 1, arrows). Che-
mical analysis results (Table 2) coincided with the
nomina composition to within the present analytical
accuracy.
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The Mosshauer spectra (magnetic range) of the
71 336 Y 0.057F€0.05702 _ 5 SAmples prepared via coprecipi-
tation and successive precipitation are shown in Fig. 2,
and the parameters of the spectra are listed in Table 3.
AsseeninFig. 2, the spectraof the two samples consist
of a Zeeman sextet whose parameters agree with those
reported for hematite [24, 25] and a quadrupol e doubl et
with parameters characteristic of high-spin Fe** in octa-
hedral coordination. The sextet due to a-Fe,0O5 isclose
in parameters to that arising from bulk, magnetically
ordered hematite, which indicates that the solubility of
zirconium and yttrium in hematiteisinsignificant. Such
substitutions are typically accompanied by a reduction
in Hy. Notethat the observed doublets consist of asym-
metric absorption lines. The parameters of the doublets
differ little from those reported by Berry et al. [12],
who attributed a similar doublet to Fe** dissolution in
ZrO,.

The asymmetric shape of the absorption lines and
high values of T" suggest that paramagnetic Fe** ionsare
present in at least two phases or in several inequivalent
sites, differing in cation and/or anion environments. |If
the doublets are due to only one phase (tetragonal in
thisstudy or cubicin[12]), the asymmetric shape of the
absorption linesis attributable to the presence of Fe** in
several inequivalent sites, and the high values of T" may
be associated with a nonuniform cation environment of
Fe**. As shown by Tikhonov and Arsenin [26], lines
consisting of several components separated by lessthan
I" cannot be deconvoluted uniquely. In the case of such
spectra, the reliability of deconvolution results can be
evaluated from correlation parameters. From the
present experimental spectra, we were able to evaluate
with certainty the relative amounts of Fe in magnetic
and paramagnetic phases and to establish that paramag-
netic Fe** ions were present in several inequivalent
Sites.

To improve the spectral resolution, reduce the
experimental error, and elucidate the origin of the

Table2. Chemical analysisresultsfor ZryggsY 0.057F€0,05702 5 SAMples prepared via coprecipitation and successive precipitation

Composition, wt %
Oxide nominal assay nominal assay
CP SP

Zro, 90.93 91.2 90.93 91.2

210" 90.7 90.7

Y ,05 531 53 531 53

Fe,05 3.76 34 3.76 34
* Procedure described in [22].
** Procedure described in [23].
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Fig. 2. Mdossbauer spectra (magnetic range) of

Zr 836 0.057F€0,05702 — 5 samples prepared via (a) copre-
cipitation and (b) successive precipitation.

asymmetry in the shape of the doublet lines, we mea-
sured spectrain the paramagnetic range, which offersa
resolution more than 3 times as high asthat in the mag-
netic range we used. This allowed us to anayze the
structure of the doublets arising from Fe** in greater
detail (Fig. 3). The parameters of the components thus
identified are listed in Table 4. The spectra were found
to contain two well-resolved lines a —0.56 and
2.05 mm/s, which correspond to the third and fourth
lines of the Zeeman sextet due to hematite (Fig. 2). For
the convenience of deconvolution and evaluation of the
relative contributions of components to the overal
spectrum, these two lines were represented by a qua-
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Fig. 3. Mossbauer spectra (paramagnetic range) of
Zr0.836 Y 0.057F€0.05702 — 5 samples prepared via (&) copre-
cipitation and (b) successive precipitation.

drupole doublet consisting of lineswith identical inten-
sitiesandT". The Fe content corresponding to each com-
ponent was evaluated from its area under the assump-
tionsthat the resonance absorption coefficient of Fe** is
the same for al of the coexisting sites and that the
intensities of the lines in the sextet due to hematite are
intheratio3:2:1:1:2:3. Thecontribution from the
third and fourth lines of the sextet (Fig. 3) is then one-
sixth of the total area of the sextet. Multiplying the S
obtained for theinner lines of hematite by 6 and adding
the area of the paramagnetic components, we find the
area corresponding to the resonance gamma absorption
by al of the Fe** ions in the sample. The relative con-

Table 3. Mosshauer data (magnetic range) for Zrq ggsY g.057F€0.05702 — 5 Samples

Sample lon, phase Hes, KA/M IS, mm/s QS, mm/s I, mm/s S %
1(CP) Hematite 41120 0.38 0.22 0.36 70.3
Feamagnetic 0 0.33 1.07 0.86 29.7
2(SP) Hematite 41200 0.37 0.23 0.32 68.3
F&amagnetc 0 0.37 1.08 0.90 317

Note: Hg; = effective magnetic field, |S = isomer shift (relative to a-Fe), QS = quadrupole splitting, I" = full width at half maximum of the
absorption line, S= relative area of the component. The measurement accuracy is£0.04 mm/sin 1S, QS, and I'; £400 KA/min Hgs;

and<10%in S
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Table 4. Mobssbauer data (paramagnetic range) for Zrg gggY o.057F€0.05702 _ 5 Samples

Sample lon, phase IS, mm/s QS, mm/s ', mm/s S % S %
1(CP) Hematite 0.76 2.60 0.27 305 725
Fe* 0.64 1.33 0.54 42,0 16.6

Fes' 0.63 0.84 0.53 275 10.9

2(sP) Hematite 0.75 2.60 0.25 26.6 68.5
Fey* 0.66 121 0.55 365 15.7

Fe’ 0.52 0.92 0.46 26.2 11.2

Fes' 0.43 0.40 0.37 10.7 4.6

2% (SP) Hematite 0.75 261 0.29 29.8 718
Fe;” 0.66 118 052 34.0 13.7

Fes! 0.49 0.94 0.62 26.4 106

Fes* 0.40 0.44 0.42 9.8 3.9

Note: Thesamedesignationsasin Table 3. §,isthe areaof the component relative to the sextet of hematite; theisomer shift isgiven relative
to sodium nitroprusside. The measurement accuracy is+0.03 mm/sin|S, QS, and " and <10%in S
* Sample 2 after storage under atmospheric conditions for two years.

tribution of each component in the M Gssbauer spectrum
(S, %) can be evaluated using the sum thus obtained
(Table 4). Comparison of the data in Tables 3 and 4
demonstrates that, for both samples, the magnetic and
paramagnetic contributions related to Fe* remain
unchanged in going from one measurement scale to the
other.

The observed features of the inner lines in the spec-
train Fig. 3 (asymmetric shape and shoulders) allowed

us to identify two doublets (Fe)* and Fe)") in the

spectrum of the sample prepared by coprecipitation and
three doublets in the spectrum of the sample prepared

by successive precipitation (FeX*, Fe5", and Fej').

It followsfrom the datain Table 4 that the tetragonal
zirconia samples studied here dissolve =30% of the
added Fe*. The rest of Fe** (=70%) is present in the
form of o-Fe,05. As shown by Berry et al. [12] using
electron microscopy, ZrO,—+Fe,0; materials contain
regions enriched in one of the constituent cations (clus-
terlike character of the Zr and Fe distributions. Similar
results were reported by Zyuzin et al. [18], who
revealed structurally disordered clusters 1-1.5 nm in
Sizein Zry gy Fe 09304 953 SAMples prepared by coprecip-
itation of zirconium and iron hydroxides, followed by
calcination at 670 and 970 K. As shown by Chusovitina
et al. [14] and Voron'ko et al. [17], interactions
between impurity cations and vacancies in ZrO,-based
solid solutions containing heterovalent substituents

may lead to the formation of simple and complex (in
terms of composition and structure) associates, or clus-
ters according to West [27]. Such clusters reside, as a
rule, in the bulk of ZrO, crystalites or, less frequently,
in the surface region and lead to the formation of struc-
tural defects, such as dislocations, or give rise to bend-
ing of lattice planes [27].

Theresults presented in Fig. 3 and Table 4 lead usto
conclude that the Zr g6 Y 057F€0.05702 _ 5 SaMples pre-
pared via coprecipitation and successive precipitation
contain Fe** in two and three inequivalent sites, respec-
tively, according to the number of resolved doubletsin
their spectra. Clearly, inequivalent coordinations of
Fe** may result from different arrangements of vacan-
ciesin its nearest neighbor environment and Zr, Y, and
Fe cationsin its second neighbor environment.

As follows from the datain Table 4, air storage for
two years has an insignificant effect on the M dssbauer
spectrum of the sample prepared by coprecipitation
(samples 2 and 2*), which indicates that, in the ZrO,—
Y ,0;+Fe,0; system, zirconia experiences very slow or
no low-temperature structural degradation, in contrast
to the binary system ZrO,-Y ,05[20].

Ininterpreting M 6sshbauer results, QS canbeused asa
mesasure of the distortion of coordination polyhedra (devi-
ation from cubic symmetry): changes in the distortion of
coordination polyhedra are accompanied by changes in
QS. The I Svdue can be related to the coordination of the
Fe** ion. According to Bencroft et al. [28, 29], adecrease

INORGANIC MATERIALS Vol. 40 No. 11 2004
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(increase) in the coordination number (CN) of reso-
nance ions is usualy accompanied by a decrease
(increase) in IS, which is associated with the decrease
(increase) in the strength of covalent bonding through
4s orbitals upon a decrease (increase) in the cation—
oxygen bond length. Eightfold coordination, character-
istic of the host cation Zr* in cubic and tetragonal
ZrO,, is unlikely in the case of Fe**, not only because
of the smaller eightfold-coordinated ionic radius of

Fely, ¢ (0.0645 nm) compared to Zr** (0.084 nm) [30]
but also by virtue of the electroneutrality condition. The
negative charge resulting from 2Zr* — 2Fe’* substi-
tution is compensated via the removal of one O% ion
from the anion polyhedron. The reduction in the oxy-
gen—oxygen distance upon partial Fe** substitution for
Y3 (Rvg;, = 01015 nm, R_.. =0.06457 nm [30])

increases the electrostatic repuI:sion between oxygen
ions [31], thereby favoring octahedral coordination
of Fe**.

Given that the high-resolution electron-microscopic
studiesreportedin [12, 18] revealed clustering in ZrO,—
Fe,O; materials, it is reasonable to assume that the
presence of several doublets, differing in area, in the
MOssbauer spectra of the Zr g6 Y. 057F€0.05702 _ 5 Sam-
ples (Table 4) is associated with Fe clustering in ZrO,—
Y ,05;+e,0; solid solutions. According to Shpak et al.
[32], clustering is typical of materials with complex
structures and cation or anion substitutions. Clearly, the
doublets differing in area (Table 4) correspond to asso-
ciates (clusters) differing in the number of Fe** ionsand
the cation environment of the resonance ions.

Detailed analysis of the present Mdssbauer results
suggests that the Fe2* and Fel* doublets in the spec-

trum of sample 1 and the Fe)*, Fe)", and FeJ* dou-
bletsin the spectra of samples2 and 2* are, most likely,
due to the presence of Fe** with CN = 6 (IS =
0.63-0.66 mm/s, QS = 0.84-1.33 mm/s), 5 (IS =
0.49-0.52mm/s, QS = 0.92-0.94), and 4 (IS =
0.40-0.43, QS = 0.40-0.43), respectively, in the
Zross6Y 00577005702 5 Solid solution (Table 4).

The cation composition determined with consider-
ation for the Fe content inferred from Mdssbauer
results (Table 4) was used in refining the oxygen site
occupancy by the Rietveld method (Table 1). The
actual compositions of the samples prepared via
coprecipitation and successive precipitation were
determined to be Zrg oY 0.055F€0.01601.80V020 and
Zr.925Y 0.058F€0,01701 87V .13, respectively. The higher
oxygen content and lattice strain in the latter sample
(Table 1) are probably associated with the smaller par-
ticle size (larger surface area) of powders prepared by
successive precipitation (Fig. 4), which increases oxy-
gen adsorption. This correlates with the results reported
by Polezhaev et al. [33], who found that air annealing
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(a) 100 nm

(b) 100 nm

Fig. 4. Electron micrographs of Zrg gg6Y( 057F€0.05702 _ §
samples prepared via (a) coprecipitation and (b) successive
precipitation followed by calcination at 1470 K.

of ZrO, or cooling after calcination led to sample oxi-
dation and a reduction in the concentration of oxygen
vacancies.

CONCLUSIONS

The present Mdssbauer results indicate that the tet-
I’agonal ZI‘O_886Y0V057F60.05702 _ 6 SO| | d SO| Utl OnS pl’e—
pared by calcining coprecipitated and successively pre-
cipitated hydroxide mixtures contain Fe* in two (octa-
hedral coordination) and three (octahedral, fivefold,
and tetrahedral coordinations) inequivalent sites,
respectively. Partial Fe** substitution for Y3* is shown
to stabilize tetragonal ZrO,—Y ,0O; solid solutions.

As shown by the Rietveld profile analysis method,
the oxygen content (concentration of oxygen vacan-
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cies) in the samples depends on the preparation pro-
cedure.
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