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Zirconium dioxide and some iron-zirconium oxides have been prepared by the calcination of precipi-
tates. The results show that the incorporation of Fe** within the tetragonal zirconium dioxide structure
at moderate temperatures (ca. 500°C) stabilizes the cubic modification and inhibits its transformation to
the monoclinic phase. The stabilization of the cubic structure is associated with the presence of
interstitial Fe** ions and oxygen vacancies. Calcination of the cubic iron-containing zirconium dioxide
at 1000°C induces conversion to the monoclinic zirconium dioxide and a partial segregation of iron
from the structure to form iron(IIl) oxide which probably contains zirconium. Pure tetragonal zirco-
nium dioxide was found to undergo a transformation to the monoclinic structure when exposed to the
electron beam of the electron microscope. In contrast the cubic iron—zirconium oxides remained stable

in the electron beam. © 1989 Academic Press, Inc.

Introduction

Pure zirconium dioxide can be crystal-
lized with either cubic, tetragonal, or
monoclinic structure. The cubic polymorph
adopts the calcium difluoride fluorite struc-
ture in which the zirconium cations are co-
ordinated by eight oxygen ions while the
tetragonal phase may be regarded as a
slightly distorted fluorite array from which
the diffraction patterns are indexed to a
face-centered tetragonal cell. The mono-
clinic polymorph, which is sometimes re-
ferred to as the Baddeleyite structure,
contains zirconium ions in sevenfold
coordination with oxide ions (I).

The monoclinic form of zirconium diox-
ide is usually found at room temperature
and at ca. 1200°C undergoes a reversible
martensitic phase transformation to a high-
temperature tetragonal phase (2) which
cannot be retained by quenching and is con-
verted (3) to the monoclinic structure at ca.
900°C. The tetragonal phase remains unal-
tered by thermal treatment until ca. 2400°C
when it transforms to the cubic phase
which is stable to the melting point at ca.
2700°C (4).

A low-temperature tetragonal phase, re-
ported to be identical to the high-tempera-
ture tetragonal structure, can be formed at
room temperature by adding aqueous am-
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monia to a zirconium(I'V) oxychloride solu-
tion and heating the resulting gel, described
as zirconium hydroxide, at 110°C and sub-
sequently at 500°C (5). Other workers have
reported (6) that the low-temperature te-
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also be formed by heating a zirconium(IV)
hydroxide gel at 290°C. This tetragonal
phase is reported to be converted at tem-
peratures between 350 and 600°C to the
monoclinic polymorph. More recently (7) a
zirconium oxide gel dried in air at 110°C
and heated in vacuo at 350°C has been de-
scribed as transforming to the tetragonal
phase.

Although the stabilization of the cubic
phase of zirconium dioxide by the addition
of various main group-, transition,- or lan-
thanide-metals has been considered in the
past (8), the determination of the limits of
solubility of iron and the effects on the
structural properties of zirconium dioxide
have received less attention. We therefore
initiated a comprehensive investigation of
zirconium oxides and iron-zirconium ox-
ides to clarify some of the uncertainties
concerning the nature of phases which can
be formed by the calcination of precipi-
tates. In particular it was our intention to
examine the stabilization of the cubic form
of zirconium dioxide by the incorporation
of metal ions in the tetragonal zirco-
nium(IV) oxide structure. However, after
the submission of our manuscript a descrip-
tion of cubic zirconium dioxide containing
2.5 to 40 at.% Fe’* prepared by codecom-
position of iron(III) nitrate and zirconyl ni-
trate was reported (9). Although the most
recent report (9) covered some of the terri-
tory examined by ourselves we have
amended our original manuscript and we
report here on our studies of zirconium di-
oxide formed by the calcination of precipi-
tates. In particular we focus attention on
the tetragonal modification of zirconium di-
oxide, which can be transformed to a cubic
phase at low temperatures by the incorpo-

ration of iron, and on the stability of this
phase. We also report on the iron-contain-
ing monoclinic modification of zirconium
dioxide, since up to 20 mole% iron(III) ox-
ide has been reported to be soluble in the
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and more recent work (/1) has described
the coexistence of zirconium-substituted
iron(IIl) oxide with iron-substituted zirco-
nium hydrate gel when iron-rich coprecipi-
tates are heated at 80°C. We also describe
the results of some preliminary studies of
the stability of tetragonal zirconium dioxide
and its iron-doped analog in the electron
beam of an electron microscope.

Experimental

Iron-zirconium oxides with composi-
tions ranging between 0 and 95% iron
(mole% of total metal content) were pre-
pared by precipitation techniques. Aqueous
ammonia (10%) was added dropwise to
stirred aqueous solutions of iron(I11) nitrate
and zirconium(IV) nitrate containing the re-
quired concentrations of the metal ions un-
til pH 7.0 = 0.2 was attained. The resulting
precipitates were removed by filtration,
washed with water, dried in air at 120°C (24
hr), ground, and calcined in air at tempera-
tures between 250 and 1000°C (24 hr).

X-ray powder diffraction data were re-
corded with a Philips PW 1050/70 diffrac-
tometer using CuKea radiation. X-ray pow-
der diffraction photographs were obtained
with a Debye—-Scherrer camera using the
Straumanis method of film loading.

Electron diffraction and energy-disper-
sive X-ray analysis (EDX) was performed
with a Philips EM400T transmission elec-
tron microscope operating at 100 kV inter-
faced to an EDAX 9100/60 X-ray analysis
system.

S7Fe Mossbauer spectra were recorded at
298 K with a microprocessor-controlled
Modossbauer spectrometer using a 25 mCi
57Co/Rh source. The drive velocity was cal-
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ibrated with a 7Co/Rh source and a natural
iron foil absorber. All the spectra were
computer fitted and the "Fe Méssbauer
chemical isomer shift data were calculated
relative to metallic iron.

Results and Discussion

The phases identified by X-ray powder
diffraction in the iron-zirconium-oxygen
system as functions of iron content and the
calcination temperature of the precipitates
are summarized in Fig. 1. Although more

detailed studies are required to define the
phase boundaries with accuracy the results
summarized in Fig. 1 do show that the in-
corporation of iron within the tetragonal
zirconium dioxide structure gives rise to a
cubic modification of zirconium(IV) oxide
and that the temperature of the cubic to
monoclinic martensitic phase transforma-
tion in the iron-containing zirconium diox-
ide prepared by precipitation methods is
dependent on the iron content of the mixed
oxide.

The initial precipitates may be envisaged

951 Amorphous a-Fe,04 a-Fey,04q a-Fep,03
83 1 Amorphous Amorphous a-Fes03 Monoclinic
Zr0o and @~Fep0g
Cubic Monoclinic
50 { Amorphous Amorphous 2r05 ZrO5 and a~Fe 50 3
]
£ 17 Amorphous Cubic Cubic Monoclinic
® Zr0 5 Zr02 Zr0g
151 Amorphous Cubic Cubic Monoclinic
Zr0o ZrOo ZrO
10{ Amorphous Cubic Cubic and Monoclinic
Zr04y Monoclinic ZrO » Zr0g
5 Amorphous Cubic Cubic and Monoclinic
Zr0, Monoclinic ZrO , Zr0,
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FIG. 1. Phases identified by X-ray powder diffraction in the iron~zirconium-oxygen system formed

by the calcination of precipitates.
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as homogeneous materials in which hy-
drated zirconium(IV) species are randomly
but intimately mixed with hydrated iron
species which were shown by SF¢ Moss-
bauer spectroscopy to be present as Fe’,
Calcination at 250°C induces the partial de-
hydration of the precipitates but, at such
low temperatures, crystallization is not in-
duced and the materials remain apparently
amorphous when examined by X-radiation.
At 500°C the pure zirconium-containing
precipitate crystallizes as tetragonal zirco-
nium(IV) oxide and the iron-zirconium-
containing precipitates with iron concentra-
tions < ca. 17% crystallize with the cubic
zirconium dioxide-type structure. Pure te-
tragonal zirconium dioxide was completely
converted to the monoclinic polymorph by
further heating at ca. 750°C. In contrast,
cubic zirconium dioxides with nominal iron
concentrations of 5 and 10% were only par-
tially converted to the monoclinic modifica-
tion at ca. 750°C and materials with iron
concentrations between ca. 15 and 50% did
not transform to the monoclinic polymorph
until calcined at ca. 1000°C. Given that the
X-ray powder diffraction data showed only
evidence of thermally induced segregation

of discrete iron(II) oxide phases in mate-
rials with iron contents exceeding ca. 50%,
the results endorse those reported recently
from similar materials but prepared by dif-
ferent methods (9) and indicate the amena-
bility of the cubic zirconium dioxide struc-
ture to accommodate large concentrations
of iron. Furthermore, the incorporated iron
appears to stabilize the cubic phase relative
to thermal conversion to the monoclinic
polymorph. The S’Fe M§ssbauer spectra re-
corded from all monophasic cubic iron-con-
taining zirconium dioxide samples were
characterized by quadrupole split absorp-
tions (Fig. 2) with parameters 8 ca. 0.35 =
0.01 mms~!, A ca. 0.97 = 0.04 mms~! char-
acteristic of high-spin Fe3* ions.

The structural properties of the cubic zir-
conium dioxide-type phase which appears
to be stabilized by the incorporation of Fe3*
were subjected to further examination. The
iron-zirconium oxide formed by the calci-
nation of a precipitate containing 15% iron
at 500°C in air was shown by electron mi-
croscopy to be composed of irregularly
shaped particles which gave microdiffrac-
tion patterns consistent with a centered cu-
bic structure. The a-lattice parameter of 5.1
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F1G. 2. Iron-57 Mossbauer spectrum recorded from an iron—zirconium oxide formed by the calcina-
tion of a precipitate containing 15% iron at 500°C (24 hr) in air.
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F1G. 3. Energy dispersive X-ray spectrum recorded from an iron-zirconium oxide formed by the
calcination of a precipitate containing 15% iron at 500°C (24 hr) in air. (Note that the CuK peak

originates from the copper grid.)

A was not dissimilar to the g-lattice param-
eter reported (12) for the face-centered te-
tragonal phase of zirconium dioxide. In-
deed, it should be noted that the possibility
of small departures from cubic symmetry
cannot be excluded. Energy dispersive X-
ray spectra (Fig. 3) recorded from a number
of particles using electron probe sizes rang-
ing between 20 and 2000 A diameter gave
consistent iron:zirconium ratios of ca.
15:85. Taken together the results suggest
that, in materials calcined at 500°C at least,
up to 15% and probably more of the Zr**
ions could be substituted by Fe3* in the zir-
conium dioxide structure. Such a process
would result in charge imbalance in the sys-
tem and, given that nonstoichiometry re-
sulting from oxygen deficiency has been
identified in zirconium dioxide (13), it is
possible that charge neutrality could be
maintained by the loss of one O?~ ion for
every two Fe3* ions substituted into the lat-
tice. Indeed in other cation-stabilized zirco-
nium dioxide phases (/4-16) defects have
been found to order over both short and

long ranges and to manifest themselves by
diffuse scattering and the appearance of
forbidden spots in the selected area diffrac-
tion pattern. However, and in distinct con-
trast to other results (14-16), the iron—zir-
conium oxide containing 15% iron and
formed at 500°C which was examined here
gave selected area diffraction patterns
which showed no evidence for short and/or
long range order. Given the reluctance of
Fe’t to adopt eightfold oxygen coordina-
tion, as would be required if the Fe3* spe-
cies adopted substitutional sites in the cubic
zirconium dioxide lattice, it seems more
reasonable to envisage the iron-zirconium
oxide containing 15% iron which was
formed at 500°C as an interstitial solid solu-
tion of Fe3* in cubic zirconium dioxide. In-
deed, the "Fe Mossbauer parameters are
similar to those of Fe3* in distorted octahe-
dral oxygen coordination. In this respect it
is also interesting to note that the Fe
Mossbauer spectra recorded from other
monophasic iron-containing cubic zirco-
nium dioxide-type phases containing be-
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tween 15 and 50% iron and heated at 750°C
were identical within the margins of errors
to those formed at 500°C. Given that pure
tetragonal zirconium dioxide transformed
to the monoclinic modifications at ca.
750°C, it seems that interstitial Fe* and ox-
ygen vacancies may stabilize the cubic
structure of zirconia at higher tempera-
tures.

The calcination of the Fe**-stabilized cu-
bic zirconium dioxide phases at 1000°C (24
hr) resulted in products which were shown
by X-ray powder diffraction to have been
converted to the monoclinic polymorph
while the "Fe Mdssbauer spectra (Fig. 4)
showed the superposition of the residue of
the doublet characteristic of Fe3* on a sex-
tet pattern with parameters & 0.40 = 0.01
mms~!, H 531 = 5 kG which are very simi-
lar to those of a-Fe,0;. The results suggest
that the cubic to monoclinic phase transi-
tion is accompanied by a thermally induced
partial segregation of the interstitial Fe3*
from the zirconium dioxide lattice and the
nucleation of a discrete a-Fe,O; phase
which probably contains some zirconium.
Indeed, energy dispersive X-ray analysis
performed in the electron microscope of the

iron-zirconium oxide formed by the calci-
nation of a precipitate containing 15% iron
at 1000°C showed some regions of the irreg-
ular-shaped particles to be iron-rich while
others were abundant in zirconium. Micro-
diffraction patterns recorded in the electron
microscope from the zirconium-rich re-
gions were consistent with the presence of
monoclinic zirconium dioxide. Analysis of
the peak areas in the Y’Fe Méssbauer spec-
trum recorded from the iron—zirconium ox-
ide prepared by calcination of the precipi-
tate containing 15% iron at 1000°C showed
that ca. 9% of the total content of the bipha-
sic product remained in the monoclinic zir-
conium dioxide lattice. The tolerance of the
monoclinic zirconium dioxide lattice for the
incorporation of iron therefore seems to be
less than the 20 mole% previously deduced
on the basis of X-ray powder diffraction
data (10).

It is pertinent to comment further on the
stabilization by Fe** of the cubic modifica-
tion of zirconium dioxide to conversion to
the monoclinic form since, in some re-
spects, it appears to resemble the incorpo-
ration of a variety of metallic oxides into
zirconium dioxide at temperatures exceed-
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FIG. 4. Iron-57 Mossbauer spectrum recorded from an iron—zirconium oxide formed by the calcina-
tion of a precipitate containing 15% iron at 1000°C (24 hr) in air.
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ing 1000°C which gives rise to a cubic modi-
fication of zirconia which is stable from
room temperature to the melting point (17).
Although the stability of this cubic phase to
thermally induced phase transformations
has been associated with the incorporated
cations and oxygen vacancies, it is impor-
tant to appreciate that the stabilized cubic
zirconia phases (/7) were prepared by pro-
longed treatment at elevated temperatures
to give materials with ordered defect struc-
tures and which had attained thermody-
namic equilibrium. In contrast, the stabi-
lized cubic forms of zirconium dioxide
examined during this work were treated at
lower temperatures for shorter periods of
time, gave no evidence in the electron dif-
fraction patterns for ordered defect struc-
tures, and are unlikely to be systems which
have attained thermodynamic equilibrium.

Finally, we would comment on the un-
usual behavior observed during examina-
tion in the electron microscope of the pure
zirconium dioxide formed at 500°C which
was shown by X-ray powder diffraction to
be tetragonal. Following brief examination

FiG. 5. Electron diffraction pattern (B = [001]) re-
corded from zirconium dioxide prepared at 500°C and
shown by X-ray powder diffraction to be tetragonal.

FiG. 6. Electron diffraction pattern (B = [001]) re-
corded from an iron-zirconium oxide formed by calci-
nation of a precipitate containing 15% iron at 500°C
and shown by X-ray powder diffraction to be cubic.

in the electron beam the electron diffraction
pattern (Fig. 5) showed the presence of flu-
orite forbidden reflections and, when the
specimen was tilted in the microscope to
different crystallographic orientations, the
resulting diffraction patterns could not be
indexed consistently with the low-tempera-
ture tetragonal phase but were more appro-
priately associated with the monoclinic
phase of zirconium dioxide. Attempts to
monitor the tetragonal to monoclinic trans-
formation in the electron beam were unsuc-
cessful because the transformation oc-
curred quickly compared with the time
required to orient and tilt the specimen to
defined zone axes.

The iron—zirconium oxide formed by the
calcination of a precipitate containing 15%
tron at 500°C and shown by X-ray powder
diffraction to be cubic remained unchanged
by exposure to the electron beam and gave
electron diffraction patterns characteristic
of the cubic polymorph (Figs. 6 and 7).

Hence, the pure tetragonal zirconium di-
oxide appears to be converted to the mono-
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Fi1G. 7. A series of diffraction patterns (B = [001]) recorded from the iron-zirconium oxide shown in
Fig. 6 following removal of the second condenser aperture and irradiation in the electron beam for (a) 1

min, (b) 2 min, (¢) 3 min, and (d) 4 min.

clinic polymorph by exposure to the elec-
tron beam either as a result of heating
effects or as a result of ionization damage.
The resistance of the iron-zirconium ox-
ides to the cubic-to-monoclinic transforma-
tion in the electron microscope may be re-
lated to the higher electrical conductivity
resulting from an increase in oxide vacan-
cies.

Acknowledgments

We thank the SERC for financial support. One of us
(MRS) acknowledges the award of a BP-supported
SERC CASE studentship.

References

1. D. K. SMiTH AND H. W. NEWKIRK, Acta Crystal-
logr. 18, 983 (1965).



“w N

Qo

STRUCTURAL TRANSFORMATIONS IN Fe/ZrO,

. R. C. GARVIE, J. Phys. Chem. 82, 218 (1978).

. P. MurraYy AND E. B. ALLISON, Trans. Brit.
Chem. Soc. 53, 335 (1954).

. R. C. WEeasT, Ed., ‘“Handbook of Chemistry and
Physics,”” 53rd ed., B-156, The Chemical Rubber
Co., OH (1973).

. G. L. Cark anD D. H. REYNOLDS, Ind. Eng.
Chem. 29, 711 (1937).

. L. N. KoMissarova, YU. P. SIMANOV, AND Z. A.
VLADIMIROVA, Russ. J. Inorg. Chem. Engl.
Transl. 5, 687 (1960).

. M.J. TorraLVO, M. A. ALARIO, AND J. SORIA, J.
Catal. 86, 473 (1984).

. H.J. STOCKER, Ann. Chim. (Rome) 5, 1459 (1960).
. S. DavisoN, R. KErsHaw, K. DWIGHT, AND A.

WoLb, J. Solid State Chem. 73, 47 (1988).

10

11

12.
13.

4.

5.

16.

17.

9

. J. F. CoLLINS AND I. F. FERGUSON, J. Chem.
Soc. A 4 (1968).

. 8. K. SrivasTava AND C. K. JAIN, J. Mater. Sci.

20, 1079 (1985).

ASTM Index Card No. 14-534.

R. F. DOMAGALA AND D. J. MCPHERSON, J. Met.

239 (1954).

F. K. MoGgHADAM, T. YAMASHITA, AND D. A.

STEVENSON, J. Mater. Sci. 18, 2255 (1983).

B. HupsoN AND P. T. MoSELEY, J. Solid State

Chem. 19, 383 (1976).

L. H. ScHOENLEIN, L. W. HoBss, AND A. H.

HEUER, J. Appl. Crystallogr. 13, 375 (1980).

R. STEVENS in ‘“‘An Introduction to Zirconia,”’

Magnesium Elektron Publication No. 113, Magne-

sium Elektron, Twickenham (1987).



