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ABSTRACT
The solubility of Fe,Cr and Nb in ZrO, by thermal treat-
ment of the corresponding oxides at 1§OO°C is reported.
Doping zirconia with these elements has considerable
effect on thermal expansion, on the temperature of the
monoclinic - tetragonal transition and on the volume-
change accompanying it. It is shown that such impurities
strongly influence properties which are important for
the use of 2r0; as a ceramic material.

MATERIALS INDEX: zirconium, oxides, mixed crystals

ntrod

The low thermal conductivity and the high melting point on one
hand and the high ionic mobility in one of its polymorphs on the

other make 2rO0; an interesting material for the application in
ceramics, which excell in strength, toughness and chemical resis-

tance. However, the large volume change during the monoclinic -
tetragonal transition turns out to be a considerable drawback for
its use at varying temperatures, and at lower temperatures the
high ionic conduction is present only when the tetragonal or cubic
phase is stabilized by large amounts of an appropriate dopant. In
contrast to the efforts of most investigators in this field it is
the aim of our investigations to expand the field of existence of
the monoclinic phase to higher temperatures and/or decrease the
volume change during the transition mentioned above.
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Determination of the solubility of Fe,Cr and Nb in 2r0,

Preparation of materials and x-ray investigations

ZrO, was prepared by thermal decomposition of ZrOCl;:-8H,0 (p.a.
grade MERCK) at 450°C and subsequent firing for 24 at 1100°C. For
the doping experiments Crp03 was prepared from CrO3 (p.a.grade
MERCK) by thermal decomposition on increasing the temperature
slowly to 1100°C. Fe303 (p.a.grade MERCK) and NbyOs (puris-
simum,>99%, ROTH) were commercially available. Mixtures containing
from 0.5 to 10 atomic% of the dopant as oxide were co-milled in a
mechanical agate mortar for 1d, they were then pressed to pellets
and fired in air at 1500°C for 1d (or additionally at 1300°C for
4d in the case of 2Zr0,/Nb;0g) and subsequently quenched to room
temperature.

To complete this study of solubilities we have also prepared mix-
ed crystals Hfy2r).yO, by coprecipitation of appropriate mixtures
from an aqueous so Jtfon of the oxichlorides with NH3, thermal de-
hydration of the products up to 1000°C and annealing at 1300°C for
2d. (Starting materials were furnished by TELEDYNE /WAH CHANG, Al-
bany.)

X-ray investigations in transmission geometry on powdered speci-
mens contained in a glass capillary were made with a Seifert MZ4
Goniometer equipped with a curved position sensitive detector
(PSD) (M.BRAUN) filled with Kr/CH; and using MoKyj-radiation. The
solubilities were evaluated by close comparison of an appropriate
20 region of the diffractogramms of fired and untreated mixtures
containing the strongest and/or clearly separated lines of the un-
reacted dopant phases. Fig.l shows a comparison of a section in 26
from measurements on an untreated (la) and on a fired mixture (1b)
containing 2 atomic% Fe (Zrg,g9gFeg,201.99). In this analytical
procedure the strongest reflection o% e;03 or Cry03 can clearly
be detected in untreated mixtures down to a content of less than
0.5 atomic%¥ (x=0.005 in xMOj; 5-(1-%x)2r03). In the case of
ZrO,/NbyOg-mixtures the appearance of the strongest line of the
8:1 phase NbyZrgOsq7 -stable up to 1640°C according to the phase
diagramm given(%y ROTH et al. - was taken as an indication that
the solubility limit was surpassed. This foreign phase is no lon-
ger detected after annealing a mixture containing 0.5 atomic% at
1300°C for 1d.

Results

Solubilities

Mixed crystals containing up to about 2 atomic% of Fe or Cr as
foreign cation can be prepared by annealing co-milled mixtures of
the oxides at 1300°C or 1500°C. The solubility of Nb is only about
0.5 atomic% when firing the mixtures at 1300°C. However, when fi-
ring at 1500°C, the foreign phase NbyZrg0;; does not form up to a
content of above 2 atomic% Nb, and this in&icates that the solubi-
lity depends strongly on the temperature. We have therefore inve-
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stigated the stability of this mixed crystal system at lower tem-
peratures by equilibrating specimens, which have taken up the ma-~
ximum content of the dopant at higher temperatures, again at 800°C
for several days. However, a sedgregation of the dopants into a
foreign phase could not be detected.
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Comparison of untreated (a) and fired (b) 2r0,/Fe;03 mixtures
containing 2 at% Fe

Crystallographic properties

The accurate determination of the lattice parameters (using all
clearly separated lines up to 6=32° on Guinier photographs taken
with CuK,;-radiation) showed identical values within the standard
deviations for all doped phases and for the pure material prepared
according to the procedure given above:

a = 511.8(4)pm, b = 521.3(3)pm, c = 531.2(4)pm and B = 99.21(7)".

It is known that there is complete solubility in the system
ZrO5/Hf0,. Our determination of the lattice constants of

Hfy,Zr 1_xg02,_0$x<1,.shows a linear végard type dependance on the
compoéltl n giving finally

a=511.8(4)pm, b=517.7(3)pm, c=528.9(4)pm and B=99.26(6)"°
for pure HfO,.

Since crystallite sizes play an important role in the kinetics of
polymorphic transitions, we have determined this parameter D for
the different specimens of doped and undoped ZrO, using the half-
width of appropriate reflections in a modified Scherrer formula

D = (lambda/(B-cos8-bgy), where by is the broadening of the reflec-
tion due to instrumental effects as it was determined by using -

standard samples. Table I shows such D values for differently
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treated samples of pure and doped 2rQ0,. ZrOp-1 is a precipitate
from an aqueous solution of ZroCl, using NH3, which was dried and
heated at 1100°C for 3h. Zr0,-3 1is a sample of ZrOy-1 which was
additionally annealed at 1300°C for 2d. Another sample was pre-

pared by thermal decomposition of 2ZroCl,.8H,0 according to the
procedure given above (24/1100°C), and a raéiion containing par-
ticle sizes between 60 and 90 um was then separated by sieves gi-
ving the sample named Zr0O,-2. ZrFe-2, ZrCr-2 and ZrNb-0.5 are mi-
xed crystal samples containing the specified element in the atomic
percentage given as numbers. Values derived from different re-
flections differ by up to 10% but within the estimated standard
deviations. Prolonged heat treatment and the increase of annealing
temperature is clearly reflected in the increasing D values of the
specimens of pure ZrO;. The samples of doped Zr0O,; have undergone a
treatment comparable %o that of Zr0,-3. They show crystallite si-
zes of about 200 nm as compared with 300 nm for the undoped phase.
The difference, which is significantly outside the standard devia-
tion, may well be due to the fact that in this method of de-
termining crystallite characteristics the influence of the crys-
tallite size on the form of reflections is not separated from the
effects of strain and distortion. (A separate analysis of these
factors could only be done by evaluating the development of the
half-widths in the higher orders of the reflections.) We assume
therefore that the smaller crystallite sizes "seen" here are in
fact an indication of stronger lattice distortions in the doped
phases as compared with the less defect structure of undoped 2r0,.

TABLE I
Evaluation of mean crystalite sizes in different ZrO,-specimens
(D from (11-1); Dy from (111)]
Specimen ZrO3-1 Zr0Oz-2 ZrO-3 32rCr-2 ZrFe-2 ZrNb-0.5
D; (nm) 26(1) 126(10) 285(54) 187(23) 226(34) 195(25)

Dy (nm) 26(1) 127(11) 311(64) 167(18) 189(23) 218(31)

Experimental procedure

In the temperature range of 20 to 1100°C the thermal expansion of

pure and doped ZrO; was investigated by x-ray diffraction using a
SIMON-type gigh temperature GUINIER camera (1) (CuKyji-radiation)
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where the specimens are kept in a silica capillary of 0.2 mm dia-
meter in a stream of heated air. The heating controller was cali-
brated by a series of measurements on standards with well known
transition points using the camera in the mode where the film mo-~-
ves continuously with a slit-width of 4 mm. The temperature was
measured in the gas stream using a NiCr/Ni thermocouple at a dis-
tance of 3-5 mm from the capillary tip. The first appearance of
diffractions lines of a high temperature phase on the film could
be correlated to the temperature with an accuracy of +5°C or *20°C
at 200°C or 1100°C respectively, the uncertainty being due to a
temperature gradient around the sample which increases with tempe-
rature. For a more accurate determination of the lattice constants
of the ZrO, samples the film was moved in steps with temperature
intervalls of 100°C and calibrated externally by a second conti-
nuous run at room temperature using Si as a standard. The lattice
parameters were refined by a least squares procedure with the pro-
gramm GIVER (2) using all resolved lines up to 65° in 28.

High temperature measurements in the range from 800°C to 1500°C
were made with CuK,3 radiation using a SIEMENS D 500 goniometer
equipped with a PSD (s.above) and a PAAR heating chamber. In this
goniometer the specimen is irradiated as a flat sample spread on a
Pt-foil which is resistance heater and sample holder at the same
time. The foil is stretched by a spring mechanism to ensure align-
ment at different temperatures. The temperature was monitored by a
Pt/PtRh10 thermocouple welded to the back of the sample holder.
Diffractogramms were taken at intervalls of 50°C, and the lattice
constants were refined from peak positions up to 60°C in 26 using
the least squares program SAMPLE (3) which allows the refinement
of the primary beam position (26=0°) as well, a possibility which
was especially useful in the case of these measurements.

Results

Thermal expansion in the monoclinic phase

CAMPBELL et al.(4) have reported thermal expansion coefficients of
pure monoclinic 2rO, at intervalls of about 250°C in the range
from 27 to 1110°C. Starting from room temperature their values de-
crease to a minimum at about 750°C and then increase again. How-
ever, we find a strictly linear temperature dependance of the lat-
tice parameters in the whole temperature range. The increase of
a,b and ¢ is accompanied by a very slight decrease in B8 (from
99.2° to 98.8°). Table II contains axial (@) and volume (r) expan-
sion coefficients based on the definition

«(T2,T1) = (x(T2)-x(T1))/x%(T1) (T2-T1). (where T;=23°C)

The values of CAMPBELL et al. for undoped ZrO, are averaged and
given for comparison.
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TABLE II
Axial(a)and volume(r) expansion coefficients for different
specimens of monoclinic Zro0;

Specimen aj ay, ac T 7/3 T’

Zro, 7.3(2) 3.6(3) 10.3(5) 22.1(9) 7.4(3) 21.2(6)
ZrFe-2 7.5(4) 3.1(6) 10.7(6) 22.6(11) 7.5(4) 21.3(9)
Zrcr-2 7.0(4) 1.1(4) 10.7(5) 20.1(10) 6.7(3) 18.8(8)

ZrNb-0.5 7.7(2) 1.8(3) 11.1(4) 21.7(6) 7.2(2) 20.6(4)

(4) 7.8 1.7 13.1 22.6

The sum of the axial coefficients 7’ corresponds well with the
volume coefficient 7, i.e. this monoclinic structure has the ex-
pansion characteristics very like those of an orthorhombic lat-
tice. The expansion coefficient of the a axis is comparable to a
mean ’‘isotropic’ expansion derived as 7/3. The expansion in b di-
rection is only half as large, and it is greatest in c direction.
The effect of doping is seen quite clearly. It is especially pro-
nounced in the case of the Cr-doped phase, where the volume expan-
sion is reduced by about 10%. In view of the fact that the content
of dopant is especially small the effect of Nb is surprising.
Though the volume expansion is comparable with that of pure 2Zr0
the anisotropy of the thermal dilatation is markedly increased.
The expansion in the [010] direction - the smallest anyway - is
additionally reduced in the Cr- and Nb-doped phase.

Thermal expansion in the tetragonal phase

The axial and volume expansion coefficients (calculation given
above, T=1150°C) for the tetragonal high temperature phases in
the temperature region between 1200°C and 1500°C are given in
Table III together with data from the literature. Again we find a
strictly linear increase with temperature. Though the standard de-
viations are considerably larger the precision of the values is
high enough to justifiy a comparative discussion. As with the mo-
noclinic modifications the Cr-doped phase has the smallest thermal
expansion, the Nb-doped phase behaves like pure 2r0,, doping with
Fe reduces the thermal dilatation only 1little. In "all cases the
linear extrapolation of the lattice constants with the expansion
coefficients given in this table does not lead to identical values
for a-/2 and ¢ ~ i.e. cubic metrics of the enlarged cell - until
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well beyond the known melting point of ZrO,. Therefore the trans-
formation into the cubic high temperature phase will probably al-
ways be accompanied by a discontinuous change of the lattice para-
meters.

When comparing the cell volumes of the tetragonal modification of
doped and undoped ZrO, it becomes evident that that of the Fe-
doped phase is the smailest. Our preliminary ESCA studies indicate
that Cr and Fe are incorporated in the trivalent state into the
Zr0., structure - at least in the surface region accessible to this
metﬁod of investigation -, and this leads to oxygen vacancies.
However, it can be conjectured that Fe, substituting Zr in the
tetragonal high temperature phase, changes its oxidation state to
Fe?t to a considerable extent as it does at high temperatures in

TABLE IIT
Axial(a) and volume(7r) expansion coefficients for different
samples of tetragonal Zro,

Specimen aa ac T T/3 T!

Zro2 15.8(15) 17.4(12) 48.4(43) 16.1(14) 49.0(41)
ZrCr-2 12.1(10) 14.0(36) 38.1(60) 12.7(20) 38.2(56)
ZrFe-2 13.5(9) 16.2(12) 43.4(27) 14.5(9) 43.1(30)

ZrNb-0.5 15.1(12) 18.3(15) 49.0(38) 16.3(13) 48.6(38)
(5) 12.4 14.4

(6) 11.6 16.1 38.4

iron oxide itself, and this would lead to many additional vacan-
cies and consequently to a structure with lower density and smal-
ler lattice parameters. In this case the volume difference between
the monoclinic and the tetragonal phase is increased, and this ex-
plains that sintered pellets of such doped materials show heavy
cracking and finally crumble when they have passed through the
transition temperature several times. We will report on dilatome-
try experiments on these phases in a subsequent paper.
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conclusions

The solubility limit of Fe and Cr in ZrO, is about 2 atomic% at
1300°C, and it is not enhanced by increasing the temperature to
1500°C. The solubility of Nb is small in comparison (0.5 atomic$
at 1300°C), but it depends more on temperature (2 atomic% at
1500°C). Though all dopants are taken up while the material
crystallizes in the tetragonal modification, there is no segrega-
tion of dopant oxide after transformation to the monoclinic low
temperature modification even after prolonged equilibration at
800°C. Surprisingly, the same is true also for specimens which
have been "supersaturated" with Nb at 1500°C.

We have investigated the thermal dilatation of these materials by
the refinement of lattice parameters from x-ray data taken at tem-
peratures up to 1450°C. The results presented here show that do-
ping affects the overall thermal dilatation and alsc its aniso-
tropy. Looking for 2ZrO, based materials, which show a better me-
chanical stability during many temperature cycles, we have found a
first interesting candidate in the case of ZrCr-2. This material
shows the smallest volume expansion in the monoclinic as well as
in the tetragonal modification and -~ what is most important - the
smallest volume change during the transition. The opposite is true
for ZrFe-2. The effect of impurities in ZrO, on the mechanical
stability of such materials is clearly seen 'in these investiga-
tions. The mechanical properties may be impaired or improved de-
pending on the doping elements.
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