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Oxynitrides in the ZrO,-rich part of the systems Ca—Zr-O-N
and Mg—Zr-O-N have been prepared by nitridation of the
corresponding oxides in nitrogen atmosphere at temperatures
between 1400 and 2000°C. A thermodynamic model of the
nitridation is presented. The crystal structures of the resulting
oxynitride phases are derived from the fluorite-type structure of
the cubic high temperature phase of ZrQO,. The structure of the 8’
phase in the Mg-Zr—O-N system has been investigated using
X-ray powder methods. Its trigonally distorted fluorite-type
structure (ordered anion vacancies) can be described by an ar-
rangement of Bevan clusters (4,X;, units) and 4,X,, units. At
~975°C, a transition into a cubic fluorite-type phase with ran-
domly distributed vacancies has been observed. © 1997 Academic

Press

INTRODUCTION

CaO- and MgO-stabilized zirconia ceramics are impor-
tant materials due to their outstanding electrical and mech-
anical properties. Doping ZrO, with aliovalent oxides
leads to the formation of oxygen vacancies. An alternative
way to form anion vacancies in the zirconia lattice is the
doping with Zr;N,. Cheng and Thompson (1) were the
first who reported the direct nitridation of ZrO, in a
nitrogen atmosphere at temperatures above 1400°C. The
formation of anion vacancies can be described in the
following way:

308 + N, =2Np + Vo +30,. [1]
The resulting f-type phases ZrO;_,,Nyy3 (ZrO,-Zr3;Ny
system) show trigonally distorted fluorite-type structures
with ordered anion vacancies. A summary of the known f-

type phases and their structural details are given in some of
our previous papers (2—4).

!To whom correspondence should be addressed.

Nitrogen incorporation into yttria-doped zirconia
(Y-Zr—O—-N system) by direct nitridation of yttria-stabilized
zirconia was investigated by Thompson et al. (5-7).

The aim of the present work is the investigation of the
Z1rO,-rich side of the systems Ca-Zr-O-N and Mg-Zr—
O-N using samples containing different amounts of
Ca0O/MgO and nitrogen. Details of vacancy ordering as
a function of chemical parameters are given in another

paper (8).

EXPERIMENTAL
Synthesis

Zirconia powder (Alfa, 99.9%) was mixed with MgO
(Alfa, 99.9%) or CaCOj; (Merck, 99.8%) in 2-propanol,
dried, and pressed into pellets isostatically. The pellets were
heated in air at 1750°C for 3 days. After grinding, XRD
measurements were carried out for phase analysis. The
prepared samples contained 1-15 mol % of the aliovalent
dopant oxide. All zirconia pellets were nitrided in a graphite
heated resistance furnace (T = 1400—1900°C, nitrogen pres-
sure 1-6 bar, t = 2—4 h). Details are given in (8).

N/O Analysis

For N/O analysis, the method of hot gas extraction was
used. After thermal decomposition of the samples in
a graphite heated furnace at ~ 2700°C under helium atmo-
sphere, the oxygen content was determined by measuring
the CO, concentration (after oxidation of CO) with an
IR-cell. Analysis of the nitrogen content was carried out by
measuring the thermal conductivity of the mixture of helium
and nitrogen gas after absorption of the CO,. The accuracy
is ~ 1% of the present N/O.

XRD Experiments

XRD investigations were carried out with a STOE
STADIP powder diffractometer (CuKe; radiation,
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A = 154.06 pm, position sensitive detector) and a Philips
PW 1710 diffractometer (CuKa radiation, 4 = 154.18 pm,
scintillation counter) equipped with a graphite secondary
monochromator. For the high temperature measurements,
a graphite heated resistance furnace was used (nitrogen
atmosphere). Quantitative phase analysis was carried out
using the polymorph method described by Garvie and
Nicholson (9). The weight fraction of m-ZrO, (x,,) is given
by:

(1) + L) o
Y T AL + () + (1) T e T T

[2]

I, and I are the integrated intensities of the strongest
reflections of monoclinic ZrO, and cubic zirconia; x; and
x. represent the content of §” and cubic phase, respectively.
The p-type phases can be treated as cubic for these calcu-
lations. In order to prove the validity of this method, Riet-
veld refinements were carried out for some samples. The
results of the simple polymorph method are in a good
agreement with the results of the Rietveld refinement. The
results only differ significantly in the case of very low con-
tents of one phase (< 10 wt%). Lattice constants were deter-
mined using the program VISUAL X"V (10). For the
Rietveld refinements, the program packages WYRIET (11)
and LHPM (12) were used. Parameters of data collection
are summarized in Table 1. The profiles were fitted with

TABLE 1
Parameters of Data Collection and Structural Parameters
of the B’ Phase Zry g73Mg 12:01.68No.130

Zr6.15Mgo.554011.8No.o10

Formula mass 782.04 g/mol
Color light brown
Crystal system trigonal

Space group
Unit cell dimensions

Cell volume

Formula units

Calculated density

Diffractometer

Wavelength

Number of measured profile points

Two theta range

Number of refined parameters
Ry

RBragg

Rexp

S

R3 (hexagonal setting)
a = 953.35(7) pm
b = 953.35(7) pm
¢ =1752.4(1) pm

o =90°
B =90°
y = 120°

V =1379.46 x 10° pm?
Z=6

p = 5.65 g/cm?

STOE STADIP
154.06 pm

5251 (60 s/step)
(position sensitive detector)
10°-116°

34

0.087

0.087

0.105

0.83

a pseudo-Voigt function. R factors are defined in the follow-
ing way:

Ry, = /Zw(yb—yl)z R, = 2l Ton” = el

wp Bragg — « 2

’ ZW()/Ubs)Z £ Z Iobs
N—-—P+C R

Rexp = (74—2) S =" (goodness of fit).
Zw(yobs) Rexp

RESULTS AND DISCUSSION
Ca—Zr—0O—-N System

At temperatures above 1200°C, tetragonal and cubic high
temperature phases exist in the ZrO,-rich part of the sys-
tems Ca—Zr—O (13) and Zr—O-N (14). The concentration of
anion vacancies plays an important role in the stability of
the individual phases. During cooling to ambient temper-
ature, the high temperature phases decompose into mixtures
of monoclinic zirconia and a fluorite-type phase (Ca—Zr—-O
system) or a trigonally distorted fluorite type phase (S-type)
with ordered anion vacancies (Zr—O-N system). Figure 1
presents the results of a quantitative phase analysis for the
Ca-Zr-O system and two typical examples for the
Ca—Zr—O-N system. In our experiments, a content of ~ 14
mol % CaO is necessary to get pure cubic phase in the
Ca—Zr-0O system. With an increasing amount of nitrogen,
obtained by a higher temperature of nitridation (1), the
content of calcia necessary for the formation of pure cubic
phase decreases strongly. At a nitridation temperature of
1900°C, the cubic phase is stabilized by only ~4 mol %
CaO. The stabilizing effects of calcia and nitrogen are addi-
tive! Samples in the region of small calcia and large nitrogen
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0
S . A
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FIG. 1. Content of monoclinic phase as a function of the CaO concen-
tration for different conditions of synthesis.
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FIG. 2. Concentration of anion vacancies caused by nitrogen (Vy) as MgO / Mol-%

a function of the vacancy concentration caused by CaO (V,) at a temper-
ature of 1900°C (experimental and calculated data).

contents show an ordered arrangement of anion vacancies
(B type phases), whereas randomly distributed vacancies can
be observed for samples dominated by calcia (8). To de-
scribe this behavior, a term Vy/Viga 18 defined (Vg = Vn
+ Veca), where Vy and Ve, can be calculated from
Vn.ca = 100[V &7 In.ca- A Vn/Viora value below 0.65 leads to
the formation of phases with randomly distributed anion
vacancies. f-type phase structures can be observed for
values above 0.65.

For a given temperature, the amount of incorporated
nitrogen depends on the calcia concentration of the starting
material. Increasing the CaO content leads to a decrease of
the nitrogen concentration as shown in Fig. 2. In order to
understand this behavior in a quantitative way, thermodyn-
amic calculations were carried out, assuming a nearly ideal
behavior of the defects at 1900°C. With the help of the law of

511.5
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FIG. 3. Variation of the cell constant of cubic Zr-Ca—O-N phases for
different amounts of nitrogen.

FIG.4. Content of monoclinic phase as a function of the MgO concen-
tration for different conditions of synthesis.

mass action and Eq.[1], the nitridation of calcia doped
zirconia can be described by

[N61?[V ] = KPo, Py, [05]°, [3]
where
Vol=lsIn+ Vo lca [4]
with
[VeIn=2[No]l and [V ]c = [Ca, [5]
([No] and [Caz,] can be determined experimentally),
°
6 - °
3
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FIG. 5. Concentration of anion vacancies caused by nitrogen (Vy) as
a function of the vacancy concentration caused by MgO (V) at a temper-
ature of 1900°C (experimental and calculated data).
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FIG. 6. X-ray powder diagram of the ' phase Zr, g7sMg0.12201.6sNo.130 and results of the Rietveld refinement.

and
[06] =[06]* =3[Vy In— [V Ica [6]

[O5T* is the value in the case of pure ZrO,. This leads to

AVE IRV o' lea + 40V 5 IR
[081* =3Vo In—[Vole)

KPPy, = [7]

From kinetic investigations, it is known that equilibrium is
reached after an annealing time of 4 h at 1900°C (14). The
[V & Jca and [V o7 ]n values can be calculated easily from the
CaO and nitrogen contents. Using a graphite heated fur-
nace, the oxygen partial pressure for a given temperature is

TABLE 2
Refined Parameters of the ﬂ/ Phase Zr0.878Mg0.1220168N0130

Atom X y z B! Zr/Mg ratio
Zr/Mg1 O 0 0 0.70 0.86(5)/0.14(5)
Zr/Mg2 02177(3) 0.2584(3) 0.1731(2) 0.53 0.86(3)/0.14(3)
Zr/Mg3  0.23853) 0.0480(5) 0.3275(2) 0.88 0.86(3)/0.14(3)
Zr/Mg4 0 0 1/2 0.70 0.84(5)/0.16(5)
O/N 1 0.230(3) 0.062(3) 0.450(1) 0.90
O/N 2 0.213(2) 0.248(2) 0.297(2) 0.90
O/N 3 0.212(2) 0.042(3) 0.201(1) 0.90
O/N 4 0.195(3) 0.194(3) 0.055(1) 0.90
O/N 5 0 0 0.357(2) 0.90

“Not refined, values taken from Zr;Sc,0,; [21].

fixed and can be determined by thermodynamic calcu-
lations. The curve presented in Fig. 2 was fitted to the
experimental data using a Marquardt—Levenberg algorithm
(16) and the Newton method. There is an acceptable agree-
ment between the measured and calculated data. K was
refined to 2 x 1025,

The lattice constant of the cubic Ca—Zr-O phase in-
creases with increasing CaO content. For a constant calcia
concentration, the lattice parameter decreases with increas-
ing nitrogen content, as shown in Fig. 3. This behavior is

TABLE 3
Selected Bond Lengths (pm) in the ' Phase

Zr g75Mg0.12201.68No.130

Zr/Mg 1-O/N 4 209 Zt/Mg 2-O/N3 209
Zr/Mg 1-O/N 4 209 Zt/Mg 2-O/N4 214
Zr/Mg 1-O)N 4 209 Zt/Mg 2-O/N2 217
Zr/Mg 1-O/N 4 209 Zr/Mg 2-O/N 1 220
Zr/Mg 1-O/N 4 209 Zt/Mg 2-O/N 3 223
Zr/Mg 1-O/N 4 209 Zr/Mg 2-O/N3 223

Zt/Mg2-O/N'1 224
Zr/Mg 3-O/N 2 209 Zt/Mg4-O/N'1 215
Zr/Mg 3-O/N 2 211 Zr/Mg 4-O/N 1 215
Zr/Mg 3-O/N 4 212 Zt/Mg4-O/N'1 215
Zr/Mg 3-O/N 5 215 Zt/Mg4-O/N'1 215
Zr/Mg 3-O/N 1 215 Zt/Mg4-O/N'1 215
Zr/Mg 3-O/N 3 223 Zt/Mg 4-O)N 1 215
Zr/Mg 3-O/N 2 233 Zt/Mg 4-O/N'5 251
Zr/Mg 3-O/N 4 273 Zr/Mg 4-O/N'5 251
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FIG. 7. Zr/Mg coordination polyhedra in Zr, g7§Mgo.12201.68No.130 (20). The cubes represent the ideal fluorite structure.

similar to that of oxynitrides in the Y-Zr—O-N system,
described by Cheng and Thompson (5).

Mg—Zr-O—N System

Similar investigations were carried out in the Mg—Zr—
O-N system. Again, the stabilizing effects of nitrogen and
the aliovalent cation are additive (Fig. 4). About 10 mol% of

MgO are necessary to completely suppress the formation of
the monoclinic phase in the Mg—Zr—O system. This value can
be decreased to ~ 4 mol% MgO in the Mg—Zr—O-N system
if a nitridation temperature of 1900°C is used. Higher temper-
atures of the nitridation (T > 2000°C) lead to the formation
of rock salt-type intercalation phases derived from ZrN.
The amount of incorporated nitrogen decreases with an
increasing content of MgO (Fig. 5). This behavior can be
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FIG. 8. Structure plot of the " phase unit cell (20). Cations are shown
as small circles, anions as light large circles, and some selected anion
vacancies as dark large circles.

described using the model presented for the Ca—Zr—O-N
system. Again, the calculated data are in good agreement
with the experimental results. K was refined to 1x 10~ 2>,
which is very similar compared with the value of the Ca—Zr—
O-N system.

In contrast to the Ca—Zr—O—-N system, where phases with
ordered anion vacancies are observed only above a Vx/Viotai
value of 0.65, f-type phases exist up to 12 mol% MgO and
probably even higher concentrations in the Mg—Zr—O-N
system. Above a Vy/V o value of 0.96 the " phase forms,
known from the Zr—O-N system (1-4, 14, 15). With increas-
ing content of MgO, the 8’ phase becomes stable. This type
of trigonally distorted fluorite-type structure is known in
the Mg—Zr—O system (MgZrsO;3). As a minor phase it is
only detectable by electron diffraction (13) and occurs as
well in the Zr—-O-N system as a highly disordered and
metastable phase (4, 14, 17). The synthesis of nearly pure
phase without monoclinic zirconia as a secondary phase is
possible only in the Mg—Zr—O-N system. For the structural
investigations, a sample without the monoclinic phase was
chosen. Its composition is Zrg g7sMg.12201.68No.130.- AS
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FIG. 9. Lattice constants of Zry.g78Mg¢.12201.6sNo.130 as a function

of the temperature (@’ = a,/\/7/2, ¢’ = ch/2\/§).

shown by TEM investigations, the amount of amorphous
phases is small.

The f’ phase crystallizes in space group R3 (e.g., 18, 22,
23). The lattice parameters (hexagonal setting) were refined
to a = 953.35(7) pm and ¢ = 1752.4(1) pm. Starting para-
meters for the Rietveld refinement were taken from the
structure determination of the 5 phase in the ZrO,—Zr;N,
system (18). Figure 6 shows the powder diagram of
71y 878Mg0.12201.68No.130 With the final results of the
refinement (calculated diagram and difference plot
Iops — Icaic). Structural parameters are given in Table 2;
bond lengths are shown in Table 3. No large differences
between the observed and calculated profile can be observed
and the goodness of fit is acceptable (see Table 1). The
absence of a large amount of monoclinic ZrO, is one of the
reasons for the better quality of the structure determination
compared with the metastable and highly disordered p’
phase in the Zr—O-N system (Zr,O;;N,), which can be
synthesized only with large amounts of monoclinic ZrO, as
a secondary phase (4, 18). The crystal structure is made up
by two basic building units: a 45X, unit, the so-called
Bevan cluster (19), and a 45 X4 unit, which is very similar to
the basic building unit of cubic ZrO,. All zirconium/magne-
sium atoms of the 4,X 4 unit (Zr/Mg 3, Zr/Mg 4) have an
eightfold coordination (seven edge-shared AXg cubes),
Zr/Mg 3 should better be described as 7 + 1 coordinated,
the central atom of the Bevan cluster (Zr/Mg 1) a sixfold
coordination, and the other atoms (Zr/Mg 2) of the Bevan
cluster a sevenfold coordination. The polyhedra are shown
in Fig. 7. The structure can be described by an alternated,
edge-shared stacking of equal numbers of these basic build-
ing units in the [001] direction (Fig. 8), whereas the anion
vacancies are ordered along [001] which corresponds to the
[111] direction of the former cubic lattice. There are three
AXg/A7X 4 strings along [001] in the hexagonal setting of
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the unit cell; further strings not shown in Fig. 8 are shifted
by translations 1/3 2/3 2/3 and 2/3 1/3 1/3, respectively. The
p’ phase in the Mg—Zr—O-N system crystallizes isostructur-
ally to, e.g., ZrsSc,Oy 3, as reported by Thornber et al. (21).
However, the deviations of the atomic coordinates from the
ideal fluorite positions are smaller for the ” phase than for
most atoms in ZrsSc,0;3. A detailed explanation of these
deviations on the basis of electrostatic grounds is given by
Thornber et al. (21). The refined crystal structure is also in
good agreement with the structure of Zr,O;N, suggested
by Gilles (22) and Collongues et al. (23). Furthermore, it
represents the hypothetical n = 14 structure type of the
R,0,, _, series of rare earth oxides, as reported by Eyring
and co-workers (e.g., 24, 25). This structure type was not
observed yet in the binary rare earth oxide systems. No
indication for Zr/Mg ordering was found in the Rietveld
refinement of the X-ray data (see Table 2). This can be
explained by the low mobilities of the cations. Thus, cation
ordering in this type of fluorite structures is kinetically
controlled (e.g., 13). In contrast, the anion mobilities are
very large in nitrogen-containing zirconia materials (14).
Pauling’s 2nd rule points to an N/O ordering, preferring
nitrogen on the anion site around the central atom of the
Bevan cluster (O/N 4), which cannot be investigated with
X-ray methods. Hence, neutron scattering experiments are
in preparation.

The high temperature behavior of the /' phase in the
Mg—Zr—O-N system was investigated by XRD-measure-
ments up to a temperature of 1150°C in a nitrogen atmo-
sphere. In contrast to the metastable ' phase in the
ZrO,—Zr3;N, system, decomposing irreversible to the f”
phase and monoclinic ZrO, at ~800°C (13), the MgO
containing ' phase shows a reversible transition into a
cubic fluorite type high temperature phase with randomly
distributed vacancies at ~975°C. Above this temper-
ature, the material may be of interest as an anion con-
ductor. The lattice parameters as a function of temperature
are shown in Fig. 9. For a better comparison with the
cubic high temperature structure, the trigonal lattice
parameters (hexagonal setting) are expressed as da =
ah/m and ¢ = ch/Z\/g. At 975°C the lattice constants
a and d.upi. are similar. Only ¢’ increases immediately
to the size of a.up;.. The linear thermal expansion co-
efficients of the B phase are o, = 6.714(4)x 107 °K ™!

LERCH ET AL.

and o, = 8.497(6)x 10" °K ™' between 400 and 950°C.
The larger thermal expansion coefficient of the cubic
high temperature phase with 0 cupic) = 14.634(7) x
107 °K ™! between 1000 and 1150°C is equal to the coeffic-
ient of pure MgO stabilized zirconia (no nitrogen) with
La(eubie) = 14.62(1) x 107 K~
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