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The stability of nitrogen-doped zirconia/zirconium oxonitride Zr7O11N2 has been studied at pressures up

to 20 GPa and temperatures up to 2273 K using a multi-anvil press and X-ray powder diffraction.

Depending on pressure and temperature it was found to decompose into the respective stable oxides

and nitrides. Therefore the critical influence of temperature, pressure and consequently mechanical

tension on doped materials have been revealed. The transition pressures of some oxidic and nitridic

high-pressure modifications have been confirmed. The coefficient of thermal expansion of Zr7O11N2 was

determined to a(T) ¼ 17.94(20)�10�6 K�1+6.35(14)�10�9 K�2
� T.

& 2008 Elsevier Inc. All rights reserved.
1. Introduction

Ceramics composed of or containing zirconium oxide are some
of the most important modern materials. They offer properties
such as low thermal conductivity, solid state ionic conduction in
oxygen sensors or act as toughening agents in ceramic compo-
sites. The various high-temperature polymorphs have been widely
investigated due to these valuable properties [1–4]. Aliovalent
cationic dopants such as Y2O3, MgO or CaO are well known to
stabilize these modifications to room temperature. A supplemen-
tary effect has been reported for the usage of nitrogen as an
additional dopant [5,6]. The high-pressure behavior has been
subject of many investigations [7–18], since the toughening
mechanism of zirconium oxide ceramics is explained by a phase
transformation induced by a stress field [19,20]. However, only
little is known about doped zirconia at high pressures [7].

Nitrogen-doped zirconia, i.e. zirconium oxonitrides were first
reported by Gilles et al. [21,22]. Recent investigations by Lerch et
al. [23–26] aimed at enhanced oxygen and nitrogen transport
capacity within the Zr–O–N system. They also yielded a detailed
ll rights reserved.

ocherer).
description of the structure and the high-temperature properties
of these materials. In oxygen-rich zirconium oxonitrides the cubic
phase with fluorite structure is stable above �1243 K. Below this
temperature an ordering of anion vacancies occurs, which
subsequently leads to a rhombohedral distortion of the fluorite
lattice. Depending on the nitrogen content, several of these so-
called b-type phases are known. The major difference of these
rhombohedral phases is the stacking order of the two building
units, the Bevan cluster and the Zr7O14-unit [23–27].

Since our recent investigations on the compressibility of the
b0-zirconium oxonitride resulted in the comparably high isother-
mal bulk modulus of B0 ¼ 254 GPa, Zr7O11N2 can be considered as
a potential hard material. In the present work the general high-
pressure high-temperature behavior of nitrogen-doped zirconia
has been studied up to 20 GPa and 2273 K in order to judge the
restrictions of this material for the potential application as
toughening agent or hard material in cutting tools.
2. Experimental

Zirconia powder (unstabilized, monoclinic; Alfa, Karlsruhe,
Germany) was heated under constant ammonia flow in a sealed
quartz tube at 1423 K for 12 h. To prevent the formation of
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compounds with higher nitrogen content on the particle
surface, the sample was ground in 2-propanol before further
nitridation. After grinding, XRD measurements were carried out
for phase analysis. This procedure was repeated until only a
negligible residual amount of monoclinic zirconia could be
detected. With the synthesis conditions described above Zr7O11N2

with a mean grain size of about 270 nm was obtained. In zirconia
ceramics no particle size-dependent influence on pressure-
induced phase transformation exists above 100 nm grain size
[29]. The amount of residual monoclinic zirconia in the oxonitride
was below 4%.

The HP/HT experiments have been carried out mainly at the
Bayerisches Geoinstitut using a 6–8 multi-anvil press apparatus
with tungsten carbide cubes, Cr2O3-doped MgO octahedra and a
LaCrO3 furnace. The sample container was made of zirconium foil
to prevent sample contamination from the other oxide materials
used in the experimental setup. The reaction time in the high-
pressure high-temperature experiments was �30 min. On account
of the lower reaction kinetics for experiments below 1000 K the
reaction time was raised to 60 min. The experimental uncertain-
ties are estimated to be approximately 1 GPa for pressure and 50 K
for temperature. Some HP modifications of zirconia have also been
identified as potential hard materials [17]. It is possible, therefore,
that grinding could lead to sample contamination as a result of
abrasion of the mortar material. In order to investigate the
quenched and recovered experimental run products, thin slices of
about 150mm thickness were prepared from the samples using a
diamond wire saw. However, samples originating from experi-
ments at pressures higher than �15 GPa were too small for this
kind of preparation. These samples were only ground in an agate
mortar.

Subsequent to preparation, XRD investigations for phase
analysis were carried out with a STOE Stadi-P powder diffract-
ometer using MoKa1 radiation (l ¼ 0.70926 Å), a curved Ge-(111)-
monochromator and a linear position-sensitive detector with an
aperture of 61. For the investigation of the high-pressure
samples phase analysis and least-squares structural refinements
were carried out with the WinPlotr software package [30].
Since for the b-type zirconium oxonitrides nitrogen cannot be
localized on particular atomic sites, only oxygen was placed
in the anion positions in the Rietveld refinement. Additional
qualitative elemental analysis was performed by electron
energy loss spectroscopy (EELS) using a Jeol JEM 3010 transmis-
sion electron microscope with GIF 200 Gatan image filter. To
determine the thermal expansion of pure Zr7O11N2 additional
temperature-dependant XRD measurements were performed
using rotating quartz capillaries placed in a electrically heated
graphite furnace.
Fig. 1. Unit cell volume vs. temperature plotted for pure (’) and Mg-doped

Zr7O11N2 (J).
3. Results

3.1. High-pressure high-temperature experiments

In our first experimental series the respective samples have
been compressed up to 7 GPa and heated to 1023 K to probe the
pressure stability of the rhombohedral zirconium oxonitride.
Since no structural change could be detected for the quenched
samples, the experiments were repeated at 1973 K, where the
cubic modification is the thermodynamically stable phase at
ambient pressure. Again, in this second experimental series there
was no evidence for a phase transformation and no cubic phases
were observed. The recovered samples consisted of rhombohedral
zirconium oxonitride and the monoclinic polymorph. The amount
of ZrO2 was determined to stay below 4%, as in the starting
material.
In our previous study [28], we found evidence for a potential
phase transition of Zr7O11N2 at pressures of approximately 10 GPa.
To investigate the existence of further high-pressure polymorphs
we conducted HP/HT experiments up to 20 GPa and 2273 1C. The
diffraction patterns of the recovered samples obtained under the
various pressure regimes are shown in a separate appendix. In
these regimes different behaviors/reactions can be detected.

Up to 7–7.5 GPa Zr7O11N2 is stable without any changes in
structure or chemistry. At pressures above 8 GPa the zirconium
oxonitride starts to decompose into several different oxidic and
nitridic compounds. From about 8 to 12 GPa the decomposition
reaction leads to the formation of zirconium mononitride ZrN
with rock salt structure and monoclinic ZrO2 (m-ZrO2). In some
samples some additional residual oxonitride was found. The
appearance of this material is related to incomplete decomposi-
tion as a result of insufficient reaction time or experimental
conditions near a potential decomposition phase boundary. The
general composition of the samples was found to be close to 48%
ZrN and 52% m-ZrO2. At pressures above 12–12.5 GPa different
products have formed as a function of temperature. Below
�1373 K the formation of a recently discovered high-pressure
modification of Zr3N4 with the thorium phosphide structure was
confirmed [31–33]. In addition to the monoclinic phase of
zirconium oxide a certain amount of �5% ZrO0.27, a suboxide with
trigonal symmetry (space group P3c1), was found. In samples
heated to 1473 K or above neither Zr3N4 nor ZrO0.27 were present.
The composition was determined again to 48% ZrN and 52% m-ZrO2.
Increasing the pressure above �14 GPa leads to the formation of
cotunite-type ZrO2 with orthorhombic symmetry (oII-ZrO2) and
nine-fold coordinated zirconium. Again the nitridic product was
cubic Zr3N4 at lower temperatures and ZrN at temperatures of
1473 K or above.

Due to the nature of cubic Zr3N4 and cotunite-type ZrO2 and
the sample size necessary to fit into the experimental setup,
grinding in an agate mortar was the only way to prepare them for
XRD measurement. Therefore the respective diffraction pattern
also shows reflections originating from abrasion of the mortar
material. However, the presence of the suboxide ZrO0.27 could not
be determined.
3.2. Thermal expansion

To determine the thermal expansion of pure Zr7O11N2

temperature-dependent XRD measurements were performed
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Table 1
Molar volumes, bulk moduli and coefficients of thermal expansion used for calculations

Compound V0 (Å3) per atom K0 (GPa) K00 a0 (10�6 K�1) a1 (10�9 K�2) Refs.

(Zr,Mg)7O11N2 11.502 – – 12.07 7.25 [36]

Zr7O11N2 11.509 254 14 17.94 6.35 [28], this work

c-ZrO2 10.923 267 4.42 12.83 13.56 [36,37]

ZrN 11.961 248 4 3.73 14.64 [38,39]

Cubic Zr3N4 11.008 219 4.4 – – [34]

m-ZrO2 11.722 212 8 24.58 – [40,41]

t-ZrO2 11.2049 172 8.5 34.85 – [41,42]

oI-ZrO2 11.028 243 7 – – [9,40]

oII-ZrO2 9.998 278 3.7 20.52 – [43]
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between 300 and 1123 K. The unit cell volumes at the respective
temperatures were evaluated by Rietveld refinement of the
powder patterns. From the volume vs. temperature data in Fig. 1
the coefficient of the volumetric thermal expansion was calcu-
lated according to:

aV ¼ 1=VndV=dT ¼ a0 þ a1nT (1)

Also shown in Fig. 1 are the unit cell volumes of Mg-doped
b0-zirconium oxonitride (Zr,Mg)7O11N2 obtained from high-
temperature data published by Lerch [31]. For both compounds
the calculated values of the a0 and a1 are given in Table 1.
11.3

11.2

5 6 7 8 9 10 11
Pressure [GPa]

V

773K

1273 K

Fig. 2. Decomposition phase boundary of pure Zr7O11N2 calculated by comparison

of compressibility and thermal expansion of the oxonitride (black line) and the

decomposition product of 48% ZrN and 52% t-ZrO2 (red line). The pressures where

the volumes are equal to each other at the given temperature are marked with full

circles. Calculations were performed between 500 and 2500 K. For better clarity

only four temperatures are shown.
4. Discussion

Materials usually respond to pressure through either elastic
compression or through phase transformations to form com-
pounds with a higher coordination of the respective atoms. The
mode of response at a particular pressure will in general
be dictated by the path leading to the lowest molar volume. For
the discussion of the decomposition reaction observed for
Zr7O11N2, its compressibility has to be compared to that of the
reaction products after decomposition. In addition, as these
experiments take place at high-temperature the thermal expan-
sion of the different compounds has to be considered. Thus using
the known values of the bulk moduli and thermal expansion
(Table 1) preliminary thermodynamical calculations have been
performed in order to provide a better understanding of the
HP/HT behavior of the zirconium oxonitride.

For the calculations bulk moduli B0 and their first pressure
derivatives B00 have been employed with the third-order
Birch–Murnaghan equation of states [32] of the form:

P ¼ 3
2B0½ðV=V0Þ

�7=3
þ ðV=V0Þ

�5=3
�½1þ 3

4ðB
0
0 � 4Þ½ðV=V0Þ

�2=3
� 1��

(2)

The thermal expansion of the compounds was taken into
account according to Eq. (1).

Since the experimental errors are about 1 GPa in pressure and
50 K in temperature, mixed derivatives have been neglected.
Compressions have been calculated from an initial high-temperature
state, i.e. the material was first raised to high temperature and
then compressed isothermally. Due to the differences in chemistry
of the observed oxides, nitrides and oxonitrides, i.e. 1.27–20 atoms
per formula unit, the molar volume per atom was used to provide
a better comparability of the compounds. No temperature-related
phase transitions are known for ZrN below the melting tempera-
ture of �3223 K. In the pressure and temperature regimes which
have been experimentally probed and which are found to be
relevant for the decomposition, only the tetragonal modification
of ZrO2 (t-ZrO2) is thermodynamically stable according to the
most recent published partial HP/HT phase diagram [18].
A phase transformation of the zirconium oxonitride to its cubic
modification during HP/HT experiments was not expected for two
reasons: the first is the preferred compression of the rhombohe-
dral modification along its c-axis, which we published in our
recent work [28]. At high pressures the anions and cations diverge
more from their ideal cubic fluorite-type structure arrangement
than at ambient pressure. The second reason is, that preliminary
calculation showed that for a cubic zirconium oxonitride decom-
position was not favorable. The corresponding calculations
have been performed up to a pressure of 175 GPa. Thus, only
the comparison between the molar volumes of rhombohedral
Zr7O11N2 and a 48:52 mixture of ZrN and t-ZrO2 was considered in
the main calculations according to the observed ratio of the
respective decomposition products. The results of the calculations
are displayed in Fig. 2. Due to the difference in thermal expansion
between pure Zr7O11N2 and (Zr,Mg)7O11N2 a different course
of the proposed decomposition phase boundary is obtained
(see Fig. 3).

The pressures where the molar volumes of the oxonitride and
the 48:52 mixture are equal at the respective temperatures are
marked full circles. The calculation clearly indicates that the
zirconium oxonitride decomposes because the assemblage of ZrN
and tetragonal zirconia has a lower molar volume. The calculation
reproduces almost exactly the experimental conditions of the
decomposition reaction. Fig. 4 shows the experimental results
combined with the calculated phase boundary. Beyond the
decomposition pressure the behavior of Zr7O11N2 can be described
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Fig. 3. A modified course for the decomposition phase boundary arises for

Mg-doped (Zr,Mg)7O11N2 due to its different thermal expansion calculated from

the data available in Ref. [31].

Fig. 4. The calculated phase boundary (P) fits to the results obtained in multi-

anvil press experiments with fair agreement.

Fig. 5. Electron energy loss spectrum of the sample obtained from HP/HT

experiments at 12.5 GPa and 1200 1C. Oxygen is dissolved in the zirconium

mononitride.

Fig. 6. Draft for the decomposition phase diagram of Zr7O11N2. Non-quenchable

phases are denoted in italics. See text for further information.
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by a superposition of the temperature vs. pressure diagrams of
ZrO2 and the zirconium nitrides. Since neither tetragonal nor
orthorhombic-I zirconia can be quenched from high-pressure
experiments only monoclinic zirconia is obtained from the
respective conditions.

To draw a draft for a decomposition phase diagram some
additions nevertheless had to be made with respect to the
temperature stability of cubic Zr3N4. Despite a recent publication
[35] on the synthesis of this high-pressure phase at 12 GPa and
1873 K in a multi-anvil press, we cannot confirm its formation for
temperatures higher than �1373 K. For some reason the formation
of the stoichiometric zirconium nitride does not occur at the
synthesis conditions reported in Ref. [35]. Due to this observation
further investigations were performed using EELS for the
determination of the elemental composition of phases observed.
These investigations revealed that in all samples synthesized
at pressures above 12 GPa and 1373 K the ZrN formed also
includes oxygen. This leads to the conclusion, that the cubic
Zr3N4 reacts with the Zirconium suboxide ZrO0.27 to form a
compound ZrN(O) with rocksalt structure. For this compound
no aberration from the lattice constants of ZrN could be found
and no oxygen-related superstructure reflections have been
found in XRD measurements. The EEL spectrum of the sample
prepared at 12.5 GPa and 1473 K is shown in Fig. 5. Due to high
absorption no reasonable quantification of nitrogen and oxygen
was possible.

In another publication the pressure and temperature
stability of cubic Zr3N4 vs. ZrN+N2 and nitrogen was calculated
by Kroll [44]. The phase boundary between the nitrides
shown in this publication fits well to the observations
done in our experiments. For further discussion the data
presented in Kroll’s work were taken into account. Yet additional
changes were made according to the fact that the formation of
cubic Zr3N4 never was observed below 12 GPa, as confirmed by
literature [34,35].

A combination of the calculations performed in this work with
the known phase diagram of zirconia and Kroll’s work leads to the
draft for the decomposition reaction diagram of Zr7O11N2 shown
in Fig. 6.

Within the generally accepted experimental errors of 1 GPa and
50 K our experiments confirm the diagram with fair agreement. Since
both tetragonal and orthorhombic zirconia cannot be quenched from
high-pressure experiments we rely on the well-known phase
boundaries reported in literature over the past decades.
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Parts of the phase boundary between cubic Zr3N4 and ZrN are
depicted with dots due to the fact that it is not yet experimentally
proven for pressures below 12 GPa.
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Fig. A2. Zirconium mononitride and monoclinic zirconia (first and second row of

reflection markers) and a small amount of �4% residual oxonitride (lower

reflection markers) were received at 10 GPa and 1273 K.
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5. Conclusion

The HP/HT stability of Zr7O11N2 was studied using the multi-
anvil press technique and ex situ X-ray powder diffraction.
Depending on pressure and temperature conditions the material
was found to decompose into various combinations of binary and
quasi-binary Zr–N and Zr–O compounds. Below �800–900 K the
decomposition starts at about 4 GPa and is dominated by the more
favorable sample volume obtained from the formation of oI-ZrO2.
Above this temperature t-ZrO2 is the stable zirconia modification.
Our calculations showed that a decomposition of Zr7O11N2 into
tetragonal zirconia and zirconium mononitride is clearly tem-
perature dependent. The minimum decomposition pressure is
5–6 GPa at 1000 K, and it increases with temperature. Excess
oxygen is incorporated into the zirconium mononitride which
therefore has to be considered as ZrN(O). At pressures above
12 GPa and temperatures below �1473 K, cubic Zr3N4 and ZrO0.27

are formed instead of ZrN(O).
No new high-pressure or high-temperature modifications of

Zr7O11N2 were found. The critical effects of temperature, pressure
and consequently also mechanical tension on nitrogen-doped
zirconia were revealed. We highly suggest further high-pressure
high-temperature experiments, using cationic dopants to deter-
mine the potential critical influence on the stability of the
industrially used zirconia ceramics.
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Fig. A3. At 12.5 GPa and 1273 K the cubic high-pressure modification of Zr3N4 and
Appendix

See Figs. A1–A6 for XRD diffractograms of experimental
samples mentioned in the text.
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Fig. A1. X-ray diffractogram of a sample obtained from 7 GPa and 1973 K. The

composition stayed unaltered in comparison to the starting material of Zr7O11N2

and o4% monoclinic ZrO2.

the zirconium suboxide ZrO0.27 (first and third row of reflection markers) form

instead of ZrN. Also monoclinic zirconia and �2.5% of residual oxonitride (second

and lower row of reflection markers) were formed.
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Fig. A4. Only ZrN and monoclinic zirconia were obtained at 12.5 GPa and 1473 K.
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Fig. A5. From experiments at 14 GPa and 1573 K only samples consisting of ZrN

and cotunite-type zirconia were obtained.
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Fig. A6. Samples obtained at 17.5 GPa and 1173 K consisted solely of the two high-

pressure phases cubic Zr3N4 and cotunite-type zirconia.
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