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Abstract

The ZrOz-ZrN system has been investigated using different electron micros-
copy techniques. In thg range between 2.5 mol.% and 75 mol.% ZrN, an incommen-
surate modulated structure is formed having a rhombohedral R3 symmetry based
upon the Zr7OllN2 structure which is isostructural to ZrSSCZOD' The modulation
is most probably due to pseudoperiodic composition fluctuations of nitrogen with
respect to oxygen. The final structure can be described as a completely coherent
mixture of pure Zr7014 layers alternating with Zr7OllN2 layers perpendicular to
the rhombohedral threefold axis. The incommensurability arises from local
deviations in spacing and/or orientation of these layers. Monoclinic precipitates
imbedded in this rhombohedral matrix are characterized with the help of high

resolution electron microscopy combined with optical microdiffraction.

Introduction

The three polymorphs of ZrO, have been well established [1]. At
terhperaturfes near the melting point Zr‘O2 has the cubic fluorite struéture; upon
cooling, this structure first undergoes a slight tetragonal distortion and around
1000°C it transforms martensitically towards the monoclinic room temperature
phase (spacegroup P21/c; lattice parameters a = 0.517, b = 0.523, ¢ = 0.534nm, B =
99°15' [2,3].

The latter transformation may be completely or partially suppressed by
alloying pure zirconia with additions of other oxides such as CaO, MgO or Y203
[4,5]. The present study is an electron microscopic investigation of a range df
ZrO,-ZrN alloys in order to investigate a possible stabilisation by ZrN [6] and to

elucidate the microstructures.
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The formation of different oxynitrides in the Zr-O-N system has been studied
by Gilles [7,8]. He established a pseudo binary phase diagram between ZPO2 and
ZI‘N4/3 (not~ZrN) and found three structurally related oxynitrides denoted B8, B’
and y with nominal compositions:

B : Zr40gN 4 ,

Bl

Zr;0N, []l ,
Y Zr,ON, [jl_,

where [ ] denotes a vacancy on the oxynitride sublattice. ycan be described on a
cubic lattice with a = 1.0lnm, B8 has a rhombohedral symmetry and is isostructural
with ZP35C4012 or Zr}Ybl&OlZ [7]. R'is very closely related to B; it has also

rhombohedral symmetry and the same a-parameter but twice the c-parameter.

Outline of the Investigation

The present investigation refers to materials with the following nominal
compositions: Zx‘O2 + 0, 5, 10, 15, 20, 30, 40, 50, 75, 100% ZrN which were inves-
tigatéd "as received" or heat treated at 1000°C. For more experimental details,
see [9].

Most of the investigated samples showed a typical morphology as that illus-
trated in Fig. 1; i.e. large amounts of precipitates e‘mbedded in the matrix. From
the existir)g literature, it could be assumed that they were monoclinic ZrO2 par-
ticles in a cubic matrix. However, a closer investigation showed that the matrix
was not cubic but rhombohedrally distorted and moreover it showed a complicated

incommensurate superstructure [9]. The precipitates were not always monoclinic



but in some cases also tetragonal. The monoclinic precipitates were always heavily
twinned. A selected area diffraction pattern (along one of the fluorite cube axes)
over such a precipitate is shown as the inset of Fig. 1. Apart from the matrix sbots
all other reflections can be attributed to different variants of the monoclinic ZrOZ.

From the "conventional" image of Fig. 1, it is impossible to determine twin planes

or habit planes. The main aim of the present study was, therefore:
a) to determine the structure of the matrix
b) to gain information about the internal structure of the different preci

pitates.

Structure of the ZrOZ-ZrN Matrix

(A) Electron Diffraction Evidence

A series of diffraction patterns taken from a matrix area is shown in Fig.. 2.
From these patterns it can be seen that the structure is not cubic. However, the
most intense reflections are close to the cubic fluorite positions, e.g. in Fig. 2f the
angle is not exactly 90° but approximately 89° sqggesting a rhombohedral dis-

tortion. The other diffraction patterns can be divided into two groups:

(a) reciprocal lattice sections exhibiting a clear superstructure such as [111],
[1123 or [103] when the fluorite cubic indices are used (Figs. 2a, ¢ and e).
‘(b) sections exhibiting extra reflections at incommensurate positions such as

[101] and [112] (Figs. 2b,d).

In the [321] cubic section of Fig. 3a, originally cubic reflections are encircled

while reflections at commensurate superstructure positions are indicated by



arrows. The remaining reflections are at ‘incommensurate positions but
concentrated around commensurate positions such as (1/2 1/2 1/2) which suggests
that they might be due to a splitting of a commensurate reflection. The direction
of the incommensurate modulation is always alohg {111 ]*; i.e. along one of the
threefold axes of the originally cubic matrix. The average distance between
successive satellites is somewhat variable but always corresponds to a real space
periodicity around 3.2 + 0.3nm.

The commensurate reflections suggest the formation of a superstructure
independent of that of the modulation. This becomes evident if one tilts 90° away
from the modulation towards a [111 ]-section (Fig. 2a). The modulation direction

is now along the zone axis.

(B) High Resolution Microscopy Evidence

Two essentially different orientations have been examined:

(a) the [111] zone (perpendicular to the modulation)

(b) a [321] zone perpendicular to [111], containing the [ 111 ]* row.

In the [111] zone a hexagonal network of bright dots is observed separated by
0.55nm, indicating that the structure has a truly three-fold axis and that the hexa-
gonal pattern of Fig. 2a is not the result of superposition. In the [321] orientation
a modulated structure with a-periodicity of about 3nm can be easily recognised.
The modulation is not exactly periodic and in some areas spacing, as well as
orientation deviations can be observed. At a higher magnification (Fig. 4), it
becomes evident that the modulation is not of the interface rﬁodulated kind. There
is no well defined defect plane; the image appears more like a sinusoidal intensity
modulation. However, when observed along the [115 ]cub direction (e.qg. in Fig. 4)
a shift in intensity maxima is observed between subsequent modulations, separated

by 3nm.



In very restricted areas, mostly close to a monoclinic precipitate, the unmo-
dulated structure is observed (Fig. 4a, left side) in contact with the modulated
structure (Fig. 4a, right side). Since the areas are too small for conventional
electron diffraction and since convergent beam diffraction is too difficult due to
beam damage which causes the superstructure to disappear, selected area laser
optical diffraction from the matrix as well as from the modulated structure were
used (Figs. 4b, c). They prove that both structures are closely related and that
some reflections which are unsplit in the commensurate superstructure such as (1/2

1/2 1/2) are split up into different satellites due to the modulation.

(C) Structure of the Unmodulated Phase

Assuming, as evidenced from Fig. 2f, that the structure is a slight rhombo-
hedral modification of the fluorite type structure and taking into account the
doubling of the periodicity along .this rhombohedral axis (Fig. 4b), the unit_ cell
parameter along the c-axis should be around 1.8nm (assuming a hexagonal
description of the rhombohedral structure). This would fit excellently with the 8'
phase described Ey Gilles [ 7] which seems to be isostructural to ZI'SSCZO13 [10].
More details can be found in [9]. The measured unit cell parameters are a =
0.96nm and c¢ = 1.76nm and the complete relation between fluorite structure
61,52,53) and the superstructure (51,52,5«3), when omitting the rhombohedral

distortion, can be derived from the diffraction patterns to be:

g 3 r \ 4 N
Al 1 -3/2 1/2 a;
Az = 1/2 1 -3/2 82
/—‘\3 2 2 2 ag

\ / \. ) \ /



In the cubic fluorite structure, every Zr-atom is surrounded by 8 oxygens and
the structure can be described as built up from ZrOg cubes sharing edges with each
other [9,10]. When the anion to cation ratio deviates from the ideal value of two
(e.g. in ZrgSe,0, 5 or Zr3Sc,0,,) vacancies are introduced and some of the cations
only have a 6-fold or a 7-fold coordination. The basic building block turns out to be
the so-called "Bevén cluster" [11] represented in Fig. 5. It consists of a sixfold
coordinated metal atom (hatched cube) surrounded by six sevenfold coordinated
cubes sharing edges with the central cube. Both vacancies in this cluster
necessarily are at diagonally opposite sites of the central cube in order to retain
thg rhombohedral threefold symmetry along [111]. The B-phase Zr,0gN, DZ is
exclusively built up by stacking layers of such clusters perpendicular to the
threefold axis while the B' phase Zr,0,;N, Dl (isostructural to ZrSSCZOD)
would be built up by an equal amount of layers 61" such Bevan clusters and layers of
"ideal" clusters where all metal atoms have an eightfold coordination. In this sense
the B' phase can be considered as intermediate betWeen the cubic fluorite phase
and the B-phase. The cubic fluorite as well as the B-phase has a three layer
periodicity along [111 ]cub or [0001 ]hex; the first one is completely built up from
perfect I (ideal) clusters while the second is completely built up from B (Bevan)
clusters, all oriented along the unique threefold axis. The B' phase having a six
layer periodicity is a mixture of equal amounts of B and I cluster layers such that
the structure can be written as BIBIBI while the B phase is BBB and the cubic ZrO2

phase is IIl.

(D) Structure of the Modulated Phase

Analysis of the modulated structure must take into consideration the follow-

ing experimental datas



-it is a modulation of the rhombohedral B' Zr-,OllN2 structure;

-the. modulations are roughly parallel to (I.'J(J.l)B with an average distance of
3.2nm but not strictly bound to this plane;

-the high resolution microscopy shows a modulation which is not of the
interface modulated type (e.g. different from long period superstructures) but

after one wavelength an out of phase shift is observed (Fié. 4).

With knowledge of the b'asic B! structure and from the shift of the satellites with
respect to their original position, one can obtain more informétion about this last
point. Indeed, although there is no discrete interface visible in the high resolution
micrographs, the boundary can be described as in Fig. éa, which is in fact the same
as the purely interface modulated structure (e.q. for a long pe’riod ahtiphase
boundary structure) (Fig. 6b) except for the fact that the boundary is smeared out.
The final displacement, however, between A and B is the same as that between A’
" and B Neglecting the reason for the origin for such a smeared out interface', one
can defermine the displacement vector R for this boundary in the same way as one
can do for periodic antiphase boundaries or shear planes [12].

Careful inspection of the diffraction patterns Ishows that all -satellites
undergo a shift which is 0 (mod 1) or 1/2 with respect to the B' positions. From the
shift of three independent reflections the displacement vector can be determined

as:
R = +[2/31/31/6] ;

Since the R vector is not in the defect plane, this displacement is non-conservative

and implies a deviation from ideal stoichiometry.



The high resolution observations (Fig. 4) indicate that the modulation has
more of a wave character than an antiphase character. Similar considerations have
been made for (Au,Ag)Te2 [13], M°2+x53 [14] and the "chimney ladder" structure
in MnSi, [15].

Precipitation in the Rhombohedral Zr-O-N Matrix

Preci-pitation in the rhombohedral Zr-O-N matrix is a complex phenomenon.
Tetragonal as well as monoclinic ZI‘O2 particles can be present in the matrix [9].

In thisv summary only the monoclinic precipitation is considered; internal
twinning occurs frequently in these precipitates and based on the type of twinning,

two essentially different twin structures can be considered:

(a) precipitates with all twin variants having a common E-axis;

(b) precipitates with twin variants having no common axis.

A high resolution example of the first type is shown in Fig. 7 when viewed
along the Cm axis. The precipitate is heavily twinned and all twin boundaries are
edge on, and strictly along crystallographic planes. St;ch configurations are very
similar to the ones observed by Kriven for 50% A1302 - 50% Zr0, [16] and for
ZrO, particles in a mullite matrix [17]. The frequent and almost regular (100)
twinning of such precipitates occurs to minimize strain and shape deformation
effects built up as a result of the differences in lattice parameters due to the
monoclinic shear transformation. |

The second type of precipitate is more complex and produces diffraction
patterns (insert, Fig. 1) which are very complex. High resolution microscopy com-
bined with optical diffraction seems to be the only way to correlate the different
diffraction spots with areas in direct space. The usual dark field technique, i.e.‘

selecting successively all diffracted reflections to form an image, fails in this case
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because the reflections are too close to each other to be individually imaged. The
lattice image (Fig. 8a, b) establishes the presence of six different orientation
variants and with the aid of optical diffraction over the different domains (bottom),

one can deduce the orientation relationship as indicated in Fig. 8b.

Conclusions
High resolution electron microscopy combined with electron diffraction and
laser optical microdiffraction has been shown to be a powerful technique to
interpret the complex microstructures obtained in alloys of ZrOZ-ZrN. These
complexities include the formation of an incommensurate _mo_dulaj;ed rhombaohedral
matrix containing twinned ZrO2 precipitates. The easy beam damage to these
materials means that high voltage microscopy is essential. Microchemical analyses

at 100kV using EELS for mapping oxygen and nitrogen is almost impossible [18].
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Figure Captions

Typical morphology of most ZrOZ-ZrN samples. The electron diffraction
pattern over a precipitate is shown as an inset.

Diffraction series taken from Zr-O-N matrix.

[321 ]cub diffraction pattern; cubic reflections are indicated by dots,
commensurate superstructure reflections are indicated by arrows.

High resolution image corresponding to Fig. 3a. Note the orientation
deviations at the lower right corner.

High resolution image of the basic superstructure in contact with the
modulated structure. The orientation is [321 ]cub' (see Fig. 3a)

Laser optical microdiffraction pattern from the unmodulated (b) as well
as from the modulated (c) structure.

The Bevan cluster, consisting of seven cubes; the center of each cube
contains a Zr atom. The central Zr has a sixfold coordination Zr06[:]2
while all other Zr atoms have a sevenfold coordination ZrO7Dl.
Schematic representation of (a) wavy modulation compared to a strict
long period interface modulated structure (b).

High resolution observation of heavily twinned monoclinic ZrO,. All
variants have a common c-axis parallel to the electron beam. The
orientation of the axes as determined from HREM and optical diffraction
is indicated.

A complex twinned area analysed with the aid of high resolution micros-

copy and laser optical diffraction of the areas indicated 3-6.
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