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Structure and Microstructure of the Metastable B Phase (NiAl,,0¢)

I. Preparation and Structural Study by X-Ray Diffraction
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The B phase of composition NiAl ;4O is one of the metastable phases found in the Al,O,-NiO system.
Twinned crystals of B were prepared by annealing samples at 1150°C. Indexing the crystal diffraction
patterns with 12 twin variants was done. A structural model belonging to the space group P2,/b is
proposed. The B phase has a periodic antiphase boundary (PAPB) structure based on the (100) spinel
planes with an antiphase vector R = [110]. Moreover this structure is slightly modified by introducing

periodic steps on PAPB planes. These steps give rise to a particular order of cation vacancies.

Academic Press, Inc.

1. Introduction

The spinel phase NiAl,O, has an ex-
tended solid solution domain in the Al,Os;—
NiO system at high temperatures (Fig. 1).
Many binary systems such as Al,O,—MgO,
A1203—A]N, A1203—Li20, or Ga203—MgO
have solid solution domains with spinel
structure. The structure of nonstoichiomet-
ric spinel phases (y) has been explained by
the formation of disordered cation vacan-
cies when the alumina (or gallia) ratio is
increased (1 to 4). The formula for nickel
aluminate solid solution is Ni;_3,[0,Aly4+2,04
(O: cation vacancy). Another property of
these systems is that metastable phases can
be prepared by melting the oxide powder
mixture. They crystallize in the quentched
melts or precipitate in the nonstoichiomet-
ric spinel matrix when the samples are an-
nealed. Metastable phases disappear and
the stable phases (y + a-Al,O; or 8-Ga,0;)
precipitate when a longer annealing time is
used.

The metastable phase structures are char-
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acterized by their cubic pseudosymmetry.
Their precipitation from spinel solid solu-
tion gives rise to twinned crystals on a
small scale with a great number of twin
variants. These characteristics were re-
vealed with the first attempts to determine
the ¢ phase structure in the AlLO;-MgO
system made by Jagodzinski (7).

We shall first recall previous investiga-
tions on metastable phases in the Al,O3
NiO system. Then we describe X-ray dif-
fraction patterns of the B phase twinned
crystals and we propose a new type of peri-
odic antiphase boundary (PAPB) structural
model built from the spinel structure. A fol-
lowing paper (Part II) will be concerned
with the investigation of the B phase micro-
structure by electron microscopy.

2, Metastable Phases in the ALO;-NiO
System

Several metastable phases have been pre-
pared in the Al,O,—-NiO system (Fig. 1) (2-
4). All the metastable phases have a slightly

0022-4596/85 $3.00
Copyright © 1985 by Academic Press, Inc.
All rights of reproduction in any form reserved.



W
o«
£

oo
TeC

ZOOOF

o
>

§
v
[
o
[#]

\\
o
+
>
O

___>___$~

[

- A
I QP

. ol
i |
1000 H |
] 60 70 80 90
NiALLO, ™"*  Al,0q
F1G. 1. Phase diagram for the N1A1204~A1203 system.

T
Only y and a-Al,O; are stable
distorted compact cubic oxygen array. The
main differences in their structure are due
to the cation distribution in the octahedral
and tetrahedral interstices of this array.
The ¢ and 6 phases, respectively, are iso-
morphic with the ¢ phase in the ALOs-
MgO system (I) and with 8-Ga,0; (4, 5).
All the other metastable phase structures
have been described with PAPB structures
built from the spinel structure. gy; is com-
posed with one PAPR system on (310)s
spinel planes (6, 7). Phase A is composed
of two PAPB systems on {311}5 (8, 9). The
structure of §; can be related to the & phase

PAPB structure on (100)s planes (/0). The

+ + £ tha hioh
structure o1 e uigu-temperatﬂre phases

(hatched area in Fig. 1) are intermediate be-
tween A and e structures. Their PAPBs are
not strictly periodic; they give rise to dif-
fuse streaks between satellite reflexions on
diffraction patterns (9). PAPB structural
models appear to be pertinent models to de-
termine the cation distribution in the struc-
tures of these metastable phases.

3. Preparation

The B phase composition given by Colin
(4) was 4.5A1,0; - NiO, but his investiga-
tions were based on powder diagrams only.
Single crystal oscillation methods show

that crystals of this composition contain

d B nhases. Pure B crys-
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annealing samples of composition SALO; -
NiO. When the oxide powder mixture is
melted in an arc image furnace and
quenched into water, the first phase ob-
tained is ey;. If samples are air-cooled, a
small quantity of ey; is then transformed
into B phase. Finally ey is completely
transformed into B phase after an annealing
time of 90 hr at 1150°C. For annealing times
longer than 150 hr at this temperature the
stable a-Al,O5 phase precipitates.

4. Dlﬂ'ractlon Patterns of Twinned
n,

The powder diagram of the B phase
shows sirong diffraction lines close to those
of the spinel structure plus a great number
of weaker lines. Strong lines were indexed
on a monoclinic pseudocubic cell having

the following parameters:

1=798 A, b= 7.88A,
¢, =795 A

The Weissenberg and precession photo-
graphs exhibit cubic point symmetry. All
the spots on the films correspond to reflec-
tion clusters (Fig. 2). The fine structure of
these spots can be explained by superimpo-
sition of the reflections coming from 12
monoclinic twin variants. Each twin variant

unit cell is precisely twice the pseudocubic
cell:!

yi = 91.1°.

= 2b¢,

— t
Cm = Cc, Ym

am = a(’:, bm

’

Ye-

In order to determine the B space group it
was necessary to know precisely each twin
variant contribution to the fine structure of
spots. A calculation of the exact reflection

! The unit cell proposed by Colin for the B phase has

the same pseudocubic distortion as ours, but a differ-
ent double parameter (¢, = 2¢’). We think that the true
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unit cell cannot be determined by powder diagrams
only, as was done by Colin; single crystal patterns are
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X-RAY STUDY OF B PHASE (NiAl;iO,)
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FiG. 2. Precession diffraction photograph of a
twinned crystal with 12 twin variants (A CuKa). (001)¥
plane, layer 1. Indices are those of fundamental spinel
spots referring to the cubic cell.

coordinates of each variant, referred to the
same cubic lattice (a, b., ¢.) was made. The
distortion of the direct space pseudocubic
lattice could be described by a matrix A, if
twin variant number 1 (see Table 1) is taken
as the reference variant:

14+« ® 0
A= 0 1+8 0
0 0 1
a. — ag b sin y. — a.
a=—-, =——,
ac ac
b cos y¢
w=——"
ac

with orientation relationships a.||aj, ¢]lci,
and |c.| = |ci|. Matrix A relates the compo-
nents of vectors x| of the distorted lattice to
those of x.: x{ = Ax.. Let us now consider a
twin variant / and its symmetry operation
described by the matrix R;. The x; vector of
this variant, which is close to x, is related
to x. by the relation

x! = RAR; 'x.. )]

The corresponding relation in reciprocal
space is
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TABLE I

TWIN VARIANTS PRODUCED BY A SET OF
12 TWIN OPERATIONS

Binary
axis
e Maw,  Maio, Ci[muc direction
e 1 2 3 4
(o102« [010)* (1001 [ioopr 001k
Cg[l]l] I 2 3 4
[0011¥ [001]* ([010]* [010]* (100].
C% 1” 2 3 4
(111
[100]¥ [100]¥ [0O1]¥ [001]¥ [010].

¢ Modulation direction of each twin variant.

% — PIA-TR -~ ly¥k
X,—R,A Ri xc.

(0]

Relation (2) gives the exact coordinates of
the 12 twin variant reflections which can
possibly contribute to the fine structure of
the spot described by x¥ By applying for-
mula (2), the fine structure of the spots was
determined and reflection of each twin vari-
ant was indexed. Figure 3 gives the contri-
bution of the 12 twin variants to the satellite
reflections related to the spots correspond-
ing to spinel structure. The details of 131,
fine structure for the fundamental and the
satellite reflections are given as an example
in Fig. 4.

For one twin variant, the inferred diffrac-
tion pattern contains three types of reflec-
tions:

—Fundamental reflections, which are
very strong and close to reciprocal nodes of
a spinel structure. They are described by
the vectors

* = hal* + kbl* + l.cl*
with A, — k. = 4n.

—Satellite reflections, along the [010]*
direction, corresponding to the absent fun-
damental reflections. They are described by
the vectors

be*

V* = hoal* + kb(* + lel* = m =,
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h.-k, k1, h.Kkl.= 2n h k.l =2n41
16y
2 <
no
4n 4n contribution
4n+ 2 4n
4n 4n42
4n+2 [4n+2
3 4

F1G. 3. Satellite reflexions surrounding a fundamen-
tal spinel spot. Akl indices refer to the cubic unit cell.
For twin variant number see Table I.

with h, — k. = 4n + 2 and m odd.

—Additional reflections that cannot be
described as fundamentals or satellites are
at the other nodes of the lattice

ar = al*, ¢t = ¢,
The satellite reflections along the [010]F di-
rection and the extinction of corresponding
fundamentals are characteristic of a PAPB
structure on (010). spinel planes with an
antiphase vector R = }[110].. We will see in
the next paragraph that this PAPB structure
must be slightly modified to introduce the
additional reflections.

5. Structural Model

Previous studies of PAPB structures built
on spinel structure (6—10) have shown that
the main features of the diffraction patterns
are explained with the distribution of cat-
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ions in these structures. PAPBs introduce a
new arrangement in the tetrahedral and oc-
tahedral interstices of the distorted com-
pact cubic oxygen array. Antiphase vectors
are vectors of the oxygen sublattice and
they affect the cation distribution only.
Thus, to build a structural model for the B
phase, we leave aside the monoclinic dis-
tortion and take the cation sites in an ideal-
ized compact cubic oxygen array as a good
approximation.

Figure 5 shows a PAPB structure on
(010). spinel planes with spacing dy. and
an antiphase vector R = }[110].. It can be
seen that, on each PAPB plane, each tetra-
hedral site shares a face with one octahe-
dral site. Two sites sharing a face cannot be
occupied simultaneously (/0). This rule
yields the composition SALLO; - NiO, which
has been found for the B phase. When va-
cancies are located on the octahedral sites
sharing a face or on the tetrahedral ones,
the space group found is B2/b. These two
models are in agreement with the strong
satellites reflections and the extinction of

N\
1 "\3’

N

N :
2'11 2 4 211
.\"3 4% " 3
N
\ .
s

1 [100]}

FiG. 4. Schematic representation of fundamental
and satellite reflections of 131, observed on the preces-
sion diffraction photograph (Fig. 2): satellites reflec-
tions of order 1 (@®); fundamental reflections (O). Dif-
fuse lines are represented by mixed lines. For twin
variant number see Table 1.



X-RAY STUDY OF B PHASE (NiAl;¢Os6)
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Fi1G. 5. PAPB structural model, (001), projection of
cations. APB plane (010).. Antiphase vector R =
1{110)., octahedral sites (O), tetrahedral sites (). The
heights of cations are given as multiples of c/8. Octa-
hedral and tetrahedral sites with a common face are
connected by a line.

the corresponding fundamentals, but they
do not fit with the observed additional re-
flections.

In order to account for the additional re-
flections, a P lattice should be considered
instead of B lattice. This will be done by a
slight modification of the cation distribution
near the PAPB plane. Steps are introduced
in the PAPB plane in order to obtain what
we call a “‘crenellated PAPB.”’ Such steps
will correspond to one cationic plane and
their length will be 3[100]... Figure 6 shows a
structural model of this type. This cation re-
arrangement will maintain the same number
of face-sharing sites, as can be seen in Figs.
5 and 6. The different structural models
built with ‘‘crenellated PAPB’’ differ by the
relative position of steps on two succes-
sives PAPBs. A systematic investigation of
these models lead to three types of struc-
tures with P2,/b, P2/b, P2/n space
groups. From the observation of (hnkn0)
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reflections with A, + ko = 20 + 1, P2/n
can be excluded. Calculations correspond-
ing to the structural model with space group
P2/b shows that calculated (00/,) reflec-
tions with [, = 2n + | have quite the same
intensity as the (00/,) reflections with [, =
2n. Since reflections with [, = 2n + 1 are
not observed, only the structural model
with space group P2,/b (Fig. 6) will be con-
sistent with the diffraction patterns. There
is a good qualitative agreement between
calculated |F,[?> (Fig. 7) and the observed
reflection intensities when a statistical dis-
tribution of aluminium and nickel ions on
nonvacant octahedral sites of this model is
used. Nickel ions could be ordered on some
octahedral sites without changing the space
group, (a) or (b) sites of Fig. 6, for example.
But, if the occupied sites are completely
determined by the model, ordering between
nickel and aluminium ions ¢annot be tested
since its effect on the [Fjyl’> values is too
smalil.

F1G. 6. Structural model of the B phase with space
group P2,/b (see caption of Fig. 5). Vacant octahedral
sites (©).
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6. Conclusion

The cubic pseudosymmetry and the mul-
tiple twinning (12 twin variants) encoun-
tered in the monoclinic B phase (NiAl;¢Oy6)
hinders its structure determination by con-
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ventional methods using measured intensi-
ties. Nevertheless, a precise indexing of
the diffraction patterns of twinned crystal
shows that phase B has a PAPB structure
built on the spinel structure. A particular
distribution of cations and vacancies,
which has been described as periodic
“crenellated PAPBs,”” appears in this
structure. Vacancies are paired at two close
octahedral sites of the spinel structure in
the vicinity of PAPB planes. In a following
paper (Part II) it will be shown that the mi-
crostructural characteristics observed by
transmission electron microscopy can be
explained in terms of the proposed struc-
tural model.
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