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Abstract
Electron microscopy has been used to study the microstructures of

equilibrated and quenched NiO± TiO2 mixtures containing 5, 10, 15, 20 and
25 wt% TiO2. All the specimens contained rocksalt- and spinel-structured
phases on a nanometre scale. The microstructure suggests that a non-
stoichiometric spinel decomposed during quenching. The 25 wt% TiO2
specimen exhibited a lamellar microstructure composed of NiTiO3 and spinel±
NiO. These phases had the usual orientation relationships, i.e.,
… 111† cubick … 0001† hex and h110i cubick h 1100i hex . Faceted NiO solid-solution regions
with coherent cube-on-cube interfaces with the spinel were found in the four
specimens of lower TiO2 contents. When large (15 and 20 wt% TiO2), these
regions were faceted cuboidal particles. With lower TiO2 contents, these regions
were no longer equiaxed and could be interconnected. The specimens were
chemically homogeneous on a length scale of about 1 mm. Morphological
evidence is presented to explain which part of the microstructure most
probably already existed in this form during equilibration. In particular, the
large-scale NiTiO3 and the spinel lamella in the 25 wt% TiO2 material form
during long-term equilibration.

} 1. Introduction
The close-packed oxides of the 3d transition metals, and elements of similar

atomic radii, have contributed substantially to our understanding of simple ceramic
systems. The ternary oxides of these elements tend to include phases having the
structures of rocksalt (NaCl), corundum (Al2O3), rutile (R ˆ TiO2† , spinel
(S ˆ MgAl2O4† , ilmenite … ilm ˆ FeTiO3) and perovskite (CaTiO3). Such phases
have been employed as model systems for the study of basic science issues such as
phase relations, point-defects, interface structure, etc., as well as physical properties
such as electrical conductivity and magnetism. They have been extensively studied
and many of their properties are well understood.

The spinel in the quasi-binary system NiO± TiO2 does not obey the trends that
characterize many known compounds with this structure. The most reliable compi-
lation of the phase relations in the NiO± TiO2 system is reproduced in ® gure 1 (Muan
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1992). These relations indicate the essential features of nickel titanate spinel: in air, it
is stable only at elevated temperatures (T > 14258C† ; in the quasi-binary region
ss ‡ S it never reaches its hypothetical end-member, the stoichiometric spinel
Ni2TiO4; and at its low-temperature stability limit it is closer in composition to
NiO than to Ni2TiO4 (Laqua et al. 1977, Armbruster 1981, Muan 1992).
However, some ambiguity has remained concerning the nature of this spinel com-
pound because the high temperatures necessary to stabilize the phase make it very
di� cult to study it in situ. The present paper provides an analysis of the microstruc-
tures of spinel-containing specimens in the NiO± TiO2 system which have been
annealed at about 14808C and then quenched.

} 2. Experimental procedure
Five specimens in the system NiO± TiO2 were equilibrated in air and rapidly

quenched in cold water. These specimens were prepared as part of a larger study
of phase relations (Muan 1992). Table 1 lists the designations of the specimens for
this larger study, their compositions and equilibration temperatures. The locations of
these specimens on the phase diagram are indicated in ® gure 1.

The loosely sintered powder specimens were prepared for electron microscopy
examination after in® ltrating the porous specimens with a low-viscosity epoxy.
Specimens were examined by transmission electron microscopy (TEM) with a JEOL
1200EX operated at 120 kV. Scanning electron microscopy (SEM) was performed with
a Hitachi S-900 equipped with a ® eld-emission electron gun and operated at 3 kV.
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Figure 1. Phase relations in the system NiO± TiO2, according to Muan (1992). A liquid phase
(L) is shown in addition to the crystalline phases. In contrast to the phase relations
reported by Laqua et al. (1977), a narrow two-phase region between distinct NiO(ss)
and spinel(S) phases is reported. Also, the melting point of the ilmenite-structured (ilm)
phase, NiTiO3, is reportedly incongruent.



} 3. Results
Representative microstructures of the four specimens with TiO2 contents of 5±

20 wt% were composed only of phases with the rocksalt and spinel structures, as
shown in ® gure 2. The strong-beam (SB) dark-® eld (DF) images were formed with
the spinel (220) re¯ ection near the [001]zone axis common to the NiO(ss) and spinel-
structured phases; in ® gure 1, NiO(ss) denotes NiO solid solution and S denotes the
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Table 1. Specimens examined in this study.

Mixture TiO2 content Equilibrium
(Muan 1992) (wt%) temperature (8C)

13 5 1483
4 10 1488

15 15 1483
5 20 1488
6 25 1483

(a) (b)

(c) (d)

Figure 2. The microstructure of equilibrated and quenched specimens in the NiO± TiO2
system with (a) 5, (b) 10, (c) 15, and (d) 20 wt% TiO2. The specimens were equilibrated
at 14838C or 14888C. These are DF TEM images formed with the spinel (220) re¯ ection
near the [001] pole, which is common to the two cubic phases. The spinel appears
bright, and the NiO(ss) dark, in the images.



nickel titanate spinel. In the micrographs, the spinel appears bright and the NiO(ss)
appears dark.

In the spinel-rich regions of the microstructure shown in ® gure 2 there are ® nely
dispersed regions of NiO(ss) (a few nanometres across). There is no apparent textur-
ing to this NiO(ss) and the scale of the modulations does not correlate with the TiO2

mass fraction of the specimens. In its scale and morphology, this spinel± NiO(ss)
dispersion arises from the decomposition which occurs during quenching of an
initially homogeneous non-stoichiometric spinel. A selected-area di� raction (SAD)
pattern representative of these specimens, shown in ® gure 3, indicates that the
NiO(ss) and the spinel in these quenched specimens are near their stoichiometric
compositions `NiO’ and `Ni2TiO4’ . If any signi® cant non-stoichiometry had been
retained during quenching, either di� use re¯ ections, indicative of randomly distrib-
uted point defects, or additional superlattice re¯ ections, indicative of point-defect
ordering, would be expected. Neither di� use, nor superlattice, re¯ ections are present
in ® gure 3. (Di� use re¯ ections have been observed in X-ray di� raction (XRD)
patterns of spinel-containing nickel titanates with ternary additions of MgO and
CoO (De Graef et al. 1985).)

The microstructures in ® gure 2 are presumed to be nearly stoichiometric NiO
and Ni2TiO4, which evolved during quenching from a non-stoichiometric spinel,
and can be designated Ni2… 1‡ x † Ti1¡ x O4. This formula assumes that the cations are
all of the oxidation states Ni2‡ and Ti4‡ . The parameter x characterizes the degree of
non-stoichiometry, or non-equimolarity, and is a substantial fraction of unity. At
14808C, it ranges from 0.37 to 0.70, as can be deduced from the phase diagram.

The other principal feature of the microstructure is the NiO(ss) regions which are
about 100 nm in size and lie between the spinel-rich regions. The size and volume
fraction of these NiO(ss) regions decrease with increasing TiO2 mass fraction. The
interfaces between the spinel-rich and NiO(ss) regions tend to be faceted along {100}
planes. In the 15 and 20 wt% TiO2 specimens these NiO(ss) regions take the form of
cuboidal particles distributed throughout the spinel-rich matrix. In the 5 and 10 wt%
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Figure 3. Selected-area di� raction pattern characteristic of the specimens shown in ® gure 2,
together with a corresponding schematic. The pattern was recorded at the [001]pole of
the cubic phases. The patterns of the two phases superimpose so that
(hkl † p ˆ … 2h 2k 2l† s.



TiO2 specimens the NiO(ss) regions are not equiaxed, and appear to form an inter-
connected network.

The microstructure of the specimen containing 25wt% TiO2 is shown in ® gure 4.
The specimen is oriented near the [112]zone axis of the cubic phases, which is nearly
coincident with the [1120Š zone axis of the ilmenite phase; this phase is referred to
hereafter as NiTiO3. Figures 4(a) and (b) show SB DF images formed with the (1104)
re¯ ection of the NiTiO3 and the (220) re¯ ection of the spinel, respectively. The bright
regions in the two images are (a) NiTiO3 and (b) spinel. The NiO(ss) is the darkest of
the three phases in both ® gures.

In this lamellar microstructure, alternate lamellae are composed of the hexagonal
close-packed NiTiO3 and the cubic close-packed spinel and/or NiO(ss). Some of the
narrower lamellae are composed entirely of the NiO(ss). In the broader lamellae of
the cubic close-packed oxides the regions adjacent to the NiTiO3 lamellae tend to be
NiO(ss), whereas the interior of the lamellae exhibit the nanometre-scale spinel and
NiO(ss) seen in ® gure 2. Larger pockets of the NiO(ss) appear to emanate from the
phase boundaries with the NiTiO3, consistent with their nucleation during quench-
ing, possibly from mis® t dislocations at the phase boundary. In contrast to the larger
NiO(ss) regions in ® gure 2, these pockets form relatively isotropic interfaces with the
spinel.

A selected-area di� raction pattern from this region of the specimen is shown in
® gure 5. This SAD pattern indicates that the interfaces between the cubic- and
hexagonal-close-packed oxides exhibit the usual low-energy epitactic relationships,
vis. f 111g cubick … 0001† hex, h110i cubick h1100i hex.

The phase boundaries between the lamellae are not strongly faceted. However,
the presence of the NiO(ss) separating the spinel and NiTiO3 lamellae indicates
phase separation during quenching. Therefore, the relatively non-faceted interfaces
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(a) (b)

Figure 4. The microstructure of an equilibrated and quenched specimen with 25 wt% TiO2.
The specimen was equilibrated at 14838C. It was oriented at the [112]pole of the cubic
phases, which nearly coincides with the ‰1120Š pole of the ilmenite-structured phase: (a)
using (1104† re¯ ection of the ilmenite-structured phase which thus appears bright; and
(b) using (220† re¯ ection of the spinel-structured phase which now appears bright. The
NiO(ss) appears darkest in both images.
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Figure 5. Selected-area di� raction pattern corresponding to the images in ® gure 4 together
with the corresponding schematic. The pattern was recorded at the [112] pole of the
cubic phases, which nearly coincides with the [1120Š pole of the ilmenite-structured
phase. The re¯ ections (0006) ilm and … 111† p= … 222† s, labelled `A’, appear to superimpose.
Re¯ ections … 3300† ilm and … 220† p=… 440† s are collinear with the direct beam, but the
former is displaced slightly further away than the latter.

(a)

(b)

Figure 6. SEM images of the 25 wt% TiO2 containing specimen showing families of
lamellae. In these images, the NiO(ss) appears brightest and the ilmenite-structure
phases darkest. In (a) note the two distinct families of lamellae; and in (b) the lower
magni® cation image shows lamellae lying on a single set of planes.



may have evolved during the quench. A larger area of the specimen, imaged with
secondary electrons in a scanning electron microscope, is shown in ® gure 6. All of the
microstructural features shown in the TEM image in ® gure 4 can also be seen in
® gure 6(a). In addition, ® gure 6(a) depicts a region of the two-phase specimen in
which NiTiO3 lamellae are oriented along two di� erent {111} planes of the spinel. At
places where the two families of lamellae intersect, the regions composed of the cubic
oxides appear as parallelograms in the planar section imaged with the SEM. Figure
6(b) shows that colonies of lamellae extend over a large area of the specimen. The
lamellar spacing varies, but has an average width of about 100 nm.

} 4. Discussion
A preliminary survey of the microstructural features of these specimens has been

reported previously (Anderson et al. 1990). An earlier study of the microstructures of
equilibrated and quenched spinel-containing nickel titanates was reported by
DeGraef et al. (1985). These authors were able to show that specimens such as
those in ® gure 2 were composed of both spinel and NiO(ss). Previous characteriza-
tion of these specimens by XRD and electron probe microanalysis (EPMA) had
incorrectly identi® ed them as single-phase materials because of the perfect alignment
of the two phases. The coherent phase boundaries between the two phases allowed
their XRD patterns to be indexed as a single phase with space group Fd3m , and the
approximately 100 nm scale of the two-phase mixture made the specimens appear
homogeneous on the scale of the resolution of EPMA (about 1mm).

In contrast with the ® ndings of the present study and a consideration of the
correct phase diagram, De Graef et al. (1985) had concluded that there was a con-
tinuous transition with increasing TiO2 content between the 100 nm faceted and the

5 nm isotropic NiO(ss) regions. The present study identi® es these morphologies as
distinct features of the microstructure, which are present to some extent in all
specimens with su� ciently low TiO2 content, so that the NiTiO3 is absent. De
Graef et al. also suggested, on the basis of high-resolution electron micrographs,
that the interfaces between the NiO(ss) and spinel change from being abrupt in
specimens with low TiO2 content (as in ® gure 2(a)) to being continuous in specimens
with higher TiO2 content (as in ® gure 2(d)). However, the abrupt transition reported
by these authors is characteristic of the faceted interfaces, imaged edge on, whereas
the reported continuous transition between the two phases probably re¯ ects the
superposition of the nanometre-scale phase modulations through the thickness of
the foil. The absence of either di� use re¯ ections or superlattice re¯ ections in the SAD
pattern (® gure 3) indicates a low quenched-in point-defect concentration, which is
inconsistent with such a continuous transition between the di� erent phases.

The linear features seen in ® gure 2 are most probably antiphase boundaries
(APBs). In the spinel, these planar defects do not, to a ® rst approximation, a� ect
the anion sublattice. They are, in e� ect, stacking faults on the cation sublattice. As
such, they may in¯ uence the nucleation of NiO(ss) during quenching.

The reaction path during the cooling of the samples, as it follows from the phase
diagram in ® gure 1, will be discussed next.

4.1. With 5 wt% TiO2, T … eq† ˆ 14838C
At the annealing temperature of 14838C, the system is in the two-phase ® eld

NiO(ss) ‡ spinel (ˆ ss ‡ S† , but contains mainly ss. In the ® rst stage of cooling to the
eutectoid temperature, the NiO(ss) becomes poorer in TiO2, i.e., spinel is precipi-
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tated, adding to the spinel already present at the annealing temperature. After the
system has cooled to below the eutectoid temperature, T (eut), the remaining spinel
should decompose into NiO(ss) and NiTiO3 according to the equilibrium phase
diagram. However, formation of NiTiO3 requires a signi® cant structural rearrange-
ment of the immobile O ions (pseudo-fcc to pseudo-hcp), and the available driving
forces from undercooling are always small. Such driving forces are of the order of
… T =T † = H trans; typically H is 10± 20kJ mol¡ 1 in ionic materials when the
transformation involves only cation rearrangement (Navrotsky and Schmalzried
1975). The observations show that instead of NiO(ss) and NiTiO3, almost stoichio-
metric NiO and spinel, Ni2TiO4, are formed during decomposition, indicating that
the transformation from fcc into hcp is a slow process, and that kinetics dictates the
course of the reaction path. The nucleation of NiTiO3 is avoided.

As can also be seen from the phase diagram, the non-stoichiometric stable spinel
which exists at T > T (eut) contains a surplus of NiO which is exsolved during the
cooling process. This exsolution below T (eut) accounts for small-sized NiO precipi-
tates inside the spinel. If the spinel platelets, which originally were oriented mostly on
{100} planes, are thin enough, the NiO is precipitated at the surface of the platelets,
thus avoiding nucleation inside the spinel bulk. If the spinel plates are thicker, then
often a depleted spinel zone can be seen near their surface, again due to the outward
di� usion of Ni ions towards the NiO(ss)/S interface in order to avoid the nucleation
of NiO in the bulk again.

The depleted zone is of the order of 10¡ 6 cm; if it is assumed that the quench time
is 2 s, the Ni di� usivity is 10¡ 126 cm2 s¡ 1. This is a most reasonable value for a
di� usivity of a divalent cation in a spinel over a temperature range between 12008C
and 13008C. Below this temperature, di� usion will be too slow.

4.2. With 10wt% TiO2, T … eq† ˆ 14888C
From the phase diagram, it can be seen that this system is single phase before

quenching. When the limit of the spinel ® eld is crossed during cooling, NiTiO3

should be exsolved and the remaining spinel should become richer in NiO until
T (eut) is reached. However, for the same reason as outlined above, the formation
of NiTiO3 does not occur.

Below T (eut), the supersaturated spinel decomposes as before to give NiO and
almost stoichiometric spinel; the amount of NiO to be precipitated is now much less
than with the 5% TiO2 sample, with the consequent changes in the microstructure,
as can be seen from ® gure 2(b).

As long as the spinel is above T (eut) during cooling, the supersaturation in NiO
is not high. Therefore, the nucleation of NiO in the spinel is correspondingly slow,
leading to a small number of nuclei which eventually become large, and intercon-
nected cuboid NiO precipitates. This occurs mainly below T (eut), where the super-
saturation increases sharply, and further NiO is added to the already existing
precipitates. Again, depleted zones form near the NiO/S interface with additional
NiO precipitating in the spinel bulk.

Since, during quenching, the 15 wt% and 20 wt% TiO2 samples both start from
the single-phase spinel ® eld, nothing is di� erent in principle from the behaviour of
the 10wt% TiO2 sample, except that the ratio NiO/S decreases. The microstructure
re¯ ects this decrease, as illustrated in ® gures 4(c,d).

Figure 2(a) showed spinel that was essentially exsolved from supersaturated
NiO(ss) with NiO exsolved from this newly formed spinel below T (eut). By contrast,

908 I. M. Anderson et al.



for the samples shown in ® gure 4(b± d), NiO is always exsolved from supersaturated
spinel. The precipitation of NiO(ss) above T (eut) and that below T (eut) should be
distinguished, as already discussed.

4.3. With 25 wt% TiO2, T(eq)= 14838 C
With this composition, the equilibrated sample is de® nitely located in the two-

phase ® eld spinel± NiTiO3 before the quench, as can be seen from the phase diagram.
Figures 4 and 6 indicate that the microstructure at T(eq) consists of lamellae of the
spinel and the NiTiO3 phases. During cooling to T (eut) the spinel becomes poorer in
TiO2 according to the phase diagram, and NiTiO3 must precipitate out. This new
precipitation can be seen in ® gure 4(a), where the precipitated NiTiO3 is added to the
surface of the initially existing NiTiO3. The banding seen at the boundary between
the M and N phases in ® gure 4(a) are di� raction-contrast thickness fringes which are
present because the interface is inclined to the electron beam (Williams and Carter
1996).

After crossing T (eut), the non-stoichiometric spinel becomes unstable as dis-
cussed in } 4.1 and } 4.2, but again does not decompose into the equilibrium phases,
i.e., NiO and NiTiO3, but instead forms NiO and stoichiometric spinel, thus retain-
ing its immobile oxygen sublattice.

Regions within the lamellae at which pockets of the NiO(ss) emanate from the
interface with the NiTiO3 may indicate a heterogeneous nucleation site for decom-
position of the spinel, such as a mis® t dislocation. The dimension of these pockets of
NiO(ss), about 50 nm, can provide a realistic estimate of the typical di� usion length
during quenching. Note also in ® gure 4 that the metastable spinel spans the lamellae
in some places.

It can be seen that all the geometrical features of the microstructure of the
specimens investigated can be explained consistently by the reaction path read
from the phase diagram by Muan and given in ® gure 1. Two points, however, should
be noted.

(1) It was assumed that the (non-stoichiometric) spinel does not decompose
below T (eut) into NiO(ss) and NiTiO3 as the equilibrium diagram would
suggest, but instead into NiO and Ni2TiO4. This decomposition is kinetically
more favourable, is in line with Ostwald’ s rule, and is corroborated by
experiment.

(2) Demixing and decomposition are diffusive transport processes which need
time. At some stage of the cooling process the systems lag behind their
corresponding equilibrium values and eventually may be frozen in.

Kinetic data on cation redistribution in the sublattices and di� usion coe� -
cients in similar systems give information on the freezing in. At about 10008C,
the relaxation time for the cation redistribution is of the order of one second
(Becker and Rau 1992, RoÈ ttger and Schmalzried 1996, Baeckermann and Becker
1998). The measured chemical di� usion coe� cient in the non-stoichiometric spinel
Ni2¡ 2x Ti1‡ x O4 depends on x and T . At T ˆ 15098C, it is larger than 10¡ 9 cm2 s¡ 1

(Laqua, et al. 1977). The self-di� usion coe� cient of Ni2‡ in the stoichiometric
spinel is estimated to be of the order of 10¡ 12 cm2 s¡ 1 at 1200± 13008C
(Schmalzried 1971). These numbers ensure that, given the quench times of 2 s,
below T (eut) there is enough time to homogenize the decomposed phases and to
bring them close to the compositions which the equilibrium phase diagram of
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Muan requires. The exception is the stoichiometric spinel, which forms as a
metastable phase for kinetic reasons.

It is true that the driving forces for the decomposition process near T (eut) are
small, as stated above. On the other hand, the fact that all the phases involved here
are structurally similar, in particular those with the rocksalt and the spinel structure,
indicates that the interfacial energies are also relatively small, so that the observed
microstructures with their relatively large interfaces can develop.

The lattice parameters of the two cubic phases are well matched. Although the
spinel phase has never been isolated from the NiO(ss), extrapolation of the lattice
parameter of the two-phase mixture to the ideal endmember composition Ni2TiO4

suggests that the lattice mismatch with pure NiO is only about 0.1% (Armbruster
1981). Moreover, the oxygen sublattice of Ni2TiO4 is very nearly an ideal cubic
close-packed array (as measured by the so-called oxygen parameter u).

} 5. Summary
The microstructures of equilibrated and subsequently quenched NiO± TiO2

mixtures containing 5, 10, 15 20 and 25 wt% TiO2 have been examined by elec-
tron microscopy. The specimens up to 20 wt% TiO2 were composed of NiO(ss)
and almost stoichiometric spinel, often with small-scale NiO(ss) inclusions in the
spinel phase. The NiTiO3 phase expected from the phase diagram to occur in
equilibrium with NiO(ss) has not been found in these samples, which indicates a
kinetic impediment for the formation of NiTiO3 during the short period of the
quench.

In essence, all the morphological features found experimentally upon cooling are
in agreement with the phase diagram as given by Muan (1992), and the correspond-
ing reaction paths, with one exception: the non-stoichiometric spinel Ni2¡ 2x Ti1‡ x O4

is kinetically impeded from transforming into NiTiO3. It decomposes instead into
NiO and Ni2TiO4.
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