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The phase relations in the system NiO-TiO, were studied between 1000 and 1600°C using quenched
powder specimens, DTA runs, and single crystal diffusion couples. Quenching experiments establish
the stable phases TiO, (rutile), NiTiO, an ilmenite structure type, Niy, ., Ti,_,O, (x = 0.16), a cation-
excess spinel, and Ni, , . Ti,.O (rocksalt structure type). DT A runs reveal the existence of an additional
nonstoichiometric ilmenite phase Ni,_,, Ti,, 0, (x = 0.03) above 1260°C. In quenched (1500, 1450°C)
or slowly cooled single crystal diffusion couples, mutual oriented exsolutions sccur in the rutile crystal
and in the ilmenite diffusion zome. Orientation relations are: {101},ymell {1120} menite;
(010)y4ite | (00.1)ymenne- The cation-excess spinel decomposes below 1375°C into oriented intergrowth

of NiTiO (ilmenite) and NiO: {111}/ {0001} imi0,3 {110)i0[1{21.0)imio.

Introduction

Randomly distributed point defects in a
crystal structure can migrate to form a
superstructure or can gather into single
structural complexes only to disappear by
ordering to an intermediate phase with a
different crystal structure. Such accumula-
tions of defects or formations of intermedi-
ate phases have been demonstrated for
oxides of transition metals, €.g., niobium,
tungsten, molybdenum, rhenium, and tita-
nium. The homologous series Ti,0,,_,, for
instance, can be derived by crystallo-
graphic shearings of the nearly close-
packed oxygen lattice in rutile. The ar-
rangement of oxygen ions remains almost
unaffected, whereas the distribution of oc-
tahedrally coordinated cations is changed.
With increasing condensation of octahedra
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(decreasing n), the valence of titanium de-
creases. Therefore, the so called crystallo-
graphic shear structures have their stability
range at low oxygen pressures. Substituting
Ti*+ by Fe?*, V3, or Cr** such phases are
even stable in air at elevated temperatures.
Surprisingly, nothing is reported in the lit-
erature about intermediate structures as a
consequence of defect accumulations in
rutile specimens wherein Ti** is partially
substituted by divalent cations. Diffusion
experiments with divalent cations in rutile
show a diffusion mechanism along isolated
point defects or interstitial positions (I).
The system NiO-TiO, was selected to in-
vestigate the existence of intermediate
structures or exsolutions in rutile (TiQO,)
based on ordering of defects which result
from the charge deficiency of divalent cat-
ions. The choice was made because Ni2*
has a similar ionic radius (Ni'V?: r = 0.070
nm) to Ti** (Ti"": r = 0.0605 nm) (2), a
high octahedral site preference, and is quite
stable with regard to oxidation.
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Previous Work

The first systematic high-temperature in-
vestigation in the system NiQO-TiQ, was
carried out by Birnbaum and Scott (3), who
described NiTiO, with ilmenite structure
(R3) as the only binary compound. These
results were confirmed by the work of
different scientists (4-9), who used either
powdered oxides for high-temperature re-
actions, or coprecipitated TiO, hydrogels
and organic Ni?* complexes as precursor
phases to maintain higher reactivity.
Loshkarev and Sycheva (7) concluded
from conductivity measurements that at
1350°C up to 3% Ti** can be dissolved in
the p-type semiconductor Ni,_,O.
Klesheev and Scheinkman (6) as well as
Satow et al. (10) could not prove solubility
of Ni?* in rutile. Barber and Farabaugh (/1)
observed (001), [100] glide planes in 0.1
mol% NiO-doped rutile single crystals. Za-
harescu and Macarovici (12) published the
first complete phase diagram, which is
characterized by a eutectic between rutile
and NiTiO; at 1450°C and 35 wt% NiO and
a second eutectic at 1615°C and 60 wt%
NiO between NiTiO, and NiO. Bayer and
Florke (13) showed that there is also a
phase with spinel structure and they pro-
posed the composition Ni, TiO,. Werner
and Gebert (I4) concluded from micro-
probe analysis of spinel single crystals,
grown by diffusion (1500°C), that the com-
position must be Ni;TiO;. Armbruster (15)
and Laqua er al. (16) showed that this
unusual composition of a spinel phase can
be related to an endmember at 1500°C of
the hitherto unknown solid solution series
Niy+,Ti,_ .0, (15). Shimura and Kawa-
mura (/7) described a new orthorhombic
phase Ni;TiO,, which was crystallized by
slow cooling in a sodium borate flux. Re-
cently, an improved phase diagram has
been published by Laqua et al. (16) show-
ing the stability range of the solid solutions
Ti,_,.Ni, 0, (rutile), NiTiO, (ilmenite), and
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Ni,_.Ti,,O (rocksalt-spinel type) on the
NiO-TiO, join (Fig. 1). Melting of NiTiO,
was observed at 1530°C in the NiO-poor
region and at 1580°C in the NiO-rich region
of the phase diagram.

Experimental

a. Powder Experiments

To reinvestigate the NiO-TiO, phase dia-
gram, mixtures of powdered oxides NiO
(Baker 1153) and TiO, (Kronos R-1053)
were homogenized by grinding under ace-
tone in an agate ball mill, pressed to tablets,
prereacted 24 hr at 1000°C, again homoge-
nized, and finally pressed to discs. Samples
were prepared with compositions varying
in steps of 5 mol%. The time-consuming
preparation procedure was necessary to
obtain equilibrium conditions for the high-
temperature treatment. Fractions of the
samples were quenched in water after
equilibrating 24 hr up to 1 week at selected
temperatures in a vertical rhodium-wound
furnace. The temperature was controlled
by an EL-18 thermocouple. Quenching was
carried out by releasing a platinum wire on
which a platinum sieve containing the sam-
ple was fixed, so that the sample was
dropped through the bottom of the vertical
tube, where it was rapidly quenched in
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FiG. 1. Improved phase diagram NiO-TiO, accord-
ing to Laqua et al. (16). R, Rutile; IL, ilmenite; SP,
spinel; RS, rocksalt structure NiO.
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FiG. 2. Cross-sectional view through the furnace
and the quenching device constructed for the reinves-
tigation of the phase diagram. (1) Gas outlet; (2)
quenching device (brass), pulling the handle unhooks
the sample; (3) alumina tube; (4) platinum sieve with
sample; (5) furnace; (6) gas inlet; (7) aluminum foil
held between two Teflon gaskets and fastened with a
brass screw-ring; (8) water beaker.

water (Fig. 2). To prevent partial high-
temperature reduction of Ti4*, the reaction
tube was continuously flushed by oxygen.
DTG runs indicated that Ni%* will not be
oxidized under those conditions. The
phases present after high-temperature
treatment were identified using X-ray dif-
fraction (Huber-Guinier type camera,
CuK «a, radiation, silicon as internal stan-
dard). Cell dimensions were refined with
reflections between 25 and 95° 2 6. Film
intensities were measured with a photom-
eter. High-temperature Guinier photographs
(Enraf-Nonius camera, CuKqa radiation)
were taken from selected powder mixtures.

Exsolutions and grain size were checked
by optical microscopy using polarized,
reflected light for air and oil immersion.
From all prereacted (1000°C) powder mix-
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tures, DTA/DTG runs were carried out
using a Mettler instrument with a cooling
and heating rate of 5°C/min and 10°C/min,
respectively. In order to prove stoichiome-
try selected samples were analyzed by elec-
tron microprobe.

b. Single Crystal Growth

To verify the existence of the phase
Ni;TiO, described by Shimura and Kawa-
mura (17), single crystal synthesis by slow
cooling in a sodium borate flux was used.
Composition of the crystals was deter-
mined by standard chemical methods for
Ni, Ti, B, and Na. Single crystals of the
spinel phase in the system NiO-TiQO, were
grown by a diffusion method according to
Florke, as described by Werner and Gebert
(14). Fractions of rutile single crystals or
powder tablets were placed in a NiO pow-
der bed, annealed 4 weeks at 1450 or
1500°C, respectively, and subsequently
quenched by water. NiO single crystals (20
X 5 x 5 mm) were grown using the horizon-
tal floating zone technique by Saurat and
Revcolevschi (18).

c. Diffusion Experiments

Zone moiten NiO single crystals and ver-
neuil grown rutiles (Lindes Corp., New
York) were used for diffusion runs. NiO (3
X 3 X 3 mm) and TiO, (6 X 6 X 6 mm)
single crystals were held, with finely pol-
ished faces in contact, by a platinum wire.
The original boundary between the differ-
ent-sized single crystals acts as a marker in
determining the direction of diffusion.
Rutile single crystal boules were oriented
parallel (001), (110), and (i00) within an
angular deviation of *=2°. Orientation of
rutile was maintained following the favored
natural cleavability along (110) and moni-
tored by the X-ray Laue backreflection
method. For studies of the diffusion profile
by scanning electron microscopy, both
crystals were cut into cubes and polished
on all faces, then fastened together in such
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a way that the reaction zone could be
observed parallel as well as perpendicular
to the direction of diffusion. Single crystal
diffusion experiments were performed in
duplicate at 1450 and 1500°C under a neu-
tral atmosphere. One single crystal couple
was quenched by water while the other was
slowly cooled down with the furnace. The
high-temperature heating time was 3 and 6
weeks. Fractions of the specimen were
analyzed by the X-ray precession method
(Ni-filtered CuK « radiation), reflected light
microscopy, scanning electron microscopy,
and electron microprobe.

Results

Quenching experiments between 1000
and 1600°C establish the stability ranges of
the phases TiO, (rutile), NiTiO; (ilmenite
type), Nigqy 5 Ti;_,04 (x = 0.16), a nonstoi-
chiometric spinel phase classified as cation-
excess spinel, and Ni,_,,Ti,O (x = 0.02), a
rocksalt structure-type. Melting of the il-
menite phase occurred at 1520°C in the
rutile-ilmenite assemblage and at 1560°C in
the spinel-ilmenite stability field. Those
powder genching results compare favor-
ably with those obtained by Laqua et al.
(16). Additional, hitherto unknown infor-
mation about a second ilmenite phase is
evident from DTA measurements and sin-
gle crystal diffusion couples.

High and Low Ilmenite

DTA/DTG heating experiments of il-
menite-type-containing samples reveal a
sharp endothermic DTA peak at 1260 +
10°C without any weight change of the
samples. Cooling of these specimens from
1500°C results in an exothermic DTA peak
at 1280 = 10°C. Such DTA curves, where
the heating peak occurs at lower tempera-
tures than the cooling peak, cannot be
explained by simple phase transformations
without change of stoichiometry. Even dis-
placive transformations show a normal hys-
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teresis. Neither by optical investigation of
samples quenched from 1000, 1200, 1450,
and 1550°C, respectively, with the bulk
composition NiTiO,, nor by unit cell
refinements, could any structural change be
confirmed. Independent of the quenching
temperature, all NiTiO; powder specimens
show the same cell dimensions (a, = 0.5031
(1) nm, ¢, = 1.3785 (2) nm)*). Bowever, X-
ray powder reflections obtained from sam-
ples quenched from 1450 and 1550°C be-
come diffuse (Table I). High-temperature
Guinier photographs of NiTiO, samples ex-
hibit a slight increase in slope of the thermal
expansion curve above 1260°C. Neverthe-
less, this discontinuity is not significant.
Because of the permissible load of the
heating element, measurements were possi-
ble only up to 1350°C. In all cases X-ray
reflections were consistent with space
group R3. As demonstrated later by single
crystal diffusion experiments, these results
can be understood only if there is a nonstoi-
chiometric phase Ni,_,,Ti,, O, or two sub-
microscopically intergrown phases above
1260°C (called high-ilmenite), with a struc-
ture very similar to the ilmenite phase be-
low 1260°C (low-ilmenite). The low- to
high-ilmenite transition and vice versa, re-
spectively, must be accompanied by an
exsolution of a further phase, hitherto not
detected by X-ray powder techniques.

Spinel Solid Solution

The formation of a spinel phase in the
system NiO-TiO, is connected with an
endothermic DTA heating effect at 1375 =
10°C without any weight change, so that
reduction or oxidation must be excluded.
At 1375°C the DTA effect which is charac-
teristic of spinel formation increases
sharply and then shows a flat shoulder until
saturation of the solid solution is reached.

! Standard deviations are given in parentheses and
refer to the last digit.
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TABLE I
d-VALUES (nm) AND X-RAY POWDER INTENSITIES OF THE ILMENITE PHASES (R3) in THE SYSTEM NiO-TiO,

Low-ilmenite

High-ilmenite

Tempered at

1550°C +
Tempered at retempered Quenched from Quenched from
1000°C at 900°C 1450°C 1550°C
hk | d(nm) 171, d(nm) 11, d(nm) /1, d(nm) /1,
01 2 0.368 50 0,368 52 0.368 45 0.368 47
10 4 0.2704 100 0.2704 100 0.2702 100 0.2703 100
110 0.2517 85 0.2517 84 0.2516 71 0.2515 70
113 0.2206 40 0.2207 40 0.2208 35 0.2206 25
20 2 0.2077 <2 0.2078 <2
02 4 0.1841 42 0.1841 42 0.1841 38 0.1842 29
116 0.1697 60 0.1696 61 0.1696 48 0.1696 47
122 0.1602 10 0.1602 9 0.1602 9 0.1601 9
21 4 0.1486 32 0.1486 32 0.1486 22 0.1486 25
03 0 0.1452 38 0.1452 38 0.1452 27 0.1452 22
1010 0.1314 9 0.1315 10 0.1315 3 0.1315 3
220 0.1258 10 0.1258 11 Diffuse Diffuse
03 6 0.1228 <2 0.1228 <2 Diffuse Diffuse
22 3 0.1213 <2 0.1213 <2 Diffuse Diffuse
12 8 0.1190 10 0.1191 10 Diffuse Diffuse
13 4 0.1141 10 0.1141 10 Diffuse Diffuse
22 6 0.1103 10 0.1104 10 Diffuse Diffuse
2110 0.1057 14 0.1057 13 Diffuse Diffuse
40 4 0.1039 16 0.1039 16 Diffuse Diffuse

ay = 0.5031 (1) nm
co = 1.3785 (2) nm

a, = 0.5030 (1) nm
co = 1.3786 (2) nm

The following spinel compositions, which
are Ti**-saturated members of the solid
series, were determined by electron micro-
probe:

1400°C: Nij; 4 Tiy 450,
1500°C: Ni, 40 Tiy 4,0,
1550°C: Ni, 5, Tig 4,0,

The stoichiometric spinel composition
Ni, TiO, could not be obtained within the
solidus range. Finely ground spinels are
grey-green colored and cannot be distin-
guished from pure NiO. Unit cell dimen-
sions refined from Guinier photographs
(space group Fd3m) show a slight in-
crease with decreasing Ti** concentration
(Table II). Extrapolation to NiO yields a

cell dimension of 0.8348 nm which agrees
well with the double cell of NiO in the
space group Fm3m. Extrapolation to the
hypothetical composition Ni,TiO, results
in 0.8340 nm. Slow cooling of the cation-
excess spinels or retempering below
1375°C causes decomposition of the
spinel structure:

Niy40Ti; Oy —
(B3x + 1) NiO + (1 — x) NiTiO,

Optical study of decomposed samples re-
veals lamellar or tabular exsolutions along
four directions in a randomly cut mother
crystal. Precession photographs indicate
that NiTiO, (ilmenite) and NiO (rocksalt
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TABLE II

d-VALUES AND X-RaY POWDER INTENSITIES OF THE SPINEL PHASE (Fd3m) Niy,, ,,Ti,_,0,

NiO
Ni,  Tiy 5O, Niy g7 Tig 6104 Nis 27 Ti0.3604 Nig 62 Ti0.1004 ASTM 4-835

hkl d (nm) 1/1, d (nm) 1/1, d (nm) /1, d (nm) 1/1, d (nm) /I,
111 0.4817 30 0.4820 28 0.4828 11 0.2828 5 — —
220 0.2949 39 0.2950 33 0.2952 11 0.2953 6 —_ —
311 0.2513 100 0.2514 88 0.2516 40 0.2517 19 — —
222 0.2408 35 0.2410 62 0.2407 82 0.2410 87 0.2410 91
400 0.2086 62 0.2085 100 0.2085 100 0.2087 100 0.2088 100
331 0.1914 2 0.1915 4 — — — — — —
422 0.1703 15 0.1702 14 0.1703 <1 0.1704 <1 —_ —
511 0.1606 45 0.1606 28 0.1606 15 0.1606 9 — —
440 0.1475 65 0.1475 79 0.1475 68 0.1475 49 0.1476 57
531 0.1410 <1 0.1410 <1 —_ — — — _— —
620 0.13189 4 0.13187 3 0.13204 <1 0.13197 <1 — —
533 0.12722 11 0.12722 11 0.12728 <1 0.12725 <1 — —
622 0.12574 12 0.12577 26 0.12582 34 0.12584 30 0.1259 1

444 0.12038 12 0.12041 37 0.12047 27 0.12045 19 0.1206 13
642 0.11149 a 0.11151 a 0.11149 a 0.11156 a — —
731 0.10862 @ 0.10863 o 0.10869 a 0.10868 a — —

25% TiO, 20% TiO, 10% TiO, 5% TiO, 0% TiO,
Tozo/Tato 0.60 0.42 0.16 0.12 0
a,y (nm) 0.8342 (1) 0.8343 (1) 0.8346 (1) 0.8347 (1) 0.835

2 Intensity not measured.

type) are mutually oriented (Fig. 3) obeying
the law:

{111} ol | {OOOI}NiTiq,;
(110) nyo|| (21.0)nitioy-

Associated with this exsolution is a sym-
metric, sharp exothermic peak in DTA-
cooling experiments. Such peaks show a
characteristic hysteresis according to the
saturation temperature of the spinel solid
solution. The decomposition temperature
also depends on the grain size of the spinel
starting material. When retempering origi-
nally quenched spinel samples at 1260°C in
a high-temperature Guinier camera, no ad-
ditional X-ray reflections other than of il-
menite (NiTiO,), the rocksalt structure
type (NiO), and spinel could be found. It
seems likely that ilmenite nuclei arise in the
spinel lattice by crystallographic shearing

along the close packed oxygen layers con-
temporaneously with cation diffusion pro-
posed by Kachi et al. (19). All X-ray spinei
powder patterns could be indexed in the
space group Fd3m. Intensity measure-
ments of the powder diffraction lines as a
function of increasing Ti** content show a
significant increase in the intensities which
result from doubling the NiO (Fm3m) cell
dimensions. However, reflections of the
type Okl: (k, 1) = 2n (hOl: (h, 1) = 2n, hkO:
(h, k) = 2n) obey the additional limitation k
+1=4n(h +1 = 4n, h + k = 4n). The
characteristic difference between the
spinel- and the rocksalt-type (NiQ) consists
in occupation of tetrahedral sites and the
creation of octahedral vacancies in the
spinel. Two-thirds of the cations in the
spinel-type are ordered on octahedral and
one-third on tetrahedral sites, whereas in
the rocksalt-type all octahedra but no tetra-
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F1G. 3. Decomposed spinel sample due to retemper-
ing of a spinel at 1250°C. Oriented NiTiO, exsolution
lamellae are intergrown with NiO. The NiO host
crystal is cut nearly parallel {111} (reflected light
photograph using polarized light and oil immersion).

hedra are occupied in a cubic close-
packed lattice of oxygen ions. In the
Niy4 0 Ti; O, cation-excess spinels, addi-
tional sites must be occupied. In this case
there are not only 24 cations in a spinel unit
cell (Fd3m) like in a stoichiometric spinel
but 24 + 8x cations. To evaluate the cation
distribution in spinels, a simple method (20)
which uses the powder intensity ratio of the
(220)/(440) lines was adapted to the non-
stoichiometric Ni, . ,,Ti,_,O, spinels. The
(220)-intensity is independent of the occu-
pation of octahedral coordinated cation po-
sitions in Fd3m (16 d and 16 ¢ (21)). There-
fore the (220)-intensity is related to the
occupancy of tetrahedral sites (8 a and 8 b),
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whereas the intensity (440) depends on all
cation positions of a spinel and can be used
as a unit of reference. Inspection of Table II
indicates that with increasing Ti*t concen-
tration the (220)/(440) intensity ratio in-
creases. Even if it is evident that with
increasing Ti** content more tetrahedra are
occupied, it still remains questionable if
Ni2* or Ti** possesses tetrahedral coordina-
tion. In the literature there is only one
example, where Ti** occupies some tetra-
hedral sites in a spinel: Ni,_  Fe,,_,,Ti,.O,
(22, 23). Examples for Ni2* in tetrahedral
coordination in a spinel are NiCr,O, and
NiALO, (24, 25).

Below 1375°C less than 2 mol% Ti4t can
be dissolved in the rocksalt structure of
NiO. One Ti** ion substitutes for two Ni2+
ions on octahedral sites with the creation of
one octahedral vacancy. X-Ray powder di-
agrams of such solid solutions Ni,_,,Ti,O
(x = 0.02) can be indexed in the space
group Fm3m. Above 1375°C more than 2
mol% Ti** can occur in a cubic close pack-
ing of oxygen ions; as a result, the rocksalt
structure type is changed into a cation-
excess spinel. Substitution of two Ni2* by
one Ti** is accompanied with occupancy of
one tetrahedron and creation of two octahe-
dral vacancies. This substitition is contin-
ued until a saturation composition is
reached which is specific for different tem-
peratures. In Ni,,Ti, ;O,, the saturation
composition for 1500°C, 6.4 cations are
assumed to be distributed on 16 possible
tetrahedral sites (8 a and 8 b), while 19.2
cations are distributed on 32 available octa-
hedral positions (16 ¢ and 16 d) per unit cell
(Fm3m). It is obvious that additional cat-
ions in those spinels will prefer a special
order to prevent deformational stress. Even
single crystal structure refinements, cur-
rently in progress, cannot clear the coordi-
nation of Ni?* and Ti** in Niy,,,,Ti,_,O,
spinels. The similarity in X-ray scattering
behavior makes it impossible to refine exact
cation distribution.
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“NisTiO,;”

An orthorhombic phase Ni;TiO, sug-
gested by Shimura and Kawamura (17) has
no stability range in the system NiO-TiO,.
Chemical analyses indicate that this com-
pound is not even a binary phase as as-
serted (/7). It seems that the hypothetical
Ni; TiO, is identical with the green nickel
titane borate reported by Marnier and Bolfa
(26) when applying a flux of similar compo-
sition. Our chemical analyses of crystals
with d-values conforming to ‘“Ni;TiO,”
(I7) reveal the composition Nig,Tij g
B,sNay.O; (calculated on the basis of 7
oxygen ions).

Diffusion Experiments

Single crystal diffusion experiments were
performed to investigate the succession of
different phases, solid solution range, exso-
lution phenomena, and diffusion mecha-
nisms. No attempt was made to describe
mutual cation diffusion by physicai chemi-
cal calculations. In the foreground of this
study stood the investigation of structural
coherency relations of diffusively grown
phases.

ILMENITE

RUTILE

T

. 2o
Ni0  mol % TiOz

FiG. 4. Left: Cut through a NiO-TiO, single crys-
tal diffusion profile, sample quenched from 1450°C.
The shaded area in rutile shows the range where Ni-
rich exsolutions were found. Right: Microprobe scans
over such a diffusion profile cannot discern such small
inclusions but provide an average analysis.
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FiG. 5. Epitaxial grown NiTiO; crystals on the
NiTiO, diffusion zone (SEM photograph).

In the system NiO-TiO,, the succession
of phases—rocksalt-, spinel-, ilmenite-, and
rutile-type—was observed in all samples
quenched from 1450 and 1500°C (Fig. 4). It
is striking that in all runs, independent of
the orientation of the rutile crystal, no
mechanical or even structural coherency
could be found between the spinel- and
ilmenite-type areas, although both struc-
tures relate to a close packing of oxygen
ions. A tiny hollow between both phases,
observed in all specimens, is filled with
epitaxial ilmenite crystals grown on the
ilmenite diffusion zone (Fig. 5). In contrast
to that a monocrystalline spinel body is
welded to the NiO single crystal without
any visible phase boundary. Electron mi-
croprobe scans indicate that the Ti** con-
centration decreases continuously in the
NiO single crystal (Fig. 4). The ilmenite



PHASE RELATIONS NiO-TiO,

s —

Fig. 6. Titanium-rich exsolutions in the randomly
oriented NiTiO, diffusion zone, specimen quenched
from 1450°C (microscopic photograph using polarized
light and oil immersion).

phase, which consists mostly of more than
one cracked crystal individual, is pene-
trated in the rutile mother crystal. Frequent
cracks in the ilmenite grains may arise from
tensions of the volume difference and the
varied thermal expansion of rutile and il-
menite. Electron microprobe scans over
the diffusion profile indicate that neither the
ilmenite nor the rutile zone is homogeneous
even if rapidly quenched in water (Fig. 6).
In rutile, lamellar or tabular exsolutions of
a nickel-rich phase developed in preferred
orientation to the rutile host crystal. Quan-
titative analysis of the exsolved bodies was
not possible, because the lamellae are less
than 0.1 um thick. The amount of the
exsolution lamellae increases toward the
ilmenite zone. Mutually oriented titanium-
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rich lamellae in the ilmenite diffusion zone
occur along the whole profile but increase
in frequency toward the rutile host crystal
(Fig. 7). Slowly cooled samples have fewer
and shorter exsolution lamellae which are
broader and more lense shaped compared
to those in the quenched specimens. This
phenomenon is well known and is in agree-
ment with the tendency of a body to mini-
mize the surface energy. Also these broad-
ened lamellae are still too small for analysis
by electron microprobe (< 1 yum). Further
retempering at 1200°C yields large, rounded
exsolution bodies in rutile which could now
be analyzed as stoichiometric NiTiO, and
lamellar exsolutions in ilmenite which were
identified as TiO,-rutile. It remains ques-
tionable if these phases are identical with
the pretempered phases.

The distribution of the nickel-rich lamel-
lae in rutile describes an ellipsoid, strongly
elongated along the rutile ¢ axis, but the
ilmenite diffusion zone within the rutile
mother crystal displays a much smaller
preferred anisotropy along the rutile’s ¢
axis. The contact between the ilmenite-
diffusion zone and rutile shows a notched
shape (Fig. 8), the ilmenite zone displaying
toothlike branches, which may be identicai
with the exsolutions in the rutile. At high
magnifications of the scanning electron mi-
croscope, such precursor exsolutions often
decorate dislocations by accumulations of
lamellae showing diiferent preferred orien-
tations around the two-dimensional crystal
defects (Figs. 9 and 10). The titanium-rich
lamellae in the ilmenite zone are regularly

ILMENITE

v 0 Tiog
\quuummm mjmmwum{m_‘

RELUIVA WG a4 iU L e ‘Bt
L I

o

FiG. 7. Electron microprobe scan over a NiTiO,
diffusion profile. The sample was tempered 4 weeks at
1450°C and then slowly annealed with the furnace. Ti-
rich exsolutions in ilmenite and Ni-rich exsolutions in
rutile are still too small for an accurate microprobe
analysis.
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FiG. 8. Contact between the NiTiO, diffusion zone
and the rutile host crystal, sample quenched from
1450°C. The NiTiO, diffusion zone invades the rutile
crystal with toothlike branches (SEM photograph).

distributed and show no decoration effects.
Fragments of the ilmenite-zone and the
TiO,-host crystals, cut out from the diffu-
sion couple, show the following orienta-
tions (Fig. 11):

{101}ruti]e | I { 1 lzo}ilmenite 5
(010)rutile | | <00 1)ilmenite .

These orientations seem independent of the
orientation of the original plane of contact
(Fig. 11). The ilmenite lamellae in rutile
are oriented with their long axis in {301}
in rutile, so that the orientation relation
can also be expressed as:

{301}rutile| | { lioo}ilmenite;
(010>rutile l | (00 1>1’1menite ’

which is identical with the relation given
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above, because the planes {101} and
{301} in rutile cross under an angle of 30°.

The oriented rutile exsolutions in il-
menite form six groups of nonparallel ori-
ented lamellae  (00.1)menite|| (00. 1)ruite
twinned along {101} and {301}, so that a
dense network results. Such a structure of
rutile  exsolutions, called sagenite
(joaknrn = the net), is a well-known
type of natural rutile, in hematite- or il-
menite-type intergrowth.

In contrast to these orientation relations,
no mutual orientation relation was found
between the crystals of the ilmenite diffu-
sion zone and the adjoining rutile mother
crystal.

Discussion and Conclusions

The diffusion profile obtained (Fig. 4)
shows that nickel and titanium diffuse in
spposite directions. The well-known pref-
srence of a gas transport mechanism for
NiO (16, 27) causes a gap between the
NiO-spinel block and the ilmenite reaction
zone which enters deeply into the rutile
host. Consequently, between NiO and il-
menite, titanium has to diffuse over the gas
phase into the NiO-crystal to form the
spinel. The close coherency between the
ilmenite zone and the rutile host makes a
solid state mechanism between those
phases probable. Wittke (/) reported that in
his diffusion experiments at 1200°C Niz*
does not occupy Ti** equivalent positions
in the rutile structure but diffuses along
octahedral interstitial positions which form
channels along the rutile ¢ axis. Therefore
this interstitial diffusion mechanism has
been called a ‘‘pipe’” or ‘‘chimney”’ diffu-
sion (28, 29). In contrast to this strongly
unisotropic mechanism for the Ni2* diffu-
sion in rutile, titanium migrates along cat-
ion vacancies in rutile and has no intersti-
tial-site residence. Consequently, it has
similar diffusion rates, as measured and
calculated (30), for the a and ¢ directions in



PHASE RELATIONS NiO-TiO,

g

(010]

100 pm

285

FiGs. 9 AND 10. Nickel-rich exsolutions in the rutile host crystal decorating preexisting disloca-

tions (SEM photograph).

rutile. Florke and Lee (3/) demonstrated
for Cr3t diffusion in rutile that two-dimen-
sional corundum-structured defects are cre-
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Fi1G. 11. Zero layer and reciprocal lattice perpendic-
ular {010} rutile and {0001} ilmenite according to the
determined orientation relation.

ated around the chimneys of interstitial
sites. On the basis of this knowledge, the
following model for the diffusion of Ni** in
rutile seems likely: Ni?* invades the rutiie
host crystal anisotropically along the pipes
parallel to the ¢ axis. Accumulation of
interstitial Ni** ions results in defects act-
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F1G6. 12. Schematical diagram of X-ray powder dif-
fraction lines for compounds in the system NiO-TiQ,.
Possible coincidences are marked by arrows.
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ing as corundum or ilmenite nuclei, respec-
tively, and ilmenite-structured exsolutions
grow in rutile. Contrary to expectations,
the growth of the NiTiO, diffusion zone
does not follow the same degree of anisot-
ropy as for Ni2* diffusion. The shape of the
NiTiO, zone indicates only a considerably
smaller tendency to favor growth along
rutile’s ¢ axis than one might expect from
the distribution of the NiTiO; precursor
exsolutions in rutile. The reasons are differ-
ent mechanisms for the formation of the
ilmenite diffusion zone on the one hand and
the precursor exsolutions in rutile on the
other hand.

Formation of Exsolution Lamellae in
Rutile

Niz+ diffuses along the interstitial posi-
tions in rutile. Therefore a surplus of posi-
tive charges arises which can be balanced
either by adjoining additional oxygen ions
or by crystallographic shearing of the al-
most close-packed oxygen layers in rutile,
in a way that charge balance is obtained by
changing the arrangements of coordination
polyhedra. Such mechanism is also known
for the formation of the so called Magnéli-
Andersson phases which can be derived
from the rutile by combined crystallo-
graphic shearing along {011} and {121} (32).
The dense distribution of nickel-rich lamel-
lae in rutile and the notched branches of the
NiTiO, diffusion zone (Fig. 8) make it evi-
dent that, due to anisotropic Ni2* diffusion
in rutile, Ni2* saturation in TiO, is ex-
ceeded whereupon shear or dislocation sys-
tems originate along preexisting defects in
rutile (Figs. 9 and 10). These defects, the
favored diffusion paths for Ni?*, cross the
rutile host crystal as arched planes often
decorated by fish bone-like arrangements of
exsolution lamellae. The differences be-
tween the uniform orientation of such exso-
lution lamellae on one side versus that on
the other side of the defect may be ex-
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plained by tensions of the neighboring
structure blocks.

Formation of the llmenite Diffusion Zone

The rutile mother crystal is intensively
destroyed by such precursor exsolutions
as those discussed above. In rutile, exsolu-
tions can be oriented parallel to one or
more of the equivalent planes: (301), (301),
(031), and (031). Rotated 60° around the ¢
axis, the oxygen frame work remains un-
changed whereas nonhexagonal distribu-
tion of cations results in four further possi-
ble orientations. The growth rate of the
block-like NiTiO; reaction zone mainly de-
pends therefore on the orientation of the
precursor exsolutions and on the direction
of shear and dislocation systems; conse-
quently the growth rate observed is not
consonant with a simple diffusion mecha-
nism in an ideal rutile. It remains question-
able to what extent such precursor exsolu-
tions arise during the diffusion process and
during the quenching period. But the exis-
tence of the big notched branches of the
ilmenite diffusion zone (Fig. 8) indicates
that these lamellae at least grow before
quenching. These problems reveal that it is
impossible to answer the question of the
Ni2* solubility in TiO, (rutile). The discus-
sion of exsolution mechanisms demon-
strated that already at this point the limit of
the classic phase definition was exceeded.
Therefore one cannot estimate the compo-
sition below which a nickel-containing
rutile solid solution will exist nor at what
nickel content two phases must be consid-
ered. The Ni%* concentration between the
exsolution lamellae in rutile of slowly
anealed single crystal diffusion couples was
measured with 0.002 mol%, which is below
the significance of the electron microprobe.
The lack of structural coherency between
the rutile mother crystal and the polycrys-
talline ilmenite zone can be understood by
assuming the following facts. There are
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As a consequence of a nucleus selection,
the small lamellae dissolve whereas the
bigger lamellae grow. However, when the
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encounters large monocrystalline blocks,
those precursor exsolutions which do not
match the orientation of the reaction zone
are dissolved or rearranged. Additional ori-
entations of Smgle Ci"y‘SLal blocks can occur
which may be considered as an average
orientation arising from several precursor
lamellae. Further distortion of single crys-
tal blocks in the reaction zone can be
produced by diiferent creep processes dur-
ing sintering.
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Exsolution Lamellae in Ilmenite

Powder and single crystal experiments
indicate that there must be a connection
between the exsolutions in ilmenite and the
observed DTA hpatmo effect at 1260°C and

the DTA cooling effect 1280°C, respec-
tively, which occur in all ilmenite contain-
ing samples without any weight change.
These phenomena can be explained only if,

nhava 17960°0 o titaninm_rioh ilmanita -
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ists consisting of 51-56 mol% TiO, as cal-
culated from microprobe scans over the
ilmenite diffusion profile. The titanium con-
tent of this nonstoichiometric high-ilmenite
is a function of the icmperaiure. When
heated above 1260°C the ilmenite becomes
enriched in titanium. The DTA cooling ef-
fect at 1275°C indicated the beginning of the
exsolution process; below 1260°C only a
stoichiometric NiTiO;, called low-iimenite,

is stable. From a thermodynamic point of
view, high- and low-ilmenite should be con-
sidered as two phases because the DTA
experiments reveal a defined transition
temperature between both iimenites. Nev-
ertheless, additional work is necessary to
understand the structural relations between

both phases. The existence of titanium-rich
exsolutions even in quenched samples,
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after slowly annealing or retemper-

ing consist of rutile, indicates a hlgh struc-
tural coherency between host and guest
phase which will be discussed in a further
paper. Laqua et al (16) did not find any
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powder specimen and asserted an 1lmen1te
solid solution range of 48-52 mol% TiO, at
1408°C analyzed by electron microprobe
using polycrystalline sinter tablets as cali-

| PRV S gy YPRPU PR |

urauoil Dl.d.lludl as.

amm et d o em e o

lllC uulcuuc bUlllPUSl‘
tion was reported to be associated with a
variation of the ilmenite ¢, cell dimension.
They (16) measured ¢, for ilmenite to be
1.377 nm in the ilmenite-rutile phase assem-
biage (quenched from 1408°C), 1.380 nm in
the ilmenite homogeneity range, and 1.383
nm in the spinel-ilmenite assemblage. Own
results contradict these observations: (1)
electron microprobe analysis, using NiO
and TiO, single crystals as calibration stan-
dards, show no nickel-rich ilmenite. (2) In
tita-
nium-rich exsolution were found (Flg. 8).
(3) No change of the ilmenite cell dimen-
sions could be measured using a Huber-
Guinier camera (CuKe;) which has a

nifrant hattar racnhitinn than tha -
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era applied by Laqua er al. (16). It seems
likely that Laquaer al. calculated larger cell
dimensions in the spinel-ilmenite phase as-
semblage because of coincidence of il-
menite and spinel powder refiections and
smaller ¢, values in the rutile-ilmenite
phase assemblage for the same reason, re-
spectively. This is easily understood by
inspection of Fig. 12, showing d-values
(and their coincidences) and intensities of
the compounds in the system NiO-TiQ,. It
is demonstrated in this paper that powder
samples, especially if used in diffusion ex-
periments or as calibration standards, must
be judged with caution. Compounds in low
concentrations can be masked on the sur-
face of a crystal grain and cannot be ana-
lyzed by optical or even electron micro-
probe analyses. Exsolutions in powder

the whole ilmenite diffusion nrnﬁlp
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specimens will preferably gather on grain
boundaries or surfaces where they may be
overlooked, but they are visible if consider-
ably large single crystals are used as start-
ing material as shown for the NiO-TiO,
single crystal diffusion couples.
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