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Abstract

ZrO, and TiO, powders were reactively sintered at 1600 °C in air to form orthorhombic ZrTiO, (a-PbO,-type structure, denoted as o) particles
in the matrix of Zr-dissolved TiO, (rutile denoted as r) grains following the preferred epitaxial relationship [0 10],/[01 1],; (00 1)4//(0 1 1), (i.e.
[100].//[100]:;(001),//(011),) as determined by analytical electron microscopy. The epitaxial ZrTiO, particles formed laths with (10 1),/(21 1),
habit plane having fair match of oxygen atoms and beneficial low interfacial energy. The reorientation of the confined particles in the composites
can be reasonably explained by Brownian rotation of the nonepitaxial intergranular particles and the reactive sintering process that facilitated the

rotation of the particles about to detach from the grain boundaries.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The motivation of this research is to prove by experiments
that Brownian rotation is feasible for the ZrTiO4 (space group
Pbcn with a-PbO;-type structure) particles reactively sintered
and then confined within Zr-dissolved TiO, grains having rutile-
type structure (space group P42/mnm).

In previous annealing studies of cubic oxide composites
prepared by solid-state sintering, e.g. Nij_,O/yttria par-
tially stabilized zirconia (Y-PSZ),! Ni;_,O/NiAl,O4,> and
Co;_,O/Y-PSZ,? we have proved that intragranular particles can
change orientation until they reach epitaxial relationships with
respect to the host grains. A relatively high homologous tem-
perature (T/Ty where Ty, is melting point in Kelvin) for the
Ni],xO/NiA1204,2 and Co;_,O/Y-PSZ composites3 resulted
in a faster orientation change and more significant coales-
cence of the particles than the Ni;_,O/Y-PSZ composite at
a specified annealing temperature of 1600°C.! Reorientation
of the intragranular particles in these composites has little
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to do with sintering,* diffusion induced recrystallization® or
dynamic recrystallization,® but can be reasonably explained
by rotation of the particles above a critical temperature for
anchorage release at the interface with respect to the host
grain.!=

In such a thermally activated rotation process of the intra-
granular particles, Brownian motion of the particles in terms of
interfacial diffusion of atoms was suggested to happen'~ as for
the case of fcc metal crystallites migrating and rotating on sin-
gle crystal substrate, KCI(1 00) with or without steps.”~!? The
size and temperature dependence of diffusivity of the crystallites
has been measured over KCI(100)” and found to be in accor-
dance with Brownian-type motion of the crystallites in terms
of interfacial diffusion of atoms from leading edge to trailing
edge of the crystallites. Einstein’s molecular theory of heat,!3
Eyring’s transition-state model"* and frictional force at a viscous
interface were thus adopted to formulate the diffusivity equation
of the crystallite over the single crystal substrate.3-10 The size
dependence of orientation change of intragranular particles was
also verified by annealing experiments for the case of Co;_,O
particles in Y-PSZ grain.’

Recently, oxidation-decomposition facilitated Brownian
rotation of crystallites in the (NiCoj—_p)1—5O polycrystals was
studied.’> We further showed here that Brownian rotation of
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compound ZrTiO4 particles readily occurred during their reac-
tive sintering and incorporation into Zr-dissolved rutile grains
until the two phases reached specific crystallographic relation-
ship with a beneficial low interfacial energy.

2. Experimental

Powders of reagent grade ZrO; (Cerac, 99.9%, 3 pm in size)
and TiO, (Aldrich, 99.9%, 5 pm in size) in 1:4 molar ratio
(denoted as Z20T80) were mixed by a magnetic stirrer in ethanol
at 50°C for 2 h. The slurry was dried in an oven at 70 °C and
ground with an agate mortar and pestle. The specimens were
dry-pressed at 650 MPa to form pellets ca. 5mm in diameter
and 2 mm in thickness. The dry-pressed pellets were reactively
sintered at 1600 °C for 0.5-36 h, in air and then air-quenched or
furnace cooled to room temperature. For a better understanding
of the reactions of phases, the pellets were also fired at 1400 or
1500 °C for 1h in air and then air quenched. The fired speci-
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Fig. 1. XRD traces of the Z20T80 composites fired at various conditions show-
ing Zr-dissolved rutile (denoted as (h k[)), ZrTiO4 with a-PbO;-type structure
(denoted as italic (h k[)) and relic m-ZrO; (denoted as (h k[)p). (a) short (0.5h
or 1h) firing at 1400-1600°C and then air quenched; (b) isothermal firing at
1600 °C for 0.5-36 h followed by air-quenching.

mens were polished by SiC sand paper and then diamond paste,
followed by thermally etching to reveal grain boundaries of the
sintered composites.

X-ray diffraction (XRD, Cu Ka, 40kV, 30 mA) and least-
squares refinement of the d-spacings were used to determine the
lattice parameters of the ZrTiO4 and Zr-dissolved TiO; in the
fired composites. Scanning electron microscopy (SEM, JSM-

)]

Fig. 2. SEM in back-scatted electron image mode of the Z20T80 composites
fired at 1600 °C for (a) 10 h, (b) 20 h, (c) 36 h and then quenched in air; showing
intragranular ZrTiOy particles became faceted and aligned by a longer annealing
in (b) and (c). Sample thermally etched at 1500 °C for 10 min.
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6400, 20kV) was used to study the size and distribution of the
phases in the sintered grains. Thin sections of the fired sam-
ples were Ar-ion milled to electron transparency and studied by
analytical electron microscopy (AEM, JEOL 3010) at 300kV.
Transmission electron microscopy (TEM) was employed for
selected area electron diffraction (SAED) pattern, bright field
image (BFI), dark field image (DFI) observations of the ZrTiO4
particles embedded in the Zr-dissolved TiO, grains. Lattice
image coupled with 2D Fourier transform were used to charac-
terize the detailed defect microstructures of the ZrTiOy4 particles.
The relic monoclinic (m-)zirconia detected by XRD was indexed
according to the distorted version of c-fluorite type parent
cell.!®
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Fig. 3. TEM (a) BFI and (b) corresponding SAED pattern of an a-PbO,-type
ZrTiOy4 particle (denoted as o) within a host grain of rutile (denoted as r) having
reached the epitaxial relationship [010]o//[01 1],; (00 1)o//(01 1);, with well
developed (10 1)y/(2 1 1), interface delineated by dotted line. Z20T80 sample
fired at 1600 °C for 36 h and then cooled in the furnace.

3. Results
3.1. XRD

XRD traces indicated the composites fired at 1400°C or
1500 °C for 1h contained rutile, ZrTiO4 and residual m-ZrO,
(Fig. 1a). The m-ZrO; residue was not detected for the sample
fired beyond 0.5h at 1600 °C. The rutile phase was dissolved
with Zr** causing larger room temperature lattice parameters
up to a=0.4628 +0.0001 nm, ¢ =0.3001 & 0.0002 nm after fir-
ing at 1600 °C for 36 h. By contrast, the ZrTiO4 showed only
slight change of the lattice parameters once formed at tempera-
tures, e.g. a=0.4767 £ 0.0002 nm, b =0.5487 £ 0.0002 nm and
¢=0.5010 % 0.0002 nm after firing at 1600 °C for 36 h. In gen-
eral, isothermal firing of the samples at 1600 °C for 0.5 up to

Fig. 4. TEM (a) DFI, g = (21 1), and (b) corresponding SAED pattern of an
a-PbO;-type ZrTiOy4 particle (denoted as o) approximately with a metastable
epitaxial relationship [1 T 1]o//[110],; (10 1)//(1 1 1), with the host rutile grain
(denoted as r). Z20T80 sample fired at 1600 °C for 36 h and then quenched in
air.
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36 h followed by air-quenching or furnace cooling to room tem-
perature caused only slight change of the lattice parameters for
both Zr-dissolved rutile and ZrTiO4.!”

3.2. SEM

The specimens fired at 1400°C or 1500°C for 1h
showed ZrTiO4, Zr-dissolved rutile and residual ZrO, as a
result of incomplete reactive sintering.!” Point-count EDX
analysis revealed inward diffusion of Ti and outward dif-
fusion of Zr for the ZrO, particles. The samples fired at
1600°C for 0.5h or 2h have triple junctions characteris-
tic to solid-state reactive sintering. In such samples, ZrTiO4
particles were distributed mainly at grain boundaries of Zr-
dissolved rutile (not shown). Further firing for 10-36h at
1600 °C (Fig. 2) caused progressively larger rutile grains with
embedded ZrTiO4 particles more or less faceted i.e. hav-
ing habit plane developed with respect to the host rutile
grains.

(a)
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3.3. TEM

The ZrTiO4 particles of a-PbO,-type structure (denoted
as a) tended to reach a predominant epitaxy relationship
[010],/[011];; (001)o//(011), with the host rutile grains
(denoted as r) dissolved with Zr as shown representatively by
the sample fired at 1600 °C for 36 h (Fig. 3). Such stable epi-
taxial ZrTiO4 particles have a well-developed (101)/(21 1),
interface. In this sample, metastable epitaxial relationship
[111],/[110]; (101),//(111), was also observed (Fig. 4),
which is related to the predominant epitaxy by pole specific
rotation as discussed later.

The sample fired at 1600°C for 0.5h showed another
metastable epitaxy relation [2 0 1]4//[1 1 1];; (0 1 0)//(11 Q)r for
the intragranular ZrTiOy4 particle as indicated by BFI and inset
SAED pattern in Fig. 5a. Point-count EDX profiles across the
ZrTiOg4/rutile interface of this particle were shown represen-
tatively in Fig. Sc. Interdiffusion was manifested by inward
diffusion of Ti (ca. 3 at.%) and outward diffusion of Zr (ca.
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Fig. 5. TEM (a) BFI and inset SAED pattern of an intragranular ZrTiO4 and rutile grain (denoted as r) in zone axis [20 1], and [1 1 1], respectively having another
metastable relationship [20 1]4//[1 1 1];; (010),//(112), and apparent (01 1),/(162),, interface. (b) point-count EDX profile (trace A-J) across the ZrTiO4/rutile

boundary in (a). Z20T80 sample fired at 1600 °C for 0.5 h and then air quenched.
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3 at.%) against the slightly nonstoichiometric ZrTiO4 particle.
The intergranular ZrTiO4 particles are always nonepitaxy with
respect to Zr-dissolved rutile grains regardless of firing time and
temperature (not shown).

The incipient exsolution of ZrTiO4 particle was hardly pre-
vented during furnace cooling, although the precipitation of
ZrTi;Og and the high to low-temperature transformation of zir-
conium titanate is very sluggish.'® In fact, diffuse diffraction
streaks along [011] direction were always observed for the
ZrTiOy particles as represented by an intergranular one in [0 1 1]
zone axis for the sample fired at 1600 °C for 36 h and then cooled
in the furnace (Fig. 6). Lattice image (Fig. 7a) further showed
modulated contrast parallel to (01 1) plane, which accounts
for a set of satellite diffractions along [0 1 1] direction in the
SAED pattern (Fig. 6b) and the 2D Fourier transform (Fig. 7b)
from the square region in Fig. 7a. The inverse Fourier transform
showed the (0 1 1) planar superlattice in 1.5 nm periodicity and
dislocations with half plane parallel to (12 2) (Fig. 7c). Being
formed upon cooling, these defects did not affect the dynamic
reorientation of the intragranular ZrTiO4 particles at the firing
temperature 1600 °C.

4. Discussion

4.1. Reorientation of embedded nonepitaxial ZrTiO4
particles in the composites

Analogous to the high-temperature dynamics of Y-PSZ parti-
clesin Co;_,O glrains,19 the size-dependent reorientation of the
ZrTiOy4 particles in Zr-dissolved rutile grain can be rationalized
by a Brownian-type rotation of the particles. In order to activate
the Brownian motion of the embedded particles in the solid-state,
a critical temperature for anchorage release (i.e. debonding) at
the ZrTiOg4/rutile interface should occur first and in the present
case it is lower than 1673 °C. This is justified by a high homol-
ogous temperature (7/Ty =0.92) at 1600 °C, given the eutectic
temperature 1760 °C for the binary ZrO,-TiO, system.?’

A considerable amount of vacancies due to interdiffusion of
atoms across the interface is expected to benefit the anchorage
release at the interface, hence facilitates particle rotation for the
ZrTiOg/rutile composite. This vacancy effect on debonding of
atoms at interface can be further enhanced when there is con-
siderable net vacancies flux to form Kirkendall pores under the
constraint of equilibrium solid solubility at the interface. (The
mutual solid solubility is about ca.15 at.% Zr in rutile and ca.
3at.% Ti in ZrTiO4 at 1600 °C according to the present EDX
analysis of the composites cooled to room temperature.)

4.2. Energetics of epitaxial ZrTiO/rutile

The Brownian rotation of the intragranular ZrTiO4
particles towards the predominant orientation relationship
[010],//[011];; (00 1)o//(0 1 1), with respect to the rutile host,
was driven by the interfacial energy cusp relevant to the pla-
nar interface of (101)/(2 11); which is characteristic of the
present ZrTiO4 islands in rutile (Fig. 3). This planar interface
is however different from the (00 1),/(0 1 1), interface for the

Fig. 6. TEM (a) BFI and (b) corresponding SAED pattern of the intergranu-
lar ZrTiOy4 grain in [0 1 1] zone axis showing diffraction streaks along [011]
direction. Z20T80 sample fired at 1600 °C for 36 h and then cooled in the furnace.

natural slab of a-PbO;-type TiO» at the twin boundary of rutile
bicrystals in spite of the same crystallographic relationship.?!
(The present relationship [0 101,//101 11,5 (00 1)o//(0 1 1), is the
same as [100]//[100]; (001)y//(01 1), reported for natural
slab.2!) The (00 1)4/(0 1 1), interface can be explained to be
the habit plane of the martensitic nucleation of a-PbO;-type
TiO; at the (0 1 1) twin boundary of rutile already with the unit
layer of a-PbO;-type structure.?! In fact, the structure trans-
formation from rutile to a-PbO;-type TiO; can be achieved by
successive shearing of the {0 1 1} plane of rutile.”! To evaluate
which of the two interfaces has the lower energy and is then
more favored by the Brownian rotation, the oxygen planes of
the (10 1),/(211); and (00 1),/(0 1 1), interfaces are plotted in
Fig. 8a and b, respectively, according to the room temperature
lattice parameters. The (00 1),/(0 1 1), interface turned out to
have a smaller coincidence site lattice and hence more favorable
than the (10 1),/(2 1 1); interface in terms of unrelaxed oxygen
positions. However, in the present case (1 0 1),/(2 1 1), interface
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(b)

Fig. 7. (a) Lattice image of the intergranular ZrTiO4 grain in [0 1 1] zone axis
showing modulated contrast parallel to (0 1 1) plane. (b) Fourier transform from
the square region in (a), showing satellite diffraction spots along [0 1 1] direction.
(c) Inverse Fourier transform showing (01 1) planar superlattice ca. 1.5nm in
periodicity and dislocations with half plane parallel to (122).

is observed, which implies that other factors such as Coulumbic
interaction and mixed strain effect may help to stabilize the
(101)a/(211), interface.

A cation—anion unmixed plane with a net dipole moment
would probably be unsuitable as a boundary face of an ionic
crystal. In this regard, the ZrTiO4 (00 1), and rutile (0 1 1), are
cation—anion unmixed, whereas the ZrTiO4 (10 1), and rutile
(211),; are cation—anion mixed. The (00 1)/(0 1 1); interface
thus may possess a net dipole moment in the unrelaxed state,
rendering it unstable analogous to the ionic crystals.?? In such
case, a shared oxygen layer may be necessary in order to main-
tain charge neutrality and to minimize interfacial energy for the
(00 1)4/(01 1), interface, similar to the directionally solidified
eutectic NiO/ZrO, (CaO) lamellae.Z?> On the other hand, both
planes of the planar (10 1),/(2 1 1), interface are cation—anion
mixed and may be further stabilized by Coulumbic interaction
energy for the ZrTiO4 islands within Zr-dissolved TiO; host
grains. It is the interface of the lowest energy and is commonly
observed in the present experiment (Figs. 2 and 3).

As for the mixed strain effect, it is of interest to note that
nanosize particles of a-PbO;-type TiO; and rutile produced by
laser ablation condensation follow another crystallographic rela-
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Fig. 8. Top view of the interface for a-PbO,-type (closed circles) and rutile type
(open circles) structure in terms of unrelaxed oxygen positions for the epitax-
ial relationship [0 T 0]o//[0 1 1],; (00 1)o//(0 1 1),, the same as [100]4//[100];;
(001)a//(0 1 1), reported for natural occurrence:2! (a) (10 1)o/(2 1 1), interface
in this study; (b) (00 1),/(0 1 1); interface for natural TiO, polymorphs.?' The
dashes indicate the coincidence site lattice.

tionship [00 1]14//[1 00];; (1 00)o//(0 1 1),,2* which is different
from the [0 1 0],//[0 1 1];; (00 1)//(0 1 1), of the present ZrTiOy
islands within Zr-dissolved TiO, host grains. The relationship
[001]o//[100];; (100)o//(01 1), was rationalized by the coa-
lescence of the two condensates via the contact planes of (1 0 0)
and (0 1 1),;. Examination of this (1 0 0),/(0 1 1), interface shows
a mixed strain effect which can reduce the interfacial energy.>*
It is therefore not apparent that the relationship [0 0 1],//[1 0 0];
(100)//(01 1), for the coalesced condensates is indeed an
energy cusp. It could be a local energy minimum relative to
a small deviation of the present interface position.
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Fig. 9. Stereographic projections of the plane normals (circles) and zone axes (squares) of the intragranular ZrTiO4 (denoted as a, open symbol) and the rutile host
(denoted as , solid symbol): (a) stable epitaxy [010],/[011];; (00 1)o//(0 1 1);; (b) metastable epitaxy [111],/[110]; (101),//(111), which becomes stable
epitaxy by clockwise or counterclockwise rotation about the [0 10],/[0 T 1], pole by 17.93° in order to have specific plane normals, i.e. (00 1)o//(0 1 1), superimposed.

In the present composites fabricated by reactive sintering
at high temperatures, in addition to the predominant relation-
ship [010],/[01 1];; (00 1)o//(0 1 1) with the (10 1)o/(21 1),
interface, the mixed strain effect is expected to vary with
complicated interdiffusion at the scale of individual ZrTiO4
and rutile grains and may therefore form a metastable epi-
taxy such as [1 1 1]a//[i 10];; (10 1)//(111); in Fig. 4. As
shown by the stereographic projections (Fig. 9), the relation
[111],/[110]:5(101),//(111); can change into the primary
crystallographic relationship [010],/[011]; (00 1)o//(01 1),
by arotation of ca. 17.93°, either clockwise or counterclockwise,
about [010],/[01 1], pole until the (10 1), and (21 1), planes
are superimposed. However, it is by no means clear whether
such a rotation over (0 1 0),, really occurred.

As a final remark, we believe that the reorientation of
the embedded ZrTiO4 particles within Zr-dissolved rutile host
grains can be rationalized by reactive-sintering facilitated Brow-
nian rotation of the particles until energetically favorable
interface state is reached under the combined influences of lattice
mismatch, Coulumbic interactions and mixed strain effect.
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