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bstract

iO2–SnO2 in molar ratios of 2:8, 5:5 and 8:2 were subject to solution annealing, or alternatively prepared by a reactive sintering route, for X-ray
iffraction and analytical electron microscopic studies. Defect clusters and commensurate superstructures were formed in the TiO2–SnO2 solid
olution of the rutile-type structure when quenched from 1600 ◦C in air. Upon annealing and decomposition outside the spinodal at 1000 ◦C, a

etastable ilmenite-type phase was precipitated from the rutile structure. This is in drastic contrast to the spinodal decomposition along [0 0 1] to

orm a semi-coherent (0 0 1) interface. An alternative phase-equilibrium route by reactive sintering at 1000 ◦C was facilitated by rapid interdiffusion
nd Brownian rotation of smaller-sized SnO2 particles until parallel epitaxial relationship with the TiO2-rich host was reached.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

A complete solid solution between TiO2 (rutile, denoted as
) and SnO2 (cassiterite) with the space group P42/mnm at high-
emperatures is very well documented. This binary system has

nearly symmetric miscibility gap for spontaneous spinodal
ecomposition,1–5 with the critical composition 47 ± 2 mol%
iO2 at 1430 ± 5 ◦C according to the updated phase diagram.4

he experimental results2,3 showed that the decomposition of
quimolar TiO2–SnO2 alloy produces composition fluctuation
long [0 0 1], and theoretical calculation indicated the spinodal is
05 ◦C below the solvus.4 The combined experimental results of
-ray diffraction (XRD) and electron diffraction5 further indi-

ated that the alloys within the spinodal can decompose by a
ontinuous and spontaneous process; whereas alloys outside the
pinodal by a nucleation and growth process.

Despite the large amount of previous data available on this
ystem, especially in the region of spontaneous spinodal decom-

osition, it is not known whether Guinier–Preston (G.P.) zones
nd/or other metastable phases occur for TiO2–SnO2 binary
pon exsolution, and whether the Sn4+ substitution for Ti4+
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ould cause defect clusters and/or commensurate superstruc-
ures analogous to Ti4+-dissolved MgO,6 and Zr4+-doped TiO2,7

t a certain extent of undercooling with respect to the phase
oundaries. (Upon cooling and exsolution, the Ti4+-dissolved
gO forms G.P. zones and then nanometer-size Mg2TiO4 spinel
ith {1 1 1} and {0 0 1} facets,6 whereas the Zr-doped TiO2

orms plate-like G.P. zone with the plate surface parallel to (1 0 0)
nd (0 1 0) in association with dislocations.7 Diffuse diffrac-
ions as a result of Zr4+ substitution for Ti4+ with volume/charge
ompensating defect clusters and commensurate superstructures
ith apparent triple {1 0 1} and {1 1 1} periodicity also occurred

s metastable intermediates, which are presumably the precursor
f the equilibrium ZrTi2O6 precipitate.7)

The motivation of this research is to study non-equilibrium
hase transformations and phase behavior of TiO2–SnO2 binary,
nd to compare results from the two different synthesis routes
f solution annealing versus reactive sintering. By an alterna-
ive reactive sintering route, we aim to prove that short-circuit
nterdiffusion between the necking TiO2 and SnO2 powders
acilitates the phase equilibrium, as well as the Brownian
ype rotation of the small-sized particles to reach low-energy

pitaxial state with respect to the host grains. The later
rocess is analogous to thermally activated and oxidation-
ecomposition facilitated Brownian rotation of crystallites in
he (NimCo1−m)1−δO polycrystals.8 (Refer to Appendix A for

mailto:pshen@mail.nsysu.edu.tw
dx.doi.org/10.1016/j.jeurceramsoc.2007.06.016
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Fig. 1. XRD traces of (a) 5T5S, (b) 8T2S and (c) 2T8S samples having been
sintered/homogenized at 1600 ◦C for 4 h and then annealed at 1000 ◦C for 72 h
followed by air-quenching to room temperature, showing significant phase sep-
aration as TiO2-rich and SnO2-rich rutile phase (denoted as t and s, respectively)
for the 5T5S specimen. Note the side bands due to phase separation are distinct
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for the rutile-type SnO2 (JCPDS file 21-125). The diffraction
2 H.-C. Yu, P. Shen / Journal of the Eu

hermally activated Brownian rotation of crystallites over a crys-
alline substrate or within a host grain typically prepared via a
olid state sintering route.9–22)

. Experimental

TiO2 (Aldrich, 99.9%, 4 �m in particle size) and SnO2 pow-
ers (Acros, 99.9%, 1 �m in particle size) in mole ratios 2:8, 5:5
nd 8:2 (denoted as 2T8S, 5T5S and 8T2S, respectively) were
ry-pressed at 650 MPa into disks 10 mm in diameter and 2 mm
n thickness. The pellets were then homogenized at 1600 ◦C
or 4 h followed by air quenching to room temperature with or
ithout further annealing at 1000 ◦C for 12 h or 72 h followed by

ooling in air. Alternatively, the dry-pressed pellets were reac-
ively sintered at 1000 ◦C for 72 h followed by air-quenching to
oom temperature.

The fired specimens were analyzed by XRD (Cu K�, 40 kV,
0 mA, using Siemens D5000 diffractometer) in the 2θ range of
0–70◦ at a scanning rate of 1◦/min (step size 0.05◦, fixed counts
s) to identify the crystalline phases. The d-spacing measured

rom XRD traces were used for least-squares refinement of the
attice parameters.

The fired specimens more or less sintered were polished
or scanning electron microscopic (SEM, JEOL JSM-6400,
0 kV) observations. Secondary electron image (SEI) and back-
cattered electron image (BEI) were used to characterize the
rain size and the composition distribution.

Thin sections of the fired samples were also Ar-ion milled to
lectron transparency for analytical electron microscopic (AEM,
EOL3010, 300 kV) observations coupled with energy disper-
ive X-ray (EDX) analysis. Bright field image (BFI) and dark
eld image (DFI) taken by transmission electron microscopy
TEM) were used to study the microstructures. Selected area
lectron diffraction (SAED) pattern and lattice image coupled
ith two-dimensional Fourier transform and inverse transform
ere used to characterize defect clusters and metastable phases,

f any.

. Results

.1. XRD

.1.1. Samples quenched from 1600 ◦C
XRD traces (not shown) indicated that the 2T8S, 5T5S

nd 8T2S samples homogenized at 1600 ◦C for 4 h and then
uenched to room temperature in air have a single phase of
olid solution between TiO2 and SnO2, in accordance with
he phase diagram.4 According to least-squares refinement
f the d-spacings measured from the XRD trace, the rutile
olid solution of the representative 5T5S sample has lattice
arameters a = 0.4663 ± 0.0002 nm, c = 0.3060 ± 0.0002 nm,
hich are larger than those of the undoped TiO2 rutile

a = 0.4593 nm, c = 0.2959 nm, JCPDS file 21-1276). The

ncreased lattice parameter of the Sn-dissolved rutile is consis-
ent with the substitution of larger-size Sn4+ (0.069 nm) for Ti4+

0.061 nm), both radii are effective in coordination number (CN)
f 6.23

i
p
b
(

or (1 0 1), (1 1 1), (2 1 1) and (1 1 2), but not the planes in the [0 0 1] zone axis
cf. text).

.1.2. Samples solution annealed at 1000 ◦C
XRD traces of the 2T8S, 5T5S and 8T2S samples homoge-

ized at 1600 ◦C and then annealed at 1000 ◦C for 72 h indicated
hat only the 5T5S specimen shows side bands as a result
f spinodal decomposition (Fig. 1). The side bands are dis-
inct for (1 0 1), (1 1 1), (2 1 1) and (1 1 2), but not the planes
n the [0 0 1] zone axis (i.e. (1 1 0), (2 0 0), (2 1 0), (2 2 0) and
3 0 1)), in accord with previous observations of side bands for
kl reflections with l �= 0 by XRD.2,3 There is a lower diffrac-
ion intensity of the (1 0 1), (1 1 1), (2 1 1) and (1 1 2) due to
referred decomposition of such planes. The absence of (0 0 2)
iffraction peak for the 5T5S and 8T2S but not 2T8S speci-
en can be attributed to preferred orientation of the coarsened

rains as indicated by SEM observations of the grains as large
s 10–20 �m for the homogenized and then annealed specimens
cf. Appendix Ba).

.1.3. Samples reactively sintered at 1000 ◦C
For the samples reactively sintered at 1000 ◦C for 72 h, there

re two rutile phases with distinct lattice parameters regardless of
he bulk composition (Fig. 2), e.g. a = 0.4610 nm, c = 0.2980 nm
nd a = 0.4734 nm, c = 0.3184 nm for Ti-rich and Sn-rich com-
osition, respectively for the 5T5S specimen (Table 1). The
wo phases have the near equilibrium compositions 9T1S and
T9S, respectively assuming linear composition dependence of
attice parameters given a = 0.4593 nm, c = 0.2959 nm for TiO2
utile (JCPDS file 21-1276) and a = 0.4738 nm, c = 0.3187 nm
ntensity depends more on the relative proportion of the two
hases than the preferred orientation of the coarsened grains
ecause the grain size hardly exceeds 5 �m in these specimens
cf. Appendix Bb).
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Fig. 2. XRD traces of (a) 8T2S, (b) 5T5S and (c) 2T8S samples reactively
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Fig. 3. TEM (a) BFI and (b) SAED pattern of 2T8S sample sin-
tered/homogenized at 1600 ◦C for 4 h followed by air-quenching to room
temperature, showing tweed contrast and superlattice spots 1/3 and 2/3(3 2 1)
(as encompassed by dotted line) of SnO2-rich rutile phase.
intered at 1000 ◦C for 72 h followed by air-quenching to room temperature,
howing significant phase separation as TiO2-rich and SnO2-rich rutile phase
denoted as t and s, respectively) for all the specimens.

.2. TEM

.2.1. Samples quenched from 1600 ◦C
The 2T8S sample homogenized at 1600 ◦C followed by air-

uenching to room temperature shows tweed contrast in BFI
Fig. 3a) and superlattice spots at 1/3 and 2/3(3 2 1) in cor-
esponding SAED pattern (Fig. 3b) of the SnO2-rich rutile
hase. The 5T5S sample, homogenized and cooled under the
ame conditions also shows tweed contrast (Fig. 4a) and dif-
use diffraction intensity near 1/2G(0 1 1) reciprocal space of the
utile phase (Fig. 4b). Lattice image (Fig. 5a) and reconstructed
mage of the rutile phase in this specimen (Fig. 5b) further reveal
islocations with half plane parallel to (1 0 0) presumably due
o the size mismatch of Ti4+ and Sn4+ in substitution.
.2.2. Samples solution annealed at 1000 ◦C
The 2T8S solid solution annealed at 1000 ◦C (i.e. outside

he [0 0 1] coherent spinodal4,5) for 72 h shows plate-like Bragg

able 1
olar compositions and lattice parameters of dual rutile phases in 2T8S, 5T5S

nd 8T2S samples prepared by reactive sintering at 1000 ◦C for 72 h

ample and phase compositions

a (nm) c (nm)

T8S
1T9S 0.4734 ± 0.0001 0.3185 ± 0.0001
9T1S 0.4603 ± 0.0001 0.2972 ± 0.0001

T5S
1T9S 0.4734 ± 0.0001 0.3184 ± 0.0001
9T1S 0.4.610 ± 0.0001 0.2980 ± 0.0001

T2S
1T9S 0.4736 ± 0.0006 0.3179 ± 0.0007
9T1S 0.4.607 ± 0.0005 0.2982 ± 0.0006

he lattice parameters are based on least-squares refinement of the d-spacings
easured from XRD traces in Fig. 2.

Fig. 4. TEM (a) BFI and (b) SAED pattern (Z = [0 1 1̄]) of 5T5S sample
sintered/homogenized at 1600 ◦C for 4 h followed by air-quenching to room
temperature, showing tweed contrast and diffuse diffraction intensity near
1/2G(0 1 1) reciprocal space of the rutile phase.
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Fig. 5. TEM (a) lattice image and (b) reconstructed image of the square region of
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Fig. 6. TEM (a) BFI and (b) SAED pattern (Z = [1̄ 1 0]) of 2T8S sample sin-
t ◦ ◦
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he rutile phase in (a) showing dislocations (denoted by T) with half plane parallel
o (1 0 0) in 5T5S sample quenched from 1600 ◦C. It is the same specimen as in
ig. 4.

ontrast parallel to (0 0 1) (Fig. 6a) and side band diffractions
long [0 0 1] direction as shown by the SAED pattern in [1̄ 1 0]
one axis (Fig. 6b). These features became vague when the
ample was tilted to [0 1̄ 0] zone axis (Fig. 7). Such plate-
ike Bragg contrast and side band diffractions are presumably
ue to early decomposition in view of the similar features
bserved for the equimolar alloy after initial-stage decompo-
ition at 900 ◦C (cf. Fig. 6 of ref.5 Lattice image (Fig. 8a) and

D Fourier transform and inverse transform (Fig. 8b and c,
espectively) further resolve minor ilmenite (denoted as i) -
ype phase in epitaxial association with the rutile host in this
one axis. The 2/3(1̄ 0 1) superlattice spots of the rutile struc-
ure, appeared to be hematite-type analogous to Fe-bearing

ematite-type precipitates in metamorphic rutile.24 However,
he presence of (1 0 0) superlattice diffraction of rutile (Fig. 8b)
ndicates that there is further ordering along the crystallo-
raphic c-axis of the hematite type precipitate into ilmenite-type

i
a
l
t

ered/homogenized at 1600 C for 4 h and then annealed at 1000 C for 72 h
ollowed by air-quenching to room temperature, showing side band diffractions
long [0 0 1] reciprocal direction of the rutile phase.

tructure (space group R3̄, #148) with allowed (0 0 0 3) reflec-
ion, i.e. the forbidden position of 1/2(2 0 0)r, which should
therwise be absent for rutile- (space group P42/mnm, #136)
nd hematite-type (space group R3̄c, #167) structure. The
AED pattern in Fig. 8b can be interpreted as the single

lmenite-type variant superimposed with the rutile following the
rystallographic relationship (0 0 1)i//(1 0 0)r; [1 0 0]i//[0 1 0]r
nalogous to that indexed in Fig. 12c of ref.24 for the epi-
axial hematite-type precipitates in metamorphic rutile. It is
ifficult, if not impossible, to do EDX or electron energy loss
pectroscopic analysis of the chemical composition of the nano-
ize ilmenite-type precipitate in the rutile-type host. Still, the

4+
lmenite-type precipitate is expected to contain ordered Ti
nd Sn2+ upon solution annealing at 1000 ◦C as discussed
ater. There is an additional epitaxial phase as indicated by
he allowed diffractions (i.e. not double diffractions) circled
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Fig. 8. TEM (a) lattice image, (b) and (c) 2 D Fourier transform and inverse
transform, respectively from the square region in (a) showing ilmenite-type
phase in epitaxial association with the rutile host in [0 1̄ 0] zone axis as the case
in Fig. 7. (d) Additional lattice (as denoted by white lines) revealed by inverse
transform of the extra diffractions circled in (b), which is tentatively attributed
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ig. 7. TEM (a) BFI and (b) SAED pattern of the rutile phase in the same
pecimen solution annealed as in Fig. 6 but tilted to [0 1̄ 0] zone axis showing
egligible side band diffractions.

n Fig. 8b, and the inverse transform of such spots in Fig. 8c.
his metastable phase shares the (1 0 1) reflection of the rutile
nd could be attributed to a nonstoichiometric phase analo-
ous to undoped nonstoichiometric titania25,26 as discussed
ater.

The equimolar alloy with a much larger extent of oversat-
ration than the un-equalmolar alloys underwent significant
pinodal decomposition upon annealing at 1000 ◦C for only
2 h. The composition fluctuation with a periodicity of ca.
5 nm occurred predominantly along [0 0 1] direction as indi-

ated by lattice image and inset SAED pattern in [1̄ 1 0] zone axis
Fig. 9a). The reconstructed image further revealed misfit dislo-
ations with half plane parallel to (1 1 0) along the semi-coherent
0 0 1) interface (Fig. 9b).

h

i
b

o a nonstoichiometric phase analogous to undoped nonstoichiometric titania
cf. text). It is the same specimen annealed at 1000 ◦C as in Figs. 6 and 7.

.2.3. Samples reactively sintered at 1000 ◦C
The BFI and DFI with inset SAED pattern for the sam-

le reactively sintered at 1000 ◦C for 72 h (Fig. 10) show that
he smaller and relatively SnO2-rich particles tended to be
ncompassed and became parallel epitaxial with respect to the
iO2-rich host having dislocations at the relic interface. This is
ue to Brownian motion of the small particles as discussed in
ection 4.4.

. Discussion

.1. Defects due to SnO2–TiO2 solid solution

Diffuse diffractions, superlattice spots and dislocations were
ound for the present samples fired at temperatures in air. The
pecific types of these defects are beyond the scope of the present
tudy. Still, the genesis of such defects can be explained by the
ollowing defect chemistry consideration.

TiO2 is in fact nonstoichiometric TiO2−x with relatively
igh diffusion rate due to high concentration of defects
uch as double ionized oxygen vacancies and Ti4+ or Ti3+

nterstitials.27 On the other hand, SnO2 has a strong char-
cter of both covalent and ionic bonding and hence slower
iffusion rate involving free surface diffusion at low tem-
erature (500–1000 ◦C) whereas evaporation–condensation at

igh-temperature (T > 1300 ◦C).28

The SnO2 and TiO2 solid solution in the rutile structure
nvolves not only substitution of isovalent cations Ti4+ and Sn4+,
ut also charge compensating defects when a cation is in an
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Fig. 9. TEM (a) lattice image and inset SAED pattern (Z = [1̄10]) of 5T5S
sample sintered/homogenized at 1600 ◦C for 4 h and then annealed at 1000 ◦C
for 12 h followed by air-quenching to room temperature, showing significant
s
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Fig. 10. TEM (a) BFI and (b) DFI (g = 200) with inset SAED pattern of 2T8S
sample reactively sintered at 1000 ◦C for 72 h followed by air-quenching to room
temperature, showing the smaller and relatively SnO2-rich particles (e.g. the one
pointed out by an arrow in (a)) were encompassed and became parallel epitaxial
w
(

a
n
h
i
t
d
d

4
l

◦

pinodal decomposition along [0 0 1] direction and (b) reconstructed image from
he square region in the inset lattice image showing misfit dislocations with half
lane parallel to (1 1 0) along the semi-coherent (0 0 1) interface.

nterstitial site leaving a cation vacancy or when Sn4+ reduces
t high-temperatures leading to oxygen vacancies.29 (The main
iffusion mechanism of TiO2–SnO2 system is governed by
he diffusion of interstitial titanium atom and Ti vacancies at
000 ◦C.29 Oxygen vacancies could also be present as intrinsic
efects at high-temperature in accompaniment with the reduc-
ion of Sn4+ to Sn2+ to maintain electron neutrality.29) The

4+ 2+ 4+
rdering of Ti and Sn in substitution of Ti (i.e. SnTi in
röger-Vink notation30) with charge compensating defects may

ccount for the metastable precipitation of ilmenite-type struc-
ure at 1000 ◦C. The substitution of larger-size cations would

s
t
o
f

ith respect to the TiO2-rich host due to Brownian motion of the small particles
cf. text).

lso cause volume-compensating ion vacancies. A large inter-
al stress due to cation size mismatch at 1000 ◦C, a moderate
omologous temperature (i.e. T/Tm, where Tm is melting point
n Kelvin) of 0.60–0.67 given Tm = 2113 K and 1898 K for rutile-
ype TiO2 and SnO2, respectively, could then cause plastic
eformation of the crystal, as manifested by the presence of
islocations in Fig. 5b.

.2. Spontaneous spinodal decomposition via anisotropic
attice diffusion

The equimolar alloy in 5T5S specimen showed significant

pinodal decomposition upon annealing at 1000 C. According
o theoretical considerations of Khachaturyan,31 the evolution
f two coexisting cubic solid solutions with incoherent inter-
aces from a single-phase cubic solid solution occurs in three
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tages forming, respectively, coherent compositional modula-
ions, alternate lamellae of differing compositions coherently
tted along interfaces orthogonal to the direction of the modula-

ion, and then incoherent interfaces where the strain mismatch is
ccommodated by interface dislocations. The decomposition of
iO2–SnO2 solid solution within the spinodal was also known

o involve coherency loss. The composition fluctuation is how-
ver quite anisotropic, i.e. preferred to occur along [0 0 1] as
entioned,2–4 and causes dislocations according to the decom-

osition kinetic studies with aliovalent dopants.32 (The kinetics
f decomposition was strongly influenced by the type and the
mount of dopant. Specifically, Al3+ enhanced the decomposi-
ion while Ta+5 suppressed it, presumably due to a greater cation
nterstitial mobility than cation vacancy mobility.32) In fact, the
ide bands for hkl reflections with l �= 0, as mentioned, can be
ttributed to the anisotropy in elastic free energy2,3 as well as
he anisotropies in the diffusion mobility and in the gradient
nergy.33

Regarding diffusion anisotropy, it is of interest to note
hat the rutile lattice has “channels” of low electron density
long rutile c-axis, which lead to greatly enhanced intersti-
ial diffusion of Ni2+, compared to diffusion via substitutional
attice sites.34,35 Note also the misfit dislocations as a result
f coherency loss at the (0 0 1) interface appeared to have
0 0 1) slip plane (Fig. 9b). By contrast, the slip plane, or
ault/twinning plane is (0 1 1), i.e. the closest packing plane
f the rutile structure, for (0 1 1)-specific coalesced conden-
ates of the rutile-type TiO2,36 and SnO2.37 It is possible that
nisotropic interdiffusion and hence predominant composition
uctuation along the c-axis caused unusual (0 0 1) slip plane for

he rutile type structure upon spontaneous spinodal decomposi-
ion.

.3. Metastable phase selection upon nonspontaneous
ecomposition

The non-equimolar alloy in 8T2S specimen showed ilmenite-
ype precipitate and another epitaxial phase in the rutile structure
ost upon nonspontaneous decomposition at 1000 ◦C. These
etastable precipitates apparently have favorable lower energy

arrier of nucleation analogous to the formation of G.P. zones
nd commensurate superstructures in Ti4+-dissolved MgO,6

nd Zr4+-doped TiO2.7 The rate of interdiffusion between
iO2 and SnO2 is of concern to the common tangent, i.e.
hemical potential, of the chemical free energy curves of the
etastable precipitates phase and the rutile phase at a given

ndercooling with respect to the solvus. The structure simi-
arity, and hence interfacial/strain energetics, as well as defect
pecies and ordering are also important on the metastable phase
election for the nonspontaneous decomposed TiO2–SnO2
lloy.

The exsolution of metastable plate-like ilmenite-type and
ommensurate superstructures from Ti-dissolved rutile-type

nO2 may take advantage of the relatively weak linkage of the
lanes in the [0 0 1] zone axis due to the volume compensat-
ng oxygen vacancies. The allowed 2/3(1̄ 0 1) diffraction and
pparent tripling of the (1̄ 0 1) spacing due to dynamic diffrac-

i
B
r
t

n Ceramic Society 28 (2008) 91–99 97

ion as well as the doubling of (1 0 0) spacing of the rutile
ype structure can be attributed to an ordered hematite-type,
.e. ilmenite-type structure. In this connection, the Fe-bearing
win platelets in metamorphic rutile have been identified to
e of the corundum isostructure of hematite (or Ti2O3).24

These twin platelets are coherently intergrown parallel to
1 0 0) and (0 1 0) of metamorphic rutile and the dynamic
iffraction effect induces the apparent tripling of the {1 0 1}
pacings.24) In fact, the epitaxial precipitation of ilmenite with
0 0 1)i//(1 0 0)r; [1 0 0]i//[0 1 0]r is analogous to the epitaxial
recipitation of hematite type variants in metamorphic rutile
ollowing (0 0 1)h//(1 0 0)r; 〈1 0 0〉h//[0 1 0]r,24 except there is
ong range ordering along the c-axis for the ilmenite- not the
ematite-type structure. The fair lattice match for (0 0 6)i/(2 0 0)r
nd (1 1 0)i/(1̄ 0 1)r planes (Fig. 8b) may account for a low
nterfacial energy and strain energy for the metastable precipi-
ation selection of the ilmenite-type phase. It is noteworthy that
he Sn4+/Sn2+ and Ti4+ ordering to form commensurate super-
tructure might proceed simultaneously with defect clustering
n the Ti-dissolved rutile type SnO2 upon solution annealing
t 1000 ◦C. In this connection, recent theoretical calculations,
onsidering the interactions with the second nearest neighbors
n addition to the first ones, indicated that defect clustering and
rdering may both be valid diffusional pathways in the decom-
osition of alloys.38

The additional epitaxial phase sharing the (1 0 1) reflection
f the rutile in Fig. 8 could be tentatively attributed to a non-
toichiometric low-symmetry phase with oxygen deficiency for
pecific crystallographic shear (CS) analogous to the case of
onstoichiometric TiO2−x.25,26 In this regard, the CS slip plane
re {1 2̄ 1} of the parent rutile structure for TiO1.75 ∼ TiO1.9,25

nd {1 3̄ 2} for TiO1.9 ∼ TiO2.0.26 The observed diffractions of
he nonstoichiometric phase in Fig. 8 are in accord with the low-
ymmetry structures of these phases. However, the exact space
roup, composition and CS scheme of this phase is not clear.
t is also beyond the scope of the present study to determine
hether the same metastable precipitates are formed outside the
ther side (i.e. TiO2-rich sample, as for 2T8S rather than 8T2S)
f the spinodal.

.4. Phase equilibrium and reorientation during reactive
intering

Phase equilibrium compositions were readily approached by
eactive sintering the TiO2 and SnO2 powders rather than by
ecomposition of the solid solution as indicated by the XRD
esults of the samples fired at 1000 ◦C. Apparently, interdiffu-
ion through short circuit path of the grain surface and grain
oundaries would facilitate the solute redistribution during the
rocess of reactive sintering.

Reactive sintering also caused reorientation of the embed-
ed particles in the polycrystals. In fact, the size-dependent
rientation change of the relatively small-sized SnO2 particles

n the TiO2-rich rutile grain (Fig. 10) can be rationalized by a
rownian-type rotation of the particles in terms of anchorage

elease (i.e. debonding) at the SnO2/TiO2 interface analogous
o the high-temperature dynamics of Y-PSZ particles in Co1−xO
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rains.11 The diffusion coefficient (D) of spherical particles con-
ned in a grain was formulated to decrease exponentially with

he increase of number of atoms in anchorage (i.e. atoms in
ood coherency) at the interface, whereas increase exponen-
ially with �T above a critical temperature (T0) for anchorage
elease:11

= 2a2
(

kT

h

)
exp

(
�S0

R

)
exp

(−�H0

RT

)

× exp

(−πd2�hm

a2R

) (
1

T
− 1

T0

)
(1)

here πd2/a2 is the number of atoms in anchorage (assuming
rystallite as a sphere of diameter d), a the periodic distance of
n atom, �G0 (= �H0 − T�S0) for viscous motion in terms of
tom diffusion along the interface, �hm the latent enthalpy to
ntie an atom from the interface, h the Planck constant and other
ymbols have their usual meanings.

T0 and the free energy are in fact a function of the particle size
ue to the capillarity effect. Thus, the reasons that a smaller parti-
le has a higher diffusivity are two-fold: firstly, a smaller number
f atoms in anchorage at the interface; secondly, a lower T0. The
ritical temperature T0 for anchorage release at the SnO2/TiO2
utile interface should be lower than 1000 ◦C in order to acti-
ate the Brownian motion of the embedded particles in the solid
tate at a moderate homologous temperature of 0.60–0.67 as
entioned. The smaller-sized and relatively SnO2-rich particles
ould become even smaller upon reactive sintering, because
f a considerable evaporation event of SnO2,28 and/or the
nO2–TiO2 interdiffusion, to facilitate Brownian rotation of the
articles until energetically favored parallel epitaxial state was
eached.

A considerable amount of vacancies due to interdiffusion of
toms across the interface is expected to benefit the anchor-
ge release at the interface, hence facilitates particle rotation
or the SnO2/TiO2 composite. This vacancy effect on debond-
ng of atoms at interface can be further enhanced when there
s considerable net vacancies flux to form Kirkendall pores.
he strain as a result of interdiffusion may also cause a con-
iderable softening, and thereby facilitate de-bonding of the
omposition variant phases formed by a reactive sintering
rocess.

. Conclusions

1) Defect clusters and commensurate superstructures were
formed in the TiO2–SnO2 solid solution of the rutile-type
structure when quenched from 1600 ◦C in air.

2) Spontaneous spinodal decomposition of the equimolar
alloy of TiO2–SnO2 at 1000 ◦C caused composition fluc-
tuation along the c-axis with a semi-coherent (0 0 1)

interface.

3) The decomposition of the non-equimolar alloy outside
the spinodal at 1000 ◦C caused metastable precipitation
of an ilmenite-type and another epitaxial phase tentatively
indexed as a nonstoichiometric phase.

t
s
a
i
1

n Ceramic Society 28 (2008) 91–99

4) Reactive sintering at 1000 ◦C facilitated not only phase equi-
librium but also the Brownian rotation of the small-sized
SnO2 particles until parallel epitaxial relationship with the
TiO2-rich host was reached.
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ppendix A. Brownian motion of crystallites under 1 D,
D and 3 D constraints

In previous annealing studies of cubic oxide composites
repared by solid-state sintering, e.g. Ni1−xO/yttria par-
ially stabilized zirconia (Y-PSZ),9 Ni1−xO/NiAl2O4,10 and
o1−xO/Y-PSZ,11 we have proved that intragranular particles
an change orientation until they reach epitaxial relationships
ith respect to the host grains. A relatively high homol-
gous temperature (T/Tm) for the Ni1−xO/NiAl2O4,10 and
o1−xO/Y-PSZ composites11 resulted in a faster orientation
hange and more significant coalescence of the particles than
he Ni1−xO/Y-PSZ composite at a specified annealing temper-
ture of 1600 ◦C.9 Reorientation of the intragranular particles
n these composites has little to do with sintering,12 diffusion
nduced recrystallization13 or dynamic recrystallization,14 but
an be reasonably explained by rotation of the particles above a
ritical temperature for anchorage release at the interface with
espect to the host grain.9–12

In such a thermally activated rotation process of the intra-
ranular particles, Brownian motion of the particles in terms
f interfacial diffusion of atoms was suggested to happen9–12

s for the case of fcc metal crystallites migrating and rotat-
ng on single crystal substrate, KCl(1 0 0) with or without
teps.15–20 The size and temperature dependence of diffusiv-
ty of the crystallites has been measured over KCl(1 0 0),15

nd found to be in accordance with Brownian-type motion
f the crystallites in terms of interfacial diffusion of atoms
rom leading edge to trailing edge of the crystallites. Einstein’s
olecular theory of heat,21 Eyring’s transition-state model22

nd frictional force at a viscous interface were thus adopted to
ormulate the diffusivity equation of the crystallite over the sin-
le crystal substrate.16–18 The size dependence of orientation
hange of intragranular particles was also verified by anneal-
ng experiments for the case of Co1−xO particles in Y-PSZ
rain.11

ppendix B

SEM (SEI) of (a) 2T8S sample sintered/homogenized at
600 ◦C for 4 h followed by air-quenching to room tempera-
ure and then thermal etching at 1500 ◦C for 10 min, (b) 8T2S

ample reactively sintered at 1000 ◦C for 72 h followed by
ir-quenching to room temperature and then chemical etch-
ng by 30 mol% HCl (added with two drops of HF) for
.5 h.
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