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To identify factors that might affect capillary driving forces and
interface structure-dependent mechanisms for coarsening, we
have used a stereological analysis to determine the changes in
the morphology of SrTiO3 crystals in contact with a titania-rich
liquid at 15001C. A combination of flat and curved surfaces is
observed in contact with the liquid. The (100) surface is the most
common, followed by (110). A range of surfaces in the /100S
zone are also found, but with a lower frequency. The areas of the
{100} and {110} surfaces are approximately equal at the initial
stage, but after 24 h of growth, the {100} surface area is more
than twice as great as the {110} surface area. At this point,
{100} surfaces make up more than 25% of the surface area in
contact with the liquid. The results suggest that morphological
changes during growth continuously reduce the average surface
energy and interface mobility. This provides a plausible expla-
nation for coarsening rates that decrease faster than predicted
by the classical theory.

I. Introduction

IN the classical coarsening theory, the average crystal size /rS
increases with time:

rh i � r0h i ¼ Ktð Þn (1)

where K is a positive constant, /r0S is the initial average radius,
and n is a constant less than or equal to 1/2 that depends on the
rate-limiting step of the process.1,2 Although the original deri-
vation of this law assumes isotropic interface energies, Mullins3

has shown that as long as the crystal size distributions maintain
statistical self-similarity and the interface energy is differentiable
at all orientations, then the anisotropy of the interface energy
does not alter the kinetics described by Eq. (1). While the con-
dition on the form of the energy anisotropy might not be met for
most ceramics, simulations using energy functions with singu-
larities have demonstrated that classical kinetics are preserved.4,5

However, classical kinetics are not always observed in the coars-
ening of ceramics. For example, coarsening has been used to
grow single crystals of ceramics by annealing a seed crystal in
contact with a polycrystalline material combined with a lower
melting intergranular liquid; the most well-documented case is
that of Pb(Mg1/3Nb2/3)O3�x �PbTiO3.

6–10 The published data
suggest that there is a continuous reduction in the growth rate
beyond that predicted by Eq. (1), as if the growth constant, K, is
decreasing with time.8–10 This phenomenon will be referred to
here as non-classical coarsening kinetics.

One possible explanation for the non-classical kinetics is the
development of porosity, which increasingly retards interface

motion as growth proceeds. However, recent work indicates that
the growth rate reduction does not completely disappear when
porosity is eliminated.11 Another possible explanation for the
non-classical kinetics is that the crystals undergo continuous
morphological changes as they grow so that the fraction of slow
moving or low energy surfaces in contact with the liquid con-
tinuously increases, reducing the growth rate faster than pre-
dicted by Eq. (1). For example, if the starting materials are
milled, then the particles will have roughly equiaxed shapes at
the start of coarsening. When annealed, growing crystals will
adopt shapes that reflect the relative growth (or dissolution)
rates of the different orientations. As coarsening progresses, we
expect that slow-growing faces will cover more of the surface
and fast-growing faces will disappear. If the slow-growing sur-
faces are also low-energy surfaces, then the overall driving force
will be reduced by volume-conserving shape changes, even in the
absence of growth. Also, if the slow-growing faces are singular,
then growth and shrinkage may be limited by the surface at-
tachment/detachment rate, the motion of ledges, or the nucle-
ation of new layers.12–14

The problem of how crystal shape, interface structure, and
coarsening rate are related had been addressed in a number of
recent theoretical4,5,12–14 and experimental15–21 papers. The ex-
perimental approach has been qualitative, using micrographs to
demonstrate that interfaces are rough or flat and, in the latter
case, that certain orientations are preferred over others.15–21

The theoretical papers, on the other hand, make quantitative
predictions about size and shape distributions.4,5,12,13 To test the
validity of these models, there is a clear need to provide quan-
titative data on the average crystal shape, the fractional area of
singular surfaces, and how these quantities change during coars-
ening. To address this problem, we have developed a stereolog-
ical procedure for measuring average crystal habits from planar
sections.22,23 Previously, this procedure has been used to meas-
ure the distribution of bounding WC interfaces in Co, but only
at a single point in time.24 In the current paper, a new procedure
is used to quantitatively determine how the crystallographic dis-
tribution of bounding surfaces changes as an anisotropic phase
coarsens. The objective of the paper is to demonstrate that con-
tinuous morphological changes do occur during coarsening and
that these changes provide a plausible mechanism for non-clas-
sical coarsening kinetics. This should be a general phenomenon,
and occur in any anisotropic system. As a model, we study the
coarsening of SrTiO3 in a titania-rich liquid at 15001C. This
system is not expected to have the time-dependent composition
variations that are expected to influence the morphological
evolution of Pb(Mg1/3Nb2/3)O3�x �PbTiO3.

10

II. Experimental Procedure

The SrTiO3–TiO2 samples were formulated so that at the an-
nealing temperature of 15001, they would consist of a two-phase
mixture with 85% volume fraction solid SrTiO3 and 15% vol-
ume fraction of a titania-rich liquid. The liquid comprised of
33.3 mol% SrTiO3 and 66.7 mol% TiO2.

25 SrTiO3 and TiO2

powders (99% pure) were mixed and then milled with ethanol
and 1 cm glass balls for 5 h. Inspection of the powders at this
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point by scanning electron microscopy showed agglomerates of
submicron particles with no obvious flat surfaces or consistent
shapes. After drying, the powder was mixed with a small
amount of polyethylene glycol binder and deionized water,
and then uniaxially pressed to 1700 psi. The consolidated sam-
ples were then degassed in vacuum at 8001C for 25 h before an-
nealing in air at 15001C. The samples were ramped to 15001C at
a rate of 51C/min and then held at this temperature for times
ranging from 0 to 24 h. The samples were then lapped with a
3 mm alumina slurry and polished with a 0.02 mm colloidal
silica slurry.

The shapes of the SrTiO3 crystals intersecting the section
plane were determined from atomic force microscope (AFM)
images. The AFM (Park Scientific Instruments, Sunnyvale, CA)
was operated in contact mode, recording images with a resolu-
tion of 512� 512 pixels. Crystal orientation maps on planar
sections were obtained using an electron-backscattered diffrac-
tion (EBSD) mapping system (EDAX/TSL, Draper, UT) inte-
grated with a scanning electron microscope (Model XL40 FEG,
Phillips, Eindhoven, the Netherlands). Orientation maps were
recorded at a 601 tilt with a 20 kV beam. The step sizes for the
orientation mapping were 0.3 and 1.6 mm for the 0 and 24 h
sample, respectively.

The objective was to determine the distributions of SrTiO3

crystals surfaces, l(n), where n is the interface normal in the
crystal reference frame and l is the relative area, measured in
multiples of a random distribution (MRD). For an isotropic
distribution of interfaces, l is unity for all n. In the anisotropic
case, values of l above or below unity indicate relative areas
larger or smaller than expected in the isotropic case. Stereolo-
gical procedures for measuring the interface distribution have
already been described for the case where there are a small
number of flat facets22 and where there is a continuous distri-
bution of surfaces.23 Here, we use the latter procedure, since the
samples exhibit both flat and curved interfaces. The method
works on the principle that knowledge of the crystal orientation
and the direction along which an interface intersects the plane of
observation allows a finite set of possible orientations of the in-
terface plane to be specified. By making many observations of
similar crystals in different orientations, the true interface
orientations will occur in the set of possible orientations more
frequently than any other.

The data needed for this analysis were obtained using a com-
puter program to digitize the solid–liquid interface traces in
AFM images. The interface traces were then correlated with the
orientation data, as described previously.24 Data sets for each
sample contained 2800–3500 individual traces from more than
600 different crystal sections.

III. Results

Figure 1 shows AFM images of polished surfaces. The solidified
eutectic phase (referred to henceforth as the liquid) appears with

a lighter contrast in these images because it polishes at a slower
rate and is topographically higher than the SrTiO3 crystals.
While the interfaces between the SrTiO3 and the liquid are easily
identified on these planar sections, it should also be realized that
the SrTiO3 crystals impinge upon each other and form a three-
dimensional skeletal network. From these typical images, it is
clear that the growth shape of SrTiO3 in liquid contains both
curved surfaces and flat surfaces. For the 0 h sample, the average
size of the grains used to measure l(n) was 0.8 mm and for the
24 h sample, the average size was 16 mm. This is noted only to
recognize that larger grains were used in the later analysis; these
figures were determined in limited fields of view and are not
representative of the full distribution, which was generally not
unimodal.

The distribution of surfaces, l(n), in the samples annealed for
0 and 24 h are shown in Fig. 2. All of the samples showed a
relatively high population of {100}-type surfaces and a relatively
low population of {111} surfaces. There is also a preference for
planes in the /100S zones. At the earliest times, there are also
peaks at the {110} positions, but they shrink with time and
eventually disappear. Data extracted at intermediate times, but
not shown here, are consistent with the trend that as the SrTiO3

crystals are annealed for longer times, a larger fraction of the
surface is bounded by {100}-type interfaces. The tendency for
crystals to be bounded by {100} surfaces is confirmed by the
shapes of the crystals in Fig. 1, which show examples of crystals
that happen to be aligned so that [100] is nearly perpendicular to
the sample plane. These grains are marked by an ‘‘x.’’ In these
cases, the crystals display several straight edges oriented along
/100S and separated by B901. The distribution in Fig. 2(b)
indicates that after 24 h, at least 1/4 of all the SrTiO3 in contact
with the liquid has the {100} orientation.

IV. Discussion

The distributions of SrTiO3 surfaces shown in Fig. 2 are aver-
ages over the microstructure and result from the average of
crystals that are both growing and shrinking. However, since the
observations are weighted by area, the larger, growing crystals
exert a greater influence on the distribution. Furthermore, many
of the interface orientations are influenced by impingement with
other grains. Therefore, it would be incorrect to interpret the
distributions as accurate representations of the growth or equi-
librium forms of SrTiO3 under these conditions. What the re-
sults do provide is a statistical representation of the distribution
of orientations in contact with the liquid. These are the surfaces
that are receding or advancing as a result of the coarsening
process and the changes in the area of these surfaces represent
the driving force for coarsening.

The preference for surfaces with the {100} orientation is not
surprising, considering recent measurements of the surface en-
ergy anisotropy of SrTiO3 in air at 14001C and the distribution
of grain boundary planes at 16501C.26,27 In air, the (100) orien-
tation represents a minimum in the energy and grain boundaries
showed a tendency to form on planes with the {100} orientation.
According to the surface observations, orientations vicinal to
{100} are also part of the equilibrium crystal shape. In other
words, the six {100} facets on the roughly cubic equilibrium
crystal shape are surrounded by smoothly curved surfaces. The
current data show that surfaces in contact with the titania-rich
liquid have many of the characteristics of the equilibrium crystal
shape, including the curved regions around {100}.

The changes in the interface distribution reported here can
potentially influence the kinetics of coarsening in several ways.
First, we assume that the increase in the area of the {100} surfaces
in contact with the fluid occurs because this is the slowest moving
interface. As the crystal grows faster in other directions, the high-
er mobility interfaces disappear and leave behind the slowest in-
terface. Since the {111} and neighboring orientations have
negligible areas even at the earliest times, we conclude that these
surfaces have mobilities that are significantly greater than those in

Fig. 1. Atomic force microscope images of SrTiO3 embedded in a titania-
rich matrix that was liquid at the coarsening temperature. (a) An example
of the material after the 0 h anneal. (b) An example after the 24 h anneal.
Note the change in scale. The crystals marked by the white ‘‘x’’ are ori-
ented so that [100] is approximately parallel to the viewing direction.
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the /100S zone and that the {100} surfaces have the minimum
mobility. Previous observations of macroscopic SrTiO3 crystals
growing into a matrix of fine grains indirectly suggest that the
{110} orientation grows more slowly than {100}.28 Although the
origin of this inconsistency is not clear, it should be noted that
several aspects of the prior work differ from the present circum-
stances, such as the amount and composition of the liquid, and
the defect structure and composition of the growing crystal. In
any case, it can be concluded that as more of the total interfacial
area is made up of the more slowly moving surfaces, the average
growth rate will be diminished. The second factor that affects
the coarsening rate is the change in the average surface energy. If
the {100} orientation has the minimum energy, then the driving
force for growth is diminished as this orientation makes up a
greater fraction of the total interfacial area.

Based on the observed changes in the interface distribution as
a function of time; we proposed that morphological changes
that result in crystals bounded by a higher fraction of low energy
and slow-moving surfaces are a plausible explanation for non-
classical coarsening rates. To determine whether or not this ef-
fect can retard growth to the extent observed in experiments,8–10

we will require more detailed information about the changes in
the microstructure as a function of time. We are currently col-
lecting detailed statistics on the evolution of the grain size dis-
tributions in these microstructures so that both size and shape
changes can be quantitatively compared with models for coars-
ening in anisotropic materials.4,5,12,13

V. Conclusion

When SrTiO3 coarsens in a titania-rich liquid at 15001C, the
crystals change shape. As the initially equiaxed submicron crys-
tals grow, they adopt cuboidal shapes for which the majority of
the bounding interfaces consist of surfaces with {100} orientat-
ions and surfaces in the /100S zone. The evolution of the shape
during coarsening suggests that the {100} surface has the lowest
mobility and that slowly moving, low-energy surfaces become
an increasing portion of the population as coarsening proceeds.
These morphological changes provide a plausible explanation
for non-classical coarsening kinetics that are observed in some
anisotropic materials.
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