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Abstract

Grain growth kinetics of CaIrO3 perovskite and post-perovskite aggregates was investigated by time-series experiments at
pressures of 2 and 3 GPa and temperatures ranging from 1373 to 1773 K in a piston cylinder apparatus. The experiments were
conducted in the stability field of both perovskite and post-perovskite. The increase of grain size (G) with time (t) follows a growth
law: Gn−G0

n=k · t (k=k0 exp(−H⁎/RT )). The growth exponents (n) for perovskite and post-perovskite are 2.6±0.5 and 4.5±0.9,
respectively. The activation enthalpy (H⁎) of post-perovskite grain growth is 251±35 kJ/mol. Grain growth of post-perovskite is
distinctly slower than that of perovskite. Sluggish grain growth of the post-perovskite is caused by its strong anisotropic shape. The
phase transition from the perovskite to the post-perovskite at the D" discontinuity would lead to maintenance of small grain size in
the D" layer. If diffusion creep is the dominant deformation mechanism of post-perovskite, the phase transformation would induce
the significant softening of the D" layer due to slow growth rate of post-perovskite compared with a situation without the phase
transition.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Large seismic anomalies have been observed at the
bottom of lower mantle with a thickness of several
hundreds kilometers (D″ layer) [e.g., 1,2]. The anomalies
of the D″ layer are difficult to explain with known phy-
sical properties of MgSiO3 perovskite—the main con-
stituent of the lower mantle. The recent discovery of the
MgSiO3 post-perovskite phase transition has provided
new insights into the D″ layer from high-pressure
experiments with the diamond anvil cell (DAC) [3,4].
The transition pressure of MgSiO3 perovskite to post-
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perovskite (125 GPa) is consistent with the depth of the
velocity increase at the D″ seismic discontinuity
(2700 km depth) [2]. In order to understand the dynamics
near the core–mantle boundary, it is, therefore, important
to clarify the physical properties of the post-perovskite
phase. Rheology is one of the important properties that
control dynamic processes. To assess the dynamics of
descending slabs to the core–mantle boundary and up-
welling of thematerials from theD″ layer, it is essential to
understand the rheological behavior of post-perovskite.

For polycrystalline aggregates, the grain size of
constituent materials is a key parameter to determine the
dominant deformation mechanism because the transi-
tion between dislocation and diffusion creep during
plastic deformation is controlled by grain size. In
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Table 1
Experimental conditions and results

Run no. P
(GPa)

T
(K)

t
(h)

G
(μm)

Post-perovskite
PPVGG38⁎ 3 1373 0 2.0
PPVGG31 3 1373 48 12.7
PPVGG33 3 1373 192 18.8
PPVGG23 3 1473 48 14.0
PPVGG29 3 1473 192 23.7
PPVGG32 3 1573 12 15.8
PPVGG27 3 1573 48 21.2
PPVGG24 3 1673 3 16.5
PPVGG25 3 1673 12 24.5
PPVGG26 3 1673 48 29.3

Perovskite
PPVGG39⁎ 2 1773 0 41.0
PPVGG35 2 1773 1 47.4
PPVGG37 2 1773 4 66.6
PPVGG36 2 1773 16 99.8

G denotes the mean diameter of CaIrO3 crystals obtained from
intercept method [13,14].
⁎, the zero time run was terminated when the temperature reached the
prescribed value by shutting off the heating power supply.
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addition, the viscosity of the diffusion creep regime is a
function of the grain size of the constituent materials.
Therefore, several experimental studies of the grain
growth kinetics for mantle minerals have been con-
ducted to understand rheology of the mantle [5–8].

The MgSiO3 post-perovskite structure is unquench-
able to ambient conditions. The phase is only stable over
100 GPa [3], which can be attained only by DAC
experiment. Long duration heating experiment needed
to observe kinetic processes is quite difficult in the
DAC. A useful analog is CaIrO3 because it has the same
structure as the MgSiO3 post-perovskite phase (space
group: Cmcm) at atomospheric pressure. Hirose and
Fujita [9] demonstrated that there is a phase transition of
CaIrO3 from post-perovskite (called post-perovskite
hereafter) to a perovskite-type structure (space group:
Pbnm), which is isostructural with MgSiO3 perovskite,
with increasing temperature under pressure. Therefore,
CaIrO3 can be considered as a good analog for both
MgSiO3 perovskite and post-perovskite and can be used
to examine physical properties of both perovskite and
post-perovskite structures. To this end in this study we
investigated the growth kinetics of CaIrO3 post-
perovskite and perovskite. These data were used to
further an understanding of the rheological behavior
across the phase boundary from perovskite to post-
perovskite near the bottom of lower mantle.

2. Experimental procedure

The starting material for grain growth experiment of
post-perovskite was synthetic CaIrO3 post-perovskite
prepared from a mixture of reagent-grade IrO2 and
CaCO3. At room pressure, the mixture was heated in air
for over 24 h at 1073 K to remove carbon dioxide. At
this stage, the mixture was composed of CaIr2O4 and
IrO2 with a small amount of CaIrO3 post-perovskite
seed. The retrieved sample was finely ground in agate
mortar and then heated in air for 240 h at 1253 K. At
1 atm, 1253 K is in their stability field of post-perovskite
[10]. The recovered sample was a single-phase CaIrO3

post-perovskite from X-ray power diffraction. Starting
powder for grain growth of perovskite was synthesized
from the CaIrO3 post-perovskite powder at 1 GPa and
1723 K for 30 min using 3/4″-diameter furnace
assembly in a piston cylinder apparatus. The perovskite
phase was confirmed by X-ray power diffraction.

We conducted two series of annealing experiments to
determine the grain growth rates of CaIrO3 perovskite
and post-perovskite using 1/2″-diameter furnace assem-
bly in a piston cylinder apparatus. The experimental cell
assemblies were composed of talc outermost sleeves and
Pyrex glass sleeves enclosing a graphite heater. The
vertical spacers were made of MgO. The starting
material was placed in a Pt capsule with 2.0 mm outer
diameter surrounded by MgO. The temperature was
controlled with a W95Re5–W74Re26 thermocouple.
Pressure was applied at room temperature. The sample
was then heated at a constant ramp rate of 200 °C per
minute to the desired temperature. Quenching to room
temperature was achieved within a minute. Pressure was
then released to atmospheric pressure.

A series of the grain growth experiments with post-
perovskite were conducted at a range of temperatures
from 1373 to 1673 K at 3 GPa. Because the stability
field of perovskite is very narrow [9], a series of the
grain growth experiments for perovskite were conducted
at a fixed temperature of 1773 K at 2 GPa. To determine
the initial grain sizes (G0), zero time experiments were
conducted at 1373 K and 1773 K for post-perovskite and
perovskite, respectively.

After an experiment, the samples were mounted in
epoxy resin and initially polished with a diamond
powder. Final polishing was done with colloidal silica.
Phase identification and microstructural observation
were carried out with a micro-beam X-ray diffractom-
eter in reflection geometry and a scanning electron
microscope. Grain sizes were measured at a magnifica-
tion of ×20–100 (dependent on the grain size) using a
reflecting optical microscope except for the experiment
PPVGG38. Because the grain size of the zero time



Fig. 1. Reflection optical images showing run products of CaIrO3 perovskite and post-perovskite in polished section. (a) Perovskite Run# PPVGG39
(0 h and 1773 K). (b) Perovskite Run# PPVGG37 (4 h and 1773 K). (c) Perovskite Run# PPVGG36 (16 h and 1773 K). (d) Post-perovskite Run#
PPVGG38 (0 h and 1373 K). (e) Post-perovskite Run# PPVGG24 (3 h and 1673 K). (f) Post-perovskite Run# PPVGG26 (48 h and 1673 K). White
scale bars indicate 100 μm.
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experiment of post-perovskite (PPVGG38) was quite
small, the initial grain size was determined with a
scanning electron microscope.

The 3-dimensional (3D) grain size distribution was
evaluated by variations of the intercept length along
analyzed lines and the grain area on the polished section.
These distributions are possible to be different from the
3D grain size distribution by sectioning effect. There-
fore, we investigated the sectioning effect for each one
sample of perovskite and post-perovskite. The variation
of intercept length was determined from the measure-
ment of the length between two intercepts (i.e., grain
boundary) along the analyzed lines. The 2-dimensional
(2D) grain size distributions were made by image
analysis. The grain boundaries were traced on screen
from the digitized images. Image analysis was con-
ducted for each binary image by using Image J software
for Macintosh provided by NIH. The Schwarz–Saltykov
method [11] based on the probability of polished
sections resulting from the intercept of spheres was
used to estimate the 3D grain size distribution from the
determined 2D distribution.



Fig. 2. Back-scattered electron images of (a) perovskite (Run#
PPVGG36) and (b) post-perovskite aggregate (Run# PPVGG25)
showing occurrence of impurity phase. Bright, gray and dark portions
indicate IrO2 crystals, CaIrO3 crystals, and grain boundaries or
plucking part, respectively. Note that small IrO2 crystals mainly occur
as an inclusion in CaIrO3 crystals, and that the grain size of both phase
is much larger than inter-particle distance of IrO2.

Fig. 3. Log normalized size distribution of (a) perovskite (Run#
PPVGG36) and (b) post-perovskite (Run# PPVGG27). Grain size and
frequency are normalized to average grain size and maximum
frequency, respectively. Histograms, dashed lines and solid lines
represent intercept length (1D), 2D and 3D normalized grain size
distributions, respectively. The 3D grain size distributions were
calculated from the 2D grain size distributions using the Schwarz–
Saltykov method.
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Average grain size (G) was estimated from the
measured average intercept length (L) using a relation
G=cL, where c is a constant value of 1.56 [12]. We
applied a volume-based, grid and line-sampled intercept
stereographic technique to measure the intercept length of
the individual grain [13,14]. On the polished section,
most of the grain boundaries were opened during
decompression and some grains were plucked during
polishing. Therefore, we did not measure these areas. The
analyzed area is composed of 200–500 grains. Experi-
mental details and results are summarized in Table 1.

3. Results

Fig. 1 shows the reflection images of the microstruc-
ture of perovskite (Fig. 1a–c) and post-perovskite
(Fig. 1d–f ). This is clear evidence for grain growth of
both phases. The perovskite crystals are equigranular,
whereas those of post-perovskite are characterized by
anisotropic shape with high aspect ratio. The grain
boundaries of the post-perovskite aggregate generally
are flat surface (faceting). These surfaces correspond to
crystallographically controlled faces with lower interfa-
cial energy than that produced by the curved interfaces.
The orientations of minimum interfacial energy per unit
area are crystallographic planes of low Miller indices
[15]. Because the grains of post-perovskite are aniso-
tropic shape but randomly oriented, the average grain
size determined by the intercept method is available
[13]. Although a secondary phase was not identified by
X-ray diffraction, the back-scattered electron images of
all the run products show a presence of tiny IrO2 grains
(b0.1 vol.%), which mainly appear as inclusion in both
CaIrO3 perovskite and post-perovskite (Fig. 2). We



Fig. 5. Grain size variations in two-dimensional section of CaIrO3
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rarely observed IrO2 grains along grain boundaries or at
grain corners.

Fig. 3 shows a sectioning effect on the grain size
distribution. Although the size distributions become
sharp and a peak skews to larger grain size with
increasing dimension (from 1D to 3D), there is no
significant change for shape characteristics of the grain
size distribution. The distribution of the intercept
lengths in the present study seems to represent a feature
of the 3D grain size distribution. We, therefore, used the
distribution of the intercept lengths as the grain size
distribution of the analyzed system in the following
discussion.

The grain size distribution of both perovskite and
post-perovskite shows a constant shape (Fig. 4) when
Fig. 4. Representative log grain size distributions of perovskite (a) and
post-perovskite (b). The size distributions are derived from the
distribution of the intercept length along the analyzed lines. Grain size
and frequency are normalized to average grain size and maximum
frequency, respectively. Thick dotted lines indicate interface-con-
trolled LSW distribution [17,18].

perovskite (a) and post-perovskite (b) as a function of run duration at
various temperatures. Dashed and solid lines indicate the non-linear
least square fit to the grain growth law, yielding n=2.6±0.5 and
log k=−15.25±2.06 m2.6 ±0.5/s, for perovskite at 1773 K (a), and
n=4.5±0.9, H=251±35 kJ/mol and log k0=−17.95±3.56 m4.5 ± 0.9/s
for post-perovskite (b), respectively.
the size distribution is normalized to the average grain
size. Because uniform size distribution is independent of
annealing times, it suggests that normal grain growth
occurred in these systems. In addition, the maximum
and minimum grain sizes were within a factor of two to
three times the mean grain size, suggesting a near
normal grain growth [16]. The grain size distribution for
post-perovskite is nearly log normal, whereas that of
perovskite is similar to the Lifshitz–Slyozov–Wagner
(LSW) distribution with a peak skewed toward larger
grain sizes [17,18].

The results for post-perovskite and perovskite
coarsening at various temperatures and annealing
times are summarized in Table 1 and Fig. 5. For post-
perovskite, the average grain size increases with
increasing annealing time at constant temperature. The
relationship between log size and log time can be fitted
using the following form for normal grain growth
kinetics:

Gn−Gn
0 ¼ kdt ð1Þ

in whichG is the mean size at time t,G0 is the mean size of
starting material, k is the rate constant, and n is the growth
exponent. The normal grain growth law of perovskite was
calculated by a non-linear least square fitting to Eq. (1).
The growth exponent (n) and rate constant (k) are
determined to be 2.6±0.5 and 10−15.25±2.06 m2.6±0.5/s,
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respectively. The value of k for different temperature can
be obtained by the following relation:

k ¼ k0exp −
H⁎

RT

� �
ð2Þ

where k0 is the pre-exponential constant, H⁎ is the
activation enthalpy, R is the gas constant and T is absolute
temperature. The normal grain growth law of post-
perovskite (for which data were obtained at several
temperatures) can be calculated by a non-linear least
square fitting to the combination of Eqs. (1) and (2) to
yield:

G4:5F0:9−G4:5F0:9
0 ¼ 10−17:95F3:56 m4:5F0:9=s

� �
dexp −

251F35ðkJ=molÞ
RT

� �
dt

ð3Þ

The errors were estimated from the standard deviation in
the least square fitting. In this study, theG0-value of post-
perovskite is used to be 2.0 μm from the zero time
experiment at 1373 K. The effect of grain coarsening
during heating from 1373 K to the desired temperature on
the determination of some parameters for the growth law is
negligibly small because of the slow coarsening rate of
post-perovskite.

4. Discussion

4.1. Growth mechanisms of perovskite and
post-perovskite

Grain growth of isotropic system under static
condition is a simple transformation in which grain
size increases under driving forces arising from surface
curvature [19,20]. The coarsening process of larger
particles is related to the expense of smaller particles,
and its driving force is minimization of interfacial
energy [e.g., [21,22]. Boundary mobility is controlled
by self-diffusion of rate-limited species across the
boundary region (intrinsic regime) or by the mobility
of impurity phase such as pore, solute and liquid film at
the grain boundaries (extrinsic regime) [23]. For the
intrinsic regime, the growth exponent is theoretically
expected to be 2 in the grain growth of a single phase
[19,24]. Although the growth exponent of perovskite
(n=2.6±0.5) is higher than the value predicted from the
ideal case, it is consistent with experimental values
(average: n=2.5±0.4) for metals in which impurity
level is very low [20]. The grain size distribution of
perovskite is similar to the LSW-type grain size
distribution arising from variations in the interface
curvature (Fig. 4a) [17,18]. The main controlling factor
for grain growth of perovskite is likely to be Ostwald
ripening (dissolution of small grains and growth of
larger grains by precipitation).

The growth exponent of post-perovskite (n=4.5±
0.9) is considerably higher than that of perovskite. One
possibility to explain such large values of n is Zener
pinning [25,26], because we recognized a presence of
tiny amounts of IrO2 in the back-scattered electron
images (Fig. 2). If the grains start with a size that is
smaller than the inter-particle distance, they grow
normally until there are enough particles interacting
with the boundaries to pin the grains. If the data used in
the calculation of the growth exponent included one
measurement after Zener pinning occurred, the resulting
growth exponent would be extremely high. In this case,
the grain size becomes constant after Zener pinning
occurred. Even if the average grain size is larger than the
inter-particle distance, there is no evidence of cease of
grain growth (Fig. 5). Because most of IrO2 crystals
appear as inclusion (Fig. 2), sweeping out and pinning
of impurity phase would not play an important role in
sluggish grain growth. Furthermore, although perov-
skite aggregates also include the same amount of
impurity (IrO2), the growth exponent of perovskite is
significantly smaller than that of post-perovskite.
Therefore, a large difference of growth exponents
between them seems to be derived from the other factors.

The most remarkable microstructure difference
between perovskite and post-perovskite is crystal
shape. Perovskite aggregates have polygonal texture,
whereas most of grain boundaries of post-perovskite
aggregate were be faceted. Thus, the grain growth
kinetics of post-perovskite is not controlled by a
decrease of surface curvature. As degree of faceting
on the crystal surface increases, the grain size distribu-
tions obtained from the grain growth in fluid- or melt-
bearing system tend to change from the LSW distribu-
tion to the log normal distribution [27]. This behavior is
consistent with the present results (Fig. 4). Therefore,
the grain growth kinetics of post-perovskite is probably
controlled by development of flat surface due to the
relatively stronger anisotropic surface energy.

For crystals with strong anisotropy, some segments
of the faceted grain boundaries are likely to be singular
with atomically flat structures [15]. For anisotropic
systems with large variation of the grain boundary
energy, the growth exponent tends to become higher
[28]. The grain boundary mobility of the post-perovskite
could be limited in two-dimensional nucleation of
boundary steps. A grain with a plane of lower surface
energy with respect to the growth direction expands



Fig. 7. Comparison of grain size and viscosity between perovskite- and
post-perovskite-dominant lower mantle. The grain size ratio of CaIrO3

perovskite and post-perovskite (Gppv/Gpv) is defined as a function of
time at constant temperature (1773 K: T/Tm=∼0.9). Thick solid,
dashed and thin solid lines indicate the grain size and viscosity ratios
when initial grain sizes of perovskite (G0

pv) are 10, 1 and 0.1 mm,
respectively. Initial grain sizes of post-perovskite (G0

ppv) after the phase
transformation from perovskite to post-perovskite were provided by a
grain size ratio (G0

ppv/G0
pv=1, 0.1, 0.01 and 0) of the two phases.

Viscosities were calculated from the equation ηppv/ηpv∼Gppv/Gpv,
where ηppv/ηpv is the relative viscosity andm is the constant of 2.5 [40].
Shaded area represents the residence time scale of the subducted slab in
the D″ layer. This time scale was estimated from the velocity of plate
motion and a partial length of mantle convection cell in the D″ layer.
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only in lateral direction. The resultant velocity of flat
surface motion is very slow. If the specific crystal plane
shows faster growth in the lateral direction, the grain
shape would be anisotropic. In some ceramic and metal-
alloy systems, the size of the flat surface decreases
gradually with increasing temperature until the surface
step free energy become zero at the roughening
transition temperature [29,30]. Although surface rough-
ening can increase the grain growth at higher temper-
ature [31], there was no noticeable change of the grain
shape and growth rate in the CaIrO3 post-perovskite
aggregate in the 1373–1673 K temperature range. This
observation suggests that the growth kinetics of the
post-perovskite phase is not affected by surface
roughening in this temperature range.

4.2. Application to rheology of the D″ Layer

The present results demonstrated that the anisotropy
of crystal shape and faceting strongly control grain
growth rate. Faceting at crystal interface is likely to
appear when crystal surface has strong anisotropic
interfacial energy. Degree of anisotropy of interfacial
energy may be mainly caused by crystal structure [32].
Because the MgSiO3 post-perovskite could form a platy
crystal habit parallel to the (010) plane [3], the crystal
shape is expected to be anisotropic as well as CaIrO3

post-perovskite. Thus, the CaIrO3 used in our experi-
ments would be a good analog to understand grain
growth mechanism of the MgSiO3 post-perovskite in the
Fig. 6. Grain size evolution of CaIrO3 perovskite and post-perovskite
as a function of time at 1373 K (T/Tm ∼0.7) and 1773 K (T/Tm ∼0.9).
Solid and dashed lines indicate perovskite and post-perovskite,
respectively. Initial grain size (G0) is assumed to be zero. Shaded
region represents a possible range of grain size of perovskite calculated
from an assumed activation enthalpy (200–400 kJ/mol) for grain
growth of perovskite.
lowermost mantle. In the following section, we will
discuss rheology at the conditions of the D″ layer from
our results of CaIrO3 grain growth based on homolo-
gous temperature scaling.

In order to estimate the difference of grain growth
between perovskite and post-perovskite, we extrapolated
our experimental data in Eq. (3) to the geological time
scale up to 108 years. Fig. 6 shows the time-dependent
change of grain size at 1373 K and 1773 K, which
correspond to the homologous temperature (T/Tm, where
Tm is melting temperature) of ∼0.7 and ∼0.9,
respectively [9]. The grain size of post-perovskite is
much smaller than that of perovskite. Therefore, phase
transformation from perovskite to post-perovskite in a
descending slabwould induce inhibition of grain growth.
Considering that the D″ layer comprises twomain phases
(MgSiO3 compound and ferro-periclase) and because the
grain growth rate for two or more phases is much slower
than that of a single phase (e.g., [6,33]), the grain growth
of post-perovskite in a multi-phase assemblage is likely
slower than that of a single phase. Thus, the grain size of
MgSiO3 post-perovskite is expected to be smaller than
that in a single phase near the core–mantle boundary.

Because perovskite in the lower mantle is thought to
be deformed by diffusion (grain-size sensitive) creep
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[34–38], we assume that the diffusion creep is dominant
deformation mechanism for post-perovskite in the D″
layer based on smaller grain size than perovskite. In
diffusion creep, the viscosity of a material is expressed
as a function of grain size [39,40]. From the grain
growth kinetics data of both perovskite and post-
perovskite, we can address effect of the perovskite to
post-perovskite phase transformation on the viscosity of
a descending slab in the D″ layer in the assumption that
the relative viscosity (ηppv/ηpv) is only a function of G,
because the effect of the other parameters is relatively
small compared to grain size controlled by a power law.

Fig. 7 shows the results of grain size and viscosity
evolution at T/Tm ∼0.9 with time ranging to geological
time scale. First, consider the case where the grain size
does not change due to the phase transition (G0

ppv/
G0
pv =1, where G0

pv is the grain size of perovskite when
the descending slab reaches the D″ discontinuity, and
G0
ppv is the grain size of post-perovskite just after the

phase transformation). In the appropriate range of
residence time for the slab component in the D″ layer
(106–108 years), the post-perovskite viscosity decreases
3 to 6 orders of magnitude compared with the perovskite
viscosity. Secondary, if significant grain size reduction
occurs because of the phase transformation (G0

ppv/
G0
pv≪1), post-perovskite grain size remains small and

the resultant viscosity approaches the asymptotic line
characterized by decrease of viscosity with time. In this
case, the viscosity contrast between post-perovskite and
perovskite reaches 5 to 6 orders of magnitude. Thus, the
phase transition from the perovskite to the post-
perovskite would induce the significant softening of
the D″ layer because of slow growth rate of post-
perovskite compared with a situation without the phase
transition.

Seismic anisotropy is one of the important character-
istics in the lowermost mantle [2,41–44] and is thought
to be derived from the lattice preferred orientation (LPO)
of constituent materials (e.g., [45–51]). However, if the
dominant deformation mechanism of post-perovskite is
diffusion creep, the post-perovskite aggregate would not
have an anisotropic signature because these could be no
LPO. The anisotropy can be interpreted by LPO of (Mg,
Fe)O, which is the second abundant mineral in the lower
mantle, with stronger elastic anisotropy than the post-
perovskite [45,46,51,52].
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