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mantle (Karato, 1986; Karato and Li. 1992).

Most of previous works about rheological properties on perovskite analogues
have been focused on single crystals (Poirier et al., 1983; Beauchesne and Poirier, 1989;
Poirier et al., 1989: Wright et al., 1992;: Wang et al.. 1993). In contrast, some of works
on polycrystals of perovskite analogues was investigated (Karato and Li, 1992; Karato ef
al., 1995a; Hoshikuma er al., 1995: Li er al., 1996). It is very important to study
rheological properties in polycystalline aggregates because the viscosity depends on the
grain size in the diffusion creep regime. MgSiOs perovskite is stable only at high
pressures (Ito and Takahashi, 1987) and the direct determinations of rheological
properties of MgSiO; perovskite under its stable conditions are difficult. Thus,
rheological properties of perovskite under lower mantle conditions have been deduced
based on the results of experiments using analogue materials. However the diffusion
creep rate is sensitive to the individual species which compose the materials, and thus
the direct experimental determination of the lower mantle materials is very needed.

In the present study, two series of high pressure and temperature experiments was
conducted to determine directly the rheological properties of MgSiO; perovskite in the
lower mantle conditions. One is the grain growth experiments, the other is diffusion
experiments. In a series of grain growth experiments, forsterite and enstatite was used as
the starting material for the grain growth of single phase and two phase aggregates,
respectively. In a series of diffusion experiments, silicon self-diffusion in perovskite was
conducted. It has been considered that the diffusion of silicon is a controlling

mechanism of the diffusion creep of perovskite, because the diffusion of silicon is much



















measurements were made on back-scattered electron images (BSE) of thin sections
using the intercept method (Mendelson, 1969). Average grain size was (G) estimated
from the measured average intercept length (L) by G=cL, where ¢ is 1.56, assuming that

the grain size distribution was log-normal distribution (Mendelson, 1969).

2.3. A series of diffusion experiments procedure

To determine the coefficient of silicon self-diffusion in perovskite, MgSiO3
perovskites were first synthesized at 25 GPa and 1973K from single crystals of synthetic
enstatite as starting material. The recovered sample was polycrystalline perovskite and
the grain size of perovskite was ~20 pm. After synthesis of perovskite, the samples were
polished with diamond paste (0.25 um in diameter) and were cleaned up carefully using
ultrasonic cleaner with alcohol, and then they were coated with a *Si-enriched thin film
(a few tens namometer thickness) formed by high vacuum thermal evaporation of an
8i0; enriched powder (95.65 atomic %, Oak Ridge National Laboratory, USA). The
coated perovskites of *’Si film were used for diffusion experiments as starting materials.
These perovskites were pressurized up to 25 GPa at room temperature and were heated
at a constant rate of 500 °C per minute up to the experimental temperatures (1673 K-
2073 K). Prescribed temperature was kept constant during the desired time (1-50 hours).
For the both diffusion and synthetic experiments under high pressure, the sample was
loaded with NaCl pressure medium in order to suppress the generation of the differential
stress. After the annealing, the recovered run charges were carefully washed by pure

W g -
water to expose  Si film coated surface.
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Fig. 3-4. Crystallographic orientations revealed by transmission electron
microscope. (A) Showing the relation of lattice orientation between spinel
and periclase in equal area projection, (B) showing the relation of lattice
orientation between periclases in equal area projection.
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Fig. 3-6. Log-normal grain size distributions of perovskite. The
samples, which were used forsterite as starting material, annealed at 25
GPa and 1873 K for 0 min (A, run no. PV15), for 60 min (B, run no.
PV11) and for 600 min (C, run no. PV18). 302 (A), 167 (B) and 149 (C)
grains were measured.
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Fig. 3-8. Grain size changes with time. Open circles, solid circles and w-circles
show the grain size at 1573 K, 1873K and 2173 K respectively. Solid lines
represent the best fit to grain growth law (eqn. 3.4), providing the growth
exponents n and the activation energies Q to be 10.6 and 320.8 kJ/mol for
perovskite (A), respectively, and 10.8 and 247.0 kl/mol for periclase (B)
respectively.




at 1573 K after 6 minutes. From these observations, it was assumed that the grain
growth of perovskite and periclase started at time, f=6 minutes, at 1573 K and that
perovskite and periclase in contact with y-spinel was the initial texture (Figs. 3-2A, 3-
3A). If the thickness and spacing of these perovskite and periclase grains represents Gy,
Gy is always less than about 0.2 jum, satisfying the condition, Go<G. A least squares fit
to the experimental results (Table 3-1) gives n, ky and Q. Thus the grain growth rates

were estimated for perovskite as (eqn. 3.4),
GIO6EL0 _ (574459 ICXP(‘
and for periclase as,

(3.6)
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where G is grain size in meter at time ¢ in second and Q (=320.8+33.9 or 247.0+55.3) is

the activation energy of grain growth in kJ/mole (fig. 3-8).

3.3. Grain growth of perovskite in single phase

Annealing experiments using enstatite as starting material were conducted to
compare the grain growth rates in single phase of MgSiO; perovskite with that in dual
phase of MgSiOs perovskite + periclase aggregates at pressures up 10 25 GPa, at
constant temperature of 1873 K (at a constant rate of 200°C per minute) and durations
from 6 minutes to 600 minutes. The phase boundary in MgSiO; between ilmenite (low
pressure phase) and perovskite (high pressure phase) is determined to be P (GPa) = 26.5

- 0.0025T (°C) (Kato et al., 1995) (fig. 3-1). The stable structure in MgSiO; was




ilmenite type at 25 GPa and below about 600 °C, however it seems that temperature of
<600 °C is too low to transform from enstatite to ilmenite. In the present study,
perovskite was only observed without ilmenite and enstatite.

The grain sizes of perovskite increased with increasing heating duration (fig. 3-5).
In run products, there was no grain which suggested abnormal grain growth. The rate
equation for normal grain growth was applied as well as the grain growth of perovskite
and periclase aggregates, assuming that the grain size distribution was log-normal
distribution.

AL 1873 K, the lower limit of the stability field of perovskite in MgSiO; is lower
about 1 GPa than that of perovskite + periclase in Mg,SiO; (lto and Takahashi, 1989;
Kato et al., 1995). At 25 GPa, the rate of transformation from enstatite to perovskite
may be much larger than that from forsterite to spinel and to perovskite and periclase
because the overpressure of perovskite phase is larger than that of perovskite + periclase
phase. It was assumed that enstatite instantaneously transformed into perovskite and that
the grain growth of perovskite started at time when temperature reached 1873 K. And
assuming the condition of Gy<G, a least squares fit to the experimental results gives the

rate of grain growth at constant temperature of 1873 K as (eqgn. 3.3),

G=107%% 3.7

where G is grain size in meter at time ¢ in second (fig. 3-9). The grain growth rate of
perovskite in the single phase aggregates is much larger than that in the dual phase

aggregates of perovskite + periclase.
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Fig. 3-9.

Grain growth of perovskite in its single phase with time. Open circles
show the grain size at constant temperature of 1873K. Solid line represents the best
fit to grain growth law (eqn. 3.3), providing the growth exponents n to be 5.3.




3.4. Equation of diffusion

Penetration profiles of **Si from the coated surface of MgSiOs perovskite
aggregates were measured by depth profile method (Yurimoto er al., 1989) (fig. 3-10).
The influence of high diffusivity paths, such as grain boundary, has been classified by
Harrison (1961) as type A, B and C. Type A diffusion is observed when (D262,
where Dy is the lattice diffusion coefficient and G is grain size. When this condition is
satisfied, a penetration profile can be characterized by a single diffusion coefficient Dy
where

Dy =(1-)Dy+ Dy, (3.8)

and f is the fraction of grain boundary. D4 represents the coefficient of bulk (effective)

diffusion. Type C diffusion is observed only when the annealing time is so short that

(D) << &, where & is width of the grain boundary. In this case, diffusion from the

grain boundary into surrounding body can be neglected and the penetration profile
shows a single curve due to grain boundary diffusion. The diffusion is type B and is
contributed by both along the grain boundary and in the lattice at following conditions
(Atokinson and Taylor, 1979)

d<<(Din)'* < G2 (3.9)

In the present study, when the annealing time was short (10 hours) at low
temperature (1673 K), the penetration depth was short and the profile was characterized
by a single curve, meaning a single diffusion mechanism due to grain boundary
diffusion (fig. 3-11A, run no. DIF15). On the other hand. in the case that the annealing

time was long or at high temperature, the diffusional profiles displayed the pattern
















represents the best fit to the grain boundary diffusion model (eqn. 3.10) for the
measured profile of the region of grain boundary diffusion contribution. Dotted lines
represent model profiles using model profiles using 2/3 and 3/2xDyy, values of the best
fit.

The sputtered depth calibrated by using a surface profiler and/or a multibeam
interferometer may include a uncertainty of less than +20-30% as shown in fig. 3-12.
Fig. 3-13 shows the sample excavated during SIMS analysis. The dark portion was
sputtered area by the ion beam.

The diffusion coefficients depend on temperature D=Dyexp(-Q/RT), where D is
the pre-exponential factor in m*/sec, Q is the activation energy in klJ/mol, R is the gas
constant and 7 is the absolute temperature. The diffusion coefficients were obtained by

the least square fit to the experimental results (Table 3-2) as,

D = 4.I2(j§773)x l()"”exp(

341440
_ﬂ—ij (3.12)

RT

(3.13)

8D,, = 188(*157) x 1()'”‘exp(

_31()i37)
RT

where, & is the width of grain boundary (fig. 3-14). As shown in fig. 3-14, uncertainties
were smaller than the size of symbols, except for the taking into account an error of
depth measurements. An open circle marked by arrow was calculated value (run no.
DIF15) because the lattice diffusion coefficient was not determined because the run time
was too short. 8Dy, was calculated by using D=9.28x10' (m%/sec) at 1673K and,
which was extrapolated from the Arrhenius relationship in fig. 3-14 (eqn. 3.12). There is

no remarkable gap in the diffusion coefficients, suggesting no change in diffusion
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Fig. 3-14. Silicon self-diffusion coefficients in MgSiOs perovskite plotted against
inverse temperature. Solid and open circles represent the lattice diffusion
coefficients (D)) and the products of the grain boundary diffusion coefficient (8Dy)
and the width of grain boundary, respectively. Uncertainties were smaller than the
size of symbols. Solid lines represent the least square fits to the data. An open
circle marked by arrow is calculated value (run no. DIF15).
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Fig. 4-1. Estimated transformation-time curve (eqn. 4.1). Solid circle
represents the data of run no. PV20. Solid line and dashed line show the
kinetics with growth rate (x) of 1.1x10® m/sec and nucleation rate (N) of
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phase (Giy) 1s represented as the formula, Giy = (X.V/RN)M. where the shape of grain is

assumed to be sphere. The initial grain size calculated from the nucleation rate and
growth rate is about a order magnitude larger than observed thickness and spacing of
lamellae of perovskite and periclase (fig. 4-2). since the nucleation rate may be
estimated to be lower than exact value because the nucleation may have already finished
at time ¢ = 6 minutes. It is impossible to estimate the initial grain size as function of
temperature because of no data of activation energy for growth rate during

transformation.

4.2. Grain growth

The grain growth rates were determined to be eqns. (3.5) for perovskite and (3.6)
for periclase in two phases aggregates of perovskite + periclase aggregates. and (3.7) for
perovskite in the single phase aggregates.

The exponents n = 10.6 and 10.8 for perovskite and periclase, respectively, are
larger than those for other silicate minerals and oxides in two phase aggregates; Kapadia
and Leipold (1974) reported the grain growth of pure dense MgO, being n = 2 and Q
(activation energy) = 277 kJ/mol; Wong (1980) reported the grain growth of ZnO, being
n =6 and Q = 243 kJ/mol; Karato (1989) obtained grain growth laws of olivine, being n
=2 or 3 and Q = 160 kJ/mol under wet condition at 300 MPa and n = 2 or 3 and Q =
520-600 kJ/mol under dry condition at 0.1 MPa; Senda and Bradt (1990) reported grain

growth of Zn0O-4.0 wt% Bi>Os, showing n = 5 and Q = 156 kJ/mol; Hoshikuma er al.




(1995) reported grain growth law of MnTiO; and MnO as an analog material of
(Mg.Fe)SiOs-peroyskite, being n = 3.55 and Q = 560 kJ/mol.

The geometric factors influence the grain growth exponents. The large exponents
indicate how difficult grain growth is and the slow growth rate may be attributed to the
spatial distributions of two phases within the aggregates. Here, the presence of two

interlocking phases may decrease the grain growth rate of perovskite and periclase due

to grain boundary pinning (Nicholson, 1966; Harkulich ef al.. 1966: Gupta, 1971; Baldo

and Bradt, 1988; Chen and Xue, 1990).

The large grain growth exponents cannot be explained by previous models
(Nichols, 1966; Hanitzch and Kalweit, 1968). Nichol's model (Nichols, 1966) suggests
that grain growth is controlled by a grain boundary drag effect exerted by pores within
which the material is transported by surface diffusion to the pore surface. Here, the pore
drag mechanism is unlikely to occur, since porosity was not detected in our SEM
observations. Hanitzch and Kalweit’s model (Hanitzch and Kalweit, 1968) describes
grain growth controlled by atomic diffusion along dislocation pipes. Grain growth
through diffusion along dislocations is not applicable in our experiments since a high
dislocation density probably does not exist in the starting material, which was hot-
pressed at high temperature under low differential stress field (see section 4.1).

On the other hand, it has been reported that the grain growth was suppressed
significantly, indicating large exponent. Carpenter (1967) observe that the growth
exponent for grain growth in Au-Pt alloys strongly depends on chemical compositions,

that is, n = 4.8, 9.3, and 3.2 for 40:60, 60:40 and 80:20 Au-Pt alloys. respectively.
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Fig. 4-3.  The exponent for grain growth change with the
perovskite contents. Open circles and solid circle represent the
obtained exponents in this study for growth of perovskite and of
periclase, respectively. Solid diamond show the grain growth
exponent for periclase by Kapadia and Leipold (1974). Dashed lines
show the presumed relation between exponent and perovskite
contents.
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Appendix Silicon self-diffusion in spinel

Mg»8iOy spinel is dominant minerals in the mantle transition zone. To understand
the rheological relation between the upper and lower mantle, silicon self-diffusion in
spinel was preliminarily investigated.

High pressure experiment was carried out using malutianvil apparatus. The
sample, which was composed of layered periclase in contact with layered enstatite, was
pressurized up to 21 GPa and at 1600°C for annealing of 140 min (run no. IPGO1). The
spinel layer, which was formed by the reaction of periclase and enstatite, occurred on

the boundary between periclase and enstatite (fig. A-1). The width of spinel layer was

measured to be ~10 um. Diffusion coefficient was determined to be ~10™"* m?sec,

calculating from the equation x = (Dn)'? where x is the width of spinel layer after
annealing of time ¢ and D is diffusion coefficient (Fisler ez al., 1997).

Determined diffusion coefficient may represent the bulk (effective) diffusion of
silicon in spinel (D). Therefore. because of D > D" g, > D™ > D™ at 1873 K,

silicon diffusion in Mg;SiOy spinel may be faster than that in MgSiOz perovskite.
















