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INTRODUCTION

The wavelength of “001” exsolution lamellae [i.e., lamellae 
with composition planes approximately parallel to (001)] has 
been often used to constrain cooling rates of terrestrial and extra-
terrestrial rocks (e.g., Takeda et al. 1975; Grove 1982; Watanabe 
et al. 1985; Brizi and Mellini 1992; Weinbruch and Müller 1995; 
McCallum and O’Brien 1996; Weinbruch et al. 2001; Ferraris 
et al. 2002). The cooling rate estimates are based on coarsening 
of the exsolution lamellae observed during isothermal annealing 
(McCallister 1978; Nord and McCallister 1979; Weinbruch et al. 
2003), or continuous cooling experiments (Grove 1982; Fukuda 
et al. 1987; Weinbruch et al. 2001).

In a recent study by Weinbruch et al. (2003), the exsolution 
mechanism and the coarsening kinetics in Fe-free clinopyroxene 
were investigated in detail. From the long-term isothermal an-
nealing experiments (up to 4320 h), an exponent of approximate-
ly three was obtained in the rate law for coarsening (Weinbruch 
et al. 2003), indicating volume diffusion within both phases as 
rate-limiting process (e.g., Doherty 1983; Joesten 1991; Gleiter 
1996). The grain-size distributions for coarsening of single-phase 
materials and for multiphase materials have been derived theo-
retically (see the excellent reviews by Martin and Doherty 1976; 
Ardell 1988; Joesten 1991; Gleiter 1996, and references therein). 
However, the experimental database is scanty for geomaterials 
(e.g., Eberl et al. 1990, 1998; Joesten 1991).

In the present study, we investigate the development of the 
size distribution of pigeonite and diopside “001” exsolution 
lamellae during coarsening and compare the results with predic-
tions of various theoretical models. This paper complements our 
previous publication (Weinbruch et al. 2003) where the exsolu-
tion mechanism and coarsening kinetics were described.

EXPERIMENTAL METHODS

Isothermal annealing experiments were carried out with synthetic Fe-free 
clinopyroxene of composition En45.1Di54.9 at temperatures of 1100 °C (10 min to 
4320 h), 1200 °C (1 h to 720 h), and 1300 °C (1 h to 360 h). The width of pigeonite 
and diopside “001” exsolution lamellae was determined by transmission electron 
microscopy (TEM). All experimental details can be found in our previous paper 
(Weinbruch et al. 2003).

RESULTS

The width of 30 to 480 pigeonite and diopside “001” exsolu-
tion lamellae was determined on each sample leading to a total of 
5192 lamellae investigated for pigeonite, and 5286 lamellae for 
diopside. The exact locations, where the width of the individual 
lamellae was measured, was chosen randomly to avoid any 
bias in the data. The development of the microstructure during 
coarsening at a temperature of 1200 °C is illustrated in Figure 1 
(additional TEM images of exsolution lamellae can be found in 
Weinbruch et al. 2003). The arithmetic mean and the standard 
deviation for the pigeonite and diopside lamellae width as func-
tion of temperature and annealing time are listed in Table 1. The 
ratio of the diopside/pigeonite lamellae width (Table 1) increases 
with increasing annealing temperature, and the following mean 
values were obtained: 1.63 for 1100 °C, 1.95 for 1200 °C, and 
2.28 for 1300 °C. From these ratios, the volume fraction of the 
two phases can be determined (1100 °C: 62.0 vol% Di and 38.0 
vol% Pig; 1200 °C: 66.1 vol% Di and 33.9 vol% Pig; 1300 °C: 
69.8 vol% Di and 30.2 vol% Pig). 

The size distributions of exsolution lamellae encountered at a 
temperature of 1100 °C are displayed in Figures 2 (pigeonite) and 
3 (diopside) as function of annealing time. Shown is the reduced 
lamellae width ω', which is obtained by normalizing (separately 
for each temperature and annealing time) the measured lamel-
lae width l to the mean value l– (ω '=

l

l
). The size distribution of 

the reduced lamellae width is defi ned that f '(ω')dω' is the prob-
ability, normalized to unity, that a given lamella has a reduced * E-mail: dh6d@hrzpub.tu-darmstadt.de
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width in the size interval between ω' and ω' + dω'. This function 
is independent of time, although the value of l– increases with 
time. Parameters of the size distributions of the reduced lamellae 
width (1st and 9th decile, interdecile range, standard deviation) are 
given in Table 2. At all three temperatures investigated, the size 
distributions of pigeonite lamellae are smaller during exsolution 
compared to the subsequent coarsening (Fig. 2). For diopside 
lamellae, this effect is less pronounced (Fig. 3).

To compare the empirical size distributions with the predic-
tions of theoretical models, it is necessary to demonstrate that 
a steady-stage distribution, where the size distribution of the 
reduced lamellae width remains invariant with time, is reached 
during the experiments. For this purpose, the experimental 
results of all temperatures are grouped together (separately 
for pigeonite and diopside) and four different situations were 
distinguished. First, all samples where exsolution was observed 
but coarsening has not yet taken place are shown (Figs. 4a and 
4e). Criteria to defi ne the boundary between exsolution and 
coarsening include the width of the “001” lamellae, the presence 
of “100” lamellae, and the smoothness of the phase boundary 
between pigeonite and diopside (for details see Weinbruch et 
al. 2003). Samples with coarsened exsolution lamellae can 
be grouped according to their mean lamellae width l

– which 

is compared to l–0, the mean value prior to coarsening. Three 
different groups were defi ned: l–0 < l– ≤ 2 × l–0 (Figs. 4b and 4f), 
2 × l–0 < l– ≤ 4 × l–0 (Figs. 4c and 4g), and 4 × l–0 < l– (Figs. 4d and 
4h). The size distributions of the reduced lamellae width of the 
last two groups are almost identical (for pigeonite and diopside, 
each), clearly demonstrating that the steady-stage distribution 
is reached. In principle, it could be suspected that grouping 
together results from different temperatures is not appropriate, 
as the volume fraction of the two exsolved phases (which af-
fects the size distribution) is temperature dependent. However, 
the effect of volume fraction on the size distribution is most 
pronounced at small values below 0.2 (e.g., Ardell 1972a) and, 
thus, can be neglected for the high-volume fractions observed 
in our experiments.

Coarsening of the “001” exsolution lamellae can be described 
by the following empirical equation (e.g., Carpenter 1991):

λ λt
n n n k H RT t t− = ∗ ∗ −( )∗ −( )0 0exp ∆  (1)

with λt the average wavelength at time t, λ0 the average wave-
length at time t0, ΔH an activation energy, R the gas constant, T the 
temperature (K), and n and k empirical constants. In our previous 

TABLE 1. Width of "001" exsolution lamellae
Time (h) Pigeonite Diopside  Di/Pig* Process†
 arithmetic mean ± standard deviation (nm); n‡ 
1100 °C: λ0 = 11.97 nm§; t0 = 60 h
12 4.53 ± 0.56 131 6.74 ± 1.44 151 1.49 exs.
18.5 4.60 ± 1.23 107 7.68 ± 1.88 107 1.67 exs.
24 5.02 ± 1.25 326 6.82 ± 1.72 347 1.36 exs.
48 4.93 ± 1.10 209 7.55 ± 2.49 217 1.53 exs.
72 5.15 ± 1.26 469 8.46 ± 2.30 480 1.64 coars.
96 9.16 ± 4.05 217 12.27 ± 4.22 222 1.34 coars.
120 7.98 ± 2.43 101 13.94 ± 3.29 102 1.75 coars.
360 15.54 ± 6.43 142 22.66 ± 7.13 140 1.46 coars.
720 14.67 ± 4.45 145 27.17 ± 6.91 143 1.85 coars.
1440 17.23 ± 6.64 194 33.52 ± 10.52 188 1.95 coars.
2160 20.09 ± 7.53 157 37.77 ± 11.17 146 1.88 coars.
4320 29.45 ± 12.94 178 48.86 ± 18.50 171 1.66 coars.

1200 °C: λ0 = 17.91 nm§; t0 = 18 h
8 5.88 ± 1.28 157 11.01 ± 2.34 164 1.87 exs.
12 6.19 ± 1.39 178 12.73 ± 4.70 197 2.06 exs.
24 7.90 ± 1.69 166 14.97 ± 3.02 170 1.89 coars.
48 8.14 ± 2.15 92 18.87 ± 4.66 93 2.32 coars.
72 12.68 ± 3.85 155 26.55 ± 8.58 152 2.09 coars.
96 14.11 ± 5.39 166 28.19 ± 8.20 168 2.00 coars.
120 12.86 ± 4.41 241 26.59 ± 8.05 246 2.07 coars.
120 11.04 ± 4.35 189 20.99 ± 7.81 188 1.90 coars.
240 18.99 ± 8.08 137 34.65 ± 12.44 134 1.82 coars.
360 28.94 ± 11.68 106 54.62 ± 17.87 103 1.89 coars.
360 29.58 ± 12.08 31 44.46 ± 13. 65 30 1.50 coars.
720 32.04 ± 11.17 102 63.49 ± 19.00 104 1.98 coars.

1300 °C: λ0 = 21.15 nm§; t0 = 8 h
2 8.33 ± 1.56 87 11.24 ± 2.59 85 1.35 exs.
3 7.32 ± 1.25 218 15.04 ± 3.91 227 2.05 exs.
4 7.43 ± 1.61 130 14.09 ± 4.53 138 1.90 exs.
12 11.56 ± 5.22 135 22.57 ± 7.54 144 1.95 coars.
24 12.70 ± 2.67 101 40.22 ± 9.66 101 3.17 coars.
72 22.07 ± 11.78 174 50.36 ± 22.72 176 2.28 coars.
120 21.17 ± 5.15 130 61.48 ± 24.28 138 2.90 coars.
360 33.70 ± 9.71 121 88.62 ± 30.00 114 2.63 coars.
* Ratio of diopside/pigeonite exsolution lamellae width.
† exs. = exsolution, coars. = coarsening.
‡ Number of lamellae measured.
§ Based on arithmetic mean.
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FIGURE 1. TEM bright-fi eld images of coarsened exsolution lamellae 
on “001” in Fe-free clinopyroxene (1200 °C). Bright lamellae are 
pigeonite; dark lamellae are diopside.
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paper (Weinbruch et al. 2003), the median of the wavelength 
was fi tted to Equation 1 to obtain a robust (i.e., independent of 
outliers) estimate for n, k, and ΔH. However, as the arithmetic 

mean of the wavelength is used in all theoretical treatments of 
coarsening, we have decided to use this parameter (instead of 
the median) in the present paper. Based on the arithmetic mean 
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FIGURE  2. Development of the size distribution of pigeonite lamellae with time at a temperature of 1100 °C.
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(Table 1), somewhat different values (compared to Weinbruch 
et al. 2003) are obtained from the multiple regression analysis: 
n = 2.97; k = 6.07 × 1014 [nm2.97/h]; ΔH = 83.2 [kcal/mol]. Most 
important is the fact that the exponent n is still closer to 3, in 
comparison to the estimate based on the median of the wave-
length (n = 2.87).

DISCUSSION

Coarsening kinetics

Microstructural changes stimulated by reduction of the 
interfacial energy (in the absence of external potential fi elds) 
may be divided into three different categories (Gleiter 1996): 
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FIGURE  3. Development of the size distribution of diopside lamellae with time at a temperature of 1100 °C.
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microstructural changes in single-phase materials (domain and 
grain growth); microstructural changes in polyphase materials 
with dispersion structure (Ostwald ripening); and microstructural 
changes in polyphase materials with duplex structure. A duplex 
structure is defi ned in this context as an oriented crystallographic 
unit consisting of two phases with a defi nite orientation relation-
ship. However, it should be emphasized here that the processes 
involved in the microstructural changes of duplex structures are 
identical to Ostwald ripening (Cline 1971; Ardell 1972b).

For Ostwald ripening, the change of the linear dimension d of 
any microstructural feature with time t is scaled by the following 
equation (Herring 1950):

d d Gtn n= +0 α  (2)

with d0 the value of d at t = 0, n the scaling exponent, G the 
parameter of the appropriate mass transport process, and α a 
dimensionless parameter.
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FIGURE 4. Observed size distributions for pigeonite (Pig) and diopside (Di) during exsolution and coarsening. The different coarsening regimes 
are distinguished by the increasing mean value of the lamellae width (see text for details).
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Equation 2 describes coarsening after termination of the reac-
tion that leads to formation of the microstructure (e.g., exsolu-
tion). Alternatively, the time t in Equation 2 may be substituted 
by the term (t – t0), with t0 the time to complete the reaction, as 
is the case in the empirical Equation 1.

The scaling exponent n varies for different rate-controlling 
processes: n = 2 for interface-limited growth (Doherty 1982); n 
= 3 for volume diffusion (Wagner 1961; Lifshitz and Slyozov 
1961; Doherty 1982); n = 4 for grain-boundary diffusion (Ardell 
1972b; Kirchner 1971); and n = 5 for dislocation-pipe diffusion 
(Ardell 1972b). The appropriate expressions for α and G can be 
found in Gleiter (1996).

For coarsening of lamellar (duplex) structures, two different 
mechanisms have been proposed. According to Cline (1971) 
and Graham and Kraft (1966), the curvature at the termination 
of a lamella induces a fl ux of atoms from the lamella to the ma-
trix leading to a recession of the termination and, therefore, to 
coarsening. According to Brady (1987), this mechanism yields 
the following rate law for coarsening of exsolution lamellae:

λ λ2
0
2= + kt  (3)

with λ the wavelength at time t, λ0 the wavelength at t = 0, and 
k an empirical constant. As we have observed an exponent of 3 

(within error limits), the rate law of Brady (1987) is not supported 
by our experimental data. It should be emphasized here that we 
determined the exponent directly by fi tting the experimental data 
to Equation 1. In contrast, the exponent was imposed by most 
previous workers, as they have used equations with a constant 
value (of either three or two). An exponent of 3 was also reported 
in many empirical studies of coarsening of plate-like precipitates 
(see Doherty 1982, and references therein). 

The second model for coarsening of duplex structures as-
sumes diffusion from fi nely spaced to widely spaced lamellae 
that are separated by a migrating boundary (Livingston and Cahn 
1974). A sharp boundary between regions of fi nely and widely 
spaced lamellae was observed in aligned eutectoids (e.g., Liv-
ingston and Cahn 1974), but not for exsolution textures, neither 
in the present study nor in previous literature. Therefore, the 
mechanism advocated by Livingston and Cahn (1974) can be 
excluded in our case.

Size distribution of the exsolution lamellae

The size distribution of coarsened precipitates has found 
wide attention in material science (see the reviews by Martin 
and Doherty 1976; Ardell 1988; Gleiter 1996). However, it 
appears that there are still substantial discrepancies between 
modern theories and the experimental database. According to 
Ardell (1988), no single theory accurately describes all the data 
of any given alloy system.

In the following, the empirical size distributions of “001” 
exsolution lamellae of pigeonite and diopside are compared to 
the predictions of various theoretical treatments. To warrant that 
a steady-stage distribution is reached, only samples with a mean 
lamellae width l– larger than four times the initial lamellae width  
l
–

0 are included in this comparison. The resulting empirical size 
distributions (Figs. 4d and 4h) include 695 lamellae for pigeonite 
(1100 °C: 2160 h, 4320 h; 1200 °C: 360 h, 720 h; 1300 °C: 360 
h) and 861 lamellae for diopside (1100 °C: 1440 h, 2160 h, 4320 
h; 1200 °C: 720 h; 1300 °C: 120 h, 360 h).

Theoretical grain-size distributions f(ρ) are generally derived 
for the particle radius r normalized to the critical radius r* (ρ = 
r/r*). The critical radius r* is the equilibrium radius of a precipi-
tate (i.e., the particle does neither grow nor shrink). To facilitate 
comparison to experimental size distributions, the theoretical 
distributions can be described in terms of the reduced particle 
radius ρ = r/r' (with r' the mean value of the particle radius), 
because r* is generally unknown. The distribution function for 
the reduced particle radius f '(ρ') is then given by:

f f' 'ρ ρ ρ( ) = ( )  (4)

for a precipitate volume fraction φ of zero, ρ' is one and, thus, 
f '(ρ') = f(ρ) (e.g., Ardell 1972a).

The observed grain-size distributions will fi rst be compared 
to the predictions of the LSW theory (Lifshitz and Slyozov 
1961; Wagner 1961) for Ostwald ripening and volume diffusion, 
grain boundary diffusion and interface reactions as rate-limiting 
process. Derivation of the different size distribution functions is 
beyond the scope of the present paper and can be found in the 
original papers cited below. The theoretical grain-size distribu-
tion functions are all scaled so that f d' ' '

'

' max
'

ρ ρ
ρ

ρ ρ ( )∫ =
=

=

0
1 .

TABLE 2.  Parameters of the size distribution of the reduced lamellae 
width

Time (h) Pigeonite Diopside Process*
 d1† d9† d9-d1 st.dev.‡ d1† d9† d9-d1 st.dev. ‡
1100 °C
12 0.94 1.17 0.23 0.12 0.73 1.26 0.53 0.21 exs.
18.5 0.86 1.38 0.52 0.27 0.83 1.29 0.46 0.24 exs.
24 0.86 1.30 0.44 0.25 0.64 1.28 0.64 0.25 exs.
48 0.87 1.31 0.44 0.22 0.59 1.42 0.83 0.33 exs.
72 0.84 1.28 0.44 0.25 0.69 1.36 0.67 0.27 coars.
96 0.56 1.56 1.00 0.44 0.63 1.44 0.81 0.34 coars.
120 0.66 1.41 0.75 0.30 0.72 1.28 0.56 0.24 coars.
360 0.57 1.53 0.96 0.41 0.66 1.40 0.74 0.31 coars.
720 0.63 1.41 0.78 0.30 0.67 1.32 0.65 0.25 coars.
1440 0.50 1.50 1.00 0.39 0.63 1.38 0.75 0.31 coars.
2160 0.54 1.50 0.96 0.37 0.66 1.38 0.72 0.30 coars.
4320 0.54 1.54 1.00 0.44 0.54 1.37 0.83 0.38 coars.

1200 °C
8 0.72 1.27 0.55 0.22 0.77 1.16 0.39 0.21 exs.
12 0.70 1.29 0.59 0.22 0.68 1.48 0.80 0.37 exs.
24 0.71 1.28 0.57 0.21 0.77 1.23 0.46 0.20 coars.
48 0.76 1.43 0.67 0.26 0.68 1.32 0.64 0.25 coars.
72 0.67 1.37 0.70 0.30 0.70 1.31 0.61 0.32 coars.
96 0.60 1.50 0.90 0.38 0.64 1.36 0.72 0.29 coars.
120 0.63 1.50 0.87 0.34 0.67 1.37 0.70 0.30 coars.
120 0.59 1.57 0.98 0.39 0.62 1.53 0.91 0.37 coars.
240 0.52 1.65 1.13 0.43 0.57 1.50 0.93 0.36 coars.
360 0.52 1.50 0.98 0.40 0.63 1.34 0.71 0.33 coars.
360 0.54 1.43 0.89 0.41 0.68 1.40 0.72 0.31 coars.
720 0.59 1.44 0.85 0.35 0.62 1.34 0.72 0.30 coars.

1300 °C
2 0.78 1.22 0.44 0.19 0.77 1.21 0.44 0.23 exs.
3 0.83 1.19 0.36 0.17 0.75 1.33 0.58 0.26 exs.
4 0.75 1.17 0.42 0.22 0.65 1.38 0.73 0.32 exs.
12 0.67 1.35 0.68 0.45 0.66 1.44 0.78 0.33 coars.
24 0.75 1.24 0.49 0.21 0.72 1.31 0.59 0.24 coars.
72 0.55 1.55 1.00 0.53 0.52 1.59 1.07 0.45 coars.
120 0.42 1.31 0.89 0.24 0.42 1.49 1.07 0.39 coars.
360 0.64 1.34 0.70 0.29 0.63 1.48 0.85 0.34 coars.
* exs. = exsolution, coars. = coarsening.
† d1 = fi rst decile, d9 = ninth decile.
‡ Standard deviation.
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According to the LSW theory (Lifshitz and Slyozov 1961; 
Wagner 1961), the grain-size distribution function for Ostwald 
ripening controlled by volume diffusion is given by:

f ' '
'

' '
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ρ
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ρ ρ
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 for ρ' ≤ 3/2

and (5)

f '(ρ') = 0 for ρ' > 3/2

For grain boundary diffusion as rate-controlling process, 
the LSW theory yields the following equation (Kirchner 1971; 
Ardell 1972b):
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for ρ' ≤ 4/3

and 

f '(ρ') = 0 for ρ' > 4/3.

The scaling factor k in Equation 6 is reported to be equal to 
3/4 by Joesten (1991) and (3/4)4 by Ardell (1972b). However, 
both values do not scale the integral of the grain-size distribution 
function to one (the appropriate value for k in Equation 6 was 
empirically found to be ≈ 0.63). 

For interface-limited growth, the following grain-size distri-
bution function was derived (Wagner 1961):
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and   (7)

f '(ρ') = 0, for ρ' > 2.

The predictions of the LSW theory are compared to the 
empirical steady-stage size distributions of pigeonite (Fig. 
5a) and diopside (Fig. 5b) exsolution lamellae on “001”. The 
experimental distributions displayed in Figure 5 are identical 
to those of Figures 4d and 4h (i.e., we have plotted only data 
from long annealing times were l– > 4 × l–0). For volume diffu-
sion and grain-boundary diffusion as rate-limiting processes, 
large deviations between theory and the experimental data are 
observed. Both the maximum of the size distribution function 
and the maximum value for the reduced lamellae width are not 
predicted accurately. For coarsening controlled by the kinetics 
of interface reactions, a broader size distribution is obtained, 
which is closer to the experimental distribution. However, this 
mechanism can still be ruled out, as it should lead to a parabolic 
rate law for the coarsening kinetics, which is in contradiction to 
the cubic rate law observed in our study.

The theory of diffusion-controlled particle coarsening devel-
oped by Lifshitz and Slyozov (1961) and Wagner (1961) was 
modifi ed by Ardell (1972a) to take into account the volume frac-
tion φ of the precipitates (this approach is generally referred to 
as modifi ed LSW or MLSW theory). In the original LSW theory, 

it is assumed that the volume fraction of the precipitates is close 
to zero, which is often not the case. According to the theoretical 
treatment of Ardell (1972a), the exponent of three in the rate 
law is retained but the coarsening rate is increased. The size 
distribution becomes more symmetrical and broader compared 
to the original LSW theory. The theoretical size distribution can 
be calculated as follows:
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with r the particle radius, r* the critical particle radius, ρ = r/r*, 
τ = ln (r3) and β and υ parameters that depend on the volume 
fraction φ.

Equation 8 can be integrated analytically only when φ = 0 
or φ = 1. For a volume fraction of zero, the results of the LSW 
theory are obtained. For a volume fraction of 1, the resulting 
particle size distribution function is formally identical to the 
distribution functions derived by Wagner (1961) for interface-
controlled coarsening. The values for β, υ, and ρbar as functions 
of the volume fraction φ are listed in Ardell (1972a). The resulting 
grain-size distributions (based on the reduced particle radius) 
for volume fractions of 0.35 and 0.65 are displayed in Figures 
5c and 5d. Equation 4 was used to convert the size distribution 
function based on the critical particle radius to the size distribu-
tion function based on the reduced particle radius. The MLSW 
theory of Ardell (1972a) fi ts the experimental data much better 
than the original LSW theory (Figs. 5c and 5d). It should also 
be noted here that the theoretical size distributions for volume 
fractions of 0.35 and 0.65 are almost identical.

The infl uence of volume fraction on coarsening has found 
wide attention in material science, and a rather large number 
of theories has been published since the classic paper of Ardell 
(1972a). As it is impossible to discuss all these theories in detail 
here, a few general remarks will be given in the following (the 
reader is referred to the review by Ardell 1988). All theoretical 
approaches to the infl uence of the precipitate volume fraction 
yield an exponent of three in the rate law. In addition, a broader 
size distribution than predicted by the LSW theory is obtained. 
The range of size distributions predicted by the different theoreti-
cal approaches, which take into account the effect of a non-zero 
volume fraction, is also shown in Figures 5c and 5d as a shaded 
area (for a volume fraction of φ = 0.35). As our experimental 
data are not better fi tted by these theories, it is concluded that the 
effects of a non-zero volume fraction on the size distribution of 
the exsolution lamellae are suffi ciently described by the MLSW 
theory of Ardell (1972a).

Related to a non-zero volume fraction is the problem of 
particle collisions (encounters) during growth. This effect was 
addressed explicitly by Davies et al. (1980). However, as coarsen-
ing of exsolution lamellae takes place by the retreat of lamellae 
terminations (Cline 1971; Brady 1987), encounters cannot occur 
in this process. Therefore, the theory of Davies et al. (1980) is 
not considered further. However, it should be noted here that the 
grain-size distribution obtained from the theory of Davies et al. 
(1980) also lies in the range of the different theories shown by 
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the shaded area in Figures 5c and 5d.
The retreat of lamellae terminations as the mechanism for 

the coarsening process was discussed in detail by Brady (1987). 
Based on earlier work by Graham and Kraft (1966) and Cline 
(1971), a coarsening model for exsolution lamellae was devel-
oped that predicts a parabolic rate law. However, the parabolic 
rate law is not supported by our experimental data. The size 
distribution of exsolution lamellae was not addressed by Brady 
(1987). The preceeding work of Cline (1971), who considered 
the coarsening of rod-shaped composite structures, yielded a 
steady-stage distribution identical to the predictions of the clas-
sic LSW theory.

In conclusion, assuming volume diffusion as the rate-con-
trolling process and taking into account the non-zero volume 
fraction of the exsolution lamellae leads to a reasonable agree-
ment between theory and the experimental data. Although not 
developed for lamellar geometry, the theory of Ardell (1972a) 
can be used to describe the experimental size distributions of 
pigeonite and diopside exsolution lamellae on “001.”
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