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Grain growth in synthetic marbles with added mica and water
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Abstract. Evolution of grain size in synthetic marbles was
traced from compaction of unconsolidated powder,
through primary recrystallization and normal grain growth,
to a size stabilized by second phases. To form the marbles,
reagent grade CaCO; was mixed with 0, 1 and 5 volume%
mica and heat-treated under pressure with added water.
Densification with negligible recrystallization occurred
within one hour at 500° C and 500 MPa confining pressure.
Primary recrystallization occurred at 500-550° C, causing
increases of grain size of factors of 2-5. Resulting samples
had uniform grain size, gently curved grain boundaries, and
near-equilibrium triple junctions; they were used subse-
quently for normal grain growth studies. Normal grain
growth occurred above 550° C; at 800° C, grain size (D)
increased from 7 um (D) to 65 pm in 24 hours. Growth
rates fit the equation, D"— Df=Kt, where K is a constant
and n~2.6. Minor amounts of pores or mica particles inhib-
it normal grain growth and lead to a stabilized grain size,
D.,..., which depends on the size of the second phases and
the inverse of their volume fraction raised to a power be-
tween 0.3 and 1. Once D,,,, is reached, normal growth con-
tinues only if second phases are mobile or coarsen, or if
new driving forces are introduced that cause unpinning of
boundaries. Normal grain growth in Solnhofen limestone
was significantly slower than in pure synthetic marble, sug-
gesting that migration is also inhibited by second phases
in the limestone.

Introduction

Grain size is an important microstructural parameter in
rocks that affects physical and chemical properties. Some
plastic flow mechanisms are grain-size sensitive, as are the
kinetics of metamorphic and igneous reactions. Microstruc-
ture is also an important source of information about defor-
mation events, e.g. textures of mylonites or fault breccias.
Post-tectonic recrystallization may alter deformation-in-
duced microstructures and textures, obscuring evidence for
previous tectonic events and altering physical properties.
Ceramists and metallurgists have long recognized that
grain boundary migration can be inhibited by precipitation

* Present address: Geologisches Institut, Eidgenossische Tech-
nische Hochschule, CH-8092 Ziirich, Switzerland

Offprint requests to: D.L. Olgaard

or direct addition of discrete second phases (Kingery et al.
1976 Ch. 10). Both field and laboratory observations sug-
gest that grain size of rocks may also be influenced by
second phases and pores, which are ubiquitous (e.g. Hobbs
et al. 1976 p. 112; Etheridge and Wilke 1979; Wilson 1979;
and Evans et al. 1980).

In this study, we report experiments which trace the
evolution of grain size from densification of calcite powder,
through primary recrystallization and normal grain growth,
ending with a grain size stabilized by second phases (Fig. 1).
The objectives of the study were 1) to fabricate dense fine-
grained single and two-phase synthetic marbles, and to
characterize densification and recrystallization microstruc-
tures; 2) to measure grain size as a function of time, poro-
sity, and mica content; and 3) to compare our results with
those from similar experiments using natural calcite rocks.
Our experiments showed that: 1) the kinetics of normal
grain growth were affected by minor variations in porosity;
2) a stabilized grain size which depended on mica content
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Fig. 1. Four regions of grain size evolution as observed in our
experiments. D; is the initial powder size; Dy is the grain size at
the beginning of normal grain growth, and D, is the stabilized
grain size. The removal of stored energy due to internal strains
remaining from the densification stage drives primary recrystalliza-
tion. Boundary migration during normal grain growth is driven
by reduction in curvature of the interfaces. When the average grain
size reaches the stabilized grain size, further boundary motion is
retarded by drag forces owing to the second phase. If second phases
are mobile, D,.,, may increase with time at rates less than those
for normal grain growth. Approximate locations of the micro-
graphs of Fig. 3a-e are indicated



was reached in the calcite/mica polycrystals; and 3) normal
grain growth in synthetic marbles was more rapid than in
Solnhofen limestone at comparable temperatures. A study
of normal grain growth in dry synthetic marbles is in pro-
gress.

Mechanisms and models
Densification

An uncompacted powder may densify by material transport
from regions between grain centers to free surfaces. Densifi-
cation may occur by combinations of dislocation flow, solu-
tion-transfer, and grain-boundary, lattice, or surface diffu-
sion. With large applied pressure at 500-700° C, densifica-
tion in calcite produces a microstructure with high residual
dislocation density and tightly curved grain boundaries (see
below). Caristan et al. (1981) have discussed densification
mechanisms in both calcite and quartz polycrystals.

Primary recrystallization

During primary recrystallization, internal strain energy is
reduced by the production and motion of grain boundaries
(Kingery et al. 1976). Above a critical temperature, which
is a function of strain energy, annealing time, heating rate,
and initial grain size (Shewmon 1969 p. 94), strain-free
grains form by migration of boundaries into regions with
anomalously high dislocation densities, or by the progres-
sive rotation of subgrains (Poirier and Guillopé 1979).
When deformation accompanies recrystallization, the stable
size which forms is called the dynamically recrystallized
grain size and is a function of applied stress. In a matrix
which has residual stored strain energy, but which is not
deforming, new grains grow until they impinge on each
other, and a strain-free matrix develops. This statically re-
crystallized grain size depends on the rates of nucleation
and growth of new grains. In this paper, we discuss only
primary or static recrystallization; for reviews of dynamic
recrystallization, see Urai et al. 1986 and Drury et al. 1985.

Buerger (1930) first recognized that solid-state recrystal-
lization was an important transformation process in geolog-
ic materials. The earliest experiments on compressed
powders of anhydrite, fluorite and periclase (Buerger and
Washken 1947), on several calcite rocks (Griggs et al. 1960)
and on quartz (Hobbs 1968) showed that, in agreement
with metals, a critical temperature for static recrystalliza-
tion exists which depends on internal strain and interfacial
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energtes, but which is relatively independent of annealing
time.

Normal grain growth

The internal free energy of a polycrystal will be reduced
as grain boundaries migrate toward their centers of curva-
ture, reducing total grain boundary area (Fig. 2a). When
recrystallization is driven by reduction of average grain
boundary curvature, it is called normal grain growth. In
two dimensions, a matrix of hexagonal grains of equal size
may have straight grain boundaries. In three dimensions,
however, no grain shape or size distribution exists which
satisfies interfacial tension constraints at grain corners,
which fills the space completely, and which has zero curva-
ture. Therefore, grains will continue to grow until their
boundaries are pinned by second phases or until the grain
size is a small fraction of the sample size. Rarely is the
latter case observed.

Normal grain growth has been studied in quartz and
calcite contact aureoles (e.g. Joesten 1983; Keller etal.
1977; Robinson 1971; Spry 1969; Grigor’ev 1965; Edwards
and Baker 1944; Covey-Crump and Rutter private comm.).
Around these aureoles, grain size decreased with distance
from the plutons, apparently correlating with estimated
peak temperatures. In naturally recrystallized rocks con-
taining second phases, the matrix grain size often varies
inversely with second phase content (e.g. Hobbs et al. 1976;
Etheridge and Wilke 1979; Christie and Ord 1980; Evans
et al. 1980).

Experimental measurements of normal grain growth ki-
netics or stabilization of grain size by second phases in
rocks are less common. Wilson (1979) found a qualitative
inverse relationship between grain size and mica content
in experimentally deformed polycrystalline ice. In contrast,
Tullis and Yund (1982) concluded that minor amounts of
second phases had little effect on normal grain growth in
wet and dry quartzites and Solnhofen limestone.

The presence of water seems to influence normal grain
growth in quartz and calcite. In Tullis and Yund’s experi-
ments, water significantly increased growth kinetics in
quartzites, and, to a lesser extent, the limestone. Rutter
(1983) observed significant normal grain growth ony above
800° C, and then only if water was present. He concluded
that partial melting occurred. During deformation experi-
ments with oven-dried Solnhofen limestone, Schmid et al.
(1977) measured significant grain growth only at tempera-
tures where voids filled with melt or ponded CO, formed.

Fig. 2. a Normal grain growth occurs by
migration of boundaries towards their centers
of curvature. Small grains shrink and disappear,
while large grains grow. The arrows indicate the
direction of boundary migration; b When a
migrating grain boundary with radius of
curvature, R, encounters a second phase
particle, continued migration is opposed by
restraining forces proportional to the particle
radius, r, and the number of second phases on
the boundary. If the second phase particle is
deformable, e.g. porosity, its effective radius
may increase as the shape of the particle or
pore responds to capiliary forces
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When large amounts of fluids are present and form a con-
nected phase, as in experiments of coarsening of calcite
powder in distilled water (Chai 1974), or of crystallization
of quartz from a granitic melt (Jurewicz and Watson 1985),
growth kinetics and size distribution follow Ostwald ripen-
ing models (Wagner 1961; Lifshitz and Slyozov 1961).

Kinetics of normal grain growth

Normal grain growth kinetics are often described by the
equation:

D" Dl =Kt 1)

where D and D, are the grain sizes at times ¢ and #,=0,
respectively, K is a constant dependent on temperature and
grain boundary mobility, and » is a constant dependent
on the process controlling the growth rate. Theoretically,
n equals 2 in a pure single-phase system (Burke and Turn-
bull 1952) and 3 in a system with pores or an interconnected
fluid phase (Brook 1976; Lay 1968). Empirically, # is often
found to be greater than 2; #» may vary with time or temper-
ature (Hu and Rath 1970).

In computer simulations of three-dimensional normal
grain growth, Anderson etal. (1984) found » equal to
2.3-2.6 for a single-phase polycrystal with isotropic grain
boundary energies. In contrast to the case of mobile pores,
n was relatively unaffected by rigid second phases and mi-
nor anisotropy in grain boundary energy until growth was
arrested by the second phases (Srolovitz et al. 1984 and
Grest et al. 1985).

Grain size stabilized by second-phases

Boundaries cease migrating when the restraining pressure
of any second phases equals the driving pressure for migra-
tion (Zener 1948; Fig. 2b). If the second phase particles
are also rigid and immobile, the grain size is fixed. If the
second phases are mobile, boundaries may drag them, pos-
sibly causing them to coalesce (Ashby and Centamore
1968). In either case, the grain size is controlled by the
instantaneous size, volume fraction, and geometry of dis-
persion of the second phase.

The effect of second phases on the stable matrix grain
size is given by the equation:

Drwax=C(d[f™) @

D, is the stable, matrix grain-diameter; d is the second
phase diameter; f is the second phase volume fraction; C
is a constant; and m is a constant dependent upon the
second phase dispersion parameters (see Zener 1948; Glad-
man 1966; Haroun and Budworth 1968 ; Hellman and Hil-
lert 1975; Anand and Gurland 1975; Louat 1983; Nes et al.
1985; and Olgaard and Evans 1986 for reviews). For second
phases dispersed randomly throughout the matrix, along
grain boundaries, or only at grain corners, m equals 1, 1/2,
or 1/3, respectively.

Tt is difficult and tedious to measure directly the disper-
sion of second phases within a polycrystal, but one obtains
an indirect characterization using (2) and measurements of
D,,.., d and f. Olgaard and Evans (1986) determined that
m varied from 0.3 to 0.6 for Al,Q; particles in a calcite
matrix and from 0.2 to 1.0 for a variety of metals and
ceramics with both mobile and immobile second phases.
These results indicate a preference for second phases to
concentrate at grain boundaries or corners.

Experimental method

The experiments involved four steps: 1) initial characterization and
mixing of the powders, 2) fabrication of dense, fine-grained syn-
thetic marbles, 3) heat-treatment of the marbles to induce primary
recrystallization and normal grain growth, and 4) grain size mea-
surements and microstructural characterization.

In the initial preparation step, reagent grade CaCO; powder
was mechanically mixed in ethanol for four hours with 0, 1, or
5 volume% of finely ground biotite or phlogopite. The powders
were sized by X-ray sedimentation, single-point N, adsorption
(BET) (Allen 1981 pp. 285, 465), and optical and transmission elec-
tron microscopy (TEM) (Table 1).

The powder mixtures were then densified and recrystallized
by a series of cold and hot isostatic presses. Two cold presses
at 150 MPa produced a friable aggregate which was approximately
80% dense. In the early experiments (10074003, Tables 2-3), sam-
ples were heat-treated at 700-900(+10)° C, for up to 24 h in an
internally heated pressure vessel using argon as the confining medi-
um (Olgaard and Evans 1986). The confining pressure (P.) and
H,0+CO; pore pressure (£,) conditions were either P,=300+
5MPa and P,=2+1MPa, or P,=400 MPa and P,=100 MPa
(i.e., P,—P,=300 MPa) For brevity, this group of experiments
is referred to as “XOXX".

As discussed below, porosity appeared to have a major effect
on the kinetics of normal grain growth. Therefore, in later experi-
ments (CA-1 to CA-19, referred to as “CA—XX"), a one hour,
fabrication step with P,=500 MPa, P,=2 MPa, I'=550-650° C
was added to produce high density, recrystallized starting materials
with more uniform porosity. During this fabrication, the pore pres-
sure was allowed to equilibrate for one-half hour or more after
the last cold press. Heating and cooling rates were 40° C/min and
80° C/min, respectively.

Table 1. Mica and CaCO; powder diameters (pm)

Method CaCO; Biotite Phlogopite
Optical 49+4 5+3.5 2.5 £2
microscopy 40 +3
TEM

Max 1.3 £0.5
Min 0.4 +02
Int 0.39

BET

Before 32 0.15, 0.26
After 0.80

X-ray sedimentation

50 mass % 5.8 4.2

50 vol. % 0.65 0.0023 (7)

Optical microscopy: Average diameter of particles intersecting a
test line

TEM: Diameters of plate-like particles measured from micro-
graphs. Average maximum and minimum diameters of particles
on grain boundaries and average diameter of particles in grain
interiors

BET: Equivalent spherical diameter calculated from surface area
measured by single-point N, absorption before and after grinding
and mixing

X-ray sedimentation: Equivalent spherical diameter at 50 mass per-
cent (directly from the data) and at 50 volume percent (after Her-
dan 1960). For the shape of the size distributions see Olgaard
(1985)

(7) Impossibly small. Method not directly applicable to these parti-
cles
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Table 2. Grain growth data for pure CaCO;

Run Temp. P[P, (MPa) Time® Rate® D Porosity Met.¢ Pore size®
# O (10°s) (nm) (%) (pm)
400 300
100 2
CA-19 500 (500/2) 3.6 5.1°
CA-10 550 (500/2) 3.6 10.7
CA-2 650 (500/2) 3.6 13.3
CA-3 650 (500/2) 36 23.0
CA-4 650 (500/2) 3.6 10.5
2056 700 X 0.6 10.0
2055 700 X 0.6 7.0
2052 700 X 3.6 8.7 5.7 M
2042 700 X 7.2 12.6
2043 700 X 7.2 11.9
2045 700 X 7.2 11.7
2053 700 X 27.0 15.0
2024 800 X 0.01 0 12.8 10.3 OPT 1.7 1
43+38E
2034 800 X 0.01 + 12.9
2039 800 X 0.01 — 7.6
2049 800 X 0.3 0 10.7
1009 800 X 24 — 12.3 5.5 M
2006 800 X 3.6 0 17.7 1.9 M
CA-13? 800 X 3.6 20.9
2020 800 X 3.8 0 23.5
1008 800 X 7.2 — 18.8 6.3 ™M
OPT 314+2 T
2033 800 X 7.2 0] 31.4
2037 800 X 7.2 — 20.6
2042 800 X 7.2 0 254
2045 800 X 7.2 + 39.6
4003 800 X 7.2 0 231
2021 800 X 7.3 + 35.0 2.7+0.5 OPT 144051
35420E
5.0 SEM
2022 800 X 9.3 0 3341 3.2+0.6 OPT
1007 800 X 10.8 0 36.0 29+141
2026 800 X 10.8 — 26.4 8§ +1 OPT
2023 800 X 12.6 + 48.0 3.8 OPT
5 SEM
2004 800 X 14.4 — 15.0 3 ™M
2028 800 X 14.4 — 23.0 .
2025 800 X 16.6 — 25.2 8.3 OPT
2005 800 X 20.5 0 40.2 2.3 M
2053 800 X 27.0 — 23.8
2048 800 X 36.0 — 24.5
2054 800 X 36.0 0 429
CA-122 800 X 36.0 63.1
2007 800 X 38.0 - 233 3.5+0.8 ™M
2047 800 X 86.4 — 44.3
CA-112 800 X 86.4 68.8
CA-15* 800 X 86.4 65.9
2027 900 X 3.6 36.3
CA-18¢8 900 X 36.0 62.7

2 Initially isostatically hot pressed in CA-2, 3, 4, or 10

® Elapsed time at temperature

¢ At 800° C, the rate of grain growth in the XOXX experiments was faster than (+), slower than (—), or equal to (0) the rate
in the CA — XX experiments

4 Method of porosity measurement; OPTical microscope, Scanning Electron Microscope, IMmersion in CCl,

® Pore size measured from optical micrographs. Interior, Edge, and Total pores

f Unrecrystallized. D probably overestimated because of difficulty in measuring very small grains

& Purposely fabricated with a high porosity for the melt determination test
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Table 3. Grain growth data for CaCO3/mica and Solnhofen limestone

Run Temp. P./P, (MPa) Time® Mica® D Porosity Met.® Pore size®
# Q) (10%s) (pm) (%) (um)
400 300
100 2

1% mica

2039 800 X _ 0.01 P 9.9

2049 800 X 0.3 P 7.2

2002 800 X 0.5 b 6.5

2006 800 X 3.6 b 15.7 0.0 ™M

2003 800 X 7.2 b 13.2

2037 800 X 7.2 p 15.8

2004 800 X 14.4 b 139 3 IM

2005 800 X 20.5 b 32.3 1.2 ™

2053 800 X 27.0 p 21.3

2007 800 X 38.0 b 26.4 2.0 ™M

5% mica

CA-9 650 (500/2) 3.6 P 9.2

2024 800 X 0.01 P 12.2 10 +1 OPT 254+11E

2034 800 X 0.01 P 8.7

2039 800 x 0.01 P 7.6

2049 800 X 0.3 P 6.3

2006 800 X 3.6 b 114 1.7 M

CA-13® 800 X 3.6 r 12.0

2020 800 X 3.8 P 15.6

2033 800 X 72 p 13.7

2037 800 X 72 p 10.5

2021 800 X 7.3 P 231 15.5+1.0 OPT 1.04+061
364+15E

2022 800 X 9.3 P 22.2 15 42 OPT

2026 800 X 10.8 P 19.2

2023 800 X 12.6 P 23.9 11.341 OPT

2028 800 X 14.4 P 14.4

2025 800 X 16.6 P 17.3 83409 OPT 114061
244+08E

2005 800 X 20.5 b 17.6 2.2 ™M

2053 800 X 27.0 P 12.0

2048 800 X 36.0 P 16.3

CA-122 800 X 36.0 P 13.6

2007 800 X 38.0 b 15.8 1.4 M

2047 800 X 86.4 p 17.5

CA-11* 800 X 86.4 p 16.9

CA-15° 800 X 86.4 P 17.4

Solnhofen limestone

Initial 6.2

0007 700 0.1 (CO,) 8.4 6.3

0009 700 0.1 (CO,) 86.4 6.1

0011 700 0.1 (COy) 95.4 6.2

0013 700 0.1 (COy) 349.0 6.4

0015 700 0.1 (CO,) 432.0 6.6

4133 800 X 0.3 6.3

4137 800 X 2.3 6.6

4130 800 X 15.2 7.6

2054 800 X 36.0 11.0

CA-18 900 X 36.0 171

* Initially isostatically hot pressed in CA-9
® Elapsed time at temperature
° phlogopite/biotite as second-phase particles

4 Method of porosity measurement; OPTical microscope, Scanning Electron Microscope, IMmersion in CCly

¢ Pore size measured from optical micrographs. Interior, Edge, and Total pores



Some experiments were done with both lithographic and mas-
sive samples of Solnhofen limestone cored perpendicular to the
fabric; these had an initial grain size of 6.1 ym. The 700° C speci-
mens were run at 0.1 MPa in CO,. The 800 and 900° C samples
were placed in the sample column with the synthetic specimens
without any other special treatment.

The matrix grain size was measured with a transmission optical
microscope in ultra-thin sections (5-10 pm thick) using the linear
intercept method. Following Exner (1972), the average grain diam-
eter (D) was expressed as 3/2 the mean linear intercept length,
a conversion appropriate for equi-sized spheres (Underwood 1970).
For more realistic shapes, the conversion factor differs only by
a small constant factor.

The mechanisms (and therefore the kinetics) of normal grain
growth are altered by the presence of a liquid phase along the
boundary (Greenwood 1956; Lay 1968; Yan et al. 1977). Darkfield
TEM imaging was used to detect the presence and distribution
of amorphous or very fine-grained material (Olgaard and Evans
1986). TEM and SEM were also used to examine the distribution
of the particles and pores between the matrix and the grain bound-
aries and to detect particle agglomeration.

Results
Densification and primary recrystallization

Cold-pressed aggregates with initial relative density of 0.8
(i.e. 0.8 xthe density of a single crystal) transformed to
nearly dense marbles with unconnected porosity and poly-
gonal grains when isostatically hot-pressed above 550° C
with P.=500 MPa and Pp=2 MPa (Fig. 3¢). The maxi-
mum relative densities of samples heated with water were
0.95-0.98 (Table 2, immersion method). Samples densified
after being oven-dried in air, had densities up to 0.99 (Car-
istan et al. 1981; Olgaard 1985). The pemeability of similar
synthetic marbles dropped nearly to zero (k~1 nanodarcy
or 10722 m?) at approximately 0.95 relative density (Ber-
nabé et al. 1982) indicating that the final porosity was un-
connected. Two- to five-fold increases in grain size occurred
after densification and during primary recrystallization. Al-
though it was difficult to distinguish between the end of
primary recrystallization and the onset of normal grain
growth, based on microstructures, we concluded that the
completion of primary recrystallization occurred in less
than one hour at 500-550° C. Mica particles had no obvious
effect on densification or primary recrystallization.

Microscopic observations

The progressive development of microstructures during re-
crystallization and grain growth was investigated with opti-
cal microscopy, SEM, and TEM (Figs. 3-5). The latter
stages of primary recrystallization and the onset of grain
growth are characterized by fine, relatively strain-free grains
(Fig. 3¢). After short heat-treatments at 800° C, polygonal
grains with near-equilibrium triple junctions (120° angles
in plane section) developed.

In samples with the minimum porosity, grain size in-
creased five-fold in 2—4 h at 800° C (Fig. 3¢). With higher
porosity or with mica particles, the grain size achieved in
a given time was smaller (Fig. 3d). Intergranular pores were
lens-shaped on grain edges and equant at triple junctions
(Fig. 4a-b). Intragranular pores were often polygonal in
shape, clustered in the centers of grains, and smaller than
the intergranular pores. Plate-shaped mica particles were
a) dispersed along grain boundaries with their shortest di-
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mension normal to the boundary plane (Fig. 4c); (b) clus-
tered in fluid phases at triple junctions (Fig. 4d); or ¢) dis-
persed in grain interiors. Grain boundaries which contained
pores and particles, were often bowed, suggesting that sec-
ond phases imposed a drag force on the migrating bound-
aries.

Most dislocations in the heat-treated samples were non-
interacting, straight and parallel, or gently curved and
loosely tangled; subgrain boundaries were rare (Fig. 4¢).
Many of the dislocations, open or cracked grain boundaries
and twins may have resulted from high thermal stresses
developed during the sample quench; calcite has one of
the largest thermal expansion anisotropies of any mineral
(Rosenholtz and Smith 1949; Skinner 1966).

Wet specimens heated over 700° C contained an inter-
granular film of amorphous or cryptocrystalline material
which probably resulted from partial melting (Olgaard and
Evans 1986). Such a film may have influenced the boundary
migration mechanism by coating the mica particles, thereby
mobilizing them into the clusters observed at triple junc-
tions (Fig. 4d) (cf. Ashby and Centamore 1968).

Excepting a few, very large grains (> 30 um) (Fig. 5a),
the initial microstructure of the Solnhofen limestone is simi-
lar to that of unrecrystallized synthetic marble (compare
Figs. 3b and 5a). When measurable grain growth occurred
in Solnhofen limestone, the optical microstructure resem-
bled that of the synthetic marbles of comparable grain sizes
(Fig. 5b). Other optical and TEM microgrphs of Solnhofen
limestone are shown by Griggs et al. (1960), Barber and
Wenk (1973, 1979), Schmid et al. (1977) and Tullis and
Yund (1982).

Kinetics of normal grain growth

Normal grain growth data for synthetic marbles with water
added are listed in Table 2 and plotted in Fig. 6. Each data
point is the average grain diameter, D, for all measurements
on a single sample; the bars represent the measured spatial
inhomogeneity in D. Standard deviations of D for both
coarse- and fine-grained samples were approximately +12
percent. The uncertainties resulting from observer bias and
preferred orientation were estimated to be +2 percent. A
linear regression of the CA —XX data at 800° C to (1) (solid
line) gave n equal to 2.6 +0.1; at 700 and 900° C (XOXX
series), n was 3 or greater. CA-18 (900° C) was designed
to produce substantial melt, and, therefore, had an anoma-
lously high porosity and anomalously small grain size.

In agreement with Rutter (1983), no grain growth oc-
curred in our 700° C Solnhofen limestone experiments (Ta-
ble 2, Fig. 7). These samples showed slight microstructural
alteration only at the longest times. At 800° C, the matrix
recrystallized in all cases; however, normal grain growth
was measurable only for times over 4 h. At 900° C, normal
grain growth was more noticeable, but still less than the
minimum measured in the synthetic marbles at 800° C.

Inhibition of normal grain growth by mica particles and pores

Calcite grain growth was suppressed by dispersed mica par-
ticles in volume fractions of 1 and 5 percent in less than
6 h (Fig. 8). Grain growth was arrested within 6 and 2.5 h
for samples with 1 and 5 vol% mica, respectively; D, ...
was 28 and 17 um, respectively. In Fig. 9, the effects of
mica on D,,,, are compared with data from Olgaard and
Evans (1986) and with (2) setting C equal to 1 and m equal



Fig. 3a—e. Five stages in the evolution of grain size. See also Fig. 1.
a SEM of initial calcite powder. Bar=1 pm; b CA-19, 500°C,
pure calcite. Dense, unrecrystallized matrix with large variation
in grain size and digitate, tightly curved boundaries. Bars for b-e=
50 pm. ¢ CA-10, 550° C, pure. Recrystallized fine grained matrix
with smooth, gently curved grain boundaries, equilibrium triple-
junctions, and more uniform grain size than sample CA-19. d CA-
11, 800° C, 5% mica. Same conditions as in following micrograph,
but the grain size is stabilized at less than 20 um; e CA-11, 800° C,
pure. Normal grain growth in marble with no added second phases




to 1, 1/2, and 1/3. The maximum plate diameter, drpy=
1.3 pm, was used. If (2) is fit to the data by least squares,
m is found to be 0.29, consistent with the CaCO3/Al,04
data.

Fig. 4a—e. SEM and TEM micrographs of pores, mica particles
and dislocations. a 1008, 800° C, pure calcite, SEM. Notice lenticu-
lar pores on grain boundaries, nearly triangular pores in grain
corners, and small equant pores in grain interiors. Large cavities
probably result from grain plucking during polishing. Bar=10 pym;
b 1008, 800° C, pure, SEM. Morphology of interior and grain
boundary pores. Bar=10 um; ¢ 2047, 800° C, 5% mica, TEM
dark-field. Mica plate aligned with its shortest axis normal to the
grain boundary. Bar=1 pm; d 2028, 800° C, 5% mica, TEM dark-
field. Mica plates clustered in cryptocrystalline matrix at grain
corners. Bar=5 pm; e 2028, 800° C, pure calcite, TEM bright-field.
Straight and gently curved dislocations in a recrystallized matrix.
Bar=1 pm

Variations in porosity were probably the major cause
of the variations in normal grain growth kinetics (Figs. 6
and 8). Minor chemical impurities and dislocation densities
introduced during the preparation may also be important.
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Fig. 5a-d. Solnhofen limestone. a Initial microstructure. Bar=>50 pum; b 2054, 800° C. Microstructure similar to that in recrystallized
synthetic marbles of similar grain size (Compare to Fig. 3¢). Bar=>50 um; ¢ TEM dark-field, initial. A phase of unknown composition
lies along the grain boundary. Bar=0.5 pm d 1000° C, P,=300 MPa, 4 h, oven dry. Significant normal grain growth has occurred;
the large pores may contain material which melted during the experiment. Bar =50 pm. (Courtesy S. Schmid)

Porosities were measured by three methods: weight loss
of samples during immersion in CCl, (IM), and point
counting using optical (OPT) and scanning electron (SEM)
microscopes. IM probably reflects the minimum value be-
cause only the unconnected porosity is measured. Because
coarse-grained samples disaggregated, IM could not be used
when D was greater than 25 pm. OPT and SEM are probab-
ly overestimates. For OPT, the thickness of the thin section
was difficult to estimate, and for both OPT and SEM, grain
plucking during specimen preparation could not be
avoided. For the samples containing mica, OPT also
counted a substantial number of the mica particles as pores
and, therefore, may reflect the total second phase content.
For pure calcite samples, there is a qualitative correla-
tion between porosity and grain size (Table 2). Grain size
in XOXX specimens with porosities greater than 4-6% were
less than those in the CA —XX specimens. For calcite/mica

samples, there is no obvious correlation between D and
porosity because mica also influences the stabilized grain
size. In all cases where the size of pores were measured,
those on grain edges were larger than those in grain interi-
ors,

Discussion
Densification and primary recrystallization

In order to measure normal grain growth, it is desirable
to produce nearly dense samples with low dislocation densi-
ties: Pores inhibit boundary migration during grain growth.
Internal strain energy — the reduction of which is the driving
force for static recrystallization — is typically an order of
magnitude or more larger than interfacial energies — the
source of driving force for normal grain growth (Ashby
1980).
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Fig. 7. Normal grain growth in synthetic marble and Solnhofen
limestone at 700-900° C. Diagram has been contoured in orders
of magnitude of K (Eq. 1) assuming #=3. For 800° C, only the
CA —XX data, i.e. samples with the least porosity, are included

In these experiments, suitable samples were fabricated
from powders in a short time by utilizing high confining
pressures and moderate temperatures, although neither por-
osity nor internal strain were ever completely eliminated.
Apparently, the high confining (lithostatic) pressure in-
duced plastic deformation at grain-grain contacts and pro-
moted rapid porosity reduction. Moderate temperatures
also promoted plastic deformation and, except for an initial
period, did not cause boundaries to break away from the
pores. Experience with sintering of commercial ceramics
shows that porosity which remains attached to a boundary
may be more easily removed than porosity included within
a grain (Kingery et al. 1976).

In all experiments, including those at temperatures as
low as 550° C, there was a rapid initial increase of grain
size (cf. Fig. 3b and c). The resulting matrix had low dislo-
cation density, relatively smooth grain boundaries, and
equant grains, sometimes with included porosity. In the
first few minutes after densification, boundary mobilities
may become large enough to overcome the retarding forces
caused by insoluble second phases and porosity, resulting
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Fig. 8. Normal grain growth data for synthetic marble containing
biotite or phlogopite as a second phase. Solid line for CA—XX
data at 800° C is included for comparison. A stabilized grain size
was reached in specimens with either 1 or 5 vol% mica in less
than 5h. No difference was detected in the stabilized grain size
for samples with similar amounts of phlogopite or biotite
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Fig. 9. Log of stabilized grain size, D, versus log of the second
phase parameter, d/f. Solid squares and the heavy line are for
marbles containing mica, dy;c, =drgm=1.3 pm. The light lines are
for data from Olgaard and Evans (1986) for marbles containing
Al,O;. Each line is fit to experiments with constant d; slopes give
the volume fraction exponent m in Eq. 2. The numbers, e.g. ‘0.1°,
refer to the nominal grit sizes of the Al,O3 particles in pm. Dashed
lines are shown for m=1, 1/2, and 1/3, assuming C=1

in their inclusion in the recrystallizing grain (Rossi and
Burke 1973). Static recrystallization experiments done on
natural calcite aggregates strained to 10% or more indicate
that recrystallization occurs above 500° C (Griggs et al.
1960). Thus, we believe that the initial rapid increase in
grain size resulted from static recrystallization driven by
reduction of the internal energy stored as dislocations and
digitate boundaries.

It is possible to estimate the point at which normal grain
growth becomes the dominant microstructural transforma-
tion process. The driving pressure for normal grain growth
(Pg,) is given by:

P,,=2y/R 3)

where y is the interfacial energy per unit area (Zener in
Smith 1948). The boundary radius of curvature, R, equals



256

oD where « is a constant of order 1-10 for gently curved
boundaries (Smith 1948; Haroun and Budworth 1968).

Stored dislocation density, p, results in a driving pres-
sure, P, given by:

P,=(1/2)ub?p “

(e.g. Takeuchi and Argon 1976), where u is the elastic shear
modulus and b is the average Burgers vector. Setting (3)
equal to (4), the dislocation density that would contribute
a driving pressure equal to the curvature forces may be
calculated. For calcite, approximate values of y, y, and b
are 0.1 J/m?, 25 GPa, and 0.63 nm, respectively (Janczuk
et al. 1983; Hay 1987; Goetze and Kohlstedt 1977). With
D, equal to 7pum, and a=1, this dislocation density is
6x10*2m 2 (6x108 cm™?).

The dislocation density in an unrecrystallized specimen,
CA-19, was estimated to be 2x10'* m 2, implying that
the internal strain energy was high enough to drive recrys-
tallization. In two samples heat-treated at §00° C, disloca-
tion densities were estimated to be 101! m™2 (less than one
percent of that present before recrystallization). These few
dislocations may have remained from the initial densifica-
tion, or may have been introduced by thermal expansion
stresses arising during quench. Following Wong and Brace
(1979) and Rosenholtz and Smith (1949), a temperature
change of 800° C in calcite may produce internal stresses
greater than 1 GPa. Thus, we suppose that above 500° C,
the initial rapid increase in grain size is due to primary
recrystallization, followed by a longer period of normal
grain growth.

Kinetics of normal grain growth

The grain size exponent, n, of (1) depends on the rate-
limiting step for boundary migration. Theoretically, » may
vary from 2 to 4 depending on the process (Nielsen 1966;
Nichols 1966; Brook 1976). For many metals, n decreases
with increasing temperature from 5 or more to 2 at the
melting point (Hu and Rath 1970). In other cases, n is
relatively constant, but always greater than 2; only in the
highest purity metals does # equal 2. Linear regression of
(1) through the 800° C, CA—XX data gives a value of
2.64+0.1 for n, although » may increase with decreasing
temperature and, possibly, with increasing time. For migra-
tion limited by pore drag or by motion of a liquid film,
n is expected to be 3 (Lay 1968 ; Brook 1976).

Several microstructural observations also suggest that
normal grain growth was controlled by pores or a boundary
film: 1) Pores attached to the grain boundaries were dis-
torted, suggesting pore drag (Hsueh et al. 1982). 2) Pores
at grain corners and edges were larger than those in grain
interiors (Table 2), indicating pore coarsening and coales-
cence along the boundaries (Kingery and Francois 1965).
3) Average grain sizes were smaller in regions of high poro-
sity than low, implying that grain growth was restricted
by the pores. 4) Thin intergranular films were observed
along many boundaries in samples heat-treated at 700° C
or more (Olgaard and Evans 1986).

In common with some metals, the rate of normal grain
growth in the synthetic marbles appears to decrease with
time during isothermal experiments (Figs. 6 and 8). (De-
creasing growth rates are manifested as apparent decreases
in K or increases in n with time.) Decreasing growth rates
can be explained in at least two ways. First, there may

have been variations in D, resulting from slight differences
in preparation. We have chosen Dy from the grain sizes
of the shortest, lowest temperature experiments in which
primary recrystallization occurred. For these experiments,
Dy ranged from a minimum of 7 um to 10 um or more.
When the final grain size is 15 pm, this variation in Dy
gives uncertainties in X of at least 20%. Secondly, for longer
times, moving boundaries capture mobile second phases,
especially pores, that were in grain interiors, thereby in-
creasing the drag force on the boundary and decreasing
the growth rate.

Pores clearly have a major effect on the kinetics of nor-
mal grain growth. Although it was difficult to eliminate
porosity completely, an intermediate, high-pressure fabrica-
tion step significantly reduced the variability in porosity:
the CA—XX data fit equation 1 more consistently and,
in most cases, have higher K than the XOXX data.

Liquid films along grain boundaries also effect normal
grain growth. Yan et al. (1977) present mobility data for
several oxides and show that a grain-boundary film in-
creases mobility in those systems containing even a small
amount of porosity. Bennison and Harmer (1985) showed
that in exceptionally clean, dense Al,O5, a liquid phase
reduced K. We conclude that, although grain-boundary
films may accelerate kinetics when second phases are pres-
ent, exceptionally clean synthetic marbles should have nor-
mal grain growth rates which are even faster than two-phase
marble with fluid-films. Preliminary, unpublished results
from normal grain growth in relatively pure, dense, dry
synthetic marbles indicate that the growth rates are indeed
an order of magnitude faster than those in wet marble at
similar temperatures.

Thermal activation

To predict normal grain growth at lower temperatures re-
quires knowledge of the activation energy for the process.
The kinetics constant, K, usually follows an Arrhenius rela-
tion of the form:

K=Koexp(—Qe/RT) ®)

where Q,, is the activation energy, T is temperature, and
K, and R are constants. Q,, is similar to that for grain
boundary diffusion, and sometimes is about half that for
lattice diffusion (Kingery et al. 1976). Kronenberg et al.
(1984) and Anderson (1969) measured activation energies
of 360+ 60 KJ/mole for lattice diffusion of carbon and oxy-
gen in calcite between 500 and 800° C. Preliminary esti-
mates from our data assuming n=3 give Q,, of 150 £ 80 KJ/
mole. However, this value must be used with caution, be-
cause #n is not necessarily constant, and because the range
of temperature is very small.

Grain sizes in natural marbles are commonly ~ 100 pm
to several millimeters. Assuming the kinetics follow (1) and
(5) with n=3, Q=150 KJ/mole, and K (800° C)=4 pm®/s,
an increase in D from 5 pm to 100 pm or 1 mm at 300° C
(~10 km depth) would take 10* and 107 years, respectively.
(Although such times are relatively rapid for many meta-
morphic events, minor changes in Q,, or temperature would
change the calculated times significantly.) Assuming (2) is
applicable to normal grain growth in the earth, with second
phase particles of 5 pm, and if m=0.4, normal grain growth
would be stabilized at 100 pum and 1 mm for second phase
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Fig. 10. Normal grain growth data for Solnhofen limestone at various temperatures and water contents from Tullis and Yund (1980)
(TY); Schmid et al. (1977) and Schmid (private communication) (SBP); and the present study (OE). Also plotted are data for particle
coarsening of CaCO; powders loosely packed in distilled water and heated to 650° C (Chai 1974) (Ch). Samples from Schmid et al.’s
work (circles) which were heated, but not deformed, are marked with an asterisk. The diagram is contoured in orders of magnitude
of K [see (1)] assuming n=3. Solid line is for the CA—XX data at 800° C

volume fractions of 600 and 2 ppm, respectively. Such voi-
ume fractions are less than that of even the purest marbles.

Thus, the existence of marbles with relatively large grain
sizes implies that: 1) second phase particles in those marbles
were larger than 5 um, or were mobile and could coarsen
as the matrix grain size increased, 2) grain growth was driv-
en by additional internal energies, which were capable of
overcoming the pinning forces. Very fine grain sizes imply:
1) the rocks were never exposed to high temperatures
(>300° C) for even brief periods of time, 2) significant
amounts of second phases are present, or 3) the grain size
is in equilibrium with deviatoric stress.

Inhibition of normal grain growth by second phases

Mica particles in volume fractions of 1 and 5% were very
effective at pinning grain boundaries and stabilizing the
grain size (Fig. 8), results which are similar to experiments
using Al,Oj3 as a second phase in synthetic marbles (Fig. 9).
The value of the dispersion parameter, m, for marbles with
added mica is 0.29, but is only a rough estimate because
of the absence of data at other volume fractions, and the
variations in porosity from sample to sample. For each
of three long-term experiments (2005, 2007, 2053) that con-
tained both 1 and 5 percent specimens, m=0.3540.03.
Mica particles were more commonly distributed along
grain boundaries and corners than in interiors, consistent
with models where m=0.3-0.5 (Olgaard and Evans 1986).
Mica plates along grain boundaries were aligned with their
shortest axis normal to the boundary plane (Fig. 4c). At
grain corners, the mica plates were more often randomly

oriented in clusters and appeared to be suspended in a fluid
(Fig. 4d). Such clustering was also observed for Al,O; par-
ticles (Olgaard and Evans 1986). Although most of the clus-
ters were probably the result of non-uniform initial disper-
sion, some “coarsening’ would be expected if the particles
were mobilized by the fluid boundary phase (Ashby and
Centamore 1968) increasing the effective size and the frac-
tion at grain corners with time. On boundaries the effective
pinning size is the maximum plate dimension; at grain
corners it is the diameter of the clusters. From microscope
measurements, these diameters appeared to be 1-5 um; sub-
stituting in (2), this suggests C~ 1, in agreement with theory
(Fig. 9).

As discussed above, pores are also very effective at con-
trolling the calcite grain size, and exert a drag force on
the grain boundary that is proportional to their size and
the number of pores which are intersected by the boundary.
If the matrix material can be transported by diffusion or
solution transport in a pore fluid, the pores may coarsen
with time, and only slow the boundaries (rather than pin
them). A relationship between D and the instantaneous
value d/f should therefore be established. If either d in-
creases, e.g. by coarsening, or f decreases, perhaps during
lithification, D,,,, would increase accordingly.

These results are consistent with quantitative studies of
metals and ceramics (see Olgaard and Evans 1986), qualita-
tive results for ice (Wilson 1979), and observations in natu-
ral samples (Robinson 1971; Hobbs et al. 1976; Etheridge
and Wilke 1979; Christie and Ord 1980; Evans et al. 1980;
Lisle and Savage 1982). We suppose that (2) is generally
applicable to many different second phases or matrix mate-
rials.
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Comparison to other data

In Fig. 10, grain growth data for Solnhofen limestone (Tul-
lis and Yund 1982; Schmid et al. 1977; Schmid unpubl.
data; and this study), and coarsening data for reagent-grade
CaCOQ, powder loosely packed in water (Chai 1974), are
compared to (1) fit to the CA—XX data (r=2.6) (solid
line). The experimental studies differ in several important
aspects: a) Tullis and Yund (1982) heat-treated Solnhofen
limestone specimens with and without added water in a
solid medium apparatus (P.= 1500 MPa) or in an argon-
confining medium apparatus (200 MPa) at 650-1000° C. b)
Schmid et al. (1977) measured the grain size in oven-dried
Solnhofen limestone heated to 600-1000° C in an argon
confining medium apparatus at P,=300 MPa. With one
exception, the specimens were heat-treated and subse-
quently deformed at constant displacement rate in the su-
perplastic regime at a lower temperature. ¢) Chai (1974)
measured the coarsening of calcite grains suspended in var-
ious chloride solutions. Figure 10 shows only the results
for distilled water. In Table 4, the results from the fastest
(2.0 N CaCl,) and slowest growth rates (distilled H,O) are
given. The initial calcite powder size was 2.5 um.

In all cases, the run time is the elapsed time at maximum
temperature, so that differences in heat-up and quench
times are systematic errors. Linear intercept lengths have
been converted to D as above.

Several general observations can be made from these
four studies: Normal grain growth was 1) faster in the syn-
thetic marble than in Solnhofen limestone in all apparatus
at a given temperature; 2) more rapid in Solnhofen in the
solid medium apparatus at 1500 MPa than in the gas appa-
ratus at lower pressures; 3) significant at 700° C and
1500 MPa, but negligible below 800° C at 400 MPa or less;
4) faster with added water at high pressure (1500 MPa);
5) only slightly affected by the addition of water at lower
pressures; 6) relatively unaffected by confining pressure in
experiments at lower pressures in which no water was add-
ed, or in which the sample was oven-dried. Finally, at
650° C, hydrothermal grain coarsening (Chai 1974) was
slower than normal grain growth in the synthetic marbles
but faster than that in Solnhofen limestone.

Grain size changes in Solnhofen measured after defor-
mation experiments (Schmid et al. 1977) are possibly in-
fluenced by dynamic recrystallization (Poirier and Guillopé
1979; Urai et al. 1986). Dynamic recrystallization during
dislocation creep often reduces grain size, but increases in
grain size are commonly observed during superplastic flow
(Wilkinson and Caceres 1984). Apparently deformation in
the superplastic region does not markedly increase growth
kinetics in Solnhofen.

The most important effect of both confining pressure
and the addition of water may have been to include melting.
Adding water to dry marble lowers the melting point from
1300° C to less than 700° C (Wyllie and Boettcher 1969).
In grain growth experiments in calcite with added water,
Olgaard and Evans (1986) detected grain boundary films
of cryptocrystalline or amorphous material which probably
resulted from a melt phase at temperatures of 700° C and
above. Thus, when water was available, even in small
amounts, melt phases may have existed along the bound-
aries in the Solnhofen experiments.

Increasing the pressure from 300 MPa to 1500 MPa
lowers the melting point by approximately 50° C. If melt

Table 4. Growth rate constants, K, and grain size exponent, n,
for calcite grain growth

Calcite T P, K? n
rock O (MPa)  (10*® m?/s)

Synthetic marbles

10074003 P 900 400/300 7.0-13.0 4.2

10074003 P 800 400/300 0.2- 9.0

10074003 P 700 400/300 0.1- 0.25 29+0.5

CA-2-15P 800 300 2.4 48 2.6+0.1

CA-2-15P 650 500 0.2- 3.0

CA-2-15P 550 500 0.25

Solnhofen limestone

Tullis & Yund 1000 W 1500 22.0

Tuilis & Yund 900 1500 2.0- 3.0 2.5

Tullis & Yund 800 1500 0.1- 09 4.8

Tullis & Yund 700 1500 0.04

Tullis & Yund 1000 D 1500 1.5

Tullis & Yund 950 1500 1.1

Tullis & Yund 900 1500 0.8 -1.0 3.0

Tullis & Yund 800 1500 0.05-0.5 5.1

Tullis & Yund 700 1500 0.05-0.6

Tullis & Yund 700 200 0.001

Tullis & Yund 650 200 0.0002

Schmid et al. 1000 300 2.0 2.5

Schmid et al. 950 300 0.7

Schmid et al. 900 300 0.08 —0.4 4.8

Schmid et al. 800 300 002 02 >7

Schmid et al. 700 300 0.005-0.2

Schmid et al. 600 300 0.007-0.09

This study 900 300 0.1

This study 800 300 0.03 -0.13 5.2

This study 700 0.1 <0.001

Loosely packed powders

Chai  distilled H,O 650 200 0.015-0.13 37
20N CaCl, 650 200 09 -12 3.0

? Assuming n=3 and Dy="7 um for synthetic marble, Dy=6.1 pm
for Solnhofen limestone, and Dy, =2.5 pm for the powders

phases are present, and wet a significant fraction of the
grain boundaries, they may mobilize second phase particles
lying along grain boundaries. The question of melt in the
Solnhofen experiments was not addressed, although at
950-1000° C, Schmid (private comm.) observed large bub-
bles that may have contained melt (Fig. 5d). The growth
rate in those experiments was comparable to other experi-
ments done at 1500 MPa even though Schmid’s samples
were oven-dried beforehand.

For the loosely packed calcite powders (Chai 1974),
coarsening was probably controlled by mass transfer
through the fluid phase. The kinetic equations for coarsen-
ing of particles suspended in a fluid are similar to normal
growth of grains with a thin boundary fluid film (Lay 1968);
the coarsening rate is predicted to vary inversely with the
fluid film thickness. Thus, normal grain growth in synthetic
marbles with fluids may be faster than in the loosely packed
powders because the amount of fluid, i.e. film thickness,
is smaller. The slower growth rates in Solnhofen limestone
may be attributed to the influence of second phases in the
limestone, or to differences between transport mechanisms
which operate in the fluid coarsening), or along the grain
boundaries (in the Solnhofen).
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Fig. 11. Schematic summary of synthetic marble data. The highest
densities were achieved when samples were fabricated at less than
500° C; primary recrystallization occurred between 500 and 550° C;
normal grain growth began below 650° C and was relatively rapid
at 800° C. The grain size was stabilized in a short time with even
minor amounts of second phases. Numbers in single quotes (e.g.
°1.0") are the nominal grit size in pm of the second phase Al,0;
particles added (Olgaard and Evans 1986). The stabilized grain
sizes of samples containing mica agree with those containing Al,O5

Linear regressions of the grain growth data of Tullis
and Yund (1980) and Schmid et al. (1976) for Solnhofen
limestone, and the hydrothermal grain growth data of Chai
(1974) for reagent grade powders, gave exponents ranging
from 2.5 to greater than 4, with » tending to increase with
decreasing temperature (Table 4).

Summary and conclusions

The evolution of grain size in these experiments is shown
quantitatively in Fig. 11. Densification without recrystalli-
zation occurred within one hour at 500° C. Primary recrys-
tallization of the densified material and the initial stages
of normal grain growth occurred within 1-2 h at 500-550° C
and resulted in increases in grain size by factors of 2 to
S. Normal grain growth occurred in the synthetic marble
at all temperatures above 550° C. The grain growth data
are described by (1) with » equal to 2.6, Grain sizes in-
creased to 65 pm in 24 h at 800° C.

With the addition of pores, mica, or alumina, a stabi-
lized grain size resulted. Once the stabilized size is reached,
growth can continue only if the second phases are mobile,
or if new driving forces are introduced which cause unpin-
ning; e.g., deformation or phase transformations. Thus, at
least two situations exist where grain size is independent
of time and temperature, even at moderate to high tempera-
tures: when the dynamically recrystallized grain size is a
function of deviatoric stress, and when second phases pin
the boundaries. In the latter case, grain size is a function
of second-phase diameter, volume fraction, and dispersion.

Substantial variations in normal grain growth kinetics
result from second phases, dissolved impurities, and pores;
more detailed experiments are needed to determine the ex-
act influence of each of those parameters on growth rates.
In addition, once kinetic laws are determined, to apply them
to geologic situations will require careful characterization
of the composition and texture of the natural materials.
One important step in understanding the grain size history
involves determining matrix and second phase size distribu-
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tions, as well as second phase volume fractions. Finally,
the calcite/mica and calcite/alumina data show systematics
which are very similar to normal grain growth in ceramics
and metals; thus, it is also likely that similar second phase
effects will occur during normal grain growth of other min-
erals including olivine, feldspar, quartz, halite or ice.
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