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Abstract In polycrystalline aggregates of olivine with
mean grain sizes above 35 mm plus a low basaltic melt
fraction, both wetted and melt-free grain boundaries are
observed after equilibration times at high pressures and
temperatures of between 15 and 25 days. In order to as-
sess a possible dependence of the wetting behaviour on
the relative orientation of neighbouring grains, a SEM
based technique, electron backscatter diffraction (EBSD),
is used to determine grain orientations. From the grain
orientations relative orientations of neighbouring grains
are calculated, which are expressed as misorientation ax-
is/angle pairs. The distribution of misorientation angles
and axes of melt-free grain boundaries differ significantly
from a purely random distribution, whereas those of wet-
ted grain boundaries are statistically indistinguishable
from the random distribution. The relative orientation of
two neighbouring grains therefore influences the charac-
ter of their common grain boundary. However, no cluster-
ing towards special (coincident site lattice) misorientation
axes is observed, with the inference that the energy differ-
ences between special and general misorientations are too
small to lead to the development of preferred misorienta-
tions during grain growth.
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Introduction

The structure and properties of grain boundaries in rocks
significantly contribute to their bulk physical properties,
ranging from seismic velocities (e.g. Tan et al. 1997),
electrical conductivity (e.g. Roberts and Tyburczy
1991), diffusivities (e.g. Farver et al. 1994) to the distribu-
tion of melt (e.g. Faul 1997; Cmíral et al. 1998). Despite

their significance, only the structure of low-angle grain
boundaries (subgrain boundaries) in polycrystalline oli-
vine aggregates has been investigated in detail (Ricoult
and Kohlstedt 1983a, b). They found that the mismatch
of neighbouring lattices across subgrain boundaries with
misorientations <2� is accommodated by regularly spaced
dislocations. Most grain boundaries in natural rocks have
misorientations >15�, for which the associated lattice mis-
match cannot be as easily accommodated by simple dislo-
cation structures. Only a few high resolution images (lat-
tice fringe images in a transmission electron microscope,
TEM) of high angle grain boundaries have been published
(e.g. Cooper and Kohlstedt 1982; Vaughan et al. 1982),
mostly of boundaries involving (020) planes which have
the largest spacing and are the easiest to observe.

An indication of the diversity of the grain boundary
structure of polycrystalline olivine is given by the melt
distribution in partially molten aggregates. For a partially
molten system under hydrostatic conditions the melt dis-
tribution is the result of minimisation of interfacial ener-
gies locally through the wetting behaviour and overall by
a reduction in the grain surface area through grain growth.
In a transmission electron microscope study of the wetting
behaviour at high magnification, we found that subgrain
boundaries have large wetting angles (>90�) and are
melt-free, whereas wetting angles for general (high angle)
grain boundaries are variable, ranging from 0� to 40�
(Cmíral et al. 1998). In this range most angles are
<10�, only angles formed by two faceted grain bound-
aries are >10�. At melt contents of a few percent most
of the volume of melt resides in layers on two-grain
boundaries and larger pockets or interserts, but not all
grain boundaries are wetted (Faul et al. 1994; Faul
1997). At low melt contents (<1%) most grain boundaries
are melt free at a resolution to about 10 nm. With increas-
ing melt fraction more and more grain boundaries are
wetted by melt; at melt contents of 2±3% more than half
of the two-grain boundaries are separated by a melt layer.
These observations are made from samples that have been
equilibrated under hydrostatic conditions at high temper-
atures and pressures for up to 25 days, and have under-
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gone significant grain growth. The presence of both wet-
ted and melt free grain boundaries therefore represents ad-
justments of the system to lower the surface energy.

An interface or grain boundary between two crystals has
five macroscopic degrees of freedom: three due to the rel-
ative orientation of the neighbouring crystal lattices and
two due to the orientation of the grain boundary plane
(e.g. Sutton and Balluffi 1987). This provides a geometric
description of the grain boundary where physical interac-
tions between atoms at the interface (or microscopic de-
grees of freedom) are not taken into account. In the macro-
scopic description of the grain boundary, the interface
seeks to minimise its free energy in this five-parameter
space. This study examines three of these parameters, look-
ing for correlations of the relative orientation of neighbour-
ing olivine grains with the occurrence of wetted versus
melt-free grain boundaries. To cover the full range of pos-
sible orientation relationships of general grain boundaries a
large number needs to be examined. To do this at random
by TEM would be prohibitively time consuming. A scan-
ning electron microscope (SEM) based technique to deter-
mine grain orientations, electron backscatter diffraction
(EBSD), allows much more data to be collected in a rea-
sonable amount of time. Further, in the SEM the complete
sample can be examined, avoiding the limitations of the
ion beam milling process necessary to produce thin sample
areas for the TEM. However, without serial sectioning the
full grain boundary orientation cannot be determined with
the SEM. For the purpose of this study we therefore only
investigate grain misorientations and not grain boundary
plane orientations. Finally, due to the limited resolution
of SEMs, melt films less than �5 nm wide (e.g. Drury
and Fitz Gerald 1996) are not considered here.

Electron backscatter diffraction

By observing electron diffraction patterns in the SEM it is
possible to record a large scattering angle (e.g. Randle
1992, Figure 1.1), which is especially important for iden-
tification of the more complex patterns from materials

with symmetries lower than cubic. The patterns are gen-
erated by inelastic interaction of the incident electron
beam with the sample, which scatters the electrons in a
pear-shaped volume. Some of these electrons have the
correct angular relationship with the planes of the sur-
rounding crystalline material for coherent (elastic) scatter-
ing (Bragg diffraction). Because the initial inelastic scat-
tering generates electrons with a continuous range of di-
rections, a number of planes fulfil the Bragg condition;
each plane generates a band of diffracted electron intensi-
ty. Together these bands form a pattern which reflects the
relationships of the planes in the crystal structure. These
patterns can be used to determine the orientation of the
crystal relative to the incident beam. To allow most elec-
trons to leave the sample, it is inclined at 70� from the
usual horizontal position. An example of an EBSD pattern
from olivine is shown in Fig. 1. For a general introduction
to EBSD see for example Randle (1992).

Part of the pattern is captured by a low light charge
coupleddevice camera from a phosphor screen, enhanced
by on-chip frame integration and background subtraction
with an Argus 20 image processor, and recorded digitally
via a frame grabber card. Depending on pattern quality
and symmetry of the material, an automated band detec-
tion and indexing procedure can be employed. The EBSD
system used for this study at the Electron Microscopy
Unit at the Australian National Universiy consists of hard-
ware supplied by Nordif mounted on a JEOL 6400 SEM
with conventional Tungsten filament, and the software
package Channel+ from HKL software.

The best patterns were recorded at 20 kV acceleration
voltage and nominal beam currents of 10 nA. A carbon
coat (approximately 10 nm thick) was necessary to avoid
charging of the sample. Some contamination by the elec-
tron beam is observed in the secondary electron (SE) im-
age; pattern and SE image quality deteriorate slowly in
the scanned area. Pattern quality varied from grain to
grain, but in most cases automated detection of five to
six bands is possible. Detection of fewer than five bands
can lead to ambiguities in the following simulation due
to the relatively large number of bands present. Patterns

Fig. 1 Example of a raw and
indexed EBSD pattern from
olivine. Major zone axes are
indicated
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are simulated from a set of 58 reflectors for the olivine
crystal structure (corresponding to a cut-off intensity rel-
ative to the brightest band of �10%, below which the
bands are generally no longer visible in the recorded pat-
tern) and compared to the detected bands for indexing.
Fully automated pattern acquisition and indexing does
not seem possible at this point due to variable pattern
quality, as well as due to the difficulty of correctly in-
dexing some patterns, for example near the [011] and
[001] zone axes.

Grain orientations are stored as Euler angles as a con-
venient way to relate the orientation of individual grains
to a reference coordinate system (e.g. the sample coordi-
nate system). Euler angles describe a specific sequence of
rotations with rotation angles (j1, f, j2) to transform (or
rotate) one coordinate system to another (see for example
Goldstein 1980). These rotations can also be described in
matrix form and multiplied together to an orientation ma-
trix O (Goldstein 1980; Randle 1992, 1993, and referenc-
es therein):

Oÿ1 �
cosj2 sinj2 0
ÿsinj2 cosj2 0

0 0 1

0@ 1A 1 0 0
0 cosf sinf
0 ÿsinf cosf

0@ 1A

�
cosj1 sinj1 0
ÿsinj1 cosj1 0

0 0 1

0@ 1A �1�

The columns of O are the Cartesian coordinates of the
crystal axis in the sample coordinate system.

The most common way to express the orientation rela-
tion of two neighbouring grains is by a misorientation ax-
is/angle pair. The axis of misorientation is a direction
which has the same Miller indices in both crystal coordi-
nate systems (e.g. Randle 1992). Taking the orientation of
one grain as a fixed reference system, the misorientation
angle describes how far the second grain has to be rotated
about the common axis to bring its coordinate system into
coincidence with the first grain. Equivalently, the relative
orientation of the two grains could be expressed by Euler
angles, but the advantages of the misorientation axis/an-
gle pair description are that low angle and special grain
boundaries can be recognised more easily.

The misorientation axis/angle pair [uvw]/(q) is calcu-
lated from the misorientation matrix M from the orienta-
tion matrices of two grains (e.g. Randle 1992, 1993)

M�Oÿ1
1 O2 �2�

as:

u�M23ÿM32; v�M31ÿM13; w�M12ÿM21; �3�

cosq� �M11�M22�M33ÿ 1�=2 �4�
For the orthorhombic system there are four equivalent
ways to index each grain, resulting in 16 axis/angle pairs.
These 16 pairs are comprised of four symmetrically
equivalent sets with four different angles. The four differ-

ent axis/angle pairs are obtained by multiplying M with
the following matrices:

1 0 0
0 1 0
0 0 1

0@ 1A; 1 0 0
0 ÿ1 0
0 0 ÿ1

0@ 1A; ÿ1 0 0
0 1 0
0 0 ÿ1

0@ 1A;
ÿ1 0 0
0 ÿ1 0
0 0 1

0@ 1A:
As the four different axis/angle pairs are physically indis-
tinguishable from the orientation measurement, common-
ly the one with the smallest angle is chosen (sometimes
called disorientation, Grimmer 1979, 1980). In the fol-
lowing always the smallest angle and corresponding axis
is used but referred to simply as misorientation.

A measure of the uncertainty in grain orientations rel-
ative to each other is given by the software as mean angu-
lar deviation (MAD) between detected bands and simulat-
ed patterns. This error is mainly due to uncertainties in the
relative positions and orientations of sample surface and
phosphor screen. Generally MAD values are kept below
1� by calibration and refinement of the accuracy of the
orientations and positions. In addition there is a systemat-
ic error of each grain orientation with respect to the sam-
ple coordinate system. This systematic error results from
the uncertainty of the sample orientation relative to the
microscope axes, which varies slightly every time the
sample is inserted into the SEM. To avoid this systematic
error, misorientations were calculated only between grain
orientations determined in the same SEM session.

Experimental details and data acquisition

The starting material for the experiments consisted of hand-picked
and finely ground olivine from Mt. Porndon, Victoria; sieved to be-
low 25 mm. The mean grain size of the starting powder is consider-
ably smaller, as the grinding produces numerous micron and submi-
cron-sized fragments. A small fraction of oxide derived sintered
powder with basaltic composition was added to provide the melt
phase at run conditions. All samples were run in a 1/2² piston cyl-
inder apparatus at 1 GPa pressure with NaCl-pyrex outer sleeves,
graphite heater and internal spacers of crushable MgO (60% dense).
The samples were encapsulated in graphite with outer capsules of Pt.
Run temperatures varied between 1360� and 1410�C, and run dura-
tions ranged from 379 to 612 h. Details of sample preparation, fur-
nace assembly and composition of sample material are given by Faul
(1997) and Cmíral et al. (1998). The experimental conditions are
summarised in Table 1.

The sample capsules were sectioned vertically after the run and
polished first with diamond to flatten the surface, then with 0.05 mm
alumina powder and as a last step with colloidal silica. A completely
undamaged surface (top few nm) is necessary for EBSD patterns to
develop. The quality of the polish can be assessed to some degree
from normal SEM backscattered electron (BSE) imaging. Well pol-
ished olivine shows orientation contrast at 15 to 20 kV acceleration
voltage and beam currents of 3 to 4 nA (Fig. 2). The orientation con-
trast derives from the same sample-beam interaction process as the
generation of the EBSD patterns but can not be used to determine
the absolute orientation of the grains. While the orientation contrast
enables identification of (melt-free) grain boundaries, the relatively
high beam currents decrease the image resolution.
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Selected areas of the samples were imaged to map grain and melt
distribution. These maps were then used to record the index of each
grain in the list of Euler angles to identify neighbouring grains. Be-
cause melt layers of 100 nm or less in width cannot be resolved with
a conventional SEM, all grain boundaries were examined with a
field emission SEM (FESEM, Hitachi 4500). With FESEM imaging
layers to about 10 nm in thickness can be detected; Fig. 3 shows ex-
amples of layers of different thickness. Imaging conditions were
8 kV acceleration voltage, 13 pA beam current and 7 mm WD.

EBSD results

Sample characteristics

Grain orientation data were collected from three samples.
All samples had the same starting material and similar ex-
perimental run conditions, with slightly different run du-
rations and melt fractions (Table 1). The mean grain sizes
of all three samples were similar in the range around
40 mm, indicating that significant grain growth had taken

Table 1 Experimental condi-
tions, grain sizes and melt frac-
tions. The pressure of all exper-
iments was 1 GPa

T, �C Duration, h Starting grain
size, mma

Grain size
after run, mmb

Approx. melt
content, %

OB29 1410 481 <25 38 3
OB31 1380 379 <25 n.d. 1
OB32 1360 612 <25 43 2

a From sieving
b Mean value of average of smallest and largest dimension of >200 grains multiplied by 1.5

30 µm

5 µm

Fig. 2 BSE image of run OB32 showing orientation contrast of oli-
vine. The intergranular melt (now glass) is light grey, quench
cracks are black. The white arrow points to a subgrain boundary,
the black arrow to a melt layer which changes in width and direc-
tion due to a subgrain boundary (not visible in this image) intersect-
ing the grain boundary. The black rectangle indicates the area
shown in Fig. 3

Fig. 3 FESEM-SE image with detail from Fig. 2. This image shows
continuous layers of uniform thickness as well as grain boundaries
where no melt can be resolved. The layer extending to the upper left
can be identified in the BSE image in Fig. 2; it has an approximate
thickness of 100 nm. The grain boundary leading to the bottom cen-
tre appears melt-free in Fig. 2; the layer has an estimated thickness
of 30 nm. FESEM imaging indicates that the majority of layers falls
between a few tens and a few hundred nm in thickness

place. As in earlier experiments (Faul 1997) very little
melt resided in tubules along three-grain edges; most of
the melt was found in layers on two-grain boundaries
and larger pockets or interserts. Layers were present in
all samples, but the sample with the lowest melt content
(OB31, �1%) had fewer than OB32 or OB29 with melt
contents between 2% and 3%. Correspondingly the num-
ber of wetted grain boundaries was significantly higher in
the latter two samples.

Layers are defined as being more than about 5 nm
wide to distinguish them from films, for which the width
is controlled by the balance of short range attractive and
repulsive forces (Clarke 1987). The range of these forces
for the present system is not exactly known, but most film
thicknesses reported from other ceramic systems fall in
the range from 1 to 5 nm. For olivine our observations in-
dicate that only a few exceed 2 nm in width (Drury and
Fitz Gerald 1996). Both FESEM and TEM observations
indicate that layers generally have a constant width (i.e.
the grain surfaces are parallel to each other) and are fre-
quently curved (Fig. 3). A change in the width of a layer
seems always associated with a subgrain boundary inter-
secting the layer (black arrow in Fig. 2).

The majority of the layers are between 20 and a few
100 nm wide. The upper limit on the thickness of layers
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is about 1 mm; for wider pockets (interserts) in most cases
one or both of the crystal-melt interfaces are faceted and
the grain surfaces no longer parallel. For these cases no
relation between neighbouring grains is expected and mis-
orientation angles were not calculated. However, this dis-
tinction between melt pocket and layer is not always un-
ambiguous, for example for layers where one of the grain
boundaries involved appears faceted but the layer appears
to have a constant thickness. Because crystal-melt inter-
faces at larger pockets are not considered in the misorien-
tation data, the relative number of misorientations for
wetted versus melt-free grain boundaries is not an abso-
lute measure for the proportion of wetted versus melt-free
grain boundary area.

Pole figures of the [100], [010], and [001] axes of in-
dividual grains from all three samples show no preferred
orientation (Fig. 4), as is expected for hydrostatic condi-
tions. To assess the randomness of a relatively small
number of single orientation data more quantitatively,
a texture index (J) can be calculated by using the 1/n
law method (where n gives the number of individual ori-
entations), (D. Mainprice, personal communication). J at
1/n=0 corresponds to an extrapolation to an infinite num-
ber of measurements; for a random distribution J=1. The
values for the texture index confirm that the grains in
OB29 (J=1.58�0.08) and OB31 (J=1.1�0.1) are random-
ly oriented, while OB32 has a weak texture (J=3.1�0.3).

Misorientation angles

Histograms of misorientation angles from the three sam-
ples are shown in Fig. 5. The grain boundaries are
grouped into melt-free (left-hand column) and wetted
grain boundaries (right). Melt-free in this context indi-
cates that no melt layer is present at the two-grain bound-
ary that can be resolved by FESEM; wetted indicates that
a layer is present. The distributions of the misorientation
angles of the melt-free grain boundaries of all three runs
are similar, with two more prominent maxima at 60� and
84�. Obvious subgrains (e.g. white arrow in Fig. 2) with
misorientation angles generally less than or equal to 2�
were excluded from the data; angles in the bin centred
on 4� represent neighbouring grains, which touch each
other but clearly show some necking at the common
grain boundary. The right-hand column of Fig. 5 shows
the distribution for two-grain boundaries separated by
melt layers. Except for OB31 where the data for wetted
grain boundaries is limited, the distributions again show
a maximum at or near 84�; but the maximum at 60� is ab-
sent.
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Fig. 4 Pole figures (lower hemisphere equal area) of grain orienta-
tions determined by EBSD show no preferred alignment of grains.
For OB29 and OB32 only a subset of orientations, all obtained in
the same SEM session, is shown

Fig. 5 Histograms of misorientation angles from three experiments,
divided into melt-free grain boundaries (left) and two-grain bound-
aries separated by a layer of melt (right)
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In order to assess the significance of the distributions
obtained from the experimental samples they need to be
compared to the distributions expected for random orien-
tations of pairs of grains. In Fig. 6 the combined data from
all three experiments, separated into melt-free (Figure 6a)
and wetted grain boundaries (Fig. 6b) are compared with
two types of random distributions. The distribution in
Fig. 6c is derived by calculating the misorientation angles
of 50,000 pairs of randomly oriented grains. The simulat-
ed distribution increases towards a maximum in the bin
centred on 88�, then rapidly decreases towards the maxi-
mum possible angle of 120�. Misorientations with angles
>120� always have a symmetrically related misorienta-
tion axis with a smaller angle (Grimmer 1979, 1980). This
simulated distribution matches that for random misorien-
tation angles for the orthorhombic crystal systems given
by Grimmer (1979) and Morawiec (1995), with a maxi-
mum at 90�, mean=75.1�, standard deviation=20.8� and
skewness=±0.62.

The distribution shown in Fig. 6d is obtained from cal-
culating the misorientation of every grain in the data set

of one sample relative to every other grain in the set, re-
gardless of whether the grains are physically adjacent to
each other or not (uncorrelated distribution, Mainprice
et al. 1993; Fliervoet et al. 1998). The distributions thus
obtained for the three experiments are nearly indistin-
guishable from the simulated random distribution in
Fig. 6c; consistent with the random orientation of the
grains in the samples (Fig. 4). Differences between the
distributions for neighbouring grains (Fig. 6a, b) and the
random distribution (Fig. 6c) are therefore not due to a
preferred orientation. Comparison of these different distri-
butions indicates that the first maximum of the melt-free
grain boundaries at 60� is different from the random dis-
tribution. The distribution for wetted grain boundaries is,
with some fluctuations, similar to the random distribution.

To establish whether the experimentally observed dis-
tributions are statistically distinguishable from the distri-
bution for randomly oriented grains, a c2 test was used
(e.g. Cheeney 1983). To ensure sufficient numbers of data
in all bins for the c2 test, neighbouring bins in Fig. 6a, b
with less than 10 angles were combined so that all bins
contain at least 10 data. The number of degrees of free-
dom is then given by the resulting number of bins minus
one for the normalisation of the random distribution to the
same total number of observations. The calculated c2 val-
ues are 38.1 and 10.7 for melt-free and wetted grain
boundaries respectively. It follows that for 17 degrees
of freedom the distribution of melt-free grain boundaries
is different from the random distribution with 99% confi-
dence (critical value of 33.5), whereas the distribution for
grain boundaries with layers is indistinguishable from
random with 80% confidence (critical value of 12.0).

Misorientation axes

The misorientation axes for melt-free and wetted two-
grain boundaries are shown in Fig. 7a, b as lower hemi-
sphere, equal area stereographic projections. Because of
symmetric equivalence all misorientation axes are
mapped into one quadrant. No obvious clustering is ob-
served. To quantify whether the axes distribution is in-
deed random the unit triangle is divided into 10 fields
as shown in Fig. 7c. The value in each field indicates
the expected percentage of axes for a random distribution,
calculated from the simulated distribution of 50,000 pairs
of grains. A c2 test confirms that both melt-free and wet-
ted axes distributions are indistinguishable from the ran-
dom distribution.

Figures 8 and 9 show the misorientation axes sorted by
misorientation angle in 10� bins. Since only relatively few
angles are in the 5� to 55� range these are grouped togeth-
er. Also the angle range >105� has not been considered
because it contains too few data. The contouring (count-
ing on a sphere) emphasises differences and similarities
of the distributions, but maxima near the edges of the unit
triangle are somewhat artificial. At misorientation angles
>90� all axis orientations are no longer possible for dis-
orientations (minimum angle misorientations) due to sym-
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Fig. 6a±d Combined histograms of misorientation angles from three
experiments (a melt-free, b layers), simulated distribution for random
misorientations (c) and uncorrelated distribution (d). The distribution
in d is calculated from 106 grain orientations from OB31; the uncor-
related distributions from the other two runs are very similar. The ran-
dom distribution in c is also indicated in a, b and d by grey dots, in
each case normalised to the same number of data as in the histogram.
The prominent peak at 60� for the melt-free grain boundaries is absent
from the random distributions, whereas the distribution for grain
boundaries separated by layers is close to the random distribution
of misorientation angles
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metric equivalence. As an example consider a counter-
clockwise rotation around [100] by 115�. Because posi-
tive and negative crystallographic axes are indistinguish-
able, a clockwise rotation around [100] by 65� will yield a
symmetrically equivalent orientation with a smaller rota-
tion angle. The conditions for possible disorientation axis/
angle pairs are given by Grimmer (1980) as:

cos q=2�
cos x sin q=2� 0
cos h sin q=2� 0
cos z sin q=2� 0:

8<: �5�

x, h and z are the angles of the misorientation axes with
the [100], [010] and [001] axes, respectively. The restrict-
ed range of possible axes orientations is indicated in the
95�-105� angle range by concentric contours around the
principal crystal axes for 95� and 105�. The clustering
of misorientation axes in this angle range is partly due
to this effect. Otherwise the misorientation axes are only
weakly concentrated, which makes it difficult to ascertain
whether the axis distributions are random or not.

To test the misorientation axes distributions again the
c2 test is used. Due to the limited number of data in each
angle range only four fields are compared, from 0� to 45�
away from each principal crystal axis, and the centre (see
Fig. 7c). Table 2 shows the percentages of axes in each
field within each angle range for melt-free grain bound-
aries. The restricted distribution of axes at angles >90�
has been taken into account by comparison with the sim-
ulated distribution in the same angle range. This restrict-
ed axes distribution gives rise to decreasing percentages
in the fields next to the principal crystal axes and an in-
crease in the centre. For three degrees of freedom (the
four fields minus one for normalisation) the c2 values
have to exceed 9.8 for the observed distribution to be dif-
ferent from the random distribution at the 98% confi-
dence level. For melt-free grain boundaries this value is

exceeded in the angle ranges 55�±65� (coinciding with
the first peak of the angle distribution), 65�±75�, as well
as 95�±105�; indicating that the strong maximum ob-
served in this last angle range in Fig. 8 is not only due
to the restricted axis distribution. The axis distribution
in the other angle ranges is close to random. For wetted
grain boundaries with a smaller number of total misorien-
tations, some angle ranges had to be combined to yield
sufficient data for the c2 test (Table 3). Only the axes
in the angle range from 85±105� are non-randomly dis-
tributed at the 98% confidence level, the distribution of
axes in the other angle ranges is close to the random dis-
tribution. Thus the melt-free grain boundaries again show
a greater tendency towards a non-random distribution as
compared to the wetted grain boundaries, although possi-
ble concentrations of axes of the wetted grain boundaries
might not have been observed due to the small number of
data.

Coincident site lattice

Two identical, interpenetrating crystal lattices, where one
lattice is rotated with respect to the other one, can gener-

[001] [010]

[100] n = 402
Melt-Free

a

[010][001]

[100] n = 260
Layers

b

[001]
[010]

[100]

15°

30°

45°

2.5

8.4

16.9

15.9

2.5

8.5
16.9

2.5

8.5
17.4

c

Random
n = 50000

Fig. 7a±c Lower hemisphere, equal area stereographic projection of
misorientation axes. All axes are mapped into a unit triangle due to
symmetry equivalence. a All melt-free grain boundaries. b All grain
boundaries with layers. c Distribution (in percent) from modelling of
randomly oriented grains divided into 10 fields. c2 tests confirm that
both experimental distributions are random

Table 2 Distribution of misorientation axes sorted by angle for
melt-free grain boundaries. All values (except for c2) are given in %

Fielda [100] [010] [001] Center c2

Randomb

0±90�
29.0 29.3 29.7 12.0

5±55� 34.1 28.2 23.5 14.1 2.6
55±65� 44.9 24.6 18.8 11.6 13.5
65±75� 31.3 31.3 14.6 22.9 17.9
75±85� 29.6 25.4 33.8 11.3 1.2
Random
85±95�

28.6 28.9 28.4 13.0

85±95� 34.3 24.3 28.6 12.9 1.9
Random
95±105�

25.7 25.4 25.9 23.1

95±105� 36.7 24.5 14.3 24.5 10.1

a Field up to 45� away from the indicated axis (see Fig. 7c)
b % in each field from modelling of pairs of randomly oriented crys-
tals
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ate a super-lattice of coincident sites. The periodicity of
coincident sites is given by S, the reciprocal lattice densi-
ty. Equivalently 1/S gives the fraction of lattice points
which coincide. The coincidence site lattice (CSL) con-
cept is a commonly used model to link grain boundary ge-
ometry with special properties of certain grain bound-
aries, particularly for cubic metals (e.g. Randle 1993),
but its physical significance for crystals with lower sym-
metry is less well established (e.g. Babcock and Vargas
1995).

For olivine, (100) planes of oxygen in the orthorhom-
bic crystal structure form an approximately hexagonal
close packed (hcp) sub-lattice (Poirier 1975) with an axial
ratio (c/a)2 near 5/2, for which coincidence site lattices

have been calculated (see Bollmann 1982, Table
M13,3). In non-cubic lattices CSL misorientations can on-
ly form for rational axial ratios (e.g. Babcock and Vargas
1995). The axis/angle pairs with axes recalculated from
the oxygen hcp structure for the olivine unit cell are given
in Table 4 in order of increasing S. For rotations around
[100], equivalent to [0001] hcp and [111] cubic only
CSLs up to S=39 are given. The CSL axes are also shown
in the appropriate angle ranges on the stereographs in
Figs. 8 and 9 as black triangles. Of interest is the peak
in the misorientation angle distribution at 60� together
with the maximum in the corresponding axis distribution
in the angle range from 55� to 65� near [100] (i.e. perpen-
dicular to the basal plane of the hcp lattice). The misori-
entation axis/angle pair [100]/60� corresponds to a S=3
CSL for the oxygen sub-lattice. The corresponding field
in Table 2 (angle range 55�±65�, [100]) also shows a con-
centration of axes significantly above random, but out of
the total number of data few are actually close to [100].
The contouring shows a slightly increased concentration
of axes near the CSLs in the 75�±85� range but the other
CSLs do not have a significant number of axes near them.
The peak in the axes distribution in the angle range from
95�±105� is above the maximum possible misorientation
angle for the hcp system. Coincident site lattices for the
olivine structure itself have not been calculated. Due to
the (relatively) low symmetry of olivine, only near coin-
cidences are possible, with additional deformation of the
lattice (such as dislocations) necessary to obtain coinci-
dence (Priester 1989).

Fig. 8 Stereographic projections of misorientation axes of grains
pairs with melt-free grain boundaries divided into six misorientation
angle ranges. Individual data points as well as contours are shown.
Triangles mark CSL misorientation axes in the appropriate angle
ranges; for a complete list see Table 4. c2 tests show that the angle
ranges 55�±65�, 65�±75� and 95�±105� have non-random axis distri-
butions (Table 2). The concentric contours around the [100], [010]
and [001] axes in the angle range from 95�-105� indicate ªforbid-
denº areas, the contour closer to the axes refers to 95�, the contours
closer to the centre refers to 105�

95° - 105°

n = 49

55° - 65°

n = 69

75° - 85°
n = 71

Melt-Free

5° - 55°

n = 85

85 - 95°

n = 70

n = 48

65° - 75°

°

Table 3 Distribution of misorientation axes sorted by angle for
grain boundaries with layers

Field [100] [010] [001] Center c2

Random 0±90� 29.0 29.3 29.7 12.0
5±55� 26.9 28.8 30.8 13.5 0.4
55±75� 27.5 34.8 21.7 15.9 4.5
Random 85±105� 27.4 27.5 28.1 17.0
85±105� 18.4 40.8 22.4 18.4 10.7

Table 4 Misorientation axis/angle pairs for the oxygen hcp lattice
in olivine

Axis Angles, � (S)

[100] 60.0
(3)

38.2
(7)

27.8
(13)

46.8
(19)

21.8
(21)

17.9
(31)

50.8
(37)

32.2
(39)

[0 1/3
���
3
p

1] 84.8
(11)

57.4
(13)

40.1
(17)

56.9
(22)

34.3
(23)

[045] 79.8
(17)

[098] 64.6
(7)

35.1
(11)

76.7
(13)

[1 5/3
���
3
p

5] 65.1
(19)
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Discussion

The principal aim of this study was to examine whether
there is any correlation between the relative orientation
(misorientation) of two neighbouring grains and the ob-
served wetting behaviour of their common boundary, or
more precisely, the presence or absence of melt layers
on two-grain boundaries. In addressing this question sev-
eral complicating factors have to be taken into account.
Firstly, as pointed out in the introduction, the number of
wetted grain boundaries depends on the melt fraction,
suggesting that the difference in surface energy between
wetted and melt-free grain boundaries is small, at least
for some boundaries. Secondly, the majority of grain
boundaries, both melt-free and wetted, are curved. This
could be due to microfacets at the nanometer scale, but
such structures have so far not been reported for olivine,

in contrast for example to Al2O3 (Shaw and Duncombe
1991; Kim et al. 1994) and cuprate superconductors
(Laval and Swiatnicki 1994). Thirdly, the layers have a
wide range in thickness, with upper and lower limits
which are not always clearly defined, although the num-
ber of boundaries with either very thick or very thin layers
is probably small.

Melt layers as described here are not unique to the sys-
tem olivine plus basaltic melt; the combination of layers
and melt-free grain boundaries (again not considering
films) is also found in other ceramic systems at similar
melt fractions. Examples are UO2±Al2O3 (Beere 1975,
Fig. 2), quartz plus a silicate melt (Laporte 1994, Fig. 6)
and Al2O3 plus silicate melt (Shaw and Duncombe 1991,
Fig. 6). An intergranular phase up to a few tens of nm
thick was also observed on random (general) grain bound-
aries in YBa2Cu3O7±x (Laval and Swiatnicki 1994), for
which they infer that the grain boundary energy is min-
imised by the presence of an intergranular phase. In the
penetration experiments of Shaw and Duncombe (1991)
cubes of initially melt-free polycrystalline Al2O3 were im-
mersed in a silicate melt. After 24 h only grain boundaries
with misorientations corresponding to twins remained
layer-free. This behaviour is similar to the increasing
number of layers with increasing melt fraction for olivine,
indicating that the presence of melt lowers the system sur-
face energy as compared to the melt-free aggregate. A
physical model for layers, comparable to that presented
by Clarke (1987) for the stability and thickness of films,
has not been developed.

As indicated in the introduction, the grain boundary
structure is only considered from a geometrical point of
view by determining misorientation axes/angle pairs.
The results are interpreted in the framework of the coin-
cidence site lattice model. Several different experimental
approaches clearly show a relationship between grain
boundary energy minima and the occurrence and frequen-
cy of CSL misorientations. For metals, ceramics and ox-
ide superconductors, CSL misorientations are prominent
(i) in textured materials (e.g. Randle and Ralph 1988;
Zhu et al. 1991), (ii) in situations where grain boundaries
intersecting a surface are free to rotate (Randle 1994) or
rotating sphere experiments (e.g. Sutton and Balluffi
1987) (iii) for plate-like grains that are free to rotate
(Zhu et al. 1994) or (iv) in bicrystal experiments with
symmetrical tilt or twist boundaries (e.g. Sun an Balluffi
1982; Sutton and Balluffi 1987). Common to these exper-
iments is that either the grains or grain boundaries are free
to rotate, or special planes or directions have been prese-
lected in the experiments. However, even under these ide-
alised experimental conditions not all predicted CSL mis-
orientations are observed and not all identified CSL mis-
orientations necessarily have special properties due to the
involvement of irrational or asymmetric grain boundary
planes (e.g. Randle 1995). In dense, polycrystalline aggre-
gates without preferred orientation, where grains are not
free to rotate, even cubic materials like metals (Rabet et
al. 1992) or MgO (Faul, unpublished data) do not show
a preference for CSL misorientations.

Fig. 9 Stereographic projections of misorientation axes where
grains are separated by a layer. Symbols and contours as in Fig. 8.
c2 tests show that only the axes distribution in the angle ranges from
85�±105� is not random (Table 3)
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Several studies point to the importance of grain bound-
ary plane orientations and interplanar spacing in deter-
mining grain boundary properties. For example, Bouchet
and Priester (1987) observed that at low impurity levels in
polycrystalline nickel, segregations to grain boundaries
are more dependent on the grain boundary plane orienta-
tion and planar atomic density than CSL orientations.
Swiatnicki et al. (1995) found that in polycrystalline
Al2O3 only a few misorientations corresponding to CSLs
were present, but more frequently one of the grain surfac-
es at a two-grain boundary corresponded to a low index,
dense crystallographic plane. Grain surfaces correspond-
ing to low crystallographic index planes appear faceted
when they are surrounded by melt; and similarly to our
assumptions Swiatnicki et al. (1995) concluded that the
growth of grains bordered by these planes is independent
of the orientation relationships of neighbouring grains.
These studies indicate that grain misorientations together
with grain boundary plane orientations should be evaluat-
ed for a more complete assessment of grain boundary en-
ergies, but also that grain boundaries might have to be ap-
proached by considering the actual bond structure at the
interface.

In conclusion, in polycrystalline olivine without pre-
ferred orientation the vast majority of grain boundaries
are general grain boundaries with misorientations >10�.
In partially molten aggregates where both wetted and
melt-free grain boundaries occur, neighbouring grains
with misorientation angles around 60� have a high proba-
bility of being melt-free, whereas wetted grain boundaries
are equally probable between grains of all misorienta-
tions. Differences between the distributions and non-ran-
domness of the distribution of melt-free grain boundaries
indicate that the relative orientation of neighbouring
grains is a factor relevant for the determination of the
grain boundary structure and energy. The presumably
small differences in grain boundary energy for different
misorientations are not enough to lead to a preferred de-
velopment of only a few special misorientations during
grain growth, at least not for the starting material used
here and in the absence of deformation. These results fur-
ther support the notion that wetted grain boundaries are
part of a stable, minimum energy texture and are therefore
expected to be present in partially molten regions of the
upper mantle.
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