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Abstract—Solnhofen limestone was deformed in torsion to shear strains (y) ranging from 1 to 12, at a temperature
of 750°C, 300 MPa confining pressure and a maximum strain-rate of 1073 s~ !, These deformation conditions
correspond to the intracrystalline power-law dislocation creep field close to the boundary to the grain-size-sensitive
superplastic creep field.

The grain-shape microstructure was observed using orientation contrast by backscattered electrons in the SEM.
The grains remain sub-equant with an average grain size of around 4 um, even to the highest strains.

Lattice preferred orientation was determined using both X-ray texture goniometry and automated electron back-
scatter diffraction. The c-axis preferred orientation develops from two main maxima with a weak sub-maximum,
through two maxima to a single maximum perpendicular to the shear plane. The rate of increase of the intensity of
the single maximum with increasing strain diminishes, and it appears that there is a tendency to a steady-state
texture. The final single c-axis maximum is displaced slightly towards the shortening direction of the applied simple
shear. The a-axes tend to a girdle perpendicular to the ¢-axis maximum.

It is proposed that the partitioning of deformation between intra- and inter-crystalline mechanisms results in a
pulsating strain state in the grains, contributing to the maintenance of sub-equant grains. It is argued that the
lattices of constituent grains rotate continuously with no stable end orientation and that this can lead to a steady-
state texture.

The experimental preferred orientation compares well with that of natural calcite mylonites in the position of the

c-axis maximum and the @-axis girdle. © 1998 Elsevier Science Ltd.

INTRODUCTION

Natural deformation of rocks to high strains produces
characteristic microstructures of the grains and charac-
teristic crystallographic preferred orientation (Riekels
and Baker, 1977; Schmid et al., 1981; Dietrich and Song,
1984). The motivation has been to make a link between
the observations and the conditions of the deformation
such as kinematics, strain-rates, temperature, stress levels
and operative slip-systems. The processes involved in the
crystallographic preferred orientation development
during deformation have been the topic of much
observation (Law et al., 1986; Schmid and Casey, 1986;
Law, 1987). Many models for the development of
preferred orientation have been put forward (Lister et
al., 1978; Lister and Paterson, 1979; Lister and Hobbs,
1980; Wenk ef al., 1989). The observational studies have
usually made empirical comparisons between the
observed microstructure and crystallographic preferred
orientation and the known or surmised conditions of
deformation. This approach has been criticized by Wenk
and Christie (1991), because the conclusions are not
based on well-founded physical concepts such as the
Taylor—Bishop-Hill method. Although the view of Wenk
and Christie (1991) that interpretations should be based
on rigorous physics is perfectly correct, the precise
micromechanical basis for models of preferred orienta-
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tion development is not certain. Much insight into the
problem can be expected from laboratory experiments on
natural rock materials under simple shear kinematics and
deformation conditions chosen so as to give the same
deformation mechanisms as in natural deformations.
Until now, the experimental difficulties have restricted
the number of studies for simple shear kinematics to
those of Friedman and Higgs (1981), Kern and Wenk
(1983) and Schmid et al. (1987) for calcite, and
Dell’Angelo and Tullis (1989) for quartz. Such work has
been much needed to provide tests for the conclusions of
the empirical approach and to indicate better which
physical principles should be used for the more rigorous
model studies.

The recent development of the torsion technique by
Paterson now allows routine torsion testing at high
temperatures and pressures to almost any chosen value
of shear strain to greater than 10. The parallel develop-
ment of the electron backscatter diffraction (ebsd)
method of measuring local crystallographic preferred
orientation has enabled results to be obtained from the
small specimens produced by the torsion method.

SOLNHOFEN LIMESTONE AND ITS
DEFORMATION MECHANISMS

Solnhofen limestone has been extensively studied in the
laboratory. Its rheology has been well established in
uniaxial compression experiments by Rutter (1974),
Schmid (1976), Schmid et al. (1977) and Walker et al.
(1990). These studies identify three deformation regimes
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Fig. 1. Flow regimes of Solnhofen limestone plotted on a log stress vs
log strain-rate graph (after Schomd er al. (1977)).

on the basis of flow law and microstructure (Fig. 1). The
regimes consist of a high-stress regime with an exponen-
tial flow law (y ocexp(7); regime 1), an intermediate stress
regime with a power law (yoct” with n=4.7; regime 2) and
a low-stress, grain-size-sensitive regime also with a power
law, but in this case n=1.7 (regime 3). The dominant
mechanisms are inferred to be twinning and dislocation
glide for regime 1, dislocation creep for regime 2 and
diffusion accommodated grain boundary sliding for
regime 3.

Solnhofen limestone has impurity phases which pin the
grain boundaries and inhibit grain growth (Rutter, 1984;
Olgaard and Evans, 1988; Walker er al., 1990). This
makes this rock particularly suited for experimental
conditions where the deformation mechanism is grain-
size-sensitive. Previous work of Schmid ez al. (1977, 1987)
report optical microstructures for regimes 2 and 3. For
regime 2, they report flattened grains, undulose extinc-
tion and the formation of sub-grains. Further, they
report serrate grain boundaries and no signs of grain
boundary migration for regime 2. For regime 3, they
observed straight grain boundaries and equiaxial grains,
concluding that the straight grain boundaries are the
result of grain boundary migration. It can be concluded
from the previous work on Solnhofen limestone that
significant recrystallization does not occur under con-
ditions close to the boundary of deformation regimes 2
and 3.

Parallel studies of the preferred orientation develop-
ment by Wenk et al. (1973), Casey et al. (1978) and Rutter
et al. (1994) show that the preferred orientation develops
strongly in regimes 1 and 2 and very slowly in regime 3.
The latter observation indicates that the mechanisms of
dislocation creep and grain boundary sliding occur in
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parallel. Solnhofen limestone possesses an initial pre-
ferred orientation that is radially symmetric about the
pole to bedding planes (Wenk et al., 1973) (Fig. 5a). This
initial preferred orientation can be exploited in studying
the development of preferred orientation in that it allows
a parallel study of the simple movement of maxima in
pole figures in response to grain rotations, and of the
development of new maxima by the rotation of pole
normals to a particular orientation.

Schmid er al. (1987) deformed Solnhofen limestone in
shear in all three regimes to shear strains of y around 1.0.
Their results form an excellent basis for the present study
in which the material was deformed under conditions
close to the regime 2-regime 3 boundary to shear strains
from 1 to 12.0. A comparison of our results and their
results is made below.

EXPERIMENTAL TECHNIQUE

Cylindrical specimens of Solnhofen limestone, cored
perpendicular to bedding, were deformed in torsion at a
temperature of 750°C and 300 MPa confining pressure in
a Paterson Instruments deformation apparatus. The
maximum strain-rate on the surface of the sample was
107*s~'. The deformation conditions and strain
attained for the samples reported are shown in Table 1.
The specimen designators consist of a root that is the
laboratory experiment number, followed by a colon and
a number. For the series of experiments reported here,
the number gives the amount of shear strain. For the
experiments of Schmid et al. (1987), the number gives the
temperature of deformation in degrees Celsius. The
deformation is shown schematically in Fig. 2. The top
of the specimen is rotated anticlockwise relative to the
fixed base. This technique allows large strains to be
accomplished under constant conditions. The theory of
the torsion test has been described in Handin ef al.
(1960), where it is demonstrated that the instantaneous
strain at any point in the cylindrical specimen is simple
shear. The shear strain and strain-rate are constant with
position parallel to the axis of the specimen, but are

Table 1. Experimental conditions for the experiments of this study (sl
series) and of Schmid et al. (1987) (ST series)

Sample T (°C) ¥ P (MPa) Strain rate (s )
Torsion
si5:1 750 1. 300 10x 1077
s11:3.5 750 3.5 300 1.0x 1077
518:6.9 750 6.9 300 1.0x10 *
512¢2:9.6 750 9.6 300 0.75% 1077
s12¢3:12 750 12.0 300 1.0x 103
Oblique shear
ST2:500 500 1.22 250 5.0x 1074
ST1:700 700 1.07 250 1.0x 107"
ST5:700 700 0.92 200 51xi07?
ST7:800 800 1.13 200 1.ox10 *?
ST4:900 900 1.36 200 5.0x107%




Texture of Solnhofen limestone deformed in torsion
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Fig. 2. Schematic illustration of the torsion experiment.

linearly proportional to the distance from the cylinder
axis. The maximum strain-rate and strain therefore
occur at the outer cylinder surface of the specimen. The
specimens were 15mm in diameter and 3-10 mm in
length. Texture determinations and microstructural
observations were carried out on surfaces that are axis-
parallel, and chords to the circular sections of the
specimens (Fig. 3). On these surfaces, there will be
variation in the deformation caused by intersecting
different radial depth of the specimen, and by a different
orientation of the shear direction with respect to the
surface plane normal.

The maximum shear strain in the specimen can be
varied by rotating the top of the specimen through
varying angles or by varying the specimen height. The
specimens were enclosed in iron jackets which had
scratched marker lines defining a lineation parallel to
the axis of the specimen. This lineation served as a strain
marker indicating the homogeneity of strain on the
cylinder mantle. In all the experiments reported here,
there was no detectable departure from homogeneity of
strain paralle] to the cylinder axis.

The measurement of preferred orientation is compli-
cated because the shear direction, being always perpendi-
cular to the radial direction, varies continuously around

shear in relation to
sampled areas
[

angular spread of measurement

!
L.
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T
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—4-"by X-rays

areas samples by ebsd

~._facet ground on
specimen

(a) ebsd measurement (b) X-ray measurement

Fig. 3. Measurement areas in ebsd and X-ray texture goniometer

methods. The texture is constant when referred to the radial direction.

The width of the X-ray beam means that angular deviations result from
the variation of the radial direction.

257

the cylindrical specimen. Two methods of measurement
of preferred orientation were used for this study:
conventional X-ray texture goniometry and individual
point determinations of lattice orientation using electron
back scatter diffraction (ebsd). Both these methods take
observations from a flat surface ground on the cylinder
(Fig. 3).

The X-ray textures were carried out with a Scintag
XDS 2000 goniometer with Cu K, radiation and a solid
state detector. The energy resolution of the solid state
detector enables the Ky line to be removed without a
physical filter and hence gives much improved X-ray
intensities. To minimize the problems caused by the
variation of the shear direction the area sampled was as
small as possible in the dimension perpendicular to the
cylinder axis. For the X-ray goniometer, a collimator of
0.5 mm was used that gave an effective sampling width of
2mm. X-ray pole figures were determined using the
reflection mode, transmission mode technique. The
reflection mode data were collected from a facet ground
near the outer wall of the cylindrical specimen. The thin
section for transmission mode was prepared from the
surface of the reflection mode specimen, to avoid any
influence of the variation of the strain state in the radial
direction. Pole figures were measured for the planes 012,
104, 110, 113, 202, overlapping 024 and 018, and 116 for
the undeformed material and specimens sl1:3.5, s15:1 and
s18:6.9. The peak 006 was also measured for the
undeformed material and specimens sl5:1 and s18:6.9
(see Table 2). The relatively wide sampling area of the X-
ray goniometer limited the applicability of this method to
the outer part of the specimen.

Data were processed using the harmonic method of
Bunge (1969), Bunge and Wenk (1977) and Casey (1981).
The coordinate systems for pole figures and inverse pole
figures are as defined in Casey (1981). The origin of the
azimuth angle for pole figures is at N, and the origin for
the co-latitude is in the centre of the pole figure. The
origin for the azimuth angle of the inverse pole figures is
at the first-order prism (100), and the origin of the co-
latitude is parallel to the c-axis. The Euler angle
convention uses angles /1, ¢ and y,, which are identical
to the angles ¢, ¢ and ¢, of Bunge (1969).

Electron backscatter diffraction (ebsd) is a technique
to measure the crystallographic lattice orientation at
well-defined locations on the specimen surface with a
spatial resolution of about 1 um (Venables and Harland,
1973; Dingley and Baba-Kisle, 1986). Automated analy-
sis of ebsd patterns as employed in Orientation Imaging
Microscopy (Adams et al., 1993) allows the determina-
tion of the orientation distribution even from small areas
within heterogeneously deformed samples. It has been
successfully applied to quartzite (Kunze et al., 1994a) and
calcite (Kunze et al., 1994b) microstructures. Textures
obtained by automated ebsd compare well with data
from X-ray and neutron goniometry.

The observation of orientation contrast in backscatter
electron images and of electron backscatter diffraction
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Table 2. Diffraction peaks used for the X-ray texture determination

Letter

Number 26° Cu K, Index designation Polar angle  Azimuth Intensity
1 23.02 012 f 63.1 60.0 1.0
2 29.40 104 r 44.6 0.0 1.0
3 31.40 006 ¢ 0.0 0.0 1.0
4 35.96 110 a 90.0 30.0 1.0
5 39.40 113 66.3 30.0 1.0
6 43.14 202 h 75.8 0.0 1.0
7 47.49 024 ¥ 63.1 60.0 0.15

018 € 26.3 60.0 0.85
8 48.41 116 48.8 30.0 1.0

patterns in particular requires a very gentle surface
preparation, because the measured signal arises from a
surface layer less than 1 um thick. After mechanical
polishing, the remaining surface damage (Bilby layer)
was reduced by a lapping procedure using colloidal silica
suspension with a particle size of 0.025 ym. Even this
technique did not prevent the opening of voids and loss
of grain fragments at the surface. Surface charging has
been reduced by applying an accelerating voltage of
12kV for ebsd and 15kV for backscattered electron
imaging, and by a very thin carbon coating of about 3 nm
thickness. This allowed the acquisition of indexable ebsd
patterns from the same specimen imaged in orientation
contrast.

The ebsd texture measurements of s12¢2:9.6 and
s12¢3:12 were both taken on the same section cut, but at
different locations relative to the cylinder axis, and
therefore represent different amounts of finite strain.
Sample s12¢2:9.6 was located in the centre of the section
cut, while sample sl2¢3:12 was positioned close to the
left-hand outside edge (total width 10 mm, 4 mm off
centre). Each of the measurement sets was taken on a
patch of 1 mm square, which was sampled on a raster of
10 um increment, resulting in a data set of more than
10,000 single orientation measurements for each area.
With an average grain size of 4 ym, the chance of
measuring the same grain twice is very small. About
one-third of the measurements showed poor reliability of
the indexing procedure as given by the confidence index
(Cl1<10%). This is mainly attributable to rather poor
ebsd contrast for these measurements because of
imperfections on the sample surface (see Fig. 4) as well
as the high frequency of grain boundary hits (with a
sampling patch of 1 ym diameter in a microstructure of
4-um grain size). The sub-set of low confidence measure-
ments does not show any preferred orientation. There-
fore, possible failures in the indexing procedure for these
measurements may have only a minor influence on the
random background in the orientation distribution
without changing the lattice preferred orientation sig-
nificantly. ODFs and pole figures were calculated from
the single orientation data by conventional convolution
with a Gaussian distribution of 10° halfwidth. The a
(110) pole figures and inverse pole figures were inten-
tionally symmetrized by the inversion symmetry to

produce results in a format comparable to the X-ray
data.

GRAIN-SHAPE MICROSTRUCTURE

The grain-shape microstructure was observed using
orientation contrast by backscattered electrons in the
scanning electron microscope. The grain-shape micro-
structures in the undeformed material and the deformed
specimen s$12¢2:9.6 (y=9.6) are shown in Fig. 4(a & b),
respectively. The grain-size of both undeformed and
deformed material is around 4 ym, indicating the lack of
grain growth during the experiment. The grains in the
deformed state show a slight elongation in a direction
about 10° to the shear direction. The orientation of the
extension direction corresponding to a shear strain of
y=9.6 is 6°. The grain boundaries of the deformed
material are straight, comparable to the optical micro-
structures of Schmid et al. (1987).

TEXTURE RESULTS

The results of the present series of experiments show a
progressive development of the preferred orientation
with increasing applied shear strain. The results are
discussed in terms of the evolution of the c¢- and a-axis
pole figures, selected sections through the orientation
distribution function (ODF) and inverse pole figures.
Pole figures provide a characterization of the develop-
ment of preferred orientation, which lends itself well to a
correlation of field and laboratory results. The ODF
allows the identification of the most preferred orienta-
tions of the crystal lattice, which in turn allows an
analysis of the orientation of the slip systems relative to
the imposed deformation. Inverse pole figures for the
specimen directions, such as shear plane normal and
shear direction, show whether particular crystal direc-
tions align preferentially parallel to the specimen direc-
tions and are potentially useful in the identification of slip
systems. A comparison is made to the findings of Schmid
et al. (1987), who performed experiments under different
conditions of temperature and strain rate to shear strain
around y=1.
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000

Fig. 4. Grain-shape microstructure of (a) undeformed material and (b) specimen s12¢2:9.6 in SEM backscatter electron
contrast images. For specimen s12¢2:9.6, the deformation was dextral with the shear plane horizontal.
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Pole figures for c- and a-axes

Pole figures for ¢- and a-axis directions are shown in
Fig. 5. The pole figures are presented with the shear plane
normal at N and the shear direction E-W. The
undeformed material has the bedding plane normal at
N. The results of Schmid et al. (1987) for the development
of the c-axis preferred orientation are shown in Fig. 6.
The shear values and other experimental conditions for
the specimens are given in Table 1. Solnhofen limestone
has a significant initial preferred orientation giving a
girdle of c-axes lying in the bedding planes (Fig. 5a). The
a-axis shows a point maximum perpendicular to bedding
(Fig. 5g). The initial c-axis distribution for the work of
Schmid et al. (1987) is shown in Fig. 6(f), which is the pole
figure from Fig. 5(a) rotated to the appropriate orienta-
tion relative to the shear plane as described above. As will
be discussed below, the development of preferred
orientation in the experiments is strongly affected by
simple rotations of the initial preferred orientation, and
consequently, all the c-axis pole figures have indications
of the amount of rotation corresponding to a rigid body
rotation under the applied shear strain.

c-axis

max: 2.9

Undeformed max: 1.7

s12¢3:12

max: 3.6

shear
direction

(f)
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The sequential development of the ¢-axis pole figures is
shown in Fig. 5(b—f). Three maxima are distinguished for
the c-axis pole figures, labelled 1, 2 and 3, following
Schmid ez al. (1987) (Fig. 6a). Maximum 1 is at the shear
plane normal, maximum 2 is on the periphery 30°
anticlockwise from the shear direction, and maximum 3
is on the periphery 30° clockwise from the shear
direction. For the current study, maximum 2 is only
very weakly developed in the lowest strain experiment
(Fig. 5b), in comparison to Schmid et a/. (1987) (Fig. 6a).
This is a consequence of the different initial c-axis
distributions. The maximum 2 of Fig. 6a is mainly the
result of the movement of the initial c-axis girdle.

With increasing applied shear strain, there is a
progressive evolution of the c-axis pattern (Fig. 5b-f).
Maximum 2 disappears. Maximum 3 weakens and
rotates towards the shear plane normal, ultimately
merging with maximum 1. At the highest shear strains,
there is only one maximum perpendicular to the shear
plane but slightly displaced towards the shortening
direction of the imposed shear. Although maximum 1
continually increases in intensity with increasing shear
strain, the pattern appears to be reaching a steady-state,

a-axis

max: 1.7 max: 1.9

s18:6.9

Undeformed

sis:i

max: 2.3

Fig. 5. (a)~(f) c-axis pole figures. (g)~{1) a-axis pole figures for specimens. The figures are upper-hemisphere equal area

projection; the contour interval is 0.1 times a uniform distribution for (a) and (g) and 0.2 times a uniform distribution for the

remainder. Areas above 1.0 are shaded. The shear was dextral. The solid horizontal line represents the shear plane, and the

shear direction was E- W, except for sl2¢3:12 where it was in the orientation shown. The oblique solid line and the arrow

represent the reorientation of the ridge of the initial girdle under rigid rotation corresponding the amount of applied shear
strain.
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ST5:700
(f)

ST4:900 undeformed

Fig. 6. (a)~(f) c-axis pole figures of specimens from Schmid et al. (1987).
The figures are upper-hemisphere equal area projections. The contour
interval is 0.2. Areas above 1.0 are shaded. The dashed line represents
the initial girdle. The oblique solid line is the position to which the initial
girdle would re-orient under a rigid rotation. The applied shear was
dextral, and the horizontal solid line represents the shear plane. The
bold arrows give the instantaneous shortening direction of the applied
simple shear. The shear direction was E-W.

as shown by the broad similarity of the pole figures in Fig.
5(e & f).

The a-axis pole figures (Fig. 5g-1) show an evolution
from the point maximum of the initial distribution to a
girdle perpendicular to the c-axis point maximum (Fig.
51). There are subsidiary maxima on the girdle.

The results of Schmid ez a/. (1987) in Fig. 6 show the
effect of changing deformation conditions on the initial
development of the c-axis preferred orientation. The ¢-
axis pole figures in Fig. 6 are arranged in order of
increasing temperature, beginning with ST2:500 in
deformation regime 1, progressing through ST1:700
and ST5:700 in regime 2 to ST7:800 and ST4:900 in
regime 3. The degree of development of the three
maxima decreases from ST2:500 through ST1:700 to
ST5:700, that is with increasing temperature and
decreasing stress. The broad girdle running from NE to
SW across the pole figures is the rotated and modified
initial girdle. With increasing temperature and decreas-
ing stress, the amount of the rotation of the girdle
increases to equal the rigid rotation of the applied shear
deformation, shown on the pole figures by the arcuate
arrow. The results for ST7:800 and ST4:900 show
predominantly a rotation of the initial c-axis girdle by
an amount approximately equal to the rigid body
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rotation of the applied simple shear. There is a tendency
to form subsidiary maxima near the periphery.

Allowing for the effect of the different initial preferred
orientations on the development of the c-axis pole figure
in this study, specimen sl15:1 (Fig. 5b) compares well with
the corresponding experiment of Schmid et al. (1987),
specimen STS5:700 (Fig. 6¢). This supports the use of
torsion experiments to study the effects of simple shear
deformation.

Sections through the ODF

Sections through the ODF for the undeformed
material, specimen sl5:1 and specimen sl1:3.5 are shown
in Fig. 7. The sections are chosen to show the significant
detail of the ODFs. The value of ¢ =90° places the c-axis
at the periphery of the pole figure. The value of y,
determines the azimuth of the c-axis. Variation with ¥,
corresponds to a rotation about the c-axis so that all
points on the vertical lines in Fig. 7 represent the same c-
axis orientation with continuously varying a-axis orienta-
tions. Away from the chosen sections, the values of
probability are close to zero. For the undeformed
material, there is nearly no preferred orientation in
rotation about the c-axis (Fig. 7a, variation with ;).
The c-axis pole figure of the lowest strained sample (s15:1)
shows a predominant simple rotation of the initial

(a) Undeformed
material

(b) si5:1

120 -

(c)sl1:3.5

180
=90

Fig. 7. Orientation distribution function sections for (a) the unde-

formed material, (b) specimen sl5:1 and (c) sl1:3.5. The figures are

contoured in multiples of 0.25 times a uniform distribution. Areas above
1.0 are shaded. Areas above 2.25 are shaded more darkly.
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preferred orientation with a slight development of three
maxima, labelled 1, 2 and 3, corresponding to the usage
of Schmid ez al. (1987) (Fig. 6a, ST2:500). This can also
be just seen in the ODF section (Fig. 7b). The sample with
the next highest strain (s11:3.5) shows the clear develop-
ment of two maxima (1 and 3), with the maximum 3
shifted a few degrees clockwise from that of ST2:500. The
maximum 2 is present in the extremely tenuous form of a
small increase from the background level (Fig. 5¢). The
weak development of maximum 2 in these experiments
compared to those of Schmid et al. (1987) is attributed to
the influence of the initial preferred orientation, which
had the pattern shown in Fig. 6(f). This initial orientation
supplied many c-axes to the maximum 2 in the Schmid et
al. (1987) experiments. The initial distribution of c-axes
for the experiments reported here had only a weak
concentration of c-axes in orientations that can rotate
to maximum 2 (Fig. 5a).

Comparison of the ODF of sl1:3.5 (Fig. 7b) with that
of ST2:500 (Fig. 8a) shows that the maxima 1 and 3 are
almost identical. Thus, the analysis of Schmid er al.
(1987) (Fig. 8b—d) of the preferred crystal orientations is
also applicable to sl1:3.5. Schmid ef al. (1987) note that
the maxima 2a, 2b and 3 align the r plane, the f and
again the r plane, respectively, parallel to the shear plane
normal, with the shear direction (s.d.) of those slip
systems close to the macroscopic shear direction.
Maximum 1 corresponds to the basal plane aligned

(€)

(b)
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parallel to the shear plane, but there is little preference
of directions in the basal plane to align parallel to the
shear direction.

Inverse pole figures

The inverse pole figures (Fig. 9) show a progressive
development from being dominated by the initial pre-
ferred orientation to the pattern of the high strain single
c-maximum texture. In the latter, there is a high
concentration at ¢ with a shoulder to r for the shear
plane normal and a broad concentration from m to a for
the shear direction. The intermediate strain specimen
(s11:3.5) has an additional maximum of the shear
direction close to the shear direction of the r and f slip
systems.

DISCUSSION

In the absence of selective recrystallization or twin-
ning, preferred orientation develops as a result of lattice
rotations resulting from dislocation movement. For each
element in orientation space, there 1s a rate of lattice
rotation. The evolution of a preferred orientation is the
effect of these lattice rotations in modifying the prob-
ability distribution. There may be orientations that
increase in probability because there tends to be a

(d)

Fig. 8. Analysis of specimen ST2:500 of Schmid er al. (1987). (a) Section through the orientation distribution function for
¢ =90°. The section is contoured with an interval of 0.25 times uniform. Areas above 1.0 are shaded. (b)—(d) Favoured crystal
orientation corresponding to positions 3. 2a and 2b indicated by squares in (a).
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Shear direction Shear plane normal

max: 1.6 max: 1.5

s15:1

(b)

max: 2.2

max: 2.0
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Shear direction Shear plane normal

max: 2.2

max: 1.8

s12¢2:9.6

(h)

max: 2.3 max: 2.7

006

Y104 4

202

(9]

Fig. 9. (a)-(j) Inverse pole figures for the shear direction and the shear plane normal. (k) Orientations of crystallographic
directions for calcite. The orientation marked s.d. is the shear direction for the r and f slip systems. The figures are upper-
hemisphere equal area projections. The contour interval is 0.1 times uniform. Areas above 1.0 are shaded.

convergence of rotations to these orientations. Conver-
sely, there may be orientations for which the probability
decreases because the rotations diverge from these
orientations. The lattice rotations throughout orienta-
tion space can be regarded as a velocity field, and a useful
approach is to apply the conservation law to the
probability distribution and the velocity field (Clement
and Coulomb, 1979; Clement, 1982). The development of
preferred orientation described by the continuity equa-
tion is, in words:

texture change = convection + diffusion O

or mathematically:

— @ = v.gradp + pdivv, 2

dy
where p is the probability density or ODF, and v is the
velocity of lattice rotation at a given orientation,
expressed in rate of change of orientation with applied
shear strain. The first term of the right hand side is a
convective term corresponding to the transport of

existing maxima and minima of the ODF. The second
term is a diffusive term corresponding to concentrations
or rarefactions caused by spatial variation of the velocity.
The preferred orientation of c-axes for sample sl15:1 (Fig.
5b) is dominated by the convective transport of the initial
Solnhofen limestone preferred orientation with some
development of maxima due to the diffusion term of
equation (1). The results of direct shear experiments in
the grain boundary sliding regime, samples ST7:800 and
ST4:900 of Schmid ez al. (1987) (Fig. 6d & €) are almost
completely dominated by convective modification. Since
the latter experiments were carried out in the grain
boundary sliding regime, grain boundary sliding appears
to result in the same rigid rotation of all grains, with a
rotation rate close to the vorticity of the imposed
deformation (0.5 y).

The sequential development of the preferred orienta-
tion with increasing gamma is found to be from (1) two
maxima plus a weak third, through (2) two maxima, to
(3) a single maximum. This indicates that temporarily,
the diffusive development of maxima can dominate over
the convective transport, but that the convective trans-
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Fig. 10. Simple shear flow field and diagram of some grains deforming
by grain boundary sliding and dislocation creep. The velocity field exerts
a turning effect on the centre grain.

port wins in the case of maxima 3 and 2 and transports
these concentrations to the location of maximum 1[.

The high strain results (sl2c2:9.6 and sl2¢3:12)
indicate that a steady-state texture is being established:
that is, the left hand side of equations (1) and (2) are
zero, and the convective and diffusive terms balance one
another. A consequence of this is that there is no stable
end orientation, although the maximum 1 is persistent.
Any one grain will rotate continuously with increasing
shear strain, spending most time in the vicinity of
maximum | and rotating rapidly over the intervening
orientations.

A possible explanation of the continued rotations is
that the deformation is partitioned between grain
boundary sliding and intra-crystalline dislocation creep
(Fig. 10). The velocity profile across a material deforming
by simple shear is shown in the left of the diagram, and a
schematic representation of grains deforming by disloca-
tion glide and diffusion accommodated grain boundary
sliding is shown on the right. The relative velocity of some
of the grain centroids is also shown. It can be seen that the
effect of the simple shear velocity field will be to exert a
torque on any one grain, for instance, the grain in the
centre, which will then tend to rotate bodily.

Figure 11 considers the deformation of any one grain
(as a grain and not as a lattice orientation). It will have a
rotation rate that is more or less equal to that of simple
shear (0.57) but a differential deformation-rate (d, — d>)
that may be significantly less than j (the simple shear
strain-rate). Thus, it can have a vorticity greater than that
of simple shear. Under such conditions, the finite strain
of a grain will neither increase continuously nor converge
to some limit with increasing shear strain, but will
oscillate between zero and some upper bound (Pfiffner
and Ramsay, 1982). Thus, the grain shapes will also
pulsate within a certain upper bound which 1s a function
of the difference in the grain strain-rate from that of
simple shear. Figure 12 is a reproduction of fig. 4 of
Pfiffner and Ramsay (1982), with the curves labelled with
the factor «, which is the ratio of the actual differential
strain rate and that of simple shear. The factor «
translates directly to the proportion of the shape change
taken up by dislocation creep. It can be seen from the
curve for =0.27 in Fig. 12 that if 27% of the shape
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N

matrix deforms by
dislocation creep +
grain boundary sliding,
therefore softer than
the grain

grain deforms
by dislocation creep
alone

d—d,=0.2y

Fig. 1l. The deformation of a single grain deforming by dislocation
creep surrounded by the aggregate of the rest of the material deforming
by dislocation creep and grain boundary sliding. The grain is effectively
more viscous than the matrix because it deforms by only one
mechanism. The angular rotation rate of both grain and matrix is
generally that of simple shear w =0.5}, whereas the matrix has the
differential deformation rate of simple shear ¢, —d, =7, and the grain
will have a reduced deformation rate, here arbitrarily set to dy —d>=
0.27. The rotation rate of the grain lattice will be further influenced by
angular rotation rates arising from the operation of dislocations.

principal finite strain orientation 0'

pure shear
T

0 T T
10 2.0 3.0 4.0 50 80

principal finite strain 1+e,

Fig. 12. Orientation of finite strain vs principal finite strain for

deformations of varying ratio of strain-rate to angular rotation rate.

As the deformation proceeds the strain state moves from the origin

along the corresponding curve. For deformations with a ratio of spin to

strain-rate greater than that of simple shear the finite strain does not

increase to infinity, but reaches a maximum and then falls again (after
Pfiffner and Ramsay, 1982).

change occurs by dislocation creep, the maximum grain
ratio of long to short axis of the grains is 1.25.

Application to natural mylonites

The preferred orientation observed in natural mylo-
nites is relatively weak in relation to the large finite strains
involved. Schmid et al. (1981) report c-axis concentra-
tions no greater than five times uniform for the lower
limb of the Morcles nappe, where the strain is estimated
to be 7> 10 (Ramsay and Huber, 1983). The tendency to
a steady-state preferred orientation observed in the
experiments could be an explanation for this relatively
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Fig. 13. (a) c-axis, and (b) g-axis pole figures for an ultramylonite from the Ivrea—Verbano zone of the European Alps. The

sense of shear is dextral. Inverse pole figures for the foliation (c) normal and (d) lineation. The figures are upper-hemisphere

equal area, with contours of multiples of a uniform distribution. Areas with a value greater than one are shaded grey. The
contour interval for the pole figures is 0.2 and for the inverse pole figures is 0.1.

weak preferred orientation. Figure 13 shows the pre-
ferred orientation of a calcite ultramylonite from the
Ivrea—Verbano zone (Khazanchdari et al., 1998). The ¢-
axis pole figure shows a maximum close to the foliation-
normal, but slightly displaced towards the shortening
direction of the imposed dextral shearing. The a-axis pole
figure shows a girdle perpendicular to the c-axis max-
imum, and the axis of the girdle is slightly tilted in an
anticlockwise direction, again towards the shortening
direction of the shearing. Similar ¢- and a-axis pole
figures are obtained from the majority of calcite mylo-
nites, see Schmid et al. (1981). Khazanehdari ez al. (1998)
conclude that the specimen shown in Fig. 13 suffered
grain-size reduction by dynamic recrystallization fol-
lowed by diffusion- plus plasticity-accommodated grain
boundary sliding.

The ¢- and a-axis pole figures of Fig. 13 show a good
first-order agreement with the high strain pole figures of
the experiments in Fig. 5(d—f) for the c-axis and Fig. 5(j-1)
for the a-axis. That is, the experimental results show a
maximum of c-axes close to the shear plane normal but
displaced towards the compression direction. The axis of
the a-axis girdle is displaced in accordance with the

displacement of the c-axis maximum. However, the girdle
in the naturally deformed sample has no sub-maxima,
contrasting to the clearly defined sub-maxima of the
experimentally deformed sample.

The inverse pole figures for the foliation normal and
the lineation also show a good first-order agreement with
those for the shear plane normal and shear direction of
the high strain experiments, respectively. A closer
comparison reveals some differences: the maximum in
the inverse pole figure for the foliation normal is
displaced towards the e pole (see Fig. 9k), whereas for
the experimentally deformed material, the maximum is at
¢ with a shoulder towards the r pole. Specimen 71 of
Schmid et al. (1981) has an inverse pole figure for the
foliation normal that is almost identical with those of the
high-strain experiments, but its inverse pole figure for the
lineation direction is no longer similar to those of the
shear direction in the experiments.

CONCLUSIONS

(1) Large strains are necessary before steady-state
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behaviour, in general, and a final preferred orientation, in
particular, are attained. The torsion experiment offers a
unique opportunity to achieve these kinds of high strains
in the laboratory.

(2) Simple shear experiments and torsion experiments
approximating simple shear on Solnhofen limestone
deforming at the boundary of flow regimes 2 and 3 tend
to a steady-state preferred orientation.

(3) Partitioning of deformation on the grain scale into
inter-crystalline and intra-crystalline deformation
mechanisms can give a sub-equant microstructure
without significant recrystallization for high simple-
shear strains.

(4) Natural calcite mylonites have preferred
orientations that compare very well, but not perfectly,
with those of high-strain torsion experiments.
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