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INTRODUCTION

Anintrinsic property of polycrystalline materials is the orientation distribution of crystallites.
In some cases this distribution is random, yet often there is preferred orientation of crystallites
relative to macroscopic axes that may have been attained during a deformation process. Many
rocks—metamorphic, igneous as well as sedimentary—display non-random orientation
distributions that are the cause for anisotropy of macroscopic physical properties. Interpretation
of textures in materials has to rely on a quantitative description of orientation characteristics.
Two types of preferred orientations need to be distinguished: The shape preferred orientation
(or often abbreviated SPO) describes the orientation of grains with anisotropic shape. The lattice
preferred orientation (LPO) or “texture” refers to the orientation of the crystal lattice. (LPO is an
unfortunate term since the lattice does not always uniquely describe the crystal orientation, as in
the trigonal mineral quartz with a hexagonal unit cell. “Crystallographic preferred orientation,”
CPO, would be more appropriate). Shape and crystal orientation can be correlated, such as in
sheet silicates with a flaky morphology in schists, or fibers in fiber reinforced ceramics. In other
cases they are not. In a rolled cubic metal or a plastically deformed quartzite, the grain shape
depends on the deformation and is not directly related to the crystallography.

Many methods have been used to determine preferred orientation. Geologists have applied
extensively the petrographic microscope equipped with a Universal stage to measure the orien-
tation of morphological and optical directions in individual grains (e.g., Wahlstrom 1979; Wenk
1985). More recently electron diffraction, both with transmission (TEM) and scanning electron
microscopes (SEM) have been used to measure orientation of crystals (e.g., Schwarzer and
Weiland 1988; Randle and Engel 2000). In this case, the location of a grain can be determined,
which permits to correlate microstructures, neighbor relations and texture. Also from individual
orientation measurements the orientation distribution can be determined unambiguously. Grain
statistics are generally limited to at best a few thousand grains and generally much less, even if
many spots are recorded on a polycrystalline sample.

Other diffraction techniques rely on averages of diffraction signals over a polycrystalline
sample. In this case spatial information is lost and in addition some ambiguity is introduced
about the orientation distribution because normal diffraction effects are always centrosymmet-
ric (Friedel’s law) but an orientation relation is not (Matthies 1979). With averaging diffraction
techniques statistics are highly improved and crystal orientations are weighted according to
grain size.

In this context neutron diffraction plays an important role: For most materials, absorption
is negligible compared to X-rays (Fig. 1). Large samples, 1-10 cm in diameter, of roughly
spherical shape can be measured. Because the diffraction signal averages over large volumes
rather than surfaces grain statistics are even better than with conventional X-rays. Figure 2
compares (0001) pole figures for quartz, one measured with the Universal stage and the other
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Figure 1. Absorption of neutrons and X-rays. The penetration depth corresponds to
the thickness when the intensity has been reduced to 40%. Wavelength is 0.14 nm.

F

Figure 2. (0001) Pole figures of quartzite measured (a) on one hundred grains with a Universal
stage petrographic microscope and (b) a neutron diffractometer with monochromatic radiation,
averaging over approximately one million grains (Ghildiyal et al. 1999).

averaged over a million grains by neutron diffraction (Ghildiyal et al. 1999). The limited
statistics of Universal stage measurements is obvious. Furthermore for quartz only c-axes
can be measured with the Universal stage, whereas other crystallographic directions may be
just as important to assess deformation characteristics. Figure 3 illustrates similar statistical
limitations for calcite marble where pole figures were measured with an X-ray pole figure
goniometer in reflection geometry on the surface of a slab (Fig. 3a) and by neutron diffraction
on a sample cube (Fig. 3b) (Wenk et al. 1984). The X-ray pole figure shows an irregular
pattern, whereas the neutron pole figure displays a symmetrical distribution, representative
of the bulk orientation features of the sample. The low absorption has other advantages:
Intensity corrections are generally unnecessary and environmental stages (heating, cooling,
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Figure 3. Comparison of (0006) pole figures of calcite for experimentally deformed marble. (a) Measured
by X-ray diffraction in reflection geometry. (b) Measured by monochromatic neutron radiation in Jiilich
(Wenk et al. 1984). Equal area projection.

straining) can be used for in situ observation of texture changes. Neutron diffraction was first
applied to textures in 1953 by Brockhouse to investigate magnetic structures, though rather
unsuccessfully. Yet, during the last twenty years, neutron texture analysis has become firmly
established in earth and materials science and has emerged as a favorite technique for many
applications. This Chapter will describe the various experimental techniques, survey methods
of quantitative data analysis and illustrate neutron texture analysis with examples.

Concepts of texture analysis, including texture representation, experimental techniques
and interpretation, have been reviewed in books (e.g., Wenk 1985; Kocks et al. 2000). For
earlier reviews of neutron diffraction texture analysis see also Brokmeier (1997, 1999),
Feldmann (1989), Schaefer (2002) and Wenk (1994). For texture representations this Chapter
will only use pole figures that represent the directional distribution of lattice plane normals
{hkl} relative to sample coordinates. All pole figures shown use equal area projection of the
orientation sphere and display pole densities in multiples of a random distribution (m.r.d.). The
integral over a pole figure is 1 m.r.d.

EXPERIMENTAL TECHNIQUES

Neutron diffraction texture analysis relies on Bragg’s law that stipulates that neutron waves
reflect on lattice planes if the condition 2d,, sin0 = A is satisfied. In a polycrystalline sample
a detector at a particular orientation relative to the incident neutron beam only records signals
from lattice planes that satisfy the reflection condition. In a textured sample the overall signal
intensity changes if the sample is rotated relative to the detector and, if several detectors are
available, each detector records different intensities and differently oriented crystals. From these
intensity variations for different lattice planes Akl the orientation distribution can be obtained.

For X-ray techniques, whether in reflection or transmission geometry, the incident beam
must not leave the specimen during rotations for a straightforward interpretation of intensity
variations and proper volume/absorption/defocusing corrections need to be applied during
data analysis. By contrast, for neutrons it is advantageous if the specimen does not leave the
beam during rotations, so that the same volume is investigated at all times.

The elastic scattering of thermal neutrons by a crystal consists of two components, nuclear
and magnetic scattering (see Parise 2006, this volume). Nuclear scattering is due to interactions
between the neutron and the atomic nuclei and yields diffraction effects with equivalent
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information as X-ray scattering on electrons, but magnitudes of the scattering lengths are
different and therefore diffraction peaks have different relative intensities. With neutrons signals
from light elements are of similar magnitude as those from heavy ones. Also different isotopes
can be distinguished. Scattering amplitudes of X-rays decrease with d-spacing, whereas those
of neutrons do not. This improves the capability to measure low d-spacing reflections but their
intensity is still lower because of thermal vibration and Lorentz polarization effects. Magnetic
scattering, due to a dipole interaction between the magnetic moments of nucleus and shell
electrons, is weaker (Harrison 2006, this volume). In materials with magnetic elements (e.g.,
Mn, Fe) peaks may occur in the diffraction pattern that are solely due to magnetic scattering
and with those one can measure magnetic pole figures. They do display preferred orientation
of magnetic dipoles in component crystals. If no magnetic superstructures are present, the
magnetic contribution is, with presently available instrumentation, very difficult to separate
from the nuclear scattering. Some examples will be shown later in this chapter.

Neutron diffraction texture studies are done either at reactors with a constant flux of
thermal neutrons, or with pulsed neutrons at spallation sources. The wavelength distribution of
moderated thermal neutrons is a broad spectrum with a peak at 1-2 A (Vogel and Priesmeyer
2006, this volume). The low absorption and high penetration of neutrons relative to X-rays was
mentioned. This is an expression of the weak interaction of neutrons with matter, which has
the disadvantage that scattering is weak and long counting times are required.

A conventional neutron texture experiment at a reactor source uses monochromatic radia-
tion produced with single crystal monochromators. A goniometer rotates the sample to explore
the entire orientation range, analogous to an X-ray pole figure goniometer. Such texture measure-
ments are routinely conducted at Chalk River (Canada), Geesthacht (Germany), LLB (France)
and NIST (USA). To improve counting efficiency position-sensitive detectors have been applied
that record a 20 spectrum with many peaks simultaneously. Examples of such facilities are at
ILL (instruments D1B and D20) and Jiilich (Julios). With the advent of pulsed neutron sources
it has become popular to use polychromatic neutrons and detectors that can identify the energy
of neutrons by measuring the time of flight (TOF). Dedicated TOF diffractometers for texture
research are at JINR, Dubna (SKAT), IPNS (GPPD) and LANSCE (HIPPO).

Monochromatic neutrons

A conventional texture experiment uses mono-
chromatic radiation. With a Cu (111) or graphite (0002)
monochromator wavelengths A = 1.289 A and A = 2.522
A are often selected. The detector is aligned relative to the
incident beam at the angle 20 for a selected lattice plane
hkl to satisfy Bragg’s law. The intensities are measured in
different sample directions by rotating the sample around
two axes with a goniometer (e.g., ¢ and y), to cover the en-
tire orientation range, often in 5° x 5° increments (Fig. 4).
Intensities are directly proportional to pole densities. This
method is analogous to that for an X-ray pole figure goni-
ometer but with the advantage that defocusing corrections
are not necessary. Figure 5 shows a calcite (0006) pole
figure of experimentally deformed limestone that was mea-
sured at Geesthacht with this method. Figure 4. Eulerian cradle with rota-

It is al ible t i itive detect tion axes ¢ and  used in a neutron
18 also possible (o use position-sensiiive aetectors pOlC ﬁgure goniometer (Hoefler et

which record intensities along a ring (1 dimension, 1D) al. 1988).

rather than at a point. The ring can be mounted on a dif-

fractometer so that it either records for a single reflection a whole range of lattice orientations
at once (usually covering the diffractometer coordinates 7, Juul Jensen and Leffers 1989) or
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Figure 5. Calcite 0006 pole figure of experimentally
deformed limestone, measured with monochromatic
neutrons at GKSS, Geesthacht. Equal area projection,
linear contours, pole densities in m.r.d. (Compare with
Fig. 12).

so that it records a continuous 20 range
(Bunge et al. 1982). The latter is particu-
larly interesting because it permits one to
record many pole figures simultaneously
and opens the possibility to deconvolute
spectra that is valuable in the case of
overlapping peaks. The geometry of such
a system used at ILL is illustrated in Fig-
ure 6. Note that different positions on the
detector record differently oriented lattice
planes (Bunge et al. 1982). Figure 7 is a
graphic representation of 72 spectra mea-
sured with a position sensitive detector at
different sample orientations for the same
experimentally deformed calcite lime-
stone illustrated in Figure 5 (Wenk 1991).
The relative changes in peak intensities
are due to texture.
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Figure 6. Diffraction ge-
ometry for a diffractometer
with monochromatic radia-
tion and a position sensitive
detector, as for beamline
DIB at ILL. The “banana”
detector extends over a 20
range of 80°.

20°

Bragg angle (")

Figure 7. 72 neutron diffraction spectra measured on an experimentally deformed calcite polycrystal
(limestone) with a position sensitive detector at ILL with monochromatic neutrons; changes in intensity as

a function of ¢ are due to texture (Wenk 1991).
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Polychromatic time-of-flight neutrons .
Aluminum

Another method to measure a spec-
trum simultaneously is at a fixed detector
position but with polychromatic neutrons
and a detector system that can identify
the energy of neutrons, e.g., by measur-

4 Amax =

ing the time of flight (TOF). Figure 8 is ~ _ °
a representation of Bragg’s law for mono- =
chromatic and polychromatic neutrons for - .

aluminum. For monochromatic neutrons
with a wavelength A = 1.5 A a 6-scan A
(A) can be performed over the O-range
of interest by moving the detector, or the
0-span can be measured simultaneously

with a 1D-position sensitive detector. Amin
There are peaks at each intersection of 10 20 30 40 50 B0 70 80 90
line A with the Bragg curves for lattice Q)

planes hkl. For polychromatic neutrons a
whole range of wavelengths between A,
and A, is available (line B in Fig. 8). A

Figure 8. Bragg’s law for low order diffractions of
aluminum. A illustrates a 20 scan with a conventional
goniometer and monochromatic radiation. B gives the

detector at a fixed scattering angle 0 (e.g., coverage of a continuous spectrum at a fixed detector
45°) records a whole d-spectrum for each position. With a position sensitive detector a large 20
sample orientation. range is measured simultaneously (A) and with an
. o o energy sensitive or TOF detector a large wavelength
Since neutron scattering is weak, it is range is covered (B). Both can be combined as with
efficient to make better use of resources a 2D position sensitive single crystal diffractometer

by building instruments with multiple  (Fig. 14).

detectors as with SKAT at JINR (24

detectors, Ullemeyer et al. 1998), GPPD at IPNS (14 detectors, Xie et al. 2003) and HIPPO at
LANSCE (30 detectors, Wenk et al. 2003). On GPPD detectors are arranged at different angles
in the plane of incident and diffracted beam. At SKAT they are positioned in a ring (bank) at
right angles to the incident beam (Fig. 9). For HIPPO detectors are arranged on five banks at
20 angles 10°, 20°, 40°, 90° and 145° (Fig. 19 in Vogel and Priesmeyer 2006, this volume)
and each one records reflections from differently oriented lattice planes (kkl). The 10° and
20° banks are not used for texture experiments because of poor resolution. The pole figure
coverage for 40°, 90° and 145° banks with 30 detectors is illustrated in Figure 10a.

Thus the advantage of pulsed polychromatic neutrons and a detector system that can
measure the time of flight (TOF) of neutrons and discriminate their energies is, that whole
spectra with many Bragg peaks can be recorded simultaneously. With TOF neutrons and a
multi-detector system, fewer sample rotations are necessary to perform quantitative texture
analysis. For typical texture investigations with HIPPO, rotation around a single axis is
sufficient, which eliminates the need for a 2-circle goniometer and simplifies the construction
of environmental cells to measure textures at non-ambient conditions. Rotating the sample
around a single axis perpendicular to the incident beam to several positions (0°, 45°, 67.5°,
and 90° have been established), provides 4 x 30 = 120 spectra for the subsequent analysis. If
detectors are at different 0 angles, their resolution is different, which is illustrated in Figure 11
for calcite limestone. High angle detectors (e.g., 145°) have excellent resolution but intensities
are weak, particularly at large d-spacings. Low angle detectors (e.g., 40°) have poor resolution
but good counting statistics. The relative intensity differences between hkl’s for different
detectors of a bank are indicative of texture (compare with Fig. 7). Combining information
from all detectors provides measuring times down to a few minutes per sample. Table 1
compares some features of TOF spectrometers that are used for texture analysis.
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Figure 9. SKAT texture diffractometer at JINR-Dubna with 3 circle goniometer and large ring with
detector panels. Person mounting a sample is for scale (courtesy K. Ullemeyer).

o Bank 150°
- Bank 80°
= Bank 40°

Figure 10. HIPPO pole figure coverage with 30 detector panels, distributed over 3 banks. (a) Point
locations of detector centers. X is incident neutron beam. (b) Actual size and shape of detectors. Circles are
at 15° intervals. Equal area projection.

The reliability of various neutron texture measurement techniques has been evaluated
by circulating a textured polycrystalline calcite standard sample among 15 different neutron
diffraction facilities (Wenk 1991; Lutterotti et al. 1997; Von Dreele 1997; Walther et al. 1995;
Wenk et al. 2003). They include reactors with monochromatic radiation and point detectors,
reactors with position sensitive detectors, pulsed reactors and spallation sources with TOF
neutrons. In general textures measured on the same sample at different facilities agree very
closely (some examples are shown in Fig. 12). For pole figures with strong diffraction intensities,
standard deviations from the mean are 0.04-0.06 m.r.d. with a spread of maxima values of 0.2
m.r.d. The spread is considerably larger for pole figures with weak diffraction intensities (0.4
m.r.d.). For weak diffraction peaks position sensitive detectors and TOF techniques have an
advantage over single tube detectors with monochromatic neutrons since integrated rather than
peak intensities can be determined which yields better counting statistics.
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Figure 11. 30 diffraction spectra of calcite limestone, recorded simultaneously with the HIPPO
diffractometer at LANSCE. Notice differences in counting statistics and resolution for the different
detector banks. Relative peak intensity differences are due to texture (Wenk et al. 2002).
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Table 1. Summary of features of neutron TOF spectrometers that are used for texture analysis.

. Flux at sample Number of
Instrument Flight path (m) (neutrons s™! cm2) detector panels
SKAT (JINR) 103 100 24
GPPD (IPNS) 20 3% 10° 14
HIPPO (LANSCE) 9 2.4 x 107 30

16
143
126
109
001
074

057
04

Figure 12. Selected calcite 0001 pole figures of an experimentally deformed limestone standard sample
and used as a round robin to assess reliability of neutron diffraction texture measurements. Examples
shown are pole figures recalculated from the OD based on measurements at four neutron diffraction
facilities. (a) Conventional reactor with monochromatic neutrons (Julios at KFA, Jiilich), (b) Reactor with
monochromatic neutrons and position sensitive detector (D1B at ILL Grenoble) (Wenk 1991), (c) Pulsed
reactor with TOF measurements, single peak extraction (SKAT at Dubna, Russia) (Walther et al. 1995), (d)
Spallation neutrons with 30 detectors and OD determined with the Rietveld method (HIPPO at LANSCE)
(Wenk et al. 2002). Pole figures are normalized so that densities are expressed in multiples of a uniform
distribution (m.r.d.). Equal area projection, linear contours. Compare also with Figure 5.

Results from this round-robin experiment establish that neutron diffraction would
clearly be the method of choice for texture measurements of bulk samples if it were more
readily available. Quantitative texture information for the same sample obtained by different
laboratories with neutron diffraction is much more reproducible than similar comparisons with
conventional X-ray diffraction or electron microscopy. This is mainly because of the larger
number of grains probed with neutrons, negligible surface preparation effects, and the absence
of instrument dependent defocusing and absorption corrections.

Special techniques

This section will briefly discuss some neutron scattering techniques that were explored for
special texture applications but have not yet become routine procedures.
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2D position sensitive detectors for monochromatic radiation are available at some
facilities (e.g., instrument D19 at ILL) and are mainly used for single crystal studies because
they cover a significant portion of reciprocal space. This is quite attractive for texture analysis
since the 2D diffraction pattern reveals portions of Debye rings for several Bragg peaks and
intensity variations along rings can be analyzed for texture. An image is shown for illite clay in
Figure 13a. Disadvantages are that the 2D recording is highly distorted in terms of diffraction
angle and orientation space, rendering quantitative data extraction difficult. In this respect hard
X-ray synchrotron diffraction images are far superior and obtained in a fraction of the time
(Fig. 13b, Wenk et al. 2006a).

A similar technique has been investigated earlier by combining 2D position sensitive
detectors and TOF (Wenk et al. 1991). With 2D position sensitive detectors as available at
the single crystal diffractometers (SCD) of IPNS and LANSCE (Fig. 14), each detector
location records a TOF spectrum and the 3D xyT data array can then be analyzed for texture.
A time slice (T = 6.93 ms) displays Bragg lines of four diffraction peaks with intensity
variations (Fig. 15a). Extracting xy intensities for d = 2.845 A, corresponding to (0006) of
calcite, provides an angular sector of 25° x 50° for a (0006) pole figure (Fig. 15b). While this
technique is quite elegant in principle and has been tested on a few samples (aluminum and
calcite), the data analysis is extremely complex due to distortions and non-linear corrections.

With strain neutron diffractometers, samples can be deformed and lattice strains can be
recorded in situ at stress. Such facilities (e.g., ENGIN-X at ISIS, SMARTS at LANSCE, EP-
SILON at Dubna) generally have two detectors, recording signals from lattice planes that are
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Figure 13. Texture measurements of the clay mineral illite, displaying intensity variations along Debye
rings. (a) Position-sensitive neutron detector at D19, ILL; (b) “unrolled” synchrotron diffraction image,
recorded with an image plate at HASY (Wenk et al. 2006a). Abscissa corresponds to 26 angle.



Neutron Diffraction Texture Analysis 409

DETECTOR
I

L

A

MODERATOR

[t ¥4

BEAM COLLIMATOR

FISSION
MONITOR

- DISPLEX

GONICMETER

TO BEAM
STOP

Figure 14. TOF 2D position sensitive detector for single
crystal diffractometer (SCD) at LANSCE and IPNS.
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Figure 15. Texture analysis of calcite with the TOF-SCD at LANSCE, displaying the 64 x 64 xy division
2D detector. (a) Time slice of the xyT histogram with Bragg peaks appearing as high density lines. (b)
Extraction of xy intensities for d = 2.845 A, corresponding to a segment of the calcite 006 pole figure
(Wenk et al. 1991).
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oriented perpendicular and par-
allel to the applied stress. This QUARTZ_SMART_DETECTOR 2
is generally not sufficient to ob-
tain full texture information, but
nevertheless some interesting
results have been obtained for
calcite (Schofield et al. 2003)
and quartz that both undergo
mechanical twinning. Poly-
crystalline quartz, compressed
to 500 MPa at 500 °C shows
systematic intensity changes of
reflections that are sensitive to
Dauphiné twinning (e.g., 10-
12 and 20-11) and no changes
with those that are not (e.g., 11-
20) (Fig. 16). These intensity
changes are due to texture and
reveal that mechanical twinning ]
in quartz initiates around 80 0 0o :1'06 = :2'06 = :3'00' = :4'00' = :5'00' 600
MPa at the conditions of the ex-
periment and saturates around

500 MPa. If the texture of the Figure 16. In situ observed intensity changes due to mechanical
starting material is known then twinning, for several reflections as a sample of quartzite (novaculite)
texture changes during straining is compressed in the TOF SMARTS strain diffractometer at

. - LANSCE. The detector records lattice planes that are perpendicular
can be interpreted quantitatively

to the compression direction.
based on structure factors and
intensity changes of reflections.

RELATIVE INTENSITY

COMPRESSIVE STRESS (MPa)

The neutron cross section of textured materials for certain energies is strongly direction
dependent and intensities as function of energy can be used to estimate texture (Santisteban
et al. 20006).

DATA ANALYSIS

The goal of texture measurements is to obtain a quantitative 3D orientation distribution
(OD), often referred to as ODF (orientation distribution function) since it can be represented
as a continuous mathematical function. The OD relates orientations of crystallites (with axes
[100], [010] and [001]) to those of the sample (x, y, z) usually by means of three Euler angles
¢, O, ¢, (Fig. 17a). The 3D OD can not be directly measured with averaging diffraction
techniques but methods are available to obtain the OD from measured pole figures (for a review
see Kallend 2000). The OD, in terms of Euler angles ¢;, ®@, ¢,, can be viewed as a cylindrical
distribution, with azimuth ¢, and radial distance @ corresponding to pole figure coordinates,
and the axial distance ¢, corresponding to crystal rotation (Wenk and Kocks 1987) (Fig. 17b,
top). Pole figures are projections of the OD along complicated paths determined by crystal and
sample geometry. A 001 pole figure is simply a projection along the cylinder axis. If several
pole figures are measured, the 3D OD can be reconstructed, e.g., using tomographic methods
and corresponding software packages are available (POPLA, Kallend et al. 1991; Beartex,
Wenk et al. 1998 and others).

For converting relative diffraction intensities to experimental pole figures, it is necessary to
apply scaling corrections for incident beam intensity and a subtraction of background intensity.
If diffraction peaks are overlapped, they can be integrated and treated as overlapped pole figures
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(assigning appropriate structure factor weights), or they can be deconvoluted, fitting them with
Gauss functions (e.g., Antoniadis et al. 1990; Merz et al. 1990; Larson and Von Dreele 2004).
For both it is advantageous to have position sensitive detectors or use TOF to record continuous
spectra. The experimental pole figures can be complete or incomplete and do not need to be
normalized. Usually three or four incomplete pole figures are sufficient to determine the OD.

In the traditional approach ODs are determined
from pole figure measurements of a few diffraction
peaks hkl in many sample orientations. However,
rather than to obtain the OD from discrete pole
figures, one may want to use directly the diffraction
spectra instead. In this case many diffraction peaks
are used (a continuous spectrum) and thus only
a small pole figure coverage is required. This
corresponds in some ways to calculating the OD
from “inverse pole figures” (Morris 1959), though
exchange of crystal coverage for sample coverage
is limited. The intensity of each diffraction peak
in the spectrum also corresponds to a projection of
orientation densities along a defined path (Fig. 17b,
bottom).

Crystallographers have developed a technique
to extract structural information from continuous
diffraction spectra (Rietveld 1969; Young 1993;
Larson and Von Dreele 2004) and this is the obvious
method for TOF data where continuous spectra are
measured anyway. An iterative combination of the
crystallographic Rietveld profile analysis and OD
calculation, proposed by Wenk et al (1994), was
implemented for TOF data by Lutterotti et al. (1997)
in the software MAUD (Materials Analysis Using
Diffraction). It has since been refined (Matthies et
al. 2005) and applied to many samples. The Rietveld
texture analysis is particularly attractive for low
symmetry compounds such as triclinic plagioclase
(Xie et al. 2003) and polyphase materials (Wenk
et al. 2001; Pehl and Wenk 2005) with many
overlapping diffraction peaks. It enables efficient
data collection and maximal use of measurements,
and provides simultaneously structural and textural
information about polycrystals, as well as a
quantitative texture correction for crystal structure
refinements of textured materials.

Figure 17. (to the right) (a) Euler angles ¢, @, ¢, define
the orientation of a crystal with axes [100], [010] and
[001] relative to a specimen coordinate system x, y, z. (b)
A three-dimensional orientation distribution (OD), can be
represented in a cylinder as function of Euler angles ¢,
@, ¢,. Pole figures are a projection of the OD (top). Also
peak intensities of a diffraction spectrum are proportional
to projections over OD paths (bottom).

Pole figure hkl (b)

I 1

Diffraction spectrum
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It is pertinent to describe the Rietveld procedure for TOF neutron spectra in some
detail and we use the LANSCE HIPPO diffractometer as an example. In the procedure all
measured spectra from 30 detector banks and four rotations are taken as input, though only the
information within a certain computation range (e.g., 0.8-3 A)is generally used, yielding many
data points (>200,000). Data from a detector bank are usually assumed to represent one point
in orientation space (pole figure coverage in Fig. 10a). This is not strictly true because of the
finite size of detectors. In HIPPO, for example, each detector has a size of 10-15° (depending
on bank) and the actual pole figure coverage is illustrated in Figure 10b with polygons. Because
of the detector geometry, the sharpest texture peaks that can be quantitatively represented are
10-15° in width, resulting in an optimal “texture resolution” of 25-30°. (Texture resolution
is defined as the capability of quantitatively resolving two adjacent texture components). In
principle the resolution could be increased by separating individual detector tubes but this
would require much longer counting times and increase the computational effort enormously.
For most deformation textures a 25-30° resolution is adequate.

With these diffraction data first instrumental, background, and phase parameters are re-
fined. It is advantageous to calibrate instrumental parameters with a powder standard (such as
Si) and obtain accurate values for instrumental peak aberrations that are convoluted with peak
broadening due to the sample (e.g., crystallite size, microstrain and microstructure). From the
spectra measured on the unknown sample for each detector a scale factor has to be refined to
take account of detector efficiency and variations in absorption as neutrons pass through various
components of the instrument. These scale factors may vary by a factor of 2 or more. Each de-
tector is at a slightly different flight path, requiring a refinement of deviations from the average.
Furthermore sample displacement parameters need to be refined to take account of the fact that
the sample center as well as the goniometer rotation axis are usually not exactly aligned in the
neutron beam. Next background parameters for each spectrum are determined. The background
function is assumed to be a polynomial corrected with the incident spectrum (2™ to 4 order).

Once the background and instrument parameters are refined, crystallographic parameters
such as lattice parameters, atomic coordinates and thermal parameters are determined. Now the
texture refinement can start and for this several algorithms exist, most notably direct methods
that solve the problem with tomography as alluded to above (Fig. 17b), and Fourier methods,
generally referred to as “harmonic method” (Bunge 1965, 1982), where pole figures and OD
are expressed as harmonic functions (hence ODF, see discussion above). The various methods,
implemented in the Rietveld procedure, have recently been compared for TOF measurements
of extruded aluminum with a strong and asymmetric texture (Matthies et al. 2005) and in
Figure 18 001 pole figures recalculated from the OD are shown. The texture peak (above 1
m.r.d.) is similar in all pole figures but there are considerable differences for the region below 1
m.r.d. that constitutes nevertheless a large part of orientations. The tomographic method WIMV
(Matthies and Vinel 1982), modified to permit irregular data coverage, provides smooth pole
figures that are positive throughout (Fig. 18a). The harmonic method displays similar peaks, but
considerable oscillations in the lower pole density regions, including slight negative deflections,
for a harmonic expansion to L, = 12 (Fig 18b). The pattern becomes considerably worse for
L.« = 16 with many negative oscillations and exaggerated maxima (9.5 m.r.d.) (Fig. 18c).

We find that harmonic methods are adequate for a qualitative description of the main
texture component. Due to the limited resolution of detectors and incomplete pole figure
coverage, harmonic expansions beyond L,,x = 12 introduce subsidiary oscillations, which are
artifacts. The results from this analysis of aluminum illustrate the well-known limitations of
the harmonic method: termination errors and lack of odd coefficients. Of the two currently
available Rietveld programs that incorporate texture analysis, only MAUD (Lutterotti et al.
1997) includes discrete methods. GSAS (Von Dreele 1997) is limited to harmonic algorithms.
Both do not incorporate any of the sophisticated approaches to extract odd coefficients in
the harmonic expansion (e.g., Dahms and Bunge 1988; Van Houtte 1991). Even though
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Figure 18. 100 pole figures recalculated from the OD of extruded aluminum, measured with the TOF
diffractometer HIPPO and analyzing spectra with the Rietveld method. (a) Obtained with the tomographic
method EWIMYV, (b) Harmonic method with series expansion to L,,,, = 12, (c) series expansion to L,,,, = 16.
Equal area projection, linear contour scale, pole densities in m.r.d. White regions are below zero (Matthies
et al. 2005).

computationally straightforward, it turns out that limited detector resolution and irregular data
coverage are much more serious for harmonic than discrete methods.

How much confidence can we have in a Rietveld refinement? A first indication is the value
of a bulk R-factor that compares measured and refined values. However, particularly for 3D
textures, such a single number is not adequate to reveal all possible shortcomings of the model.
It is necessary to compare individual spectra and assess deviations. Figure 19 shows measured
data (dots) and calculated spectrum (line) for calcite. A fit as illustrated here for a 90° detector
is adequate. However, this is just one out of 40 90° detector spectra. An overall assessment is
best provided by a “mapplot” that stacks all spectra and represents intensities with gray shades
(Fig. 20). The lower part are measured spectra, the top part recalculated ones. Also here the
similarity, both of peak intensities and their variation, as well as background intensities are
very similar, giving us confidence that the refinement is good.

With multidetector systems such as HIPPO and data analysis with the Rietveld method
neutron texture analysis has become a routine. An automatic sample changer can measure up
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Figure 19. A typical spectrum of calcite measured with the TOF HIPPO diffractometer (150° bank detector
panel). Dots are measured data and line is the fit obtained with the Rietveld code MAUD. Deviations
(bottom) are minimal and largely due to counting statistics which is worst for large d-spacings.
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Figure 20. Limestone round robin standard measured with HIPPO and analyzed with the Rietveld
method. Mapplot illustrating with gray shades intensity variations for 12 detectors of the 90° bank and
8 sample rotations. Bottom are measured data and top is the Rietveld fit. Note the excellent reproduction
of background and peak intensities as well as peak positions. The wavy d-spacing variation is due
uncertainties about the sample position relative to detectors (Wenk et al. 2002).

to 32 samples without intervention of the instrument scientist. Textures can be measured in situ
at temperature, stress (CRATES) and pressure, opening the field to investigate texture changes
in representative sample volumes, e.g., during phase transformations or recrystallization. But
TOF multidetector systems have also their drawbacks. The average flightpaths from sample
to detector has to be calibrated with an external standard of different geometry than the
actual sample and thus needs to be refined, introducing uncertainty. Also the representative
sample center may be displaced during rotations. Processing of the data recorded by the 30
detector panels on 720 detector tubes with 4,136,113 TOF channels is not only complex but
intensities also are subject to electronic instabilities and may vary slightly over the duration
of an experiment. And counting statistics for high angle detectors and large d-spacings
that contain diagnostic reflections in many minerals is poor, with much uncertainty about
spectral corrections. None of these limitations is critical and can generally be refined, but the
investigator has to be aware of all the possible complications that may affect data quality.

APPLICATIONS

Compared with X-ray pole figure diffractometry and electron backscatter diffraction
patters (EBSP), the number of texture analyses by neutron diffraction is small. The main
reason for this is the limited access to neutron facilities and long delays in obtaining beamtime.
For those who need texture results right now, neutron diffraction is not the best method.
Another reason is the involved data processing procedure that requires expertise. To obtain an
OD from pole figures or EBSP data is a matter of minutes, for neutron diffraction, particularly
when using the Rietveld technique, it still takes hours or even weeks in the case of complex
materials. Thus it is no surprise that for materials with strong and well separated diffraction
peaks (cubic and hexagonal metals, quartz, calcite) conventional methods are adequate and
there is no need to write proposals, wait for approval, travel to distant facilities, just to measure
a few samples. Similarly the cost of neutrons does not justify experiments on such materials.
Yet there are cases where neutrons have distinct advantages and, interestingly, many of these
applications are in earth sciences. Neutrons are essential for low symmetry crystals (such as
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triclinic plagioclase: Wenk et al. 1985; Ullemeyer et al. 1994; Xie et al. 2003) and polyphase
materials, including many rocks (Dornbusch et al. 1994; Siegesmund et al. 1994; Helming et
al. 1996; Gastreich et al. 2000; Wenk et al. 2001; Leiss et al. 2002; Kurz et al. 2004; Ivankina
et al. 2005; Pleuger et al. 2005) with closely spaced and partially overlapping diffraction
peaks. For such materials conventional pole figure goniometry cannot be used.

Grain statistics

As was pointed out earlier, grain statistics can be important (Figs. 2 and 3) and neutron
diffraction that analyzes large sample volumes has distinct advantages in characterizing bulk
materials. This is particularly relevant for ore minerals that have been investigated extensively.
Pyrite (Jansen et al. 1992; Siemes et al. 1993), chalcopyrite (Jansen et al. 1993, 1996a,b),
pyrrhotite (Niederschlag and Siemes 1996), galena (Skrotzki et al. 2000) and hematite (Rosiere
etal. 2001; Guenther et al. 2002; Siemes et al. 2003; Hansen et al. 2004) are often coarse-grained
and only analyzing large volumes provides adequate statistics. This is significant for estimating
the anisotropy of physical properties such as magnetic susceptibility (Siemes et al. 2000;
Fig. 21). Similar considerations apply to iron meteorites, where orientation relations between
phases in Wiedmanstitten patterns, and volume fractions of orientation variants for bcc lamellae
of kamacite are elegantly determined with neutron diffraction (Hofler et al. 1988; Fig. 22).

Figure 21. Measured and modeled 0003 pole figures of hematite from the Andrade mine, Brazil. (a)
Experimental pole figure measured by neutron diffraction . Closed symbols are measured principal axes
of magnetic susceptibility, open symbols are calculated axes. (b) Modeled pole figure based on a Bingham
distribution to fit experimental pole densities and (c) modeled pole figure to fit measured susceptibilities
(Siemes et al. 2000).
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Figure 22. Pole figures of the Gibeon octahedrite meteorite measured by neutron diffraction at Jiilich. This
sample shows Widmanstitten patterns with intergrowth of fcc taenite and bce kamacite. (a) (200) pole
figure of taenite, (b) 200 pole figure of kamacite. Symbols indicate ideal orientations for a Nishiyama-
Wassermann relationship between bce and fcc phases. The variants with dots are emphasized over the
variants with crosses (Hofler et al. 1988).



416 Wenk

Statistical considerations also apply if textures are weak and large volumes are needed
to establish significant patterns, as in the case of quartz that was deformed by a shock wave
from a meteorite impact (Wenk et al. 2005), in fine-grained carbonates in deep sea sediments
(Ratschbacher et al. 1994) and halite (Skrotzki et al. 1995). The good statistics was crucial in
establishing anisotropy in calcite marble used as building materials (De Wall et al. 2000; Leiss
and Weiss 2000; Siegesmund et al. 2000; Zeisig et al. 2002). This latter case is interesting
since it represents a new application for texture analysis of rocks. Because of the anisotropy
of thermal expansion of calcite, certain directions in textured marbles are most susceptible
to microfracturing and spallation during seasonal temperature changes and the sectioning of
slabs ought to take preferred orientation into account (Fig. 23).

Figure 23. Fabric anisotropy in Carrara marble. (a) Dilatation coefficient a (in 107¢ C™") calculated from the
texture; (b) 0006 and (c) 1120 pole figures measured by neutron diffraction on spherical samples of 30 mm
diameter at Dubna, maxima (in m.r.d.) are indicated. Equal area projection (Leiss and Weiss 2000).

Polymineralic rocks

Increasingly textures determined by neutron diffraction are being used in the interpretation
of geologic deformation histories (Leiss et al. 1999; Ullemeyer and Weber 1999; Leiss and
Molli 2003; Pleuger et al. 2005), as well as the interpretation of seismic anisotropy in the
crust (Ivankina et al. 2005; Ullemeyer et al. 2006). Preferred orientation of quartz has been of
prime interest in petrofabric research, ever since the first pole figure was published by Schmidt
(1925). Quartz textures have been measured in many rocks and the great variety of fabric
types was classified by Sander (1950). Until recently most of this research relied on Universal
stage measurements, which can only determine orientations of the c-axes. Also today most
discussions of quartz textures emphasize (0001) pole figures. Neutron diffraction has been
used to establish the full crystal orientation distribution that provides important additional
geological information about the deformation history.

The case is granitic mylonites, rather common highly deformed quartz-bearing rocks.
Neutron diffraction is preferred because these rocks contain several phases (mainly quartz,
plagioclase feldspar and biotite mica), and because they are fairly coarse-grained. Only a
volume average can provide adequate statistics. Pehl and Wenk (2005) investigated textures of
mylonites from the Santa Rosa mylonite zone in southern California by TOF neutron diffraction,
analyzing data with the Rietveld method. Figure 24 shows a spectrum with the Rietveld fit,
documenting a large number of diffraction peaks, many of them overlapped. With the Rietveld
method volume fractions could be refined (quartz: 38 vol%, plagioclase: 50 vol%, biotite 12
vol% ), as well as orientation distributions for the three phases. The plagioclase texture is more
or less random, biotite has a very strong texture. Only quartz will be discussed here. Figure 25a
displays pole figures recalculated from the OD. They are projected on the foliation plane, with
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Figure 24. Rietveld fit (line) of a HIPPO TOF spectrum (dots) of granitic mylonite
with three principal phases quartz, plagioclase and biotite (90° detector).
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Figure 25. Quartz in mylonite of granitic composition from Palm Canyon, California. (a) Pole figures
recalculated from the OD using neutron diffraction and Rietveld method. (b) Discretization of OD and
applying Dauphiné twinning to all orientations. (c) Imposing compression in the center (pole of foliation)
and inducing Dauphiné twinning to minimize elastic energy. Equal area projection, logarithmic contours,
pole densities in m.r.d. (Pehl and Wenk 2005).
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the lineation direction vertical. By analyzing many samples, the authors showed that this texture
is fairly constant over 20 km and thus representative of tectonic deformation. The c-axis pattern
with a maximum in the foliation plane at right angles to the lineation is typical of dynamic
recrystallization; a-axes align preferentially in the lineation direction.

Of particular interest are the patterns for positive rhombs {1011} and negative rhombs
{0111}. They are different and furthermore have a lower symmetry than the orthorhombic ¢ =
(0001) and a = {1120} pole figures. The two rhombs are related by Dauphiné twinning, with
host and twin related by a 2-fold rotation about the c-axis. Indeed mechanical twinning under
stress and due to the large elastic anisotropy of quartz may have introduced this pattern. The
effects of twinning can be modeled by first applying it to all orientations (Fig. 25b). This does
not affect c- and a-axes, and positive and negative rhombs become equal. Now a compressive
stress is applied perpendicular to the foliation (center of pole figure) and Dauphiné twinning
is induced to minimize the elastic energy. It produces the texture pattern in Figure 25c. This
pattern has a great similarity with the observed texture (Fig. 25a), suggesting that mechanical
twinning did indeed occur and can thus be used as a paleopiezometer. Mechanical twinning in
quartz rocks initiates around 80 MPa (Fig. 16). Deviations of rhombohedral pole figures from
orthorhombic symmetry are attributed to a component of non-coaxial deformation.

Interestingly it has been found that with increasing deformation quartz-bearing mylonites
become susceptible to the alkali silica reaction if used as aggregate in concrete and render
such concrete very unstable (Monteiro et al. 2001). This is probably due to intracrystalline
deformation of quartz and with neutron diffraction texture analysis the overall deformation
state of the rock can be assessed (Wenk and Pannetier 1990) and its suitability as aggregate
material established.

In situ experiments and phase transformations

So far all examples were investigated at ambient conditions. However, neutron diffraction
offers the possibility to record texture changes in situ at temperature, pressure and stress. The
HIPPO diffractometer at LANSCE is unique by the availability of furnaces, cryostats, pressure
cells and straining devices that are compatible with texture measurements. The trigonal
(o)-hexagonal (f3)-trigonal phase transformation of quartz in quartzite is used to illustrate
this capability. A cylinder of mylonitic quartzite, 1 cm in diameter, is heated in a vacuum
furnace. At 300 °C the texture pattern is roughly trigonal, with a c-axes maximum and three
concentrations of rhombs (Fig. 26a). Upon heating to 625 °C the texture becomes hexagonal
with no changes to c-axes or a-axes (Fig. 26b). The phase transformation is displacive and
reversible, with only minor distortions of bonds. Upon cooling each crystal could choose
between two orientation variants, related by a 180° rotation about the c-axis. It turns out that
there is a perfect memory and the texture reverts exactly to the initial pattern (Fig. 26¢). The
cause of this texture memory is not yet understood but qualitatively attributed to the effect of
stresses imposed by neighboring grains.

Similar heating experiments have been performed on metals documenting texture
changes during recrystallization and a less perfect texture memory in the hcp—bcc—hep
transformation of zirconium (Wenk et al. 2004) and the bcc—fec—bec transformation of
iron (Wenk et al. 2006b). Such in situ texture measurements may help us to better understand
anisotropy changes during phase transformations and particularly variant selection in
martensitic transitions. In titanium Bhattacharyya et al. (2006) could document that during the
phase transformation preexisting bec grains grow, replacing hep orientations.

To end our discussion of examples we go to low temperature. With neutron diffraction
it is possible to investigate textures of ice that is not only relevant on earth but also for the
outer planets where high pressure forms of ice control their rheology. For neutron diffraction
it is necessary to use deuterated ice to avoid strong inelastic scattering (see also Kuhs and
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Figure 26. Mylonitic quartzite, measured in situ at different temperatures with the TOF diffractometer
HIPPO. (a) 300 °C, (b) 625 °C (above the hexagonal phase transformation), (c) 300 °C (after cooling). Note
the perfect texture memory. Equal area projection, logarithmic contour scale, pole densities in m.r.d.

Hansen 2006, this volume). The experimental study of Bennett et al. (1994) documented for
hexagonal ice I pole figures with c-axes parallel to the compression direction (Fig. 27a) and
for rhombohedral high pressure ice II c-axes perpendicular to the compression direction,
indicating different deformation mechanisms (Fig. 27b).

Magnetic textures

Harrison (2006, this volume) discussed the unique magnetic scattering of neutrons. This
was the original incentive for Brockhouse (1950) to use neutrons for texture analysis. There
have been several attempts to determine magnetic textures, i.e., the orientation of magnetic
domains (e.g., Henning et al. 1981; Zink et al. 1994, 1997; Birsan et al. 1996). As was outlined
by Bunge (1989) different situations may arise in magnetic materials: In demagnetized
ferromagnetic materials such as cubic iron magnetic moments may be oriented randomly in
any of the six <100> directions. In this case the crystallographic and magnetic texture are
identical. A weak magnetic field produces a preferential alignment of moments along certain
<110> directions destroying the cubic crystal symmetry. Birsan et al. (1996) conducted an
interesting study on silicon steel. The 110 pole figure of the demagnetized material, measured
by neutron diffraction (Fig. 28a), corresponds to a typical rolling texture. A difference pole
figure subtracting the demagnetized pole figure from the pole figure with an applied magnetic
field in the rolling direction (center) is shown in Figure 28b. The magnetic part of neutron
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Figure 27. (0001) pole figures of ice deformed experimentally in axial compression (compression direction
in center). (a) Hexagonal ice I. (b) Rhombohedral high pressure polymorph ice II. Equal area projection,
linear scale, pole densities in m.r.d. (Bennett et al. 1994).

Figure 28. Magnetic silicon steel investigated by neutron diffraction. (a) (110) pole figure of demagnetized
steel, (b) difference pole figure (magnetized, 150 mA-demagnetized) illustrating magnetic scattering, (c)
magnetic texture of the magnetized sample obtained by modeling (Birsan et al. 1996).

scattering has a minimum in the center and concentrations near the transverse direction. It
can be used to determine, through modeling, the magnetic pole figure, i.e., the alignment of
magnetic moments (Fig. 28c) which turns out to be more or mess parallel to the {100} maxima
of easy magnetization and the magnetic field. In high magnetic fields the magnetization is
no longer related to a crystallographic direction and thus becomes independent of the
crystallographic texture.

To our knowledge there are no applications to minerals but studies of magnetic textures
of ferrimagnetic mineral ores such as manganite and magnetite could reveal informative
distributions to assess paleomagnetic properties of rocks.

New possibilities

Classical applications of neutron diffraction texture analysis to coarse materials,
improving grain statistics, and to low-symmetry polyphase materials were discussed. Also
mentioned were in situ experiments at high and low temperature. There is a wealth of
other possibilities to use neutron diffraction to characterize direction-dependent properties.
Texture patterns may be compared with strain pole figures that display elastic deformation
(Wang et al. 2002, 2003), either caused by applied stress or expressing residual stress. Such
directional stress measurements are barely explored for geological materials (Darling et al.
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2004; Schofield et al. 2003; Daymond 2006, this volume). This opens exciting possibilities
for quantitative modeling, combining textures, lattice strain, stored energy (Hayakawa et al.
1997) and microstructure to better understand material-forming processes (Agnew et al. 2003;
Brown et al. 2003, 2005). Much of this is promoted by metallurgists but similar theories are
also applied to understand deformation of rocks (for a review e.g., Wenk 1998).

COMPARISON OF METHODS AND RECOMMENDATIONS

The optimal choice of pole-figure measurements depends on many variables, such as
availability of equipment, material to be analyzed, and data requirements.

Neutron diffraction is advantageous for determination of complete pole figures in coarse-
grained aggregates and, in principle, allows determination of magnetic pole figures. The
advantage of neutrons is that bulk samples rather than surfaces are measured, that coarse
grained materials can be characterized, that environmental cells (heating, cooling, straining)
are available and that resolution in d is much better than with conventional X-ray pole figure
goniometers in reflection geometry where peak broadening occurs because of defocusing
effects with sample tilt. This makes it possible to measure complex composites with many
closely spaced diffraction peaks. With position sensitive detectors, and particularly with TOF,
continuous spectra can be recorded; shifts in peak positions can be used for residual stress
determination and intensities to extract simultaneously texture information, for example with
the Rietveld method.

For routine metallurgical practice and many other applications in materials science
and geology, X-ray diffraction with a pole figure goniometer in back-reflection geometry
is generally adequate. It is fast, easily automated, inexpensive both in acquisition and
maintenance. X-ray diffraction texture analysis done on a flat surface is restricted to fine-
grained materials (<1 mm) that are homogeneous within the plane. Back reflection provides
only incomplete pole figures, but this drawback can be overcome by data analysis. Pole
figures can only be measured adequately if diffraction peaks are sufficiently separated. In
geological samples and ceramics, X-ray diffraction is therefore generally limited to single
phase aggregates of orthorhombic or higher crystal symmetry.

Electron diffraction with a TEM is most tedious but provides valuable information
about dislocation microstructures and, at least two-dimensionally, about interaction between
neighbors and about heterogeneities within grains (e.g., Schwarzer and Weiland 1988). This is
important data to interpret deformation processes.

Electron Backscatter Diffraction Patterns (EBSP or EBSD), measured with the SEM and
produced on polished surfaces, can be used to determine local orientation and this technique
has become an important addition to the methods of texture measurements (Lloyd et al. 1991;
Randle and Engel 2000). While such measurements do not provide direct information on
dislocation microstructures, they allow for determination of local orientation correlations that
are important in the study of recrystallization or of stress concentrations on which failure may
occur. It can be used to produce orientation maps (OIM, Orientation Imaging Microscopy,
Adams et al. 1993). Determination of individual grain orientations has advantages for OD
calculations because of the absence of ambiguity, which is inherent in pole figures. With the
possibility of automation this technique has become comparable in expense and effort to X-ray
diffraction analysis. It remains confined to samples of fairly high crystallinity and moderate
deformation. Figure 29 compares pole figures of quartz obtained by EBSP (Fig. 29a) and
neutron diffraction (Fig.29b). They are virtually identical (Kunze et al. 1994) but for the
neutron data, measured on a lcm cube, they represent the actual data, for the EBSD results
they had to be arbitrarily smoothed with a 15° filter to obtain the same pole densities.
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Figure 29. Naturally deformed mylonitic quartzite. Pole figures obtained from (a) EBSP measurements
in the SEM and arbitrary smoothing with a 15° Gauss filter and (b) by neutron diffraction with a
monochromatic source at Jiilich and recalculated from the OD. Equal area projection, linear contours, pole
densities in m.r.d. (Kunze et al. 1994).

A new technique is to use hard X-rays (A ~ 0.1 A) produced in a synchrotron and record
2D diffraction images with image plates or CCD cameras. Such high energy X-rays can pen-
etrate several millimeters of thickness and thus have become comparable to neutrons as far
as volume averages are concerned (Wenk and Grigull 2002). Synchrotron X-rays have the
advantage of very high intensity. It is likely that they will replace neutrons for some applica-
tions, particularly if only grain size and resolution are issues. Similar Rietveld techniques are
applied to obtain quantitative texture information from 2D images as from 1D neutron spectra
(Lonardelli et al. 2005).

This Chapter has reviewed methods of texture analysis by neutron diffraction, an increas-
ingly important application of neutron scattering. Those interested in preferred orientation and
how it relates to macroscopic anisotropy of physical properties as well as deformation history
and rheology should consult the literature (e.g., Wenk 1985; Kocks et al. 2000; Karato and
Wenk 2002).
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