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Transmission and scanning electron microscopy methods are discussed for the determination of grain
orientations. For the study of local textures with a TEM electron-transparent thin samples are
required. The standard techniques of orientation determination grain by grain are the interpretation
of selected area electron spot and microbeam Kikuchi diffraction patterns. Specimen areas smaller
than 500 nm or 50 nm in diameter can be selected. More recently selected area pole-figures can be
measured directly with a TEM technique similar to the conventional transmission X-ray method.
The orientation of grains in a bulk sample can be obtained with a scanning electron microscope

from reflection Kikuchi (i.e. electron backscattering) and channeling patterns. Local resolution is
approximately 1/m or 5/m, respectively.

Since the interpretation of electron diffraction patterns is tedious, techniques have been developed
to perform measurements on-line by interfacing the electron microscope to a computer. An
outstanding advantage of texture measurements by electron diffraction is the high local resolution and
the ability of imaging the microstructure of the sampled region. Experimental results of individual
grain-orientation measurements may be represented statistically by inverse pole-figures, orientation
distribution functions and misorientation distribution functions.

KEY WORDS Electron diffraction, Kikuchi patterns, pole figure measurements, orientation dis-
tribution function, misorientation distribution, dual phase steel, titanium, shear bands

1. INTRODUCTION

Preferred crystal orientations (crystallographic "texture") are usually determined
using X-ray or neutron diffraction methods. Hereby integration is performed over
a large sample volume and hence over a large number of grains. These
procedures are adequate for most applications, since texture determination is
intended to get statistical information on the macroscopic behaviour or the
previous history of the bulk material (Bunge, 1969). There are, however, some
applications where the knowledge of local texture of areas smaller than 100 #m
diameter or even the orientations of individual grains are required, e.g. for a
detailed understanding of deformation, recrystallization and grain growth.

" This paper was presented at the COMETI" Symposium "Anisotropic and Microheterogeneous
Materials", Metz, France, December 1989.
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2. THE EVALUATION OF INDIVIDUAL GRAIN ORIENTATIONS

2.1. Selected-Area Diffraction in Transmission Electron Microscopy

In selected-area diffraction mode (SAD) of the transmission electron microscope
(TEM) the specimen is illuminated with a parallel beam of electrons, and an area
of interest is selected from the enlarged image, with the help of a diaphragm in
the intermediate image plane. The diffraction pattern from this area is displayed
by focussing the back focal objective plane onto the fluorescence screen. Lateral
resolution in SAD cannot be improved to any extent by simply stopping down the
size of the selected area. As a consequence of the spherical and chromatic
aberrations of the objective lens and unavoidable focussing errors, the dark-field
images, which are formed on the selector diaphragm by the diffracted beams, are
slightly displaced with respect to each other and to the bright-field image. The
terms "bright-field" and "dark-field" refer to images to which the forward-
scattered ("primary") beam does or does not contribute, respectively. In modern
transmission electron microscopes the smallest selectable area in SAD is in the
range of 200 nm to 500 nm, as compared to 1/m to 1.5/m in older ones.

If the selected area is a single crystal, the diffraction pattern consists of bright
regular spots ("spot pattern"). Since the sample must be rather thin to be
transparent for electrons, the precision of measurement is reduced which results
in an incorrect description of crystal orientation. Thus low-index orientations are
emphasized so that real orientation distributions and particularly orientation
relationships are obscured. In principle, angular accuracy of orientation may be
improved from several degrees to about 0.5 if both position and intensity of the
diffraction spots are taken into account ("method of intensity center"; (Laird et
at., 1966)).

2.2. Microbeam Diffraction in the Transmission Electron Microscope

With electron diffraction, unlike X-ray or neutron pole-figure measurements, it is
possible to obtain information on a very localized region simply because the lens
systems of the microscope allow the electron beam to be focussed to a small spot
which defines the sampled area on the specimen. In modern TEM, particularly
those equipped with a condenser-objective lens (e.g. PHILIPS EM 420/430 and
CM series; JEOL FX series), the illuminated field can be made smaller at least by
one order of magnitude than the smallest selectable region in SAD, and in
addition the beam deflection coils can be used to move the spot onto the selected
sample region (microbeam electron diffraction (MBD); "Feinstrahlbeugung"
(Riecke, 1962)). With an intense focussed probe, however, a large angle of
convergence of the beam cannot be avoided. Hereby disk-shaped rather than
dotted diffraction spots, as with parallel illumination in SAD, are formed. This
effect is expected to lead to a further loss of accuracy in evaluating crystal
orientation. Fortunately another type of electron diffraction pattern, named after
S. Kikuchi, is more likely to be generated even with thin samples as the beam is
made more convergent.

Kikuchi patterns are analogous to Kossel patterns in X-ray diffraction. For a
detailed understanding of the formation of Kikuchi patterns the kinematic theory
of electron diffraction (Whelan, 1970; Reimer 1984) is required, while the
geometry of Kikuchi lines can be well interpreted by a strongly simplified model
(Kikuchi, 1928). The diffracting plane lies, as a straight line, almost midway



MEASUREMENT OF LOCAL TEXTURES 17

Figure 1 Kikuchi pattern from ferrite at 150 kV.

between the Kikuchi line pair which borders the Kikuchi band of angular width,
20 (Figure 1). The angle of convergence of the primary beam is of little
consequence here. So the often used term "convergent beam electron diffraction"
(CBED) is not adequate here and should be reserved for applications when a
large angle of convergence is essential (e.g. Kossel-M6llenstedt or HOLZ
diffraction patterns (Reimer, 1984)).
Two conditions must be fulfilled for clear Kikuchi lines to be formed: First,

there must be a sufficient number of electrons filling a large angular range along
the primary beam direction in order to have a chance to be Bragg diffracted from
obliquely oriented lattice planes. Secondly, there must not be significant
differences in crystal orientation over the whole diffracting sample volume,
otherwise the particular Kikuchi patterns from local orientations would merge
and fade away on the background. The first condition is met either by extensive
scattering of the primary beam when impinging on a thick specimen or, with a
thin sample, by a convergent illumination (CBED). The second condition may be
fulfilled with SAD only from large, perfect crystals or, with MBD, with a
focussed electron beam of small spot size. When studying samples from heavily
deformed materials, it is often essential to decrease the beam spot to less than
100 nm in diameter in order to select a column of the crystal that is not distorted,
and free from dislocations. It is obvious that, by scattering the incoming electron
beam, the foil thickness imposes a lower limit on the useful beam size. For the
study of very thin foils it is advisable to lower the beam voltage and to increase
the beam convergence as far as possible, since both means favour the formation
of Kikuchi patterns. Accuracy of crystal orientation is limited by the sharpness of
Kikuchi lines. If contiguous grains are studied, orientation differences less than
0.1 can be detected. When evaluating the crystal orientation with respect to the
workpiece, a larger error than this may be introduced by inaccurate marking of
the reference directions when taking the sample from a bulk material, by
deviations of the alignment of the sample holder or by local bending of the
sample foil in the TEM. Using a scanning transmission electron microscope
(STEM) channeling patterns can be obtained in transmission mode by an angular
scan of the beam over the specimen (Figure 2). Approximately the same lateral
and angular resolutions are reached as with microbeam transmission Kikuchi
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Figure 2 Channeling pattern from ferrite at 150 kV.

patterns. Since there is no obvious advantage over the transmission Kikuchi
technique with stationary beam, no details are given here.

2.3. The Determination of Grain Orientations with the Scanning Electron
Microscope

With a scanning electron microscope (SEM), grain orientations can be deter-
mined from reflection Kikuchi and channeling patterns. The mechanisms of the
formation of these patterns differ somewhat from the generation of transmission
Kikuchi patterns. The geometrical appearance (e.g. angular width of a band
equals twice the Bragg angle) and the crystallographic information are so similar
that virtually the same evaluation procedures can be applied. As with transmis-
sion Kikuchi patterns, clear channeling patterns are only formed if the diffracting
volume is a perfect crystal. The blurr of the patterns is a measure of the internal
stress (Davidson, 1984). Since the patterns are collected from the top layer of the
sample down to less than about 2/m beneath the surface, special care has to be
taken in preparing a clean surface free from foreign deformations. A deep etch or
electrolytic polish of soft materials is advisable. A bibliography on the observa-
tion of crystalline materials by use of diffraction effects in the SEM is given
elsewhere (Joy and Newbury, 1977). Crystal orientations of neighbouring grains
can be obtained with an accuracy of about 0.5, a value which is inferior to the
accuracy of transmission Kikuchi patterns, due to the lower sharpness of the
lines. Crystal orientations with respect to a frame fixed to the workpiece can be
determined to about 1 to 2, since the positions of the samples on the stage and
the primary electron beam may vary in this order of magnitude.

2.3.1. A reflection Kikuchi pattern is generated by focussing the stationary
primary beam on a grain of interest in the surface of a bulk sample. For the
acquisition in the SEM (Venables and Harland, 1973; Reimer and Griin, 1986)
either a photographic plate or a fluorescent transmission screen is placed parallel
to the incident beam, right in front of the tilted sample. In the latter arrangement
the pattern may be recorded by a TV camera or by photography through a
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Figure 3 SEM set-up for recording reflection Kikuchi patterns.

window from outside (Figure 3). The stationary primary electron beam impinges
on the sample at an angle of typically 30 from grazing incidence. Reflection
Kikuchi patterns when recorded on an SEM are also called electron backscatter-
ing patterns (EBS) (Venables and Harland, 1973) or backscatter Kikuchi patterns
(Dingley, 1984).
The smallest detectable grain size corresponds to the slice of interaction volume

cut away by the sample surface. Its shape is an elongated ellipse, due to the steep
tilt of the specimen. Hence the diffracting volume is similar in diameter to lateral
resolution in SEM micrography using backscattered electrons for imaging. With
broad primary beams local resolution is approximately given by the spot size,
whereas with fine beams the width of the probed slice lies between 0.2/m and
1.5/m, depending on the accelerating voltage and the average sample density.
Patterns from grains 0.2 #m wide have been reported (Dingley, 1984). Advant-
ages of reflection Kikuchi over channeling patterns are the very large range of
recorded angles more than +20 (which facilitates the consistent evaluation of
grain orientation by merely considering zone-axis positions), undistorted patterns
without image rotation due to a lensless geometric projection and a high probe
brightness due to the large aperture of the incident beam. The focus settings and
aperture stops of the microscope need not be adjusted when switching from
imaging to diffraction mode. The beam spot has only to remain fixed on the
selected grain, as with spot analysis in electron microprobe analysis.

2.3.2 Selected area channeling patterns (Coates, 1967; Brooker, 1970) from bulk
samples are produced by the variation of the backscattered intensity with the.
angle between the incident beam and the crystal lattice. In the rocking beam
method with pre-lens deflection, the scanning facility is used in combination with
the probe-forming lens to scan the angle of beam incidence, with the pivot point
resting stationary on the sample surface. For larger rocking angles the beam
passes through the lens far from the optical axis. Mainly because of the spherical
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aberration and defocussing errors, the pivot point is widened to a disk. As a
consequence of the long focal lengths and large spherical aberration coefficients
of the probe-forming lenses, and the need for rocking angles in excess of +5 the
illuminated sample area is scarcely smaller than 10/m in commercial scanning
microscopes. This is not sufficient for the study of cold worked or deformed
materials. Spot sizes in the range of 1/m diameter (this corresponds to the
minimum region selected in SAD, see 2.1) are possible by a modification (Joy and
Newbury, 1972): The beam is scanned on a helix, and the probe-forming lens is
refocussed according to the inclination between the beam and the optical axis
such that the pivot point remains stationary. With the rocking-specimen set-up
the sample is tilted mechanically under a stationary beam, using a eucentric
goniometer stage. A large angular range of about 20 with grains of 10/m
diameter is reported (Brunner and Niedrig, 1979).

Channeling and reflection Kikuchi patterns are geometrically equivalent
(Reimer, 1984). Due to the distortions of the scanning and recording systems,
however, the accuracy of orientations obtained from channeling patterns falls
behind reflection Kikuchi patterns. Channeling patterns can be obtained on
several standard-version SEM. For high signal-to-noise ratios a backscatter
detector (silicon diode or Robinson type system) is recommended. Reflection
Kikuchi patterns require a special attachment to the SEM with the most
expensive part being a low light level TV imaging system, to handle the low
intensity and contrast of the patterns. An advantage over digital image store is to
view the patterns with an integrating, Peltier cooled CCD camera (Schwarzer,
1989). The direct integration of faint, still patterns with the CCD sensor chip
corresponds to long-term exposure on film in conventional microscopy. Since the
patterns are collected from the top layer of the sample down to less than about
1/m beneath the surface, special care has to be taken in the preparation of a
clean surface free from foreign deformations.

3. ON-LINE MEASUREMENT AND INTERPRETATION OF
ELECTRON DIFFRACTION PATFERNS

The pairs of Kikuchi or channeling lines are fixed to their crystal lattice planes
such that the whole system of lines will exactly follow any rotation or tilt
movement of the crystal. Precise measurement of crystal orientations relies on
this feature and on the sharpness of lines. In contrast, electron diffraction spots
are fixed to the primary beam direction through Bragg’s law. They rather change
their intensities than their positions in the diffraction pattern when the crystal is
tilted over a large range. The precise grain orientation can be obtained from spot
patterns only by considering the positions and intensities of several spots, whereas
from Kikuchi or channeling patterns simply the positions of at least three bands
must be known. Usually lattice planes from different crystallographic zones
contribute to a Kikuchi or channeling pattern. Hence they are, unlike spot
patterns, not symmetric with respect to the primary beam spot unless the primary
beam is incident along a symmetry zone axis, and [uvw] and [t] directions can
be distinguished from each other. The orientation of a crystal with respect to a
reference frame (e.g. an orthogonal frame with the x- and y-axes normal to the
beam direction) can be unambiguously determined with high precision by
evaluating a single Kikuchi pattern. On the other hand two complementing spot
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patterns are required in general, which must be taken at known specimen tilts. A
further advantage of transmission Kikuchi over spot patterns is the wide range of
useful sample thickness. Even with thick foils, close to the limit of transparency,
Kikuchi patterns show sufficient contrast.
The wide application of Kikuchi and channeling patterns, particularly in the

case of non-cubic crystal symmetry, is impeded by the tedious procedure of
indexing. Only when the primary beam is incident close to a low-index direction
do the patterns become so simple that they may be identified by visual
inspection. Several procedures have been reported for the evaluation of Kikuchi
(Newbury and Joy 1971; Heilmann et al., 1982; Hartig, 1984) and channeling
(Ishida et al., 1981) micrographs. The measurements of diffraction coordinates
have been facilitated by using a digitizing tablet, a projection device or a TV
camera with image analyzer. The orientation determinations have been carried
out with a separate computer off-line from the microscope.
A significant advance is to perform data acquisition and evaluation of

diffraction spot (Carr, 1982), transmission Kikuchi or channeling (Schwarzer and
Weiland, 1984) and reflection Kikuchi (Dingley, 1984) patterns on-line with a
microcomputer linked to the microscope. Diffraction data may be acquired
on-line in the TEM under operator control simply by deflecting the pattern over
the fluorescent screen until selected features (diffraction spots or Kikuchi lines)
are coincident with a reference mark (Figure 4) (Weiland and Schwarzer, 1985).
The voltage drop over the beam deflection coils is directly passed on to the
computer, as a measure of the selected position coordinates in the pattern. With
the SEM a similar procedure is possible by placing a cursor at selected positions

beam

specimen

n pattern

beam stop

Figure 4 The on-line acquisition of Kikuchi patterns with a TEM.
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Figure 5 Recomputed Kikuchi map (to Figures and 2).
(Normalized beam direction (0.25, 0.47, 0.85)).

on a channeling pattern which is displayed on the SEM cathode-ray tube (Figure
2). After the interpretation of a pattern has been accomplished, the Kikuchi map
(Figure 5) is computed from the particular grain orientation and displayed on the
monitor screen for visual comparison, in order to exclude false solutions. Details
of the program can be found elsewhere (Schwarzer, 1989). The operator using
this semi-automated method has to select, with some skill, preferably strong and
small bands, if possible not all from the same zone axis. The operator control is
not really a disadvantage, since experience speeds up analysis and can only be
replaced to some extent by more sophisticated hard- or software. Furthermore a
fully automatic on-line technique is susceptible to erroneous data and requires
more expensive equipment. Nevertheless some efforts have been made to
automatically transmit the pattern from the microscope to the computer (Ishida et
al., 1984).

Reflection Kikuchi patterns, when taken with a TV camera, are more diffuse
and contain less details than transmission Kikuchi or channeling patterns such
that in many cases only diffuse bands rather than individual lines are discernible.
Then indexing can no longer rely on Bragg’s equation. Furthermore accuracy of
crystal orientation is markedly reduced to less than 1 when clear Kikuchi lines
are not available. The range of accepted diffraction angles, however, extends over
more than +20 on a usual set-up, and a large section of the standard orientation
triangle is covered by a single reflection pattern. Hence indexing may be
performed simply by comparing the positions of the principal zone axes in the
actual pattern with those of a Kikuchi map from literature. A principal zone axis
is indicated by the crossing-point of two or more bands. This simple indexing
method by visual inspection is practicable for crystals with high symmetry (cubic,
hexagonal).

In a similar way reflection Kikuchi patterns can be interpreted on-line with a
computer using a semi-automatic procedure under operator control (Dingley,
1984): In a first step the experimental set-up is calibrated by collecting and
digitizing a pattern from a silicon crystal mounted with the [001] direction
normal to the specimen stage. The positions of the [001] and [112] zones are then
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marked on the TV screen with a cursor. From their positions a program calculates
the actual diffraction length (specimen-to-screen distance) and stores this
reference orientation. Then the orientation of a (cubic) sample crystallite may be
determined by focussing the stationary beam on the grain of interest, collecting a
reflection Kikuchi pattern and identifying two low-index zones (e.g. [112], [114]
or [111]), by moving the cursor on the screen to their positions. An experienced
operator may succeed in identifying principal zones even with lower symmetry
crystals so that this semi-automated on-line technique may be extended to
non-cubic materials. In order to exclude false orientations, e.g. due to mistaken
input zones, ormif the selected zones are not lying on a common mirror
plane--to discriminate [uvw] from [] directions, it seems even more
necessary here than with transmission Kikuchi patterns, to recompute a Kikuchi
map from the potential solution and to check it with the actual pattern.

In quantitative texture analysis the distribution of grain orientations is
considered by number as well as by volume. The volume fraction and orientation
of each grain is required. The surface and, making reasonable assumptions, the
volume fraction of grains with a specific orientation can be determined simply by
an additional stereological evaluation of the TEM or SEM image. To this end the
grain-boundary coordinates may be acquired on-line, in a similar way as the data
input is accomplished from diffraction patterns, by deflecting the TEM image with
respect to a screen mark (Schwarzer and Weiland, 1987) or by following the grain
boundary with the cursor on the SEM screen.
Table 1 recapitulates the features of on-line electron diffraction techniques for

grain-specific orientation analysis and related applications. Typical values for
local and angular resolution are given.

4. REPRESENTATION OF INDIVIDUAL GRAIN ORIENTATIONS

Experimental results of individual grain-orientation measurements are usually
represented statistically by plotting the orientations for two reference directions
in the workpiece point by point on inverse pole-figures (Figure 6). With a
sufficiently great number of measured grains the points cluster together and form
clouds around preferred orientations.
For comparison of individual grain orientation with X-ray pole-figure measure-

ments it is convenient to compute the series expansion of the orientation
distribution function (ODF) (Bunge, 1969; Wagner 1969). Figure 7 shows the
ODF for 100 ferrite grains of a dual-phase steel sample obtained by individual
grain orientation measurements (Schwarzer and Weiland, 1988). The volume
fractions have been considered. It is worth noting that pole-figure measurements
with X-rays cannot distinguish between the texture components of the ferrite and
martensite phases.
For an illustration of the insufficient accuracy of SAD orientation measure-

ments, the ferrite grain orientations have been converted to hypothetic SAD
orientations by rounding off each exact primary beam direction into the nearest
integer direction, making the assumption that spots up to {410} were available for
the interpretation of spot patterns. In spite of the fact that the SAD orientations
differed less than 9 from the original Kikuchi orientations, the ODF is markedly
changed (Figure 8). The conclusion reached is that orientation measurements
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Table 1 Comparison of electron diffraction methods for texture analysis

Type Equipment Resolution

Local Angular

Main applications

Spot pattern

Transmission
Kikuchi
pattern

TEM (SAD)

TEM (SAD)

TEM (micro-
beam)

STEM

Reflection SEM +
Kikuchi dedicated
pattern facility

Channeling SEM (standard)
pattern + option

0.5-1.5/,m 5 (1) thin film samples
dark field imaging
dislocations (weak beam)
Burgers vector analysis
estimate of orientation
precipitates

0.5-1.5/,m 0.1 thick foil samples
coarse grains
orientation difference
dislocation density
internal stresses

10 nm 0.2 fine grains
deformed materials
grain specific texture
orientation difference
grain growth

0.2-1.5/,m 1 bulk, coarse grain sample
grain specific orientation
dynamic studies (hot-stage)
recrystallization
orientation difference

10/,m 0.5 semiconductor single crystals
2/,m bulk, coarse-grain samples

internal stress
orientation difference
grain-specific orientation

00
Norml Di rect on

Figure 6

Ol I 001 011
Rol Iing Direction

Inverse pole-figures from ferrite phase of a DP steel.
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Figare 7 ODF of 100 ferrite grains in DP steel computed from Kikuchi patterns.

25

should be performed by the Kikuchi rather than the SAD method, particularly if
orientation distributions and orientation correlations are studied.

Orientation differences, Ag between individual grains, specified in Euler
angles and superimposed by a Gaussian shaped peak, can be used for the series
expansion of the misorientation distribution function (MODF), in a similar way
as the series expansion of the ODF is performed (Plege, 1987; Bunge and
Weiland, 1988). The distribution of special grain boundaries may so be revealed
which significantly affect the material properties.
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Figure 8

\

00 5 o l0 150

200 25 30 35

40 45" 50

ODF calculated from simulated (SA] orientations of 100 ferrite grains in DP steel.

5. ON-LINE MEASUREMENT OF POLE-FIGURES WITH THE
TRANSMISSION ELECTRON MICROSCOPE

Orientation measurements grain by grain yield information on the microtexture
which is not obtained by any other technique. Considering the high expense,
however, in sample preparation and equipment, the determination of individual
orientations grain by grain using electron diffraction will be reserved for
particular applications only. Extremely fine-grain or strongly deformed materials
are still not accessible to single orientation measurements, since the grains may
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not be distinguished from each other, or the patterns are to diffuse. In addition
the knowledge of pole-figures rather than grain specific texture is often sufficient.
This led to the development of a technique for direct measurement of pole-figures
with the TEM, independently in London (Humphreys, 1983) and Clausthal
(Schwarzer, 1983, 1985).
The measurement of TEM pole-figures by electron diffraction is based on the

same principles as the conventional film technique with X-ray diffraction. A main
conceptual difference comes from the considerably shorter wavelength of
energetic electrons (typically several pm) and hence the small Bragg angles of
less than about 2. If the sample is not a single crystal the diffraction pattern
consists of arced reflections which fill more or less the Debye-Scherrer rings,
according to the spread of grain orientations around the incident beam. So in
general a single diffraction pattern may not reveal the true texture of the
workpiece, since only the preferred orientations are represented whose lattice
planes are close to the primary beam direction. A series of diffraction patterns
must be considered while tilting the sample through large angles. Two automatic
techniques have been developed for the on-line measurement of diffracted
intensities (Schwarzer, 1985):

-Circular scan of the diffraction patterns over a Faraday cup by a post-
specimen deflection of the beam

-Conical deflection of the primary beam in front of the specimen, and
acquisition of intensity values from diffraction patterns or dark-field images
using the Faraday cup or the fluorescent screen, respectively.

In both versions the specimen is tilted at small angular steps, Aft, along a
preferred axis perpendicular to the primary beam direction (e.g. the rolling
direction which is placed parallel with the goniometer axis) (Figure 9), while the
electronic deflection may be done with the same angular increments or con-
tinuously. The angle of mechanical tilt, fl, and the deflection angle, t, define a

Figure 9

primary beam

specimen.}

’’/
hkl ring

Schematics of set-up for TEM pole-figure measurement.
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point on the pole-figure for which the diffracted intensity I(tr, fl) is measured on
the selected hkl ring. Since the sample soon becomes impervious with steep
inclination, the angle of tilt ranges up to only 45 or 60. Hence TEM pole-figures
are incomplete with a lens-shaped center not accessible to measurement. The
blind center may be reduced to a barrel-shaped area by measuring one more
pole-figure, with the axis of mechanical tilt rotated by 90, and superposing both
pole-figures correctly. Local texture can be measured from areas as small as the
finest specimen regions selectable by SAD (0.2/zm to 1.5/m diam.), provided
the number of sampled grains is statistically sufficient.

6. QUANTIFICATION OF TEM POLE-FIGURES

The diffracted intensities must be corrected in order to yield the distribution of
crystallographic poles ("texture"), since they do not depend only on the volume
fraction of crystallites with lattice planes of the appropriate orientations, but
furthermore vary with crystal thickness, with the inclination of the sample, with
slight deviations from the exact Bragg orientation, with multiple scattering and
many-beam interactions. Two program options have been developed to interpret
quantitatively the diffracted intensities in terms of pole-volume distribution
(Schwarzer, 1989). With the "analytical correction," allowance is made for the

(a)

Normal to
Shear Band

Direction
of Shear

Norma
Direction

Rolling
Direction

(b)

Figure 10 10.0 and 10.2 TEM pole-figures from (a) deformation and (b) shear band in titanium after
80% deformation by cold rolling.
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increase of diffracting volume and of absorption when tilting the sample out of
the normal incidence of the beam. The fitting parameters were determined by
comparison with pole-figures from randomly oriented test samples of aluminium
and copper. With the "experimental correction" the intensities of each
Debye-Scherrer ring are normalized with respect to its values at the intersections
of the tilt axis. These reference values belong to virtually the same point on the
pole-figure. Hence their variations, when tilting the sample, reveal the effects
which do not originate from crystallographic texture (Schwarzer, 1983).

7. EXAMPLE OF APPLICATION OF TEM POLE-FIGURES

TEM pole-figures were measured, at selected areas of some microns in diameter,
from deformation and shear bands after 80% deformation of titanium by rolling
(Schwarzer, 1988). Deformation bands show the usual crystallographic texture of
titanium sheet known from X-ray measurements, whereas the texture of shear
bands is distinctly different. The ideal orientation in deformation bands can be
expressed by (00.1) [10.0] rotated around the rolling direction at about 40 out of
the transverse direction (Figure 10a). The ideal orientation for a shear band can
be described by crystals with their [10.0] axes parallel with the transverse
direction. They are rotated at about 30 to 40 out of the rolling direction (Figure
10b) such that the grains are preferably oriented with the c-axes parallel with the
normal on the shear-plane.
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