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The description of texture by means of a small number of components (preferred orientations) is an
exceptionally concise method. It may reveal relevant information about the texture modifying process
even in those cases where the texture information, contained in the experimental pole figures, is rather
limited. Some examples for texture estimates and interpretation of local textures in thin layers
(SiC films synthesized by carbonization of silicon with fullerenes) and bulk materials (shear bands
in brass and titanium) are presented.

KEY WORDS: Component fit method, shear band, deformation band, electron diffraction, titanium,
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IINTRODUCTION

Solid state processes in polycrystalline materials are often associated with changes of
crystallite orientation (Wassermann, 1939), and a microscopical understanding requires
the determination of texture which is quantitatively given by the orientation distribution
function (ODF). In the last two decades texture analysis has broadened significantly.
Texture measurements are mostly intended to obtain directional diffraction data (pole
figures). For cubic or hexagonal metals three to four (incomplete) pole figures are
required to calculate the ODF. As a rule the angular resolution of 5 is sufficient to
describe typical textures of deformed or recrystallized metals and alloys. Much larger
amounts of data (10 and more pole figures), however, are required to calculate the
complete ODF for each crystalline phase (Helming, 1994) with multi-phase materials
like ceramics, rocks or multilayers. ODF calculations proved to be more difficult for
these materials because Bragg reflections often coincide, and the degree of overlapping
increases with decreasing crystal symmetry.

In other cases only texture estimates can be obtained, because the quantity and quality
of the measured pole figures is limited:

Pole figures from very small sample regions (-- l prn) can be measured in selected
area diffraction mode (SAD) with the transmission electron microscope (TEM)
(Schwarzer, 1985). However, depending on the grain size, the statistics of the
measured data may be poor, since only a small number of grains may fall in the
measured field (Helming and Schwarzer, 1994; Helming et al., 1994).
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X-ray measurements on thin layers (10- 100 nm) usually provide low intensifies,
due to the small diffracting volumes. The statistics can be improved by using more
intense x-rays from a synchrotron source (Geier et al., 1996).

In spite of these difficulties, which are caused by the conditions of measurement, local
textures may still be interpreted by using the component model. In this paper two
examples for estimates of local texture are presented. The first is concerned with local
textures in deformation/shear bands in metals starting from rather incomplete pole figures
measured with the TEM. In the second example the texture formation during SiC
synthesis by carbonization of (100) silicon with fullereness was studied using
synchrotron radiation.

TEXTURE APPROXIMATION

Depending on the method used to represent texture, the amount of required ODF data
may be extremely high. Furthermore large numbers of samples have to be compared
with each other in order to find out some relevant texture information about the process
modifying texture. In these cases methods of texture approximation (or data reduction)
working with model functions like spherical harmonics or Gaussian distributions are
indispensable. Most widely used is the series expansion method with generalized
spherical harmonics (Bunge, 1965):

f(g) C T (g). (1)
m,n

They form an orthogonal system of basic functions and are periodic in the whole G
space (period length 2x/l). In addition to numerical advantages, mean values of
anisotropic properties can be calculated efficiently by means of the corresponding C
coefficients.

Orientations g are usually described by g [to, n] with the rotation axis n and the
rotation angle to, or by Euler angles g (tp, O, 92), respectively. The relationship between
both representations reads

I) to
cos( ); n sin=T 2
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sin () cos ()

(2)

For a sharp texture a large number of C coefficients is necessary, whilst rather a small
number of preferred orientations may be sufficient to describe its main features. In
such cases the ODF approximation by means of texture components

f(g) F + x-’Z. I fc (g) with F + X-,Z_, I 1 and (g) dg 1, (3)
G
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is superior (Wassermann, 1939; Bunge, 1982; Liicke et al., 1986; Matthies et al.,
1987-1990). A component c is described by a model function f(g), which is locally
limited in G space, and an intensity I which describes the volume fraction of all
crystallites of this component. The quantity F gives the volume fraction of the crystallites
which are randomly oriented in the sample. The model function (Matthies et al.,
1987-1990)

f (g) f (g, gO, Sc) N e: csc ln2
with So= (4)

1 cos(be/2)

has a maximum at a preferred orientation gO, and decreases with increasing orientation
distance 6c. It is defined by the rotation angle of the orientation difference
c [6), hc] gc g-1 between gc [toe, #] and g [to, n]"

c toc to n toc tocos cos cos + n sin sin
2 2 2 2 2

cos cos cos sin
2 2 2

(pl-- (pl 9--{p2 (I)c’+’(I) (5)
sin cos

2 2 2

If the decrease in intensity does not depend on the rotation axis, hc,

Csin c -n sin---" cos toc + n sin toc cos to + n x n sin toc sin
2 2 2 2 2 2 2

(6)

the component is called isotropic (Figure 1). The value b characterizes the spread of
the preferred orientation and is called halfwidth of the component.

Pole figures which are measured in a diffraction experiment can be understood as
two-dimensional projections of the three-dimensional ODF:

1 i0f h (Y) -- [Ph(Y) + P-h(Y)] -" [f([tp,+y II h])+f([tp,-y II h])] dtp (7)

Here g, [9, h lly] with 0 _< tp _< t describes all orientations with their lattice plane
normal h lying parallel (or antiparallel) with the scattering vector y. The direction y
is named sample direction, since it is related to the sample coordinate system. As a
consequence of Friedel’s law, pole figures are affected by an additional inversion center
allowing only reduced pole figures, Ph(Y), tO be measured. The pole figures measured
in the diffraction experiment read

)h (Yr) Nh h (Yr) (8)

where r marks the sample directions and the Miller indices --= (hkl) of the measured
pole figures, )hi (Y)" The factors Nh depend on structure, phase fractions and absorption
in a complex manner (Bunge et al., 1989). In the general case they must be treated
as unknown parameters.
Now a component description of the ODF, f(g), is searched, trying to find the best

fit of the experimental data Dhi(y) with the pole figures Di(yr) which have been
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fC(g)
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Figure 1 A Gaussian model function of a component with a maximum at a preferred orientation
ge. f(g) decreases with increasing orientation distance (oe. If the decrease in intensity does not depend
on the rotation axis fie, the component is called isotropic.

recalculated using the component model for all measured sample directions Yr" The
component parameters Ie, ge and b and the values Nhi can be determined by solving
the least squares problem (Wir are weight factors)

X Wir [ )hi (Yr) / Nhi- E I M (ge, bc, y,)]2 ==:> Min. (9)
i, hi

In order to determine the parameters ge and b by a non-linear algorithm, first estimates
are necessary which may be obtained interactively from the graphical representation
of the difference pole figures

Dhi(Yr) n(Yr)
AOhi (yr) (10)

Nh

This procedure is explained in more detail in (Helming, 1994; Helming and Eschner,
1990). The calculation of the model pole figures pM follows from eqs. (5), (7)hi
and (8).
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The component description enables an efficient concentration of texture information.
An estimate of the ODF is obtained which takes into account only the smallest necessary
number of components. Estimates may be appropriate if the quality or quantity of
measured data does not allow a precise calculation. For thin layers the number I of
experimental pole figures and the range Yi (with Yr E Yi) of measured sample directions
are limited, because of the poor statistics perpendicular to the layer normal. The approach
to determine texture components requires that the number of available pole figures and
the measured ranges are large enough such that any crystal orientation can be determined
unambiguously. The least necessary amount of texture information in experimental pole
figures only depends on crystal symmetry and the type of Miller indices of the diffracting
lattice planes. The determination of minimal pole figure ranges (MPR) containing a
minimum amount of texture information is explained in (Helming, 1992).

Example 1: Shear Bands in Brass and Titanium

The high sensitivity of electron diffraction favours the analysis of texture in fine grain
materials from very small regions. The experimental selected area diffraction (= SAD)
pole figures are incomplete with blind ranges forming a spherical biangle (length 180,
width < 80) on the pole sphere. Correction procedures have been developed to interpret
quantitatively the diffracted intensifies (Schwarzer, 1983). Allowance is made for the
increase in diffracting volume and absorption with increasing sample flit. To improve
the statistics several pole figures may be measured along the area of interest (e.g. shear
band) and are then added up before the texture estimate is carried out.

Figure 2 shows the 111, 200 and 220 SAD pole figures of a shear band in brass.
The minimum width of a biangle on the pole sphere can be calculated using the MPR
program (Helming, 1992). For the reflections under consideration and for cubic crystal
symmetry this angle is 90. Since the width of the measured biangle in this example
was 104 (length 180), every preferred orientation can be determined unambiguously.
The texture was estimated using both the series expansion method (positivity method,
(Dahms and Bunge, 1989)) and the component model. The recalculated pole figures
are shown in Figure 2. Both methods yield equivalent results, if the measured ranges
are large enough.

Figure 3 shows pole figures for a deformation band and a shear band in titanium.
With hexagonal materials only 10.0 and 10.2 pole figures can be measured in SAD
mode of the TEM. The other reflections are not sufficiently separated and overlap, due
to the limited dispersion of electron diffraction. For these two pole figures the MPR
width of the biangle is 112. Unfortunately the experimentally accessible range on the
pole sphere was further limited to only 102 since part of the specimen was shaded
by the sample holder at large angles of flit. As a consequence not every preferred
orientation can be described unambiguously, and a rough texture estimate was carded
out by considering only those components which have at least two poles falling into
the measured ranges on the pole sphere. Recalculated pole figures (including the 00.1
pole figure which cannot be measured) are displayed side by side along with the
experimental pole figures for a visual comparison. The theoretical 00.1 pole figures
fit amazingly well with the experimentally ones. They show a splitted maximum parallel
to the shear normal, SN. The 10.0 pole figures, however, still differ from each other,
particularly for the shear band. Strong components with h 10.0} parallel to the
direction of shear, SD, are found only in the deformation band which might be an
indication of different mechanisms of the formation of deformation and shear bands.
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Figure 2 Incomplete pole figures of a shear band in brass in comparison with the complete pole
figures recalculated with the series expansion method and the component method. Unmeasured ranges
are shaded. The maximum intensity levels are given on the right bottom comers. SN stands for the
shear band normal, SR for the direction of shear, and QR for the transverse direction.

Example 2: Texture of SiC Layers Prepared by Coo Carbonization of Si

In this work very thin SiC layers have been prepared by C60 carbonization at low
temperatures. At the surface of Si the fragmentation of the C60 molecules leads to highly
reactive carbon atoms. The SiC layers were characterized by synchrotron radiation
diffraction in order to study quantitatively the crystallographic orientations of the SiC
layers in dependence on substrate temperature and on layer thickness. C60
microcrystalline powders had been synthesized with a purity of 99.9% and were used
for thermal evaporation onto Si(001) substrates under high vacuum. The deposition rate
was kept constant at 0.01 nm/s. The substrate temperature ranged from 700C to 900
C, and the film thickness from 50 nm to 300 nm (for details see (Henke et al., 1995)).
The samples were investigated at the German Synchrotron Radiation Source DESY.
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Figure 3 Incomplete pole figures of a shear band, SB, and a deformation band, SB, in titanium
in comparison with the complete pole figures, recalculated with the component method. Unmeasured
ranges are shaded. The minimum and maximum intensity levels are given on the left and right bottom
comers, respectively.
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0.09 18.05

O.32 9.i4

Figure 4 The experimentally determined and recalculated 111 pole figure of 170 nm SiC film on
Si(001) prepared at 800C (cf. Table 1). The measured ranges with lh(y) < are shaded. The minimum
and maximum intensity levels are given on the left and right bottom comers, respectively.

A diffractometer with an Eulerian cradle allowed the measurement of pole figures. The
experiments were carried out with a silicon double crystal monochromator in the primary
beam. The pole figures were measured at step widths of 1 in both the azimuthal
and the polar () direction (for details see (Helming et al., 1995)).
The investigation of textures of thin films formed in the stage of nucleation (before

the growth process has started) requires intense synchrotron radiation and very long
measuring times. Due to the cubic substrate with (001) orientation, the sample symmetry
of SiC may contain a four-fold axis parallel to the surface normal. Only incomplete
111 pole figures were measured for sample directions y (,tp) with 0 < tp < 180
and 4 < O _< 84. Since from MPR calculation follows 26 <_ lMpR 84, the
determination of preferred orientations is unambiguously possible in each case.
By visual comparison of the measured 111 pole figures (Figure 4, 5a-d), a common

texture type can be recognized which is most pronounced for the sample with the largest
thickness (170 nm). Its texture shows a tetragonal sample symmetry which can be
described by nine components (Table 1). The strongest components (c 2, 3) are rotated
against the cube component (c 1) by a rotation about the (100) axis by 45 (so-
called Goss component in metal research). Other correlations between components may
be calculated using eqs. (5), (6) and the relation (q)l’ (I), q)2) (q)l’ (I), q)2 "{" 90) that
follows from cubic crystal symmetry.
The textures of the remaining samples (Figure 5) were calculated by a non-linear

approximation using the sample with the thickness of 170 nm as starting estimate: Their
component description is given in Table 2a-d. Components 5 and 6 of the samples
prepared at temperatures _< 750C (Figures 5b-d) are the most intense ones. In
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exp

0.14 22.36

13.72 21.30

Figure 5 Experimentally determined and recalculated 111 pole figures of SiC film on Si(001). The
measured ranges with Ph(Y) < are shaded. The minimum and maximum intensity levels are given
on the left and right bottom corners, respectively. SiC films were prepared-with a thickness of
a) 100 nm at 900C.

0.13 10.29

0.60 6.38

Figure 5 Experimentally determined and recalculated 111 pole figures of SiC film on Si(001). The
measured ranges with Ph(Y) < are shaded. The minimum and maximum intensity levels are given
on the left and right bottom comers, respectively. SiC films were prepared with a thickness of
b) 50 nm at 700C.
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0.43 2.38

Figure 5 Experimentally determined and recalculated 111 pole figures of SiC film on Si(001). The
measured ranges with Ph(Y) < are shaded. The minimum and maximum intensity levels are given
on the left and fight bottom comers, respectively. SiC films were prepared with a thickness of
c) 70 nm at 750C.

exp

Figure 5 Experimentally determined and recalculated 111 pole figures of SiC film on Si(001). The
measured ranges with Ph(y) < are shaded. The minimum and maximum intensity levels are given
on the left and right bottom comers, respectively. SiC films were prepared with a thickness of
d) 300 nm at 750C.



TEXTURE IN SMALL SAMPLE AREAS 121

Figure 5a (substrate temperature T 900C) the cube component is significant, in
addition to component 6. In most cases the changes of the component parameters are
small. E.g. the orientation distance between the components c 1 of the samples
prepared at temperatures > 800C (Figures 4 and 5a) is given by 2.1C. This
follows with ga= (82.2, 2.3, 9.3 + 90) and ga= (130.6, 17, 48.9) from eq. (5).

SUMMARY

The experimental SAD pole figures from shear bands and deformation bands in brass
agree well with theoretical pole figures recalculated with the series expansion method
and the component method. For hexagonal materials, however, only two rather
incomplete SAD pole figures can be measured in the TEM. This number is not sufficient
for ODF calculation using the series expansion method, whilst a semi-quantitative texture
analysis is still possible using the component model. A good fit of the recalculated
pole figures to experimental SAD pole figures has been obtained, and immeasurable
pole figures, particularly the 00.1 pole figure, can be obtained. The estimates required
no more than 19 components by which the high efficiency of this method is
demonstrated.
The experimental results give a first insight in the dependence of the growth of thin

SiC layers on Si(001) on the temperature and layer thickness. With increasing
temperature and substrate thickness of the SiC film the misorientation decreases.

Main benefits of the texture component model are:

As a rule the use of components reduces the number of necessary data for
quantitative texture description. Processes and properties correlated with texture are
understood more readily due to the high compression of texture information.

Texture estimates can be obtained from incomplete pole figures with uncommon
measured ranges, independent of crystal symmetry.

Table 1 Table of components for the two-phase system SiC on Si(001).

T 800C
d= 170 nm

c 1%1
2.3

2 10.0

3 14.7

4 6.9

5 8.3

6 9.7

7 7.5

8 4.2

9 4.6

Isotropic part: 31.88%

tPdl [1 tPz[l b[l

82.2 2.3 9.3 9.0

0.9 40.7 3.1 7.5

90.9 41.6 1.6 10.8

25.9 24.1 89.0 7.1

117.4 25.1 89.1 8.2

159.1 25.8 86.5 9.6

69.2 25.3 88.6 7.4

138.0 36.9 43.2 9.6

88.1 41.0 29.2 10.0
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Table 2 Tables of components for the two-phase system SiC on Si(001). SiC films were prepared
with a thickness of a) 100 nm at 900C, b) 50 nm at 700C, c) 70 nm at 750C, and d) 300 nm
at 750C.

a)

T 900C
d 100 nm

4.1

1.3

2.9
3.6
3.7
6.9

3.1
1.4

1.5

Isotropic part: 71.56%

p[l [1 pdl bll
130.6 1.7 48.9 1.9

1.3 40.9 2.6 4.3

89.6 40.3 6.4 8.7
19.1 24.9 6.0 6.5

108.7 23.8 7.1 7.9

158.7 25.9 85.6 9.6

70.6 25.5 83.2 6.7

134.9 37.8 44.9 2.3

91.6 43.6 29.4 1.9

b)

T 700C
d 50nm

1.4

3.2

6.5

3.3
6.1
7.0

5.0

2.8
4.8

Isotropic part: 59.69%

pdl [1 p[l bll
53.6 0.7 38.9 3.0
0.3 42.1 3.9 7.8

92.0 42.7 5.8 8.2

23.3 24.1 3.9 7.1

115.8 23.6 3.9 9.3
161.4 25.2 84.1 11.3

73.2 24.5 84.3 7.9

138.1 38.4 44.8 5.3
86.1 40.4 31.2 8.9

c)

T 750C
d 7O nm

III%1
2.9

0.9

2.8

1.6

10.4
14.1

3.0

3.2
19.4

Isotropic part: 41.66%

qdl I1 pll b[]

65.5 3.8 23.2 11.1

5.4 41.8 3.2 4.8

89.2 40.3 3.9 9.2
19.1 25.6 3.3 7.6

150.0 14.7 63.6 18.6

151.6 28.1 3.5 17.9
62.8 24.7 3.0 10.4

139.7 29.1 44.0 15.4

88.1 43.9 30.0 22.1
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Table 2 (cont’d)
d)

T 750C
d 300 nm

1.8

3.5
5.5

2.5

9.6

4.8

2.3

4.3

2.1

Isotropic part: 63.56%

o,I1 I1 odl bll
54.8 2.4 35.8 5.6

2.0 44.6 84.0 3.6
93.9 44.9 86.3 4.9

23.8 24.8 89.5 7.2

117.5 23.2 88.2 16.0

161.2 26.7 84.2 9.5

73.9 26.1 82.6 6.8

135.7 36.0 36.8 11.5

95.1 39.6 7.7 7.0

Orientation differences between calculated components may give an indication to
crystal planes or directions which are invariant during the texture modifying process.

An uncommon statistical symmetry can be determined with respect to the sample
coordinate system. This finding may provide information about the symmetry of
the effective process or about correlations between substrate and layer (Helming
et al., 1995).

Any pole figure can be calculated from the component ODF irrespective the fact
that it can be measured or not, if the diffraction peaks overlap or the structure
factor is too low.
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