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DETERMINATION OF CRYSTALLITE ORIENTATIONS USING TEM. EXAMPLES OF MEASUREMENTS

WYZNACZANIE ORIENTACJI KRYSTALITOW W TEM. PRZYKLADY POMIAROW

Determination of topography of crystallite orientations becomes important technique of investigation of polycrystalline
materials. Electron back- scattered diffraction (EBSD) in scanning electron microscopy (SEM) is already extensively used for
creating orientations maps. Recently, transmission Kikuchi patterns (TKP) as well as convergent beam electron diffraction
patterns (CBED) in transmission electron microscope (TEM) have been applied for creating such maps. The paper presents
exemplary results of measurements of local crystallographic orientations in highly cold- rolled aluminium as well as in
aluminium alloy 6013. For determination of crystallite orientations the software EP, developed by Morawiec, Funderberger,
Bouzy and Lecomte [1-5], was used. The TKP and CBED patterns for EP were obtained by scanning of conventional
photographic plates from TEM.

Wyznaczanie topografii orientacji krystalograficznych stalo sie wazna technika badania material6w polikrystalicznych. Do
tworzenia map orientacji wykorzystuje si¢ powszechnie technikg wykorzystujaca dyfrakcje elektronéw wstecznie rozproszonych
(EBSD) w skaningowych mikroskopach elektronowych. Ostatnio do tworzenia tego typu map zastosowano obrazy dyfrakcyjne
Kikuchiego (TKP) oraz obrazy dyfrakcyjne uzyskane przy uzyciu wiazki zbieznej (CBED) w transmisyjnym mikroskopie
elektronowym (TEM). W pracy przedstawiono przyktadowo wyniki pomiaru lokalnych orientacji krystalograficznych w walco-
wanych na zimno do wysokich stopni zgniotu czystym aluminium i stopie aluminium 6013. Dla okre§lenia orientacji krystalit6w
wykorzystano program opracowany przez Morawca, Funderberger‘a, Bouzy‘iego i Lecomte‘a [1-5]. Obrazy TKP lub CBED
dla EP ze zdefiniowanych miejsc prébki zostaly otrzymane przez skanowanie konwencjonalnych klisz fotograficznych z TEM.

1. Introduction

Development of new materials is influenced by
progress in microstructure characterization. The intro-
duction of 2 new generation of computer controlled elec-
tron microscopes allows obtaining very detailed and sta-
tistically significant information for the quantitative de-
scription of microstructure at the highest possible spa-
tial resolution. Such a description can base on crys-
tallographic orientations acquired from systematical lo-
cal measurements in the sample space called orien-
tation mapping (OM). OM may be used for quanti-
tative description of microstructure of each polycrys-
talline material. The following orientation characteristics
of microstructure can be determined: orientation distri-
bution functions (textures), misorientation distribution
functions (the distributions characterize boundaries be-
tween grains of one or different phases), as well as the

so-called partial distribution functions defined for sets
of orientations after appropriate selection [e.g. 6]. OM
techniques can be used for quick phase identification.
The knowledge of orientations topography allows one to
identify subgrain boundaries and other heterogeneities
on the basis of a selection of misorientations between
neighbouring measurement points; therefore, it is pos-
sible to carry out stereological analysis that takes into
account crystallographic orientation. The additional da-
ta contained in the diffraction image can also be used,
e.g. for differentiation of material areas with different
dislocation density.

At present, due to the progress in the automation
of the diffraction measurements, especially in the SEM
(SEM/FEG, ESEM), it is easy to carry out routine fast
orientation measurements. However, spatial resolution
obtained in this case is often not sufficient for inves-
tigation of extremely fine-grained or highly deformed
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Fig. 1. The diagram illustrating the operation of the program Ep

materials. It is the ground that the techniques of OM are
also developed in TEM [e.g. 1-4, 7, 8]. The transition
from SEM measurements on metallographic specimens
to TEM measurements on thin foils improves about 100
times the resolution capability, i.e. it allows obtaining
data from areas of several nanometres.

2. Local crystallographic orientations measurement
in TEM

For the measurement of local crystallographic orien-
tations the program EP has been used [1-3, 4]. EP could
indexing TKP and CBED patterns and is general; it can
be applied to any crystal structure. The program is de-
signed to work in a system with a digital camera attached
to the microscope. However, if TEM is not equipped
with an appropriate camera, the measurement of local
crystallographic orientations with help of the EP is still
possible. Diffraction pattern from the defined foil point
may be recorded on photographic plate and then scanned
to obtain its digital version (e.g. in the form of bitmap).
Series of bitmaps may be analyzed by the EP program.
Then sets of orientations produced by EP may be pro-

cessed by a number of other, specialized programs, used
to calculate functions defined on orientations or misori-
entations [e.g. 6].

2.1. EP programme structure

The prototype system of EP software, covering auto-
matic detection of lines pairs in diffraction patterns and
automatic indexing of them, was prepared by Morawiec
[1} in cooperation with LETAM, University of Metz,
where elements of the system interface were developed
[1-3]. Fig. 1 presents the principle elements of EP soft-
ware system.

2.2. Correction, detection of lines and indexing of
the diffraction pattern

As mentioned before, EP allows diffraction patterns
to be loaded from bitmap files, which are recorded, either
directly — by means of a digital camera, or indirectly
— by processing analogue photographic film. In the first
step of processing EP corrects (background elimination
included) the digital images. Fig.2a shows a diffraction
pattern of relatively good quality after correction. In the

Fig. 2. a) The output diffraction image after background elimination, b) The image with enhanced lines
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Fig. 3. Thedialogbox of EP softwarethat allowsone tointroduce lines manually (bluelines— indicated manually, greenlines— simulated image)

second step EP detects lines. The automatic line detec-
tion is based on the Hough transform. However, such
a standard line detection procedures applied directly to
even good quality images like this in Fig. 2a does not
yield satisfactory results. Therefore, EP includes routines
aimed at enhancing lines and transforming histogram im-
age that improve detection efficiency. Fig. 2b shows a
typical image obtained by the implementation of one of
the selected procedures. Image segmentation turned out
to be an efficient method of reducing the impact of noise,
point image traces and artefacts created by background
elimination.

In the last step of line detection, the lines are joined
into pairs.

Then the lines are indexed. The indexing procedure
is to match the points of the reciprocal lattice calculat-
ed from the crystallographic data and the lattice points
obtained from the measured diffraction pattern. The ori-
entation is obtained by calculating the rotation trans-
forming the first set onto the second one in such a way
that the discrepancy between the sets after the rotation
takes its minimum. The principles of pattern indexing
and orientation determination procedures are described
by Morawiec [4].

2.3. EP programme operation

The software operation may be divided into 4 steps:

1) Setting TEM microscope operation parameters —
wettings” field.

2) Input of crystallographic data. New data are added
by clicking ,,New Phase” in ,,File” menu. Details can
be found in software documentation [5].

3) Reading a set or single diffraction image (,,Pattern”
button).

4) Indexing of diffraction images.

Indexing can be realized automatically and manual-
ly. The first consists in using ,,Auto” button. The program
shall automatically identify and index all indicated in the
particular set diffraction patterns. In some cases of poor
quality diffraction, it is not always possible to correct-
ly identify diffraction lines automatically. Then, Kikuchi
lines may be indicated ,,manually”. After marking sev-
eral pairs (from 3 to 10), one may solve diffraction by
pressing ‘Indexing’ button. The ‘Orientation’ field shall
display the calculated orientation.

3. The use of local, crystallographic orientation
measurements in microstructure analysis

EP software was used to calculate orientation from
TKP and CBED patterns registered on photographic
plates in pure aluminium and in 6013 aluminium alloy
cold-rolled to 75% and 90%. Orientations were mea-
sured along the selected sample directions. The inves-
tigations were carried out within the framework of a
larger project, aimed at comparing the growth mecha-
nisms of recrystallization nuclei / new grains in pure
aluminium and in the alloy with bimodal distribution of
particles of other phases [e.g. 9, 10]. The examination of
as-deformed microstructure was carried out by means of
TEM (Philips CM 20). Thin foils were prepared primar-
ily from the plane perpendicular to transverse direction
TD. Microstructure areas were registered in the bright
field, which was followed by the measurement of orien-
tations in these areas. The error of a single measurement
in the microscope reference system was smaller than 1°,
and smaller than 3° in the sample reference system.
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3.1. The manner of presenting measurement results
for single orientations

The crystallographic orientation is a feature of the
material defined at any point (x,y,z) of the sample at
which the ordering of the crystal lattice is not disturbed.
It is given by rotation, which bring the local sample
reference system with its origin at the point (x,y,z) into
coincidence with the crystal reference system. The orien-
tation is described unambiguously by three parameters,
which can be expressed in different ways [11]. Usually,
for the convenience of calculations, Euler angles are ap-
plied. They are differently defined but traditionally, the
Bunge’s version of Euler angles ¢;, ®@, ¢, is mostly used.
In some problems, the parameters v, ¥, w of the rotation
axis (v, ¥) and the rotation angle w are used as easiest
to visualize. If an orientation is described by a greater
number of parameters, then the parameters depend on
each other. Such is the situation in the case of crystallo-
graphic indices {hkl}<uvw>, commonly used in practice.
In the paper each orientation was described by Bunge’s
version of Euler angles; additionally the name of the tex-
ture component closest to the measured orientation was
given. The orientation was identified with the particular
component (Table 1), when the disorientation » angle
between them was smaller than 15°. In the case of rolled
to high degrees of deformation polycrystalline sheet, the
sample axes parallel to the normal (ND), transverse (TD)
and rolling directions (RD) can be interchanged accord-
ing to orthorhombic symmetry of a sample. Thus each
x component is represented by its sample symmetry re-
lated variants (SSV). In the paper SSVs are numbered
x1, ..., x4; the basic variant and three other generated
by the two-fold axes, L2, L3 . L%, respectively. It
must be noted that the induced by the rolling process
sample symmetry has a statistical character, while the
crystallites orientations symmetrically equivalent due to
this symmetry define their different physical positions.
The cubic symmetry of the aluminium crystalline lattice
is of physical character and symmetrically equivalent
orientations — due to this symmetry — are physically
identical.

For neighbouring crystallites, the disorientations in
rotational parameters v, ¥, wqy are given. After rotation
by angle wyq, the reference system of the first crystallite
is transformed into the reference system of the second
crystallite, while the rotation by angle —wq transforms
the reference system of the second crystallite into that of
the first one. When the appropriate order of crystallite
reference systems is maintained, it is possible to examine
the phenomenon of disorientation accumulation.

The essential microstructure elements were de-
scribed by means of a list of local orientations and dis-
orientations in the following form:

No.1¢; ¢y, variant A (wpis) variant B (wmyin)
>> No2wy, v, ¥ [uvw] (@)

84 334. 37. 75. Brass_Y153(3.9)Brass____4(12.9)
>>71-15.411.636.0[117](1.8)X25

where: Nol —— orientation identification number,
¢, ¢ 92 — Euler angles, variant A — the symbol of
the first texture component variant close to the measured
orientation, variant B — the symbol of the second tex-
ture component variant close to the measured orienta-
tion (the number at the end of the letter symbol refers
to the SSV of the component), the number in brackets
(wmin) refers to the disorientation between the measured
orientation and the corresponding SSV of the particular
component; >> No.2 — the number identifying the ori-
entation with respect to which the disorientation is given
(if missing, the disorientation is given with respect to the
next orientation), wy, — misorientation angle, v, ¥ —
polar coordinates of the rotation axis, [uvw] — rota-
tion axis indexes close to the calculated axis, (@) — the
angle between the calculated axis and [uvw]; £ — the
coincidence degree (only in the case, when the disori-
entation fulfilled Brandon’s condition for the particular
coincidence site lattice (CSL) orientation relationship.
In the above example, orientation 84 is disoriented from
the third variant of Brass_Y + 15 component (Brass ro-
tated around RD by 15° by 3.9° and by 12.9° from the
fourth variant of Brass component; and the disorientation
between the crystallite 84 and the crystallite 71 can be
described as rotation by —15.4° around the rotation axis
~[117], which corresponds to CSL relation with ¥ = 25.

3.2. Rolled aluminium — deformed state

Aluminium, cold rolled to 90%, has shown the de-
formation texture of the copper type with 8 and « fibres.

In the main fibre 8, components S, Copper, R_Brass,
and in fibre @, components Goss and Brass could be
distinguished. Their shares in the texture (orientations
having the disorientation angle wpi, smaller than 15°
with respect to a certain component) were equal to
26%, 11% and 13%, 5% and 11%, respectively [9]. The
matrix was formed of layers of sub-grains, lying roughly
parallel to the rolling plane (Fig 4 a, b). The thickness of
layers with the same type of orientation varied in width
from 1 to 10 pm, and the disorientation angles (wy) be-
tween the neighbouring layers could attain the maximal

D The disorientation is the rotation by the angle w,; with the smallest possible module around an axis common for both crystallites (v,

¥) lying in the basic area of the standard triangle [12]
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Fig. 4. Microstructure of 90% cold rolled aluminum, longitudinal section. There are given some orientations (in Euler‘s angles ¢;, @, ¢2) as
well as the orientation relationships (in rotational parameters wyq, v, ¥); letters with numbers indicate the SSVs of the particular component
nearest to the measured orientation (numbers in brackets give the angle of disorientation wm, from the particular component). a) Example
with the ~Cube oriented subgrains. b) Example with two SSVs of the S-component [9]

values (for cubic symmetry), i.e. 62.8°. It has been found
that the disorientation cumulate only along very short
distances. In a typical measurement, the orientations os-
cillated around some local orientation (the sign of the
disorientation angle changed on average in every second
or third crystallite). The disorientation angles were either
small (~70% of the disorientations showed the wq < 15°)
or large (wq > 30°). The subgrains were often cumulated
into clusters, containing up to 20 crystallites, and having
the same type of orientation; clusters having more than
10 subgrains were always built of at least two of SSVs of
this orientation. Thus, a considerable part of high angle

grain boundaries could be described by misorientations
characterizing the relations between orientations being
various SSVs of the same component (e.g. Fig. 4 b).
The tendency to form clusters was particularly strong in
sub-grains with S orientation; ~75% of crystallites of
this orientation appeared in clusters containing from 3
to 15 subgrains, and only ~8% occurred as single ones.
Subgrains with orientations other than S occurred as sin-
gle ones or formed clusters composed of 5 crystallites at
the most.
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3.3. 6013 aluminium alloy — deformation zones
around particles of the second phase

As in the case of pure aluminium, the rolling tex-
tures (to 75 and 90% of cold work) of 6013 alloy were
dominated by orientations scattered between S and Cop-
per components along B fibre. Brass component domi-
nated along considerably weaker « fibre. A small share
of the Cube component was also observed.

The deformation structure was dominated by wavy
microbands lying approximately parallel to the rolling
plane (Fig. 5). Particularly strong corrugation was ob-
served in the vicinity of large (1 + 3um) particles of the
second phase. The large particles break up the lamellar
structure and create zones of localized strain.

These zones were intensely examined. Due to the
highly localized strain, the measurements of single ori-
entations were very difficult; a lot of diffraction patterns
could be resolved only manually. In spite of the difficul-
ties, more then 1000 of orientations were measured in
the areas around large particles. An example of 2 such
measurement lines is presented in Fig. 5 b. Fig. 6 shows
an example of detailed analysis of orientations measured

along the line parallel to ND in the area close to the
particle.

The deformation zones around large particles were
dominated by the orientations of the deformation texture
rotated around the TD and/or ND. The rotation may be
correlated with the observed bending of microbands in
the close neighbourhood of the large particles. Moreover,
a considerable share of the TD-Cube component (i.e. the
Cube component rotated around TD) were observed in
the samples rolled to 75% (Table 1).

3.4. Conclusions

The program EP was used for indexing diffraction
patterns obtained by scanning of conventional photo-
graphic plates. EP is capable of handling poorly local-
ized lines. However, in the case of very dizzy images
obtained for example from highly-deformed samples the
automatic detection may not function. In such cases, an
experienced researcher may try to introduce the lines
manually. This method works in many cases.

The program operation was tested on pure alumini-
um and on 6013 aluminium alloy, cold rolled to 75 and
90%, respectively.

Fig. 5. a) Microstructure of 75% cold rolled 6013 aluminum alloy, longitudinal section, TEM. b) Changes of orientations along 2 lines

parallel to ND in the deformation zone around large particle
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Fig. 6. Microstructure of 75% cold rolled 6013 aluminum alloy. Example of orientation analysis along ND; the neighborhood of the large

particle of the second phase

In the case of pure aluminium, the measurement
of local crystallographic orientations in TEM did not
pose any problems. It was observed that grains divide
into smaller fragments during the material deformation.
In the case of ~90% deformation, bands with a sim-
ilar orientation were about 10 um wide and included
eight or nine subgrains. Clusters characterized by one
component type, but containing more than 9 subgrains,
consisted always of at least two SSVs, which resulted
in the appearance of characteristic type of high-angle
grain boundaries. Orientation sets measured along ND
were used to simulate growth (subgrain thickening) dur-
Ing recrystallization [9].

In the cold rolled 6013 alloy, the examination fo-
cused on the areas of localized deformation in the vicin-

ity of large particles of the second phase. The measure-
ments of single orientations in these areas were very
difficult. A considerable part of diffraction patterns had
to be resolved manually. However, one of the first orien-
tation characteristics of this type of areas was obtained
[10]. The examination showed that the areas are dominat-
ed by orientations of deformation texture rotated around
the TD (and/or ND) by the angles of up to 40°.
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TABLE 1

The fractions [in %] of all sample symmetry related variants of particular components in the sets measured in the deformation zones around
large particles of the second phase, aluminum alloy 6013 after cold rolling up to 75 and 90%, respectively. Orientations are given by symbols,
the Miller indices (h k 1)[u v w} and Euler angles (g, ®, ;) of the basic SSV. CopperY, S_Y, Brass_Y: +15°, +30°, -15°, -30° indicate
the particular orientation after rotation about the TD by +15°, +30°, -15°, -30°, respectively; CopperZ, S.Z, Brass_Z indicate the particular

orientation after rotation about the ND

Component 75% cold-rolled | 90% cold-rolled
Symbol (hkDluvw] ©1 Lo} ©

Goss (01 D100} 00 450 00 0.5% 0.9%
ND-Goss____ (01 D[6-11] 13.3 450 00 0.2% 0.7%
Brass__ (o1 nf2-11] 353 450 0.0 1.9% 0.5%
Copper. (112)[-1-11] 90.0 353 450 2.6% 0.1%
S (213)[-3-64] 59.0 36.7 634 1.6% 0.2%
CopperY+15 (114[-2-21] 90.0 203 450 0.4% 0.8%
CopperY-15 (11 D-1-12] 90.0 503 45.0 1.3% 3.5%
CopperY-30 (323)-13-1] 202.7 500 570 1.4% 27.4%
CopperY+30 | (11 15)[-15-152] | 90.0 53 45.0 0.0% 2.0%
CopperZ- 15 (112)-2-43] 75.0 353 450 0.7% 0.5%
CopperZ+15 (112)-4-23] 1050 353 450 1.4% 0.3%
S____Y+30 (127D 15-11 1] 79 181 294 4.7% 1.8%
S___Y+I5 (7115)[-7-11 4] 43.0 249 819 7.0% 1.5%
S_____Y30|(10710) -6 10-1] | 185.0 49.1 54.6 2.5% 28.1%
S____Y-15|(10710) -3-1010] | 66.3 50.1 534 3.0% 8.1%
S Z+15 (213)[-1-11}] 740 36.7 634 0.9% 7.4%
S___Z15 (213)-3-157] 440 367 634 5.2% 0.9%
Brass__Y+30 (112)[1-10] 0.0 352 450 4.3% 1.5%
Brass__Y+15 (134)12-83] 20.1 379 20.1 25.8% 0.9%
Brass_ Z+15 (01 1)7-66] 50.3 450 00 2.1% 0.6%
Brass_Z-15 (01 D1D[15-44] 203 450 00 0.7% 2.1%
Cube, (oonfroaq] 00 00 00 0.3% 0.1%
RD_Cube___ (012)[100] 00 266 0.0 2.9% 1.0%
TD_Cube___ (023)[0-32] 90.0 337 0.0 18.1% 0.1%
ND_Cube___ (00 D[-310] 1984 0.0 00 1.4% 1.7%

Total 91.1% 92.9%
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