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wards each other close to the grain boundary. In contrast, the
grain interiors revealed an increase in misorientation.
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High-Resolution EBSD
Investigation of Deformed and
Partially Recrystallized IF Steel

By Ingo Thomas,* Stefan Zaefferer,
Frank Friedel, and Dierk Raabe

Abstract: The recrystallization of titanium-alloyed intersti-
tial-free steel (IF steel) has been investigated by high-resolu-
tion electron backscattered diffraction (EBSD) measurements
and transmission electron microscopy (TEM) observations.
The deformed microstructure of the cold rolled material can
be subdivided into three different groups. These three types
of microstructure are characterized by their orientations and
internal local misorientations. The development of these three
regions during recrystallization annealing has been observed.
Nucleation from y-fiber orientations but also from other or-
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ientations was found. Comparison of EBSD and TEM results
indicates some limitations of high-resolution EBSD measure-
ments concerning the observation of subgrain structures.

Motivation: IF steels are mainly used as sheets for deep-
drawing applications (car bodies, cans etc.) for which a high
value (ratio of strain in width direction to that in thickness di-
rection) is required, in order to reduce thinning. It is well
known that a high r value is related to a high fraction of crys-
tals with a <111>//ND crystal orientation fiber (called y-fi-
bre)."! Homogeneous occupation of this orientation fiber also
leads to a low anisotropy within the sheet plane. As the vy-fi-
bre is mainly created during recrystallization after heavy cold
rolling, this process is of high significance for applications of
IF steel. Another important crystal orientation fiber is
<110>//RD. The latter is called o-fibre and is formed typical-
ly when rolling bcc metals.

The problem with recrystallization of IF steels is related to
the heterogeneity of the process. Figure 1 shows an example
of a recrystallization process taken from a work by Raabe.”!
In this case, recrystallization evolved in a strongly heteroge-
neous way throughout the material. In the lower part of the
picture, recrystallization has not taken place at all, whereas,
in the upper part, two different recrystallization regimes are
visible, showing different grain sizes. All three different kinds
of microstructure, as expected, display different mechanical
behaviors and lead to unwanted surface effects (such as or-
ange peel structure) during deep-drawing operations. In or-
der to understand and predict phenomena such as the one
shown in Figure 1, it is necessary to improve our knowledge
of the recrystallization process. The basic problem in this
context is understanding which features of the microstructure
enable nucleation for the recrystallization process.

It has been well established that the ability to form a
nucleus is strongly dependent on the orientation of the mate-
rial® and it is therefore important to study the local orienta-
tion distribution and microstructure with high spatial resolu-
tion. EBSD applied in a high-resolution scanning electron
microscope (SEM) is the most appropriate tool for this task as
it gives both high resolution and large observable areas. In
this communication we describe a study of the recrystalliza-
tion progress in IF steel. The deformed and several partially
recrystallized states are characterized mainly by EBSD inves-
tigations. TEM 1is also used to study details of the deformed
microstructure.

Experimental: The EBSD measurements were carried out
with a field emission SEM (JEOL JSM 6500 F) equipped with
a TSL EBSD system and a Digiview CCD camera. The SEM
was operated at an accelerating voltage of 15kV. Samples
were prepared by grinding and polishing. The samples were
etched for a few seconds, using a solution of 10:1 H,O,:HF.
The etching process was stopped by using pure H,O,. As the
microstructure of deformed IF steel shows quite small struc-
tures, the EBSD measurements were performed with a step
size of 0.1 or 0.15 um. In order to the use of wrongly indexed
orientations, data points with a confidence index lower than
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0.1 were removed from the EBSD data. These bad data points
appear as black points in the EBSD maps.

The TEM investigations were carried out on a Phillips
TEM CM20 operating at an accelerating voltage of 200 kV. Al-
though rolled samples should generally be observed in trans-
verse section with the TEM, normal sections were used for
our investigation because of the very small thickness of the
samples. The samples were thinned by electropolishing with
a Struers Tenupol double jet at 60 V and 13° C. A solution of
95 % CH3COOH and 5 % HClO,4 was used as electrolyte. For
the determination of crystal orientations with the TEM, Kiku-
chi diffraction has been used.

To investigate the partially recrystallized state, some of the
cold rolled specimens were annealed in a muffle furnace. The
samples were placed in the furnace in a protective atmo-
sphere (95% Ny; 5% H,) and were immediately quenched
after reaching the desired temperature. The furnace tempera-
ture was set to 800° C during this procedure. In this way, a
series of samples, ranging from cold rolled to fully recrystal-
lized was produced.

Characterization of the Deformed Microstructure: The micro-
structure of the 75% cold rolled specimen, as revealed by
EBSD measurements, is shown in Figure 2. Figure 2a shows
an inverse pole figure map in which the detected orientations
are color coded with reference to the normal direction of the
sample. In Figure 2b, two different orientation classes (o- and
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eolours coding:
normal direction
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/'r | Fig. 1. Normal plane view of a low-carbon steel, 90 % cold rolled and an-
nealed for 120 s at 1000 K. The resulting microstructure is highly hetero-
geneous.

y-fibre orientations) are highlighted in yellow and green re-
spectively. As mentioned earlier, these two orientation fibers
play an important role in recrystallization of IF steel as a tex-
ture dominated by a-fibre develops during rolling and the
fraction of y-fibre orientations is increasing during recrystalli-
zation.™! In the cold rolled material shown in Figure 2, 41 %
of the area observed consists of a-fibre orientations, whereas
27 % can be assigned to the vy-fibre. Finally, Figure 2c pro-
vides the image quality map of the area measured and, addi-
tionally, some classification of the observed grain boundaries.
Grain boundaries separating grains with a misorientation of
2-5° are colored in blue, 5-15° in red, and greater than 15° in
green.

Three different types of microstructure can be identified
from the maps in Figure 2. The first type, colored in yellow in
Figure 2b, consists of a-fibre orientations. In these areas, no
grain or subgrain boundaries are visible. In Figure 3, two mis-
orientation profiles extracted from the data presented in Fig-
ure 2 are shown. Profile B points out the typical properties of
o-fibre orientations. The misorientation between neighboring
points of the measurement (red line in Fig. 3) is always less
than 2° in these areas, but the misorientations accumulate
over longer distances (blue line in Fig. 2), up to 7 ° over a dis-
tance of 5 um.

The second type of microstructure is made up of y-fibre
orientations, which are green in Figure 2b. In these regions,
low-angle grain boundaries separating subgrains
with misorientations less than 15° are found. Con-
cerning misorientation profile A in Figure 3, it can
be seen that much higher misorientations between
neighboring measurement points can be found
here. The example shows values up to 10°. On the
other hand, the misorientations do not seem to ac-
cumulate in y-fibre orientations.

The third type of microstructure, visible as white
areas in Figure 2b, contains many different orienta-
tions that cannot be assigned to a- or y-fibre orienta-
. tions. For example, crystal orientations such as

{120}<632>, {362}<311>, and {110}<221> are found

Fig. 2. EBSD measurements of a cold rolled sample: a) inverse pole figure map with reference to nor-
mal direction; b) coding of a- and y-fibre orientations in yellow and green respectively; c) image
quality map with color-coded grain boundaries (blue = 2-5 ° misorientation, red = 5-15 °, green =
>15°)[2].

here. In these areas, clear subgrain structures with a
subgrain size of about 1 um can be observed. The
boundary map (Fig. 2c) shows that these subgrains
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Fig. 3. Misorientation profiles taken from the positions marked in Figure 2a. Profile A
shows the typical behavior found in y-fibre, profile B in a-fibre orientations.

are separated by some high-angle grain boundaries (misor-
ientation > 15°).

The Annealing Behaviour: In this section, the results pro-
vided by two samples after annealing up to early states of re-
crystallization will be discussed.

The first sample was annealed for 2.5 min and quenched
after a temperature of 650° C had been reached. Figure 4
shows results from an EBSD measurement carried out on a
longitudinal section of this sample. The black area in the cen-
ter of these maps indicates unreliable indexing results, which
have been removed from the data. This wrong indexing was
caused by a second-phase particle, which will be disregarded
in this context. As this sample was annealed only for a short
time, the characterization of the three different types of mi-
crostructure mentioned above is still valid in this case. At the
positions marked by red arrows, however, three newly re-
crystallized grains are found. The image quality within these
grains is much higher than for the matrix, indicating a lower
dislocation density within the growing grains. The grains are
surrounded by high-angle grain boundaries (> 15 °). The low-
er arrow points out one larger recrystallized grain showing
orientation {111}<221>; it can thus be assigned to a y-fibre.
This grain is positioned within an orientation gradient. Ac-
cording to older literature on recrystallization,”” nuclei with
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Fig. 4. EBSD results provided by a sample annealed for 2.5 min up to a temperature of
650 °C. The red arrow marks the position of a nucleus growing from y-fibre orienta-
tions. (For explanation of maps see Fig. 2).

v-fibre orientations should be expected. On the other hand,
two other nuclei can also be found in this map and they are
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Fig. 5. EBSD results provided by a sample annealed for 3 min up to a temperature of 680 °C. The
red arrows point out two nuclei that do not belong to a- or y-fibres. Additionally several nuclei with
y-fibre orientations can be seen in the upper part of the picture. (For explanation of maps see Fig. 2).

mobility and therefore enable recrystallization. Dur-
ing annealing, some nuclei originating from these
areas have been found.

The first two types of microstructure (a- and y-fi-
bre) are well known in literature and their typical
behavior has been confirmed by our measurements.
In contrast, no literature on the third type of micro-
structure could be found. As there are high-angle
grain boundaries observed in the deformed state,
these locations could play a role in the recrystalliza-
tion process.

TEM Investigations: The EBSD investigation of
deformed a-fibre orientations presented above
shows continuous orientation gradients without
any subgrains, whereas subgrains are found in y-fi-
bre orientations. In order to determine the cell mor-
phology and the misorientations between the cells
with higher accuracy and especially to take a closer

not y-fibre oriented. The upper arrow marks two small grains
with the orientations {110}<110> (a-fibre oriented) and
{120}<210> (neither a- nor y-fibre oriented). They are growing
from a similarly oriented area of the deformed matrix.

The second sample was annealed for 3 min and quenched
after it had reached a maximum temperature of 680° C. Re-
sults obtained from this sample are shown in Figure 5. Sever-
al nucleation events have taken place in this sample that was
annealed for a slightly longer time. The growing nuclei are
easily identified by the higher image quality in their interior
and by the surrounding high-angle grain boundaries.

In the upper part of the map five grains with y-fibre orien-
tations are found. Their orientations are {111}<582>,
{111}<211>, {111}<321>, and {111}<110>. The last orientation
is found twice and belongs to both o- and y-fibre.

Some recrystallized grains can also be found here that can-
not be assigned to a- or y-fibre. They are identified by red ar-
rows and their orientations are {010}<100> and {010}<201>.

Summary of EBSD Results: The deformed microstructure of
cold rolled Ti-alloyed IF steel has been classified in three
groups. The first consists of a-fibre orientations (<110>//
RD). The EBSD maps show continuous orientation gradients
in these areas and no grain boundaries with misorientations
greater than 2° are detected. During annealing no significant
changes in the microstructure of these areas are observed.
The second kind is made up of y-fibre orientations. At these
locations, high values of point-to-point misorientation are de-
termined by EBSD and clearly defined low-angle grain
boundaries (< 15°) are detected. Nucleation from these areas
is frequently observed during the annealing process. The
third type of deformed microstructure consists of a lot of dif-
ferent orientations. Quite clear subgrain structures are ob-
served at some locations. Some of these “subgrains” are sepa-
rated by high-angle grain boundaries. This could be
important because high-angle grain boundaries have higher

look at the continuous orientation gradients found
in the EBSD data, samples for TEM investigations
were prepared from the cold rolled material in normal sec-
tion. In Figure 6, a TEM image of an area of a-fibre orienta-
tions is shown. In contrast to the EBSD maps discussed
above, a subgrain structure is visible. The subgrains have a
size of about 1 um and are separated by diffuse boundaries
consisting of wide dislocation walls, but can still be clearly
identified. Neighboring subgrains show misorientations of
1-4.5°. These structures are obviously “smeared out” with
our EBSD system due to limited spatial and angular resolu-
tion. When the incident electron beam hits the sample, the
electrons are scattered within the material and the electrons
used for EBSD are backscattered from a certain volume of the
sample. If there is any grain boundary or dislocation wall
inside this volume, the diffraction pattern detected originates
from two different crystal orientations. Since these neighbor-
ing subgrains or cell structures usually show only little misor-
ientations, the bands in the resulting diffraction pattern are
broadened. This will lead the EBSD software to average be-
tween the two different crystal orientations and no clear grain
boundary will appear in the related orientation mapping. The
situation appears quite different in the TEM where the elec-

misorientations between adjacent cells:

2328
3M:1.2°
1/5:4.4°
56:1.9°
9/10:1.5°
14/15:1.3°

Fig. 6. TEM image of Ti-alloyed IF steel in normal section. The image was taken from
an area with a-fibre orientations. In contrast to EBSD-measurements, a very clear sub-
grain structure is visible.
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Fig. 7. TEM image of Ti-alloyed IF steel in the normal section. The image was taken
from an area with y-fibre orientations.

tron diffraction pattern stems from a significantly smaller vol-
ume than in the SEM. Additionally, dislocations are visible
with the TEM and so localization of subgrains or cell struc-
tures is much easier.

A TEM image of y-fibre orientations is shown in Figure 7.
Subgrain structures are visible here too. However, in this
case, the subgrains have a longitudinal shape and are separat-
ed by much sharper boundaries. The misorientations between
neighboring subgrains are significantly higher as compared
to the a-fibre structures. Values of about 1.5-6 ° were found.
Obviously these structures can be resolved by the EBSD sys-
tem because they show sharper boundaries and higher misor-
ientations than a-fibre subgrains.

This comparison of EBSD results with TEM observations
shows that not all subgrain structures are clearly resolved by
the EBSD system. In this context, it is very useful to take addi-
tional information into account. For example, images pro-
vided by a backscatter detector often show cell structures at
places where an orientation map only shows continuous ori-
entation gradients. This indicates that using both methods
(EBSD + SEM with strong orientation contrast) in combina-
tion can prevent misinterpretation of EBSD data.
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Recrystallization and Texture

in a Ferritic Stainless Steel:
an EBSD Study**

By Chad W. Sinclair,* Florence Robaut,
Laurent Maniguet, Jean-Denis Mithieux,
Jean-Hubert Schmitt, and Yves Brechet

The recrystallization behavior of laboratory-processed
AISI409 ferritic stainless steel sheet has been studied with a
focus on texture inhomogeneity and “sluggish” recrystalliza-
tion kinetics. This communication focuses primarily on obser-
vations made by electron backscatter diffraction (EBSD) in
the scanning electron microscope (SEM). Pronounced texture
gradients were observed in some grain orientations and cor-
related with the deformation-induced substructure. The
strong pinning of some boundaries has been linked, not only
to textural effects, but also to the precipitation of fine titanium
carbonitrides.

Tailoring the physical and mechanical properties of steels
through careful engineering of microstructure and texture
has been responsible for many of the recent developments in
light-weight, high-strength, and highly formable alloys.
Demands for further improvements in material properties re-
quire ever more sophisticated descriptions of microstructure
evolution under complex processing paths. Widespread
availability of new techniques, such as EBSD, are now being
used to provide a fully quantitative link between microstruc-
ture, texture, and mechanical properties. Of the many proper-
ties that must be controlled via processing, optimization of
formability continues to be a priority for ferritic steel produc-
ers. Control of plastic anisotropy via the bulk texture of the
final product is crucial in this regard and consequently has
been heavily studied, particularly for carbon steels."! While
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