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Rolling and recrystallization textures of hcc steels

Martin Holscher, Dierk Raabe and Kurt Liicke

The rolling and recrystallization texture development of bee steels is discussed for three examples belonging to three different
types of steels, namely deep drawing steels (e.g. low carbon steel), ferritic stainless steels (e.g. Fe16%Cr) and electrical steels

(e.g. Fe3%Si).

Walz- und Rekristallisationstexturen kubisch raumzentrierter Stidhle. Die Entwicklung der Walz- und Rekristallisationstexturen
kubisch raumzentrierter Stdhle wird anhand dreier verschiedener Stahlsorten mit unterschiedlichen technischen Anforderungen
dargestellt: Niedriggekohlte Tiefziehstihle, ferritische Chromstéhle (Fe16%Cr) und Transformatorstéahle (Fe3%Si).

The rolling and recrystallization textures of the different
types of bce steels often show great similarities, but also
exhibit characteristic differences which, e.g. depend upon
starting texture, microstructure and condition of precipi-
tations. In this paper this behaviour will be discussed for
three examples belonging to three entirely different types
of steels.

Deep-drawing steels (e.g. low-carbon steel). Here the
most important property is a good deformability in deep
drawing. This behaviour is favoured by a texture formed
~ in such a way that during deep drawing the material flow
occurs from the width and not from the thickness of the
sheet and that it is equal for different directions in the sheet
plane, i.e. by materials with the high r-value and a low Ar-
value (r is the Lankfort parameter). Both properties can
be achieved by a texture which after recrystallization con-
sists of a homogeneous strong fibre texture with a {111}
plane parallel to the sheet plane.

Ferritic stainless steels (e.g. Fe16%Cr). Here again the
requirements for deep drawability should be fulfilled, but
additionally the ridging which often occurs in Cr-steels
should be suppressed. This again means a {111} fibre tex-
ture but also-a topologically random arrangement of crys-
tallites should be achieved!).

Electrical steels (e.g. Fe3%Si). For the use of these
steels in transformers high magnetic permeability for mag-
netisation in rolling direction is required which can be ob-
tained by a {100) direction parallel to the rolling direction.
Technologically this can be achieved by forming a very
sharp Goss texture {011}<100) by secondary recrystalli-
zation.

Table 1 summarizes the textural requirements for these
steels. As will be shown, the differences in the rolling and
recrystallization textures of these various steels largely
originate from differences in microstructure and texture of
the hot-rolled band, table 2.

Description of bce textures

In order to demonstrate textures in bec metals, mostly
{110} pole figures are measured because they yield the
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highest X-ray intensity. Although being commonly used
such pole figures impose great difficulties on the quanti-
tative interpretation of textures, since the superposition of
the considered types of poles leads to a high degree of
ambiguity. To obtain a less ambigous description, the ori-
entation distribution function (ODF) must be calculated.
1t is mostly presented in the three-dimensional orientation
space in which a orientation gis given by the three eulerian
angles ¢;, @ and ¢,. In the present paper the ODF is
reproduced from 3 to 4 different pole figures (110, 200,
112, 103) by the series expansion method (I,,, = 22) and
is represented in the sections ¢, = 0°, 5°,..,90° through
the eulerian space?), figure 1.

The rolling and recrystallization ODFs of bece steels are
mostly composed of certain orientation fibres and their
main features can thus be represented in a very condensed
manner by plotting the orientation density along these
fibres®)~). The most important of these fibres appear as
straight lines in the Euler angle space and are shown in
figure 2:

a-fibre <110y || RD  {001}<110) to {111}<110), (1)
y-fibre {111} || ND {111}<110) to {111}<112),  (2)
n-fibre (001> || RD  {100}<001) to {110}<001>.  (3)

In certain textures some peaks in the ODF cannot be
shewn by the fibres because of their static coordinates.
Then the B-fibre which is a skeleton line and comprises the

Table 1. Textural requirements for various steels

Tafel 1. Anforderungen an die Textur verschiedener Stéhle

Steel desired properties

required texture

1) deep-drawing
steels
(low carbon)

good deformability
high r-value
(Lankford parameter)
isotropic deforma-
tion

low Ar-value

{111} fibre texture
- with parallel
normal direction

2) ferritic stainless
steels
(e.g. Fe16%Cr)

good deformability
asin (1)

avoiding of ridging
and raping

{111} parallel
normal direction
topologically
random

distribution of grains

3) electrical steels
(e.g. Fe3%Si)

low magnetic losses
high permeability
in rolling direction

<100} parallel
rolling direction
(e.g. Goss-texture
{011}3<1003)
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Table 2. Microstructure and texture of rolled steels

Tafel 2. Mikrostruktur und Textur gewalzter Stahle

Low carbon Alloyed steels
steel Fe16%Cr, Fe3%Si
micro-- .. 100% - transforma--| inhomogeneous through
structure tion y — a thickness:
small globular center:
grains flat, strongly deformed
grains, not recrystallized
surface: .
2 grains very large, esp. for
5 Fe3%Si
-
S | texture homogeneous very inhomogeneous
= through through thickness
thickness; center;
nearly random strong rolling texture,
a-, y-fibre
surface:
shear texture
{0113<1005,
~ {112}111)
micro- rolling degrees >80%:
structure shear bands increasing with increasing
amount of solute carbon or grain size
texture increase of o~ inhomogeneous due to
and y-fibre starting texture
orientations: center:
z? rolling degrees sharpening of hot rolling
= | <75%: texture,
B {1123100), o increase of {112}<110),
? {11312, v a and of {111}<110>,
© rolling degrees o, ¥
>75%: surface:
{1113K110), increase of - and
o, Y v-fibre
orientations (see low
carbon steels),
but much stronger
{0013<110>
micro- rolling degree <80%:
structure first recrystallized grains in shear bands,
grains with strong work hardening
5 (111}|| ND)
§ recrystallized first
S | texture strong decrease of the a-fibre orientations
§ (without {1113¢110,
o increasing density of Goss-orientation with
increasing amount of shear bands,
sharp rolling texture component ’
{112}<110) leads to a sharp recrystallization "
texture’ component {111}¢112)

3

true maxima of all sections alonig ¢, and thus having var-
iable ¢, and @ coordinates, has to be applied.

Model calculations of bec rolling textures

For the description of the rolling textures of bcc steels

both experimental results as well as Taylor model calcu-

lations suggested the use of the a-fibre. The use of the y-
fibre, however, was controversial for some time since for
this purpose another fibre, the so-called S-fibre, was also
discussed. This fibre was a result of first calculations of
texture development according to the Taylor full con-
straints model of polycrystalline deformation which, ad-
ditionally to the a-fibre, predicted a fibre running from
{112}<110) to-about {11 11 8}<(4 4 11). Figure 3 shows that
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both combinations, « and ¥ or & and f, are able to describe
the pole figures of the rolling texture shown in figure 1,
but the ODF representation of figure 4 exhibits the better
fit of the combination - and y-fibre in case of deformation
textures. The B-fibre, however, is today more often used
for the description of certain recrystallization textures.

The reason for the deviation from the original Taylor
model is connected with the gain shape. The original “full
constraints” Taylor model allows plane strain for the var-
ious grains only of the size of the macroscopic strain of
the specimen®)’). The ODFs resulting from this model for
different strains are shown in the first line of figure 5. In
this figure sections ¢, = 45° of the ODFs are chosen since
they happen to contain both the «- and y-fibre (see figure
2). The orientations of the pS-fibre {112}{110) and
{11118}(4411) (8° below {111}<112> at ¢, = 90°) are
clearly preferred. But during rolling the initially more or
less equiaxed grains become flat which allows a shear &5
parallel to the sheet plane in rolling direction, since for
such band-shaped grains the incompatiblé deformation be-
tween neighbouring grains due to the &5 shear then ap-
pears only at their smallest edge and thus may only influ-
ence a small seam of the grains. This relaxed constraints
model, which, additionally to plane strain also allows the
shear &3, is called lath model. In the texture simulations
for this case the main orientation is shifted to the.exact
position of {111}{112> on the y-fibre as can be seen in
figure 5. After further deformation and flattening of the
grains shear &,; also becomes -possible without compati-
bility problems which would lead to the texture shown in
the third line of figure 5. Finally, simultaneous relaxation
of both shears lead to a texture as shown in the last line
of figure 5. This so-called pancake model gives quite a
homogeneous orientation density along the y-fibre®)%).

In carrying out model calculations an often neglected
parameter is the starting texture. In case of a non-random
starting texture it is useful to consider the rate of rotation
of the various orientations of the grains during rolling de-
formation. As an example in figure 7 the angle calculated
by the Taylor full constraints model for a rolling reduction

~; of 10% is plotted for the section ¢, = 0. The very slowly

rotating regions are hashed. Although here {11 11 8}
{4 4 11 is the only stable end orientation, the two ori-
entations {112}<110)> and {001}<{110) do nearly not rotate
at all, i.e. they are metastable. All orientations which first
rotate towards one of these two positions will be fixed
there.

Experimental investigations of rolling texture
development

In figure 6 the transition from the Taylor full contraints
model to the pancake model, in which all shears parallel
to the rolling plane are relaxed in the course of rolling, is
shown for an experimental example (Fe16%Cr). There one
sees that with increasing degree of rolling the: orientation
of the main component at {11 11 8}<4 411 is shifted to
{111}3112>. This transition is characteristic for all steels
investigated. The main: reason for the differences in the
texture development of the here considered three types of
steels lies in the hot-rolling textures which act as starting
textures. Hot rolling .of the low carbon steel takes place
No. 12
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Figure 1. Rolling texture of a bec steel (6 = 90%)

\pz
2 (00N(1T0
(0011100]
OI00Lr 4 | qm%nnol 0
(010)(100] : i )
, —
R _
oz e ez .
R
" mnom |
IL , jooiifo
- —_—;7(11W
E A min
monoot -

Figure 2. Reduced Euler space with. fibres

Bild 2. Reduzierter Eulerraum mit 'éinigen Fasern

completely in the austenitic range. The subsequent trans-
formation during cooling to ferrite results in a nearly ran-
dom texture, figures 8a, 9. In the two alloyed steels
Fe16%Cr and Fe3%Si, in contrast, the ferrite is stabilized
. up to the hot-rolling temperatures so that, since dynamic
recovery during hot rolling prevents recrystallization, the
deformation texture is present in the hot-rolled material
essentially contains the cold-deformation textures; e.g.
Fe16%Cr, figures 8b, 10. Due to the rolling conditions the
ranges near the surface are deformed by shear and those
near the center by nearly plane strain. The shear texture
of the surface consists of a strong Goss texture {011}{1005
and of approximately {112}<{111. The texture in the cen-
No. 12
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Bild 1. Walztextur eines kubisch-raumzentrierten Stahles
(e = 90%)
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ter is similar to a cold-rolling texture with a strong «-fibre,
especially {001}<110), and a y-fibre'®)!!).

Concerning the development of the cold-rolling texture,
figure 11, the low-carbon steel exhibits-a good agreement
with the model calculations. The a-fibre increases contin-
uously and in the y-fibre {111}<{112} is dominant up to a
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Figure 4. Fibres in the Euler space

Bild4. Fasern im Eulerraum
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Figure 6. Experimental ‘data of the cold rolling development
in @, = 45° sections :

Bild 6. Experimentelle Daten der Kaltwalztexturentwicklung
in @, = 45°-Schnitten '

Figure 7. Rotation velocities in the ¢, = 0° section
Bild 7. Drehgeschwindigkeit im @; = 0°-Schnitt

Figure 8b. Surface and center hot-rolling texture of Fe-16%Cr
steel

Bild 8b. Warmwalztextur von Oberflache und Mitte eines
Fe16%Cr-Stahls

Figure 8a. Hot-rolling texture
of a low-carbon steel

Bild.8a. - Warmwalztextur
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Figure 10.  Fibres of hot-rolling texture
of Fe-16%Cr

Bild 10. Fasern der Warmwalztextur
von Fe-16%Cr

Figure 11. Cold-rolling texture of a low-carbon steel, C in
solution

Biild11. Kaltwalztextur eines Tiefziehstahles mit C in Lésung

rolling degree of 70% (lath model, shear &3;) and
{111}<110) for higher rolling degrees (pancake model, ad-
ditionally shear &;). In the deformation range between 70
and 80% strong shear band formation takes place in the
{111}{112) grains which is probably responsible for the
relatively weak increase of texture sharpness.

Despite of the quite different starting conditions the
cold-rolling textures of the alloyed steels show a rather
similar development. At the surface, figure 12a, again first
{1113<112) and then, after 75%, {111}<110) increases.
The strongest difference is observed for the orientation
density at {001}<110) which is here much stronger than
for the low-carbon steels because of the 35° rotation of the
shear orientation {112}{111) around the transverse direc-
tion. The starting texture for the center is nearly a cold-
rolling texture and microstructure with elongated flat
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grains. This means that the pancake model is valid for the
texture development already from the beginning of cold
rolling which means; that from beginning {111}3<110) is
the most important orientation of the y-fibre, figure 12b.
The relaxed constraints models are thus-able to rather well
describe the texture development of quite different steels.

Recrystallization textures

The recrystallization textures of the ‘low-carbon steel,
figure . 13, exhibits the most characteristic feature of the
development of recrystallization textures. being generally
valid for ferritic steels: the orientation. density of the -
fibre, in particular of the strong rolling texture component
{112}¢110} decreases nearly to unity. This can be seen by
comparison with  figure 11. Only the - orientation

" k7o
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] FeCr/FeSi surface
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{111}{110) simultaneo isly belonging to the o- and y-fibre
remains rather strong after récrystallization.

As can be seen in figure 14 for low degrees of rolling,
the recrystallization randomizes the whole texture. With
increasing degree of rolling, annealing leads to growth of
the orientations of the n-fibre, expecially of the Goss ori-
entation- {011}<100). ~ High rolling degrees, finally,
strengthen the y-fibre and diminish the n-fibre. Both kinds
of recrystallization texture development may be under-
stood by combination of oriented growth and oriented nu-
cleation. At the beginning of recrystallization it is possible
to see in metallography, as also checked by TEM analysis,
the y-fibre grains appear to be hashed and the o-fibre
grains to be bright. After 10 s annealing strong nucleation
took place, but only in the striped grains, i.e. in the y-fibre,
which have a high dislocation density and a high Taylor
No. 12
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factor, whereas no nuclei could be found in a-fibre grains.
Since at this stage the y-fibre orientations still show the
same intensity as the rolled material, it must be concluded
that also the microscopically visible nuclei posses the same
y orientations as the cold-rolled material, figure 15. On the
other hand, it is of major importance that between the a-
orientation {0113¢(211) and the rolling texture component
{111}{112) one has an orientation relationship of 35°
around the {110) transverse direction. This is close to the
ideal orientation relationship of 27° {110} found for high
growth rates found in the bi-crystal experiments by Ibe
and Liicke'?)!%) and allows growth of the y-fibre nuclei
into the a-fibre grains. Taking into consideration the for-
mation of {111}{uvw) oriented nuclei in the y-fibre on the
basis of a 30°C111) rotation'#), as well as the 35°(110)
orientation relationship, the typical recrystallization tex-
No. 12
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ture with a maximum at {111}<112) can be explained by
a combination of oriented nucleation and oriented growth.
A striking example for a recrystallization texture, which is
mainly formed by oriented growth is given in figures 16
and 17. Here the maximum in the recrystallization texture
is at ~{557}¢583) which indeed has an ideal 27°(110)
relationship to {112}¢110). In this case Zener drag is sup-
posed to deteriorate the mobility of the non-special bound-
aries, whereas the special 27°(110> boundary is not influ-
enced by particles!®)'®). Nearly the same fast growth re-
lationship exists between Goss and the rolling component
{111}{112). This principally explains the occurrence of the
Goss component in the recrystallization texture. Its nu-
cleation is assumed to take place in shear bands, rotated
35° around the transverse direction. The amount of goss
increases with deformation since the {111}<112) compo-
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nent and the shear banding in this component increase.

For medium rolling degrees (about 70%), where the change

of the rélling texture development (lath to pancake model)

was found to take place, the development of {111}<112) —— 10s

stops and, moreover, the shear bands rotate into rolling g

direction, so that the amount of Goss even decreases again. cseem= 20s s
~This interpretation is supported by the fact that a high

amount of carbon in solution (figure 13a) enhances the o= 100s 0

formation of Goss orientation, whereas in the case of pre-

cipitated carbon (figure 13b), the orientation density of

Goss is strongly reduced. The reason seems to be that car-

bon in solution leads to more deformation inhomogeneities o i

like shear bands®)~®). In agreement also in additional in- Figure 15. yfibre of cold-rolled and annealed sample,

vestigations of interstitial-free Ti bearing steels where the | 700°C

whole ¢ontent of carbon is precipitated no Goss orienta-  Bild15. y-Faser der kaltgewalzten und gegliihten Probe,

tions could be observed. The same effect as well for shear 7 = 700°C
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band formation as for the high density of Goss may be
reached by increasing initial grain size:

At the surface (figure 14a) larger grains exist and, there-
fore, a strong-n-fibre is formed by recrystallization. In the
center layer the hotband microstructure consists of very
thin elongated grains in which no shear band formation
and thus no n-fibre occurs (figure 14b). Here the strong
rolling texture compoenent {112}<{110)> effects a very
strong recrystallization orientation {111}<112> or
{557}<583) as already pointed out.
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