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Textures of ferritic stainless steels

D. Raabe and K. Lucke

Whereas much research has been carried out on the texture development of Fe—Si steels or low carbon steels, very little
attention has been given to the texture formation and investigation of the underlying mechanisms in Fe—Cr steels. Ferritic
stainless steels containing between 11 and 17% Cr establish an important group of alloys owing to their good mechanical
behaviour and corrosion resistance. Various industrial problems, such as roping or optimisation of deep drawability, can be
tackled by means of quantitative texture analysis. Therefore, fundamental aspects concerning the inhomogeneity of the hot and
cold rolled band, the origin of Goss texture after annealing, and selective particle drag during recrystallisation of alloys with

finely dispersed Nb and Ti carbonitrides have been discussed.
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Introduction

Ferritic high grade steels containing 11 17%Cr establish
an important group of construction materials owing to
their good mechanical properties and corrosion resistance,
Several problems in the industrial processing of these steels
derive from the texture. For example, the phenomenon of
roping during cold rolling of Fe~17Cr, which leads to poor
surface quality, appears to result from topological aspects
of the texture. The inhomogeneity through the thickness of
the cold rolled and recrystallised steel is due to the inherited
texture profile of the hot rolled band. During recrystallis-
ation of microalloyed Fe-Cr steels, deviations from the
desired texture with a {111 fibre parallel normal direction,
leads to a decrease of the Lankfort value and hence of deep
drawability.

As a result of these technological problems, a thorough
survey of the texture development and the underlying
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mechanisms in Fe-Cr alloys was deemed to be urgently
required. For this purpose, quantitative texture analysis
and metallography have been applied to investigate various
industrial Fe-Cr alloys with respect to hot rolling, cold
rolling, and recrystallisation.

Experimental

Five ferritic high grade steels containing between 11 and
17%Cr have been analysed. To investigate the influence of
stable particles, four of the steels were microalloyed with
Nb or Ti (see Table 1). All steels were industrially hot
rolled to a thickness of 3 mm, starting between 1100 and
1150°C in the first pass and finishing in the temperature
range 920-970°C. After hot rolling, the steels were annealed
at 1000°C. Cold deformation was carried out on a
laboratory rolling mill to &= 40, 50, 60, 70, 80, and 90%,
rotating the sample 180° about its normal and rolling
directions after each pass. Since homogeneous deformation
is primarily determined by the ratio of contact length I, to
sheet thickness d. a ratio of 1 < [y < 3 was obtained during
cold rolling. After cold rolling, the samples were anncaled
for 5 min at 850 or 950°C in a salt bath.

All textures were quantitatively examined by measuring
the four incomplete pole figures {110}, {200}, {112}, and
{103} from an area of 14-24 mm? in the range of the pole
distance angle o from 5 to 85° with Mo K#, radiation in
the backreflection mode." Since the interpretation of pole
figures taken from polycrystals is ambiguous because of
the superposition of the types of pole considered, the
orientation distribution function (ODF) was calculated by
the series expansion method (I,,, =22).> In the case of
cubic—orthorhombic symmetry, an orientation can then be
presented by the three Euler angles in the reduced
Euler space.

Bee metals tend to develop strong fibre textures,® * so
it is often convenient to represent the textures by
isointensity diagrams in ¢, sections or by fibre diagrams®’
(see Fig. 1).

Table1 Chemical compositions of alloys under
investigation (balance Fe), wt-%

Sample & Cr N Nb Ti

code

CR11TI -0 11-3 001 0-21

CR11NB 001 10-5 002 032 011

CR17 006 165 003 001 0-01

CR17TI 002 165 001 001 0-47

CR17NB 002 166 0-02 064 001
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Since the texture and microstructure of ferritic steels is
very inhomogeneous through the thickness, for all samples
measurements were taken at four different depths. The hot
rolled material, from where this inhomogeneity proceeds,
has even been measured at eleven different depths. The
actual layer is described by the parameter s, which
represents the distance between layer and sample centre
divided by the half thickness (s=0 centre, s=1 surface).
To remove a surface layer of 20 um for texture measure-
ments, the samples containing 11%Cr were etched in a
solution of 50ml H,O, and 10 ml HF, whereas those
containing 17%Cr were etched in a solution of 100 ml
H,0,, 10ml HF, 35ml HNO;, and 5ml HCL
Metallography was carried out applying scanning electron
and optical microscopy to reveal the inhomogeneity of the
microstructure through the thickness of the hot bands and
to measure the size and distribution of the particles.
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6 Optical micrograph of sample CR17 taken in
longitudinal direction

Results and discussion

HOT ROLLING

Owing to their high Cr and low C contents the 17%Cr
alloyed steels do not undergo phase transformation during
hot rolling. The 11%Cr alloyed steels reveal up to 20 vol.-%
phase transformation during the first steps of hot rolling.®
In Figs. 2a, b and 2¢,d the hot rolling textures of samples
CRI1INB and CRI17NB, respectively are presented by
means of {110} pole figures and ODFs from two layers.
Whereas close to the surface (s=0-8) a strong {011:{100%
component (Goss) is developed, in the central layer (s = 0)
a strong o fibre is revealed. For both layers the 17%Cr
sample reveals a sharper texture.

In Fig. 3 the texture is presented in through thickness
steps As=0-1 for sample CRI7NB in fibre diagrams. At
the centre (s = 0) the texture is dominated by a sharp = fibre
(Fig. 3a), whereas close to the surface (s=0-7-1:0) the
texture is characterised by the orientations {011}¢100)
(Goss), (44 11}¢11 11 8) (Fig. 3b) and {110}<112 (Fig. 3¢).
This texture profile through the thickness is also known
from Fe-3Si hot band,”®'° thermomechanically hot rolled
low carbon steel,'" and torsion experiments.'?

In Fig. 4 the profile of the Goss component through the
thickness of CR17NB reveals a maximum between s=0-7
and 0-9. This typical Fe-Cr subsurface texture (s=0-8)
results from strong shear deformation.”%!* The intensities
of the shear components {011}<100» (Goss), {110}{1125,
and {44 11} (11 118> correspond to the profile of strain
(Fig. 5a), resulting from the influence of the temperature
curve (Fig. 5b) on the flow stress and the through thickness
profile of the Zener-Hollomon parameter (Fig. 5¢), as
estimated by Beynon et al.'* These shear conditions are
continuously weakened through the thickness so that the
centre of the sheet is finally deformed by plain strain.

As mentioned above, the temperature profile through
the sheet thickness must be taken into account (Fig. 5b).'*
The water spray just in front of each rolling gap reduces
the surface temperature of the sheet. This leads to a higher
stored dislocation energy and thus to some recrystallised
grains close to the surface. In the central layer the
temperature remains high enough for dynamic recovery,
which prevents nucleation and primary recrystallisation.
The resulting microstructure having ‘pancake’ morphology
and some equiaxed grains at the surface is revealed in
Fig. 6.”1° It must be emphasised that the differences
between surface and centre are much smaller in the
microstructure than in the texture.
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The combination of recovery, plane strain deformation,
and flat grain morphology leads to a typical ‘cold rolling’
texture at the centre of the hot band, which can be
simulated by means of the relaxed constraints Taylor
theory.'® These simulations are based on the description of
macroscopic deformation by means of crystallographic slip.
Macroscopic deformation is described by the displacement
gradient tensor. The symmetric part represents the strain
tensor, while the antisymmetric part represents the resulting
rigid body rotation. Rolling deformation consists of thick-
ness reduction parallel to the sheet normal and elongation
in the rolling direction. The relaxed constraints Taylor
theory assumes also shear strains to occur microscopically
between adjacent grains. A relaxation of the &, strain
component corresponds to longitudinal shear and of &, to
transverse shear. Allowing for these shear strain components
to occur microscopically leads to distinct changes in the
texture. The textures presented in Figs. 7a and 7h were
calculated with relaxed &,; and &,; shear, due to the flat
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and elongated grain morphology in the centre (Figs. 2a
and 2¢). In this simulation the {110}{1113, {112}{111), and
{123}<111> glide systems were taken into account, accord-
ing to the high deformation temperature during hot rolling.

The strong o fibre texture at the centre of the hot bands
also causes roping, especially in Fe-17Cr.'®'7 The main
components {112}{110> and {111}{110) both deform by
asymmetric activation of glide systems, leading to &,5 shear.
Any statistical topological arrangement of these com-
ponents in the elongated hot band morphology leads to
the observed macroscopic roping.'® Only a reduction of
these components in the hot band texture, a change of the
deformation mode, or the randomisation of the texture by
phase transformation could therefore prevent roping.

The strong component at @ =07 close to the rotated
cube {001}¢110% is assumed to stem from a fibre with {001}
parallel normal direction, which is known for high growth
rates during continuous casting.'®' Although all the alloys
investigated reveal the same through thickness texture
profile, the hot band texture of steels containing 11%Cr is
weaker than that of those containing 17%Cr. This is due
to the randomisation of the rolling texture of 11%Cr
samples because of phase transformation during the first
hot rolling passes.
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COLD ROLLING

By means of Taylor simulations, two main features of cold
rolling textures, except prediction of stable end orientations,
can be calculated, namely, the velocity of rotation and the
catchment areas of ‘deformational attractors’. Typical stable
orientations according to Taylor simulation with relaxed
&3 and &,; constraints are shown in Fig. 7. In Fig. 8 the
calculated rotational velocities, admitting slip on {110},
1112}, and {123} planes, are presented in the ¢, = 0° section.
The result is that all orientations on the « fibre reveal very
slow rotation rates, although they do not all represent
typical stable end orientations. Hence, all orientations, once
rotated into this o fibre, will become metastable.

The Goss orientation is a very labile orientation.
Although it reveals a low rotational velocity (Fig.8),
already smallest deviations of the ideal orientation will lead
to a rotation towards {001}¢110% on the « fibre or
{111}¢112> on the y fibre. These contrary rotations of two
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parts within one initial Goss grain can lead to the formation
of transition bands.*®

The question of rotational directions illustrates the
meaning of catchment areas surrounding stable orientations
in Euler space. Stable orientations can be interpreted as
deformational attractors, because they ‘collect’ non-stable
orientations and force them to rotate into a stable one.
Therefore, it is important to know the location and size
of the catchment area of a stable orientation, because it
defines the potential intensity of this orientation after cold
rolling. For a random orientation distribution with f(g) = 1,
the potential of a deformational attractor is identical with
the f(g) value of the stable end orientation. However,
small deviations with f(g) =1 in the initial catchment field
will considerably change the intensity of the stable end
orientation. In Fig 9, the calculated attractors and
their catchment areas in the ¢, =0° section are shown
for relaxation of #,; shear. It is also expected that the
competition of several catchment fields in the vicinity of
certain orientations, e.g. Goss (Fig. 9), favours the formation

of transition bands, because several parts of the initial
grain may rotate into various directions.

Taylor simulations therefore can be used to investigate:
the origin of an orientation (Fig. 9, catchment area), to
where it rotates (Fig. 7, stable end orientation), and at what
rate (Fig. 8, velocity of rotation). It can be inferred from
this that the development of cold rolling textures is strongly
dependent on the initial hot rolling textures.”'

According to different grain shapes and initial textures,
the development of the cold rolling texture was calculated
at the centre (s =0) with relaxed &£,5 and &,; shear strain
components and at the subsurface (s = 0-8) with relaxed ;5
for sample CR17NB (Figs. 10a-d and 10g-j). For this
purpose the original ODFs (Figs. 10a and 10g) were fitted
with 1000 orientations. The experimental ODFs (Figs.
10¢, f and 10k, I) correspond very well with the simulations.
It can be seen that the Goss component at s =0-8 rotates
rapidly to {I11}¢{112> (Figs. 10j, 10k). The « fibre at the
centre is much sharper than at the surface owing to the
stronger initial o texture (Figs. 10d and 10e). After 90%
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rolling the textures have become very similar in both layers
(Figs. 10f and 10!). In the fibre diagrams (Fig. 11} it can be
seen that the texture in the central layer of CRI7NB
remains almost constant during cold rolling, because all
stable orientations are already present after hot rolling.

Materials CRIINB and CRIITI reveal very similar
behaviour during cold rolling. On the « fibre the centre
reveals the strongest rolling components {001}¢110%—
11124¢110>  (Fig. 124), whereas at the subsurface
(s = 0-8) the « fibre develops much more slowly, owing to
the initial shear texture (Fig. 12d). On the ¢ fibre (Fig. 12f)
the rotation of Goss into {111}¢{112} is presented, leading
to a strong maximum on the 7 fibre (Fig. 12¢) at the
subsurface layer afer 70% deformation. This {111}¢1123
maximum is important for nucleation of Goss during
primary recrystallisation.

The variation of the Nb and Ti content did not lead to
distinct changes in the cold rolling textures. Concerning
the Cr content, differences can be seen for the location of
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(11211105, which is shifted from ® = 35" for the 17%Cr
alloyed steels to @ =30" for the 11%Cr alloyed steels.
Moreover, the surface textures of the 11%Cr alloys reveal
a slower sharpening of the o fibre than the 17%Cr alloys,
so that also after 90% rolling there is still a strong texture
gradient through the thickness.

ANNEALING

The anncaling textures depend on the initial cold rolling
texture and microstructure. In Fig. 13 the rolling and
recrystallisation textures are shown for sample CR17. The
maximum at {I11}{I112} after primary recrystallisation,
well known for bee steels,” 7 can be interpreted by the 35°
{110 rotational relationship between {111} <1125 and the
strong rolling component {112;{110). This relationship is
close to the ideal 27° {110} rotation, characterised by a
Z19a coincidence (X is the reciprocal of the density of
coinciding sites). Owing to the high mobility of this special
boundary the {111}{112> nuclei can selectively grow into
the 1112} ¢110% matrix.?!

In bicrystal experiments, it was shown for Fe (Ref. 22)
that {I11}{112)» may also develop from oriented nucleation
close to former grain boundaries in {111}<110%, which
yields the highest dislocation densities®® and the highest
nucleation rates.*® In correspondence with the weak
{111;{110> intensity in the deformation matrix, however,
growth selection is supposed to represent the leading
mechanism in the formation of {111}¢112).

After 50-70% ro]]mg, the increase of the Goss component
can also be seen in the annealing texture (Fig. 14a). The
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maximum of the Goss after 70% deformation and annealing
correlates with the maximum of {111}{112) in the rolling
texture (Fig. 14b) at s=08. In this layer, the Goss
component was inherited from the hot rolled material
and rotated during cold rolling under plain strain deform-
ation towards {I11}{112) and {001}<110%, respectively
(Figs. 10g—j, 12f). These divergent rotations supposedly led
to the maintenance of transition bands with preserved Goss
orientation between the rotated fragments. Owing to the
fine cell structure and high local misorientations, it is thus
expected that Goss may nucleate in the transition bands.?®

In previous works, especially on Fe-3Si textures, the
correlation between {111}¢112% in the rolling texture and
Goss In the annealing texture was explained by nucleation
of Goss in shear bands.**=>7 However, in the present alloys,
only very weak shear banding occurs, due to the small
grain size and the interstitial free matrix, so that nucleation
in transition zones is considered to represent the main
mechanism of Goss formation in Fe-Cr.

In addition to the formation of {111}<112> and
1011}<100% in Fe-Cr alloys, the recrystallisation of samples
with stable particles can lead to a new component
~{557}(583) instead of the classical {111}¢112) maxi-
mum.?® In Fig. 15a, the increase of {557} (3583} is presented
for recrystallisation of CRIINB at 950°C. The maximum
is shifted ~10° from {111}{112} and increases with degree
of rolling. It can be seen in Figs. 15b and 15¢ that
{5571¢(583) increases for all layers with higher annealing
temperature. The measurements present a good correlation
between the intensity of {112}<{110) in the rolling texture
(Figs. 12a-12¢) and {557}¢583) in the annealing texture.
The exact positions of both orientations reveal an ideal
27% {110} rotational relationship. However, the recrystallis-
ation texture of CRIITI shows a classical maximum at
{1113 ¢112% (Fig. 16), whereas sample CR17TI reveals the
same maximum as CR11NB at {557} {583} (Fig. 17).

The development of this component can be explained by
selective particle drag.*® The Ti and Nb carbonitrides are
precipitated before hot rolling and hence are randomly
distributed in the microstructure without necessarily being
connected to subboundaries or high angle grain boundaries.
In this case, the formula for particle drag can be written as
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F,=(67/)/(nR), where F, is the particle drag force, y is the
grain boundary energy, [ is the precipitated volume fraction
of particles, and R is the average particle radius.

The particle drag forces calculated for CR1INB, CRIITI,
CR17NB, and CRI17TI for coincident (Fg“") and non-
special (Fy™*) grain boundaries are presented in Table 2.
Owing to the duplex system of Nb and Ti carbonitrides in
fine precipitation, sample CRI1NB yields the highest drag
forces of 21-6 kN m™?2, whereas CRIITI reaches only
62 kN m 2. The driving forces for primary recrystallisation
of Fe-Cr steels are of the magnitude F,~10°kNm™?,
because the precipitations extend the incubation period, so
that strong recovery can take place. Hence, the driving
forces for recrystallisation are of the same magnitude as
the particle drag forces for non-special grain boundaries in
CRI1INB, CRI7NB, and CRI7TI (F§** in Table 2). Because
the drag forces are proportional to the grain boundary
energy, coincident boundaries are not hindered by particles
(Fpin = fipincident «« F Table 2). Therefore, this mechanism

Table2 Particle drag forces in
microalloyed steels

samples of

Sample’ Ropm f/107% FT" kNm~? Foex kN m™?

(CR11NB)y, 025 330 Folt=Fin + FR" F™, = FR + FT™

(CRTINB);, 020 113 =36 =216
CR17TI 0-40 482 23 138
CR17MB 0-40 657 241 126
CR11TI 040 216 10 62

"On CR11NB, subscripts Nb and Ti denote that only forces due to Nb
and Ti particles respectively are considered.

R average particle radius; f precipitated volume fraction of
microcarbides; FI'" drag force for coincident boundary; F** drag force
for non-special boundary,

is termed grain boundary energy selective particle drag.
For CRIITI, the particle drag forces were too weak to
have any influence on growth selection (Table 2). For fine
dispersion, the retarding force of the particles is thus
responsible for a strong growth selection during recrystallis-
ation, which leads to the growth of {557:¢583% nuclei into
the {112}{110% deformation matrix because of their 27°
{1107 coincidence relationship.

Conclusions

1. Fe-Cr hot bands reveal shear texture with Goss
texture at the surface and cold rolling texture with o fibre
in the central layer.

2. Cold rolling leads to a strong « fibre texture in all
layers with a maximum in the centre.

3. Increase of Cr content shifts {112}¢110> to higher ®
angles on the « fibre.

4. Cold rolling textures can be simulated by means of
models derived from relaxed constraints Taylor theory with
relaxation of £,, and &,5.

5. Recrystallisation of 50-70% cold rolled samples with
strong {111}¢112> leads to Goss texture especially in the
subsurface.

6. The development of Goss texture during annealing is
dependent on the existence of transition bands.

7. Recrystallisation of cold rolled samples (&> 70%)
without stable particles or with low dispersion rates leads
to formation of {111}{112% by growth selection.

8. The presence of finely dispersed stable microcarbo-
nitrides can influence the recrystallisation texture by
selective particle drag.
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