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COMPARISON OF THE ROLLING TEXTURE FORMATION IN
DUPLEX STEELS WITH VARIOUS INITIAL TEXTURES

POROWNANIE TWORZENIA SIE TEKSTUR WALCOWANIA W STALACH
DUPLEX O ROZNYCH TEKSTURACH WYJSCIOWYCH

In the present work the effect of the initial orientation distribution on texture development is analysed in two duplex
type steels, X1CrNi24-6 and X4CrNiMo24-6-2, subjected to cold-rolling. Both steels under examination showed very different
intensities of the initial textures after the preliminary thermo-mechanical treatment, namely; clearly defined strong textures
of ferrite and austenite in steel X1CrNi24-6 and nearly random textures of both constituent phases in the case of steel
X4CrNiMo24-6-2.

Comparison of texture formation indicates that essentially both duplex steels show tendency to develop the rolling textures
of the constituent phases close to those in single phase steels. In both cases however the process proceeds in different way and
the final textures display certain important differences in comparison to the typical ferrite and austenite textures. In the case of
the steel with strong initial orientations the formation of the rolling textures consists in spread of the starting textures however
the major orientation components in both phases are stable up to high rolling reductions. On the other hand in the steel with
random initial orientations a gradual formation of deformation textures is observed in the course of rolling with simultaneous
formation of ferrite and austenite bands. It is concluded that in both cases the formation and character of the final deformation
textures is strongly influenced by the band-like morphology of two-phase structure.

Prezentowana praca dotyczy analizy wplywu orientacji wyjéciowej na rozwoj tekstur odksztalcenia w dwéch stalach typu
duplex, X1CrNi24-6 oraz X4CrNiMo24-6-2, poddanych walcowaniu na zimno. Obie badane stale wykazywaly bardzo zrézni-
cowane intensywnosci tekstury wyjéciowej po wstepnej obrébee cieplno-mechanicznej, tzn. wyraznie okreslone silne tekstury
ferrytu i austenitu w stali X1CrNi24-6 oraz niemal bezladne tekstury obu sktadowych faz w przypadku stali X4CrNiMo24-6-2.

Por6wnanie tworzenia si¢ tekstur wskazuje, Ze zasadniczo obie stale duplex wykazuja tendencje do rozwoju tekstur
walcowania obu skladowych faz zblizonych do tych w stalach jednofazowych. Jednak w obydwu przypadkach proces ten
zachodzi w odmienny spos6b a korficowe tekstury wykazuja pewne istote réznice w poréwnaniu do typowych tekstur ferrytu i
austenitu. W przypadku stali o silnej orientacji wyj§ciowej tworzenie si¢ tekstur walcowania polega na stopniowym rozmyciu
tekstur poczatkowych, niemniej gtéwne orientacje sktadowe w obu fazach pozostaja stabilne do wysokich odksztatcer. Z kolei w
stali o beztadnej orientacji wyjéciowej w trakcie walcowania obserwuje si¢ stopniowy rozwd6j tekstur odksztalcenia réwnolegle z
tworzeniem pasm ferrytu i austenitu. Stwierdzono, ze w obu przypadkach pasmowa morfologia struktury dwufazowej wywiera
istotny wplyw na tworzenie si¢ i charakter koficowych tekstur odksztaicenia.

1. Introduction ferritic-austenitic stainless steels are the subject of major

debate (e.g. [4+13]).
Many reported investigations indicate that a develo-

From a number of works it may be concluded that
the anisotropic mechanical behaviour of cold-rolled du-
plex steels is not only the result of a specific morphol-
ogy of two-phase structure (i.e. grain shape and phase
arrangement) but also depends on the crystallographic
textures of the constituent phases [1+5]. That is why
the factors affecting the formation of rolling textures in
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pment of deformation textures in duplex type steels de-
pends first of all on the chemical composition. It deter-
mines a phase composition of the steel, i.e. the ferrite
and austenite volume fractions, as well as the stability of
the austenitic y-phase upon rolling and in consequence
a possible contribution of deformation induced (y — a)
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phase transformation into the texture development of
both constituent phases [5+10].

It should be noted that deformation mechanisms govern-
ing the formation of ferrite and austenite rolling textures
in duplex type steels change in comparison to single
phase steels because of the presence of the second phase
and additionally due to the specific band-like morpholo-
gy of two-phase structure, which develops in the course
of rolling [3+13].

Another important factors, which are taken into account
when analysing texture formation upon cold-rolling of
duplex type steels are the initial textures of both con-
stituent phases after thermo-mechanical pre-treatment
and deformation conditions (e.g. applied rolling sched-
ules) [6+13].

The purpose of the present study was comparison
of the effect of different initial textures on a develop-
ment and character of final rolling textures in duplex type
ferritic-austenitic steels subjected to cold-rolling within
the wide range of deformations. Two extreme cases were
examined from the view point of the initial orientation
distribution of the constituent phases, namely; clearly
defined strong textures of ferrite and austenite in steel
X1CrNi24-6 and nearly random textures of both phases
in the case of steel X4CrNiMo24-6-2. The phase com-
positions and the initial morphology of both steels were
similar, with the ferritic @-phase constituting the matrix,
and the same rolling conditions were applied in both
cases.

2. Material and experimental procedure

The materials investigated in the present study were
two stainless steels of duplex type, X1CrNi24-6 (steel
A) and X4CriNiMo24-6-2 (steel B), with the chemical
compositions given in Table 1. Phase compositions of
both steels were determined by means the metallogra-
phic analysis conducted after the solution treatment. The
volume fractions of ferrite (V¢) were estimated at about
60% and 65%, for steels A and B respectively. Thus
in both cases the ferritic a-phase was more continuous

and constituted the matrix with islands of the austenitic
v-phase. That is way the ferritic-austenitic steels under
examination have not a typical duplex structures.

Ingots of both steels were homogenized and then in
the case of steel A subjected to forging within the tem-
perature range 1100+-900°C. Afterwards the rectangular
steel rods were annealed at the temperature 1100°C for
3+6 hours and quenched in the water. Subsequent to
the preliminary thermo-mechanical treatment the steel
rods were subjected to reversed rolling at room temper-
ature within the range up to 90% of thickness reduc-
tion. The same rolling conditions were applied for both
steels, employing small reductions per pass i.e. the ratio
(Ie/hm) < 0.5, where [, = VrAh — the length of the arc
of contact, r - radius of rolls, Ah — thickness reduction
per pass and h, — the mean thickness of the sheet.
In such case the compressive strain does not penetrate
the whole thickness of the sheet, hence there is a strain
gradient throughout the cross section. In consequence
a deformation rate of the centre layer, parallel to the
rolling plane, is assumed to be much less than that of
the subsurface layers [14].

X-ray investigations were conducted by means of
Bruker diffractometer D8 Advance, using Co Ka radia-
tion (Ag, = 0, 179nm). X-ray examination included the
texture measurements and the phase analysis from the
centre layers of the rolled sheets, for the initial state
and after selected rolling reductions. Texture analysis
was performed on the basis of the orientation distri-
bution functions (ODFs) calculated from experimental
(incomplete) pole figures recorded of three planes for
each of the constituent phases, i.e. {110}, {100} and {211}
planes for the bcc @-phase and {111}, {100} and {110}
planes for the fcc y-phase. The values of the orien-
tation distribution functions f(g) along the orientation
fibres a;=<110>}RD, y=<111>|IND, £=<001>|[ND for
ferrite and a=<110>|| ND, n=<001>||RD, 1=<110>|ITD
for austenite were thoroughly examined. Simulated trans-
formations of the selected ideal orientations and experi-
mental ODFs were carried out additionally to verify the
orientation relation between major components of the
ferrite and austenite rolling textures.

TABLE 1
Chemical compositions of both duplex type steels under examination (in wt %)
Steel C Cr Ni Mo Mn Si Al S P N Fe
A 0.009 23.7 6.0 - 1.23 0.34 <0020 0.010 <0.008 0.012 bal.
B 0.04 24.3 6.44 1.57 1.29 1.02 0.009 0.013 <0.009 0.014 bal.




The phase composition of both steels, the initial mor-
phology of two-phase structure after the preliminary
thermo-mechanical treatment and the formation of fer-
rite and austenite band-like structure in the course of
cold-rolling were analysed by means of optical mi-
Croscopy.

3. Results and discussion
3.1. Initial texture and structure

Both steels under examination showed very differ-
ent intensities of the starting textures after the preli-
minary thermo-mechanical treatment. The occurrence
of strong initial textures of both phases was found in
steel X1CrNi24-6. Ferrite exhibited the {100}<001> cu-
bic texture and the dominant component of the austenite
texture was the {110}<001> Goss orientation (Fig. 1a).
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Fig. 1.
thermo-mechanical pre-treatment in sections ¢y=const and g,=const
respectively, for steels with strong — (a) and nearly random — (b)
orientation distributions

The starting textures of ferrite and austenite after

The crystallographic relation between the major texture
components of both phases was described by Bain ori-
entation relationship {12, 13]. On the other hand nearly
random initial textures of both constituent phases were
observed in the case of X4CrNiMo24-6-2 steel. Only rel-
atively week orientations were found in the ferrite and
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austenite textures, namely the {110}<001> orientation
and the orientation close to the {221}<012> respectively
(Fig. 1b). It is assumed that the higher values of the
orientation distribution function f (g) for ferrite in both
cases resulted from the phase compositions of the steels,
i.e. the higher volume fractions of the a-phase.

The morphology of the ferrite-austenite structure after
the preliminary treatment resulted from the phase com-
position and the applied type of hot-deformation process.
Within the microstructure of both steels, the austenite is-
lands elongated parallel to the main axis were observed
on the background of the ferrite matrix on the longitu-
dinal sections of the rods, however on the cross sections
the austenite grains were nearly equiaxed. It occurs that
after forging of duplex type steels the ferrite-austenite
structure exhibits certain degree of anisotropy, however
less pronounced in comparison to hot-rolling [4, 8].

3.2. Rolling texture development

Changes of the ferrite and austenite textures during
cold-rolling of steel X1CrNi24-6 (A), with strong ini-
tial orientations of both constituent phases, are shown in
figures 2, 3 and 4, 5 respectively.
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Fig. 2. Orientation distribution functions (ODFs) for ferrite in sec-
tions ¢; = 0°, ¢, = 45° after the selected rolling reductions — steel
A (X1CrNi24-6)

Within the deformation range 30+90% the strongest
component of the ferrite texture was the {001}<100>
cubic orientation, which is not typical component for
the ferrite deformation textures [15,16]. With increasing
degree of deformation a considerable decay of the tex-
ture intensity was observed, from the value f(g)=9.8 for
the starting material to f(g)=3.9 at 90% of rolling reduc-
tion. Very weak orientations (f(g)=1.5) from the y-fibre
<111>|IND appeared not before 90% of reduction (Figs.
2, 3). Within the a;-fibre <110>}|RD only weak orien-
tation {112}<110> was observed, with the intensity f(g)
changing in the course of rolling from 1.2 to 2.7 at 90%
of reduction. The f(g) values for orientations from the
e-fibre <001>|IND, including the major cubic compo-
nent {001}<100>, decreased with increasing rolling re-
duction. The rotated cubic orientation {001}<110> from
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the a;-and e-fibres, which is one of the typical compo-
nents of ferrite rolling textures [15,16], appeared not be-
fore 70% of deformation and remained extremely weak
component after 90% of reduction (Figs. 2, 3).
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Fig. 3. Values of the orientation distribution function f(g) for ferrite
along the orientation fibres; @; = <110>||RD, &£ = <001>|[ND and
v = <111>|IND - steel A (X1CrNi24-6)

Dominant component of the austenite rolling texture
within the whole range of deformations was the Goss
orientation {110}<001>, which belonged to the limited
fibres & =< 110 >|[ND and r =<001>|[RD (Figs. 4,5).
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Fig. 4. Orientation distribution functions (ODFs) in sections ¢, = 0°,
2 = 45° for austenite after the selected rolling reductions — steel A
(X1CrNi24-6)

With increasing rolling reduction the significant decrease
of the intensity was observed for the major component
{110}<001>, from f(g)=5.5 for the starting material to
f(g)=3.3 at 90% of deformation, with simultaneous elon-
gation of the a- and 7- fibres. The alloy-type orientation
{110}<112>, from the a- and B-fibres, appeared only at
high deformations having the f (g) values of 1.4 and 1.3
at 70% and 90% of reduction respectively. Moreover in
the whole range of deformations the {552}<115> ori-
entation from the r-fibre <110>}[TD was observed as
well as relatively week component {113}<332>. Very
week copper-type orientation {112}<111> appeared on-
ly at 50% of reduction as well as the S-type orientation
{213}<364> from the B-fibre, which was observed only
after 90% of deformation.
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Fig. 5. Values of the orientation distribution function f (g) for austen-
ite along the orientation fibres; @ =<110>|IND, T =<110>||TD and
1 =<001>/RD — steel A (X1CrNi24-6)

The formation of ferrite and austenite textures upon
rolling of steel X4CrNiMo24-6-2 (B), with nearly ran-
dom initial orientations of both constituent phases, is
shown in figures 6, 7 and 8, 9 respectively.
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Fig. 6. Orientation distribution functions (ODFs) for ferrite in sec-
tions ¢; = 0°, ¢, = 45° after the selected rolling reductions — steel
B (X4CrNiMo24-6-2)

After 40% of deformation the rolling texture
of ferrite may be described by the limited fibres
€ =<001>{IND and a; =<110>|[RD as well as very weak
v-fibre <111>||ND (Figs. 6, 7). Maximum of texture in-
tensity, with the value f(g)= 3.4, corresponded to the ro-
tated cubic {001}<110> orientation from the limited a;-
and e-fibres. At 60% and 80% of rolling reduction the
entire e-fibre appeared within the ferrite texture and the
a;-fibre was extended. The strongest texture component
after 60% of deformation remained the {001}<110> ori-
entation, having the value f(g)=3.9 (Figs. 6, 7). However
at 80% of reduction the texture maximum (f(g)= 4.3) was
shifted towards the {001}<320+210> orientation range.
While the y-fibre was somewhat strengthened after 60%
it practically disappeared at 80% of reduction. After 90%
of deformation the texture of ferrite was slightly sharp-
er, with the maximum value f(g)= 4.7 corresponding
again to the rotated cubic {001}<110> orientation. Both
orientation fibres describing the final rolling texture of
ferrite, i.e. the a;- and e-fibres were strongly inhomo-
geneous and practically limited. Very week y-fibre also



appeared within the final texture and extended from the
{111}<110> orientation to the {111}<112> one (Figs. 6,
7).
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Fig. 7. Values of the orientation distribution function f (g) for fer-
rite along the orientation fibres; @ =<110>[IRD, & =<001>{IND and

7y =<111>{IND — steel B (X4CrNiMo024-6-2)
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Fig. 8. Orientation distribution functions (ODFs) in sections py =0°,
2 = 45° for austenite after the selected rolling reductions — steel B
(X4CrNiMo24-6-2)
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Fig. 9. Values of the orientation distribution function f (g) for austen-
ite along the orientation fibres; & =<110>||ND, 7 =<110>|ITD and
n =<001>[[RD — steel B (X4CrNiMo024-6-2)

The rolling texture of austenite at 40% of deforma-
tion describe the inhomogeneous a-fibre and the lim-
ited n-fibre. The strongest texture component was the
orientation close to the {110}<111> from the a-fibre,
with the value f(g)=2.7. Relatively high texture inten-
sities, f(g)=2.4 and 2.0, had also the {110}<112> and
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{110}<001> orientations respectively (Figs. 8, 9). At
higher deformation degrees the a-fibre was strongly
limited. The maximum of texture intensity after 60%
and 80% of rolling reduction was shifted towards the
{110}<001> Goss orientation, having the f(g) values
3.4 and 5.6 respectively. After 90% of deformation the
strongest texture component was the {110}<115> orien-
tation (f(g)=5.9) from the limited a-fibre, which extend-
ed within the {110}<001+ 111> orientation range. Apart
of it relatively strong orientations within the austenite
rolling texture were the {110}<001> Goss orientation
(f(g)=5.4), the {110}<113> orientation (f(g)=3.9) and
the alloy-type {110}<112> orientation (f(g)=3.5). With
increasing deformation contribution of the {552)<115>
orientation was also observed. Moreover the orientations
of {113}<332> type and the S orientation appeared at
90% of rolling reduction (Figs. 8, 9).

3.3. Comparison of rolling textures

In the course of rolling deformation of two-phase
ferritic-austenitic steels the flow behaviour of the con-
stituent phases is usually different in comparison to sin-
gle phase steels. The basic reason is the interaction of
both a- and y-phases and the formation of a speci-
fic band-like morphology of two-phase structure, which
consists of alternated ferrite and austenite layers parallel
to the rolling plane (Fig. 10 a,b). In such circumstances
the conditions for the texture formation are substantially
changed and hence the frequently observed differences
between the rolling textures of the @- and y—phases in
duplex steels and the rolling textures of single phase
ferritic or austenitic steels [6+13].

In the case of both duplex type steels under ex-

amination the major differences concern especially the
development and the character of the rolling textures in
the ferritic a-phases.
As frequently reported, a fiber-type texture in single
phase bee steels develops because slip is possible on
several slip planes, i.e.; {110}, {112}, and {123}. Usually
the dominant components within the rolling textures of
low-carbon steels and chromium stainless steels are the
orientations; {001}<110>, {112}<110> and {111}<110>
from the a;-fibre <110>||RD as well as {111}<110> and
{111}<112> from the y-fibre <111>|ND [15, 16]. How-
ever, in contrast to this, it has been often observed that no
typical a;-fiber or y-fibre develop in the ferritic phase of
duplex stainless steels during rolling. Instead, the texture
is composed of ideal components with the rotated cube
{001}<110> as the dominant one [1+7].

In the case of steel A, with strong initial orienta-
tions in both constituent phases, the character of devel-
oped ferrite rolling texture is also completely different



500

in comparison to single phase steels. The major compo-
nent from the ferrite initial texture, i.e. the {100}<001>
cubic orientation, is stable up to high rolling reductions
in spite of the fact that this is not a typical orientation of
ferrite rolling textures [15, 16]. Additionally the rolling
texture of ferrite does not exhibit a fibre character and the
{100}<001> orientation remained the dominant texture
component on every stage of deformation (Figs. 2, 3).
Essentially the formation of the final rolling texture in
the ferritic phase of steel A consists in the spread of the
strong and sharp initial texture. Such behaviour is the
result of a number of factors. First of all, from the very
beginning, the strong initial orientation of ferrite forces
operation of only certain most stressed {100}<111> slip
systems in a major part of grains. Moreover, the ini-
tial texture of ferrite, which is related with the austen-
ite texture through the Bain orientation relationship, en-
ables plastically compatible deformation of both con-
stituent phases. Detailed analysis of this aspect is given
by the present authors elsewhere [12, 13]. Additionally,
the band-like morphology of the ferrite and austenite
structure as well as the applied rolling schedule employ-
ing small reductions per pass, both of which restrain
significant lattice rotations and in consequence confine
considerable orientation changes within the centre layers
of the rolled sheets.

Fig. 10. Ferrite-austenite banded structure in cold-rolled duplex type
steels on the longitudinal section (ND-RD); (a) steel X1CrNi24-6,
70% of reduction and (b) steel X4CrNiMo24-6-2, 80% of reduction

On the other hand, conditions for the rolling texture for-
mation within the ferritic phase of steel B are different
due to the nearly random initial texture, which enables
operation of many slip systems in different {110}, {112},
{123} slip planes, at least at the onset of deformation.
However with increasing rolling reduction the favourable
orientation components appear and the ferrite-austenite
layered structure is formed, hence the conditions for
further texture development are changing considerably.
Within the range up to 90% of reduction the texture of
ferrite was changing from nearly random to the final
rolling texture with the major component {001}<110>,
i.e. rotated cube orientation. Similarly to a number of re-
ported results, practically no fiber texture was developed
within the ferritic phase of steel B, since the a;- and
e-fibres are limited and the y-fibre is extremely week
(Figs. 6, 7).

Rolling textures of austenitic steels, with relative-
ly low stacking fault energy, are usually described by
strong {110}<112> orientation of alloy-type, from the
fibre @ =<110>|[ND. The other typical components of
austenite textures include the strong {110}<001> Goss
orientation (from the 7- and a-fibres) and the weak-
er orientations like; the {112}<111> orientation, the
S-type {123}<523> orientation, the orientations of type
{111}<uvw>, etc [17, 18].

Rather similar rolling textures, close to an alloy-type

texture, developed within the austenitic phases of both
duplex steels under examination (Figs. 4, 5 and 8, 9).
The strongest components of the final rolling textures
are; the {110}<001> Goss orientation in steel A and the
orientation {110}<115> close to the {110}<001> one in
the case of steel B. In both cases the {110}<001> Goss
orientation belongs to the limited n- and a-fibres. The
alloy-type {110}<112> orientation is very weak in steal
A and relatively stronger in the case of steel B, hence is
not a dominant texture component. It should be noted,
that in the case of steel A the Bain relationship, describ-
ing the orientation relation between the major compo-
nents of the initial textures, holds up to high rolling re-
ductions and enables plastically compatible deformation
of both phases [12, 13]. On the other hand, in steel B
the preferential orientations develop within the bands of
both phases in the course of rolling and the best descrip-
tion of the orientation relation between the ferrite and
austenite texture components gives the Kurdjumov-Sachs
relationship.
The results of the phase analysis and the texture mea-
surements for both examined steels do not indicate at any
significant role of deformation induced (y — @) phase
transformation and its contribution into the texture de-
velopment of constituent phases.



4. Concluding remarks

Comparison of texture formation in two cold-rolled
duplex type steels, with very different initial orientation
distributions, indicates that regardless of whether the
constituent phases exhibit strong (steel A) or random
(steel B) initial textures, the rolling texture development
differs from that in single phase steels. The major dif-
ferences concern especially the character of the ferrite
rolling textures and rather low texture intensities of con-
stituent phases in both steels.

For the case of the steel A with strong initial tex-
tures in both constituent phases, i.e. the {100}<001> cu-
bic texture of ferrite and the strong {110}<001> Goss
component in the austenite texture, the formation of the
final rolling textures consists in spread of the starting
texture components. However the major orientations in
both phases are stable and dominant up to high rolling
reductions and the textures of both phases do not exhibit
a fibre character.

In steel B, with random initial orientations of both
constituent phases, a gradual formation of deformation
textures is observed in the course of rolling with simul-
taneous formation of ferrite and austenite bands. The
strongest components of the final rolling textures are the
{001}<110> rotated cubic orientation in the ferrite tex-
ture and the component close to the {110}<001> Goss
orientation in the austenite texture. Also for the case of
steel B the final textures of both phases practically do not
exhibit a fibre character typical for single phase steels.

The rolling texture formation of the ferritic @-phases
strongly differs from each other depending on the initial
orientation distribution and in both cases reveals certain
differences in comparison to single phase ferritic steels.
The austenitic -y-phases of both examined duplex type
steels developed similar deformation textures, close to
an alloy-type rolling texture, which is typical for single
phase materials with low stacking fault energy.

Irrespective of the initial orientation distribution the
formation and character of the final deformation textures
in both steels is strongly influenced by the specific mor-
phology of the ferrite and austenite structure formed in
the course of rolling. The band-like two-phase structure
reduces significant lattice rotations and changes defor-
mation behaviour of both constituent phases. In conse-
quence it confines a spread and subsequent changes of
the strong initial textures of the constituent phases in the
case of the steel A and restrains a development of typical
rolling textures within the ferrite and austenite bands in
the case of steel B.
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