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A duplex stainless steel was investigated in both as-received sheet and after annealing at
temperatures ranging from 850 to 1100°C. The sheet presents a deformation texture in both
phases, austenite and ferrite, induced by cold rolling. Microstructure in the as-received
material consists of island-like austenitic grains in a ferrite matrix. These austenitic grains
are elongated with an average size of 6, 20 and 40 um along the normal (ND), transversal
(TD) and rolling direction (RD). Quantitative texture measurements demonstrated that
texture components are distributed mainly along the 6-fiber (ND || (100)) and «-fiber

(RD || (110)) for the ferrite and the ¢-fiber (ND || (110)) for the austenite. After
recrystallization, a decrease in the intensity of the mean fibers and an increase in the minor
components was observed in both, ferrite and austenite. Therefore, a similar texture was
reached in both phases after annealing at 1050°C. Microstructural characterization after
annealing at temperatures above 850°C showed that the elongated austenitic grains
transform in colonies of equiaxic grains of about 10-15 um in size. These colonies are
surrounded by a ferritic matrix at annealing temperatures above 1000°C or by a laminar
microstructure at temperatures below 950°C. This laminar microstructure includes sigma
phase and austenite formed from delta ferrite, and untransformed delta ferrite. © 2000
Kluwer Academic Publishers

1. Introduction magnetic intermetallic phase with a tetragonal crys-
Duplex stainless steels have been used in many divergal structure. The temperature at which it can form is
fields like ship construction or chemical industry. Thea function of the composition of the steel, the plas-
large applications of these steels are related to theitic deformation and the prior thermal history [7—13]. In
excellent resistance to corrosion and stress-corrosiod—y duplex stainless steels phase particles normally
as well as a high strength combined with high tough-nucleate at ferrite-austenite interphase boundaries and
ness [1, 2]. The good mechanical properties of thesgrow into the adjacent ferrite grains in the form of a cel-
steels are due to the duplex structure of ferrddeand  lular structure consisting ef phase and new austenite
austenite ¥): in one part the ferrite is responsible of at temperatures between 675 and®7$14, 15]. Pre-
the strength, and in the other, the austenite ensuregpitation ofo phase in duplex stainless steels contain-
the toughness of the material [3]. The exact amouningrelatively high Crand low Niconcentrations is much
of each phase present in the microstructure can be déaster than thatin austenitic or ferritc steels, and can oc-
duced in terms of the amount of the principal alloy- cur during cooling in the production process. Thus, it
ing elements (chromium and nickel). Concentration ofis common to quench the steel after solution treatment
these elements is adjusted using the ternary Fe-Ni-Cat high temperature in order to avoid the presence of
equilibrium diagram to obtain a microstructure con-sigma phase.
sisting of about the same amount of ferrite and austen- The presence of a fine-grained microstructure gener-
ite. In addition to chromium and nickel, other alloying ally yields to an improvement of the mechanical prop-
elements like nitrogen, molybdenum, copper, silicon,erties of duplex stainless steels. Grain refinement is
manganese, and tungsten may be added to control strugsually obtained in the as-casted material by means
tural balance and to improve corrosion-resistance chaef an adequate thermomechanical process. Such pro-
acteristics [4]. cess, which consists conventionally in hot and/or cold
Conventional duplex stainless steels contain Cr (21+olling of the material, determines the development of
23 wt. %), Ni (4.5-6.5 wt. %) and Mo (about 3%) [4]. a crystallographic texture. Texture is one of the factors
These steels are capable of formisngphase during that affects anisotropy of the mechanical properties of
prolonged exposure to temperatures ranging from 450steel sheets. However, systematic investigations have
900°C [5, 6]. Theo phase is a hard, brittle, and non not been carried to study the influence of both phases,
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ferrite and austenite, on the formation of the recrystalture and by a solution of 0.5 g4§,05, 10 ml HCIl and
lization texture. The present investigation is aimed to50 ml H,O when thes phase was present.

study the microstructure including texture of a com- The distribution of alloying elements in the various
mercial duplex stainless steel. The effect of annealingphases after annealing at different temperatures was
temperature in the range from 850to 110®n the mi-  examined by microanalysis with an energy dispersive
crostructure and texture evolution is also investigated X-rays spectrometer, EDX. Semiquantitative analysis

2. Experimental procedure f_—‘§
The material used in this study has the nominal com- =3
position (in weight %) Fe-22.5 Cr-6.0 Ni-3.0 Mo-0.6 ~F8
Si-1.4 Mn. The material was supplied as a sheet of 3 ?
mm in thickness prepared by hot forging ingots and a N
further cold rolling reduction of about 50%. =
<]

The microstructure of the as-received alloy, and that
after annealing at temperatures ranging from 850 to
1100C for 1.5 h were characterized using various tech-
niques including X-ray diffraction, optical microscopy,
and scanning electron microscopy (SEM) equipped
with energy dispersive X-ray microanalysis.

Identification of the present phases, lattice parameter
measurements, and determination of the volume frac- | |
tion of each phase was conducted by X-ray analysis
[5, 6]. The diffraction studies were performed employ-
ing Cu K, radiation. Automatic step scanning allowed
the accumulation of a sufficient number of counts at
each Bragg angle to obtain the desired statistical ac-
curacy. Lattice parameters 8fy, ando phases were
calculated by least squares and they were reproducible
within 0.0001 nm. The main difficulty in quantification
of the X-ray diffraction peaks intensities of each phase
arises from the overlapping of diffraction peaks (330)
of theo phase with the (111) peaks of thephase, and
also the (202) peaks of tliephase with the (110) peaks
of thes phase. Thus, the volume fraction of each phase \j

y(111)+ 5 (330)
5(110) + & (202)

¥ (200)

was calculated from the integrated intensities of (002),
(410), (212), (411), (331), (222) and (132) phase
peaks, (200), (211), (220) and (310) ferrite peaks and
(200), (220), (113), (222) and (400) austenite peaks [7].

Texture measurements were carried out by means of
the Schulz reflection method in the as-received material
and after annealing at 1080. Overlapping of diffrac-
tion peaks of the: phase with some of the peaks of the
8 andy phase did not allow to extend this analysis to
the samples annealed at temperatures below®3De-
tails of the diffractometer used and the analysis method
are given elsewhere [16]. The orientation distribution
function, ODF, not only allows the determination of the
different texture components, but also the calculation
of the volume fractionf,, associated with each one.
In this work, F, was calculated by a numerical inte-
gration method from the ODF intensity data [17]. As
integration limits for this calculation, orientations®10
apart from the ideal orientation have been considered
to belong to a given fiber.

The microstructures of samples were examined ©
by both optical and scanning electron microscopy, . o \ L
SEM. Metallographic preparation included mounting 40 25 50
the samples in bakelite and polishing by the conven- 20, deg
tional method. The microstructure was revealed by
chemical etching with a solution of 15 ml HN@nd  Figure 1 x-ray diffraction patterns of duplex stainless steel after an-
30 ml HCI on thes-ferrite/austenite duplex microstruc- nealing for 1.5 h at (a) 850, (b) 950 and (c) 1660

y(11n

¥ (200)
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of all the present phases in the microstructure was onlyeloped in the grains of both phases during cold rolling
performed in the as-received samples and after anneadf ingots into thick plates.
ing attemperatures above 980 For samplestreatedat  The diffraction patterns of the samples annealed in
lower temperatures, semiquantitative analysis was onlyhe temperature range from 800 to 9Q0are simi-
performed in the austenitic grains grouped in colonieslar and showed the presence of three phasésrrite,
This is because the phases present in the laminar strug-austenite and phase. The sigma phase was also
ture were smaller than the excitation area from the elecpresent in the samples annealed at°@but with a
tron beam, so accurate analyses would not be possiblewer intensity. This phase was not detected after an-

nealing at temperatures above 1000Fig. 1a, b and

¢ show the diffraction patterns of samples annealed at
3. Results 850, 950 and 105 respectively. A relationship be-
3.1. X-ray diffraction tween the intensity of the peaks corresponding-o
The X-ray diffraction pattern of duplex stainless steel inferrite ando phase is observed in these diagrams. The
the as-received sheet shows the presence of two phasésgher are ther phase diffraction peaks, the lower are
s-ferrite andy-austenite. Compared to the theoreticalthe ferrite peaks. On the other hand, the difference in
intensities ofs-ferrite andy-austenite, enhanced in- the intensity of the austenitic peaks for the various an-
tensity of the (200) peak of ferrite and (220) peak ofnealings was not so pronounced.
austenite was found. This suggests that a texture is de- Fig. 2 shows the volume fraction changes of each
phase after annealing for 1.5 h at different temperatures.
An increase in the volume fraction of the phase is
accompanied by a decrease of thg@hase, while the
amount of austenite was estimated to be about 45% in
volume independently of the annealing temperature.

The broad diffraction peaks present in the diffrac-

tion pattern of the as-received sheet sharpen after an-
nealing for 1.5 h at temperatures ranging from 800 to
1100°C. This effect can be attributed to a recrystalliza-
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wfE T ¢ Ferite tion process. The diffraction peaks corresponding to the
: 2.:;:‘“‘ ferrite and austenite occupy the same position in the

10 ¢ as-cast and annealed materials. Thus, the values of the

: \ lattice parameter deduced by the least squares method

0 ettt 1 did not depend on the annealing temperature. Values
750 800 850 900 950 1000 1050 1100 1150 of 0.3608 nm for the austenite and 0.2882 nm for the

T, © . .
»°C ferrite were obtained. For thephase, the value for the
Figure 2 Volume fraction changes af, y, ando phases after annealing @ @ndc axis measured were 0.8833 and 0.46061 nm,

for 1.5 h at different temperatures. respectively.
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Figure 3 Schematic representation of the most important fiber textures in the three dimensional Euler angle space.
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3.2. Texture @1-sections through the Euler space. According to the
The texture analysis was performed by means of theécheme of Fig. 3, it can be concluded that the texture
ODF. As both phases ferrite and austenite presertomponents developed during cold rolling (and thus
a cubic crystal symmetry, the orientation density,after annealing) of the duplex stainless steel are dis-
f(g), was represented in the reduced Euler spac#ibuted mainly along four fiberg-fiber (ND|| (100)),
(0< ¢1,¢, 92 <m/2). The rolling texture components a-fiber (RD|| (110), ¢-fiber (ND| (110) and a weak
in steels concentrate along fibers, which are defined by-fiber (ND|| (111)), where RD is the rolling direc-
an orientation rotated around a given axis. The mostion and ND is the direction parallel to the sheet
important fibers are schematically represented in théormal.
three dimensional Euler angle space in Fig. 3. In order to show in more detail the changes in texture
Complete experimental ODFs of ferrite and austenin the material after annealing, the orientation density
ite cold rolling texture are presented in Fig. 4a and b a@long these four fibers is given in Fig. 5a to d for both

Figure 4 Complete experimental ODFs of (a) ferrite and (b) austenite in the as-received material.
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Figure 5 Orientation density along the (&)fiber, (b)x-fiber, (c)¢-fiber, and (dy-fiber in the as received and the annealed materials.

phases austenite and ferrite. In the case of the ferriteeature: the formation of a strorggfiber, for which the
these plots show: mean component is the brass compongdi{} (112
in Fig. 5¢). After annealing at 105@, the volume frac-

1. A marked decrease in the intensity of théiber  tion of the¢-fiber decreases (from 24 to 15%), while
after annealing (Fig. 5a). Thus, the volume fraction ofincreasing the intensity of the other three fibérdiber
crystallites belonging to this fiber calculated from thefrom 10 to 18%«-fiber from 14 to 19%, ang-fiber
ODF decreased from 35% in the as-received materigrom 2 to 3%).
to 20% after annealing at 1090 for 1.5 h.

2. A decrease after annealing in the relative ori-
entation density difference betwed¢f01 (110 and 3.3. Microstructure
{112(110 on the «-fiber, while the component The microstructural features of duplex stainless steels
{1113(110 remains practically constant (Fig. 5b). In observed are significantly influenced by thermome-
this case, the volume fraction of crystallites belongingchanical processing routes and additional annealing.
to this fiber decreased from 27% in the as-received maMmlicrostructure of the as-received material consists of a
terial to 19% after annealing at 108Dfor 1.5 h. duplexs—y microstructure, with island-like austenitic

3. An increase in the density of all the orientationsgrains in a more or less continuous matrix of ferrite,
included on the¢-fiber, remaining in the annealed as is shown in Fig. 6. These austenitic grains are elon-
material a weak preference for the Goss componengated with an average size of 6, 20 ang4f along the
{110}(001) (Fig. 5c). The volume fraction of this fiber normal, transversal and rolling direction, respectively.
increases from 12% in the as-received material to 18% During annealing at 85C, a recrystallization of
after annealing at 105 for 1.5 h. the material occurs, as observed in Fig. 7a. This fig-

4. The orientation density along tlrefiber is hardly  ure shows a fine microstructure consisting of austenitic
affected by the annealing at 108Dfor 1.5 h (Fig. 5d).  grains of about 1gcm grouped in colonies, surrounded
This texture is the weakest with a volume fraction of 4by a laminar microstructure. This figure also shows the
and 3.5% in the as received and the annealed materialsresence of small particles along the austenitic grain
respectively. boundaries. Qualitative microanalysis of these particles

by EDXS shows a high level of Cr and Mo, characteris-

On the other hand, as shown in Fig. 5a to d, the coldic of theos phase. On the other hand, the laminar struc-
rolling texture in the austenite reveals a very differentture is constituted by particles efphase, not dissolved
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Figure 7 Microstructure after annealing for 1.5 h at 880 (a) Optical and (b) SEM micrographs.
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Figure 8 Microstructure after annealing for 1.5 h at 980 (a) Optical and (b) SEM micrographs.

by the etching used, and new austenite phase. A detailurthermore, some isolated austenitic grains inside the
of this microstructure is presented in Fig. 7b. In addi-untransformed delta-ferrite are also observed in Fig. 8b.
tion to theo phase, the existence of some amount of The microstructure after annealing at 1060for
delta ferrite grains in such lamella was confirmed by1.5 h is presented in Fig. 9a and b. The figure shows
X-ray diffraction, as shown in Fig. 1a. However, it was a binary microduplex microstructure consisting of
impossible to discriminate the phases by SEM becausaustenitic grains of about 15m grouped in colonies
of their small size. in a matrix of ferrite grains. As in austenitic stainless
The microstructure of the material after annealing atsteels, the austenitic grains usually present twins.
950°C is presented in Fig. 8a and b. Although the exis- The partitioning of the alloying elements in the
tence of a structure consisting &f y ando phases phaseswas analyzed by EDXS in the as-received mate-
was confirmed by X-ray diffraction, the microstruc- rial, as well as after annealing at 950 and 1G50The
ture differs from that presented in Fig. 7. As for the results are summarized in Table |. This table shows only
material annealed at 850, small austenite grains are small differences in the composition of the ferrite and
grouped in coarse islands formed during the solutiorthe austenite after annealing at both temperatures. It is
treatment. However, the microstructure of the matrixworth noting the high concentration of Ni in austenite
phase is completely different. At this annealing temper-and of Cr and Mo in the phase.
ature, ahigher volume fraction of retained delta ferrite is
observed in the place occupied by the laminar structure
in Fig. 7aand b. The sigma phase is mostly placed atth4. Discussion
primitive ferrite/austenite interphase of the as-receivediexture analysis and metallographic studies of the
material, but also some small amount of sigma parti-s-ferrite/austenite duplex stainless steel in the as-
cles are observed along the austenitic grain boundarieseceived material and after annealing for 1.5 hours at
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TABLE | Microanalysis results in weight per cent of the phases present in the duplex stainless steel in the as-received condition and after annealing
at 950 and 105 for 1.5 h

Fe Cr Ni Mo Mn Si
As received
Ferrite 65+ 1 24+ 1 5.14+0.2 3.3+0.2 1.5+0.2 1.1+0.1
Austenite 66t 1 22+ 1 7.0+£0.2 2.1+0.2 1.7+£0.2 1.2+0.1
Annealed at 950C
Ferrite 65+ 1 24+ 1 4.7+0.2 3.4+0.2 1.5+0.2 1.4+0.1
Austenite 66t 1 22+1 6.94+0.2 2.3+0.2 1.7+£0.2 1.1+0.1
o Phase 561 30+1 3.3+0.3 8.2+1 1.5+0.2 1.0+£0.1
Annealed at 105@C
Ferrite 64t 1 25+ 1 5.0+0.2 3.3+0.2 1.5+0.2 1.2+0.1
Austenite 66t 1 22+1 7.1+0.2 2.2+0.2 1.7+£0.2 1.1+0.1

L
’lavi‘\ 138 (9

Figure 9 Microstructure after annealing for 1.5 h at 1080 (a) Optical and (b) SEM micrographs.

temperatures above 88D indicate the existence of change in the texture is a consequence of recrystalliza-
static recrystallization. After a cold rolling reduction tion during annealing as confirmed metallographically.
of about 50% at room temperature the microstructuréds shown in Figs 7-9, these elongated austenitic grains
of the sheet consists of austenitic island-like grains in dransform to colonies of equiaxic small grains lower
ferritic matrix. These austenitic grains lay elongated inthan 15xm in size, to form the final microduplex mi-
the rolling direction, and a strong texture is observed incrostructure.

both, austenite and ferrite. After annealing at tempera- The present study shows that the texture found in the
tures above 85, the orientation density of the strong ferrite is different from that found in other ferritic steels
rolling components decrease as observed in Fig. 5. Thisontaining a high amount of Cr (up to 17 wt%), where
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the main component are the andy-fibers [18]. As  of austenite transforminto colonies of fine and equiaxic
shown in Fig. 5a and b, the dominant texture compo-grains of 10 to 15um in size. On the other hand,
nents in the ferrite are located in tide and «-fiber,  precipitation of sigma phase particles at grain bound-
with a volume fraction of grains belonging to thesearies is observed at annealing temperatures up to
fibers of 35 and 27%, respectively. These initial strong®50°C.
components decreased after recrystallization to a vol- 3. Delta ferrite islands transform to a laminar struc-
ume fraction of 20 and 19%, respectively. At the sameture consisting of ferrite, austenite anghase during
time the volume fraction of the-fiber increased from annealing at temperatures below 960 The forma-
12 to 18% after annealing for 1.5 h at 1080 Although  tion of sigma phase and austenite from ferrite occurs in
these values would indicate the presence of a strong texwo steps. First a precipitation of tle phase occurs,
ture in the annealed material, an integration of the ODFand then the austenite can be formed from the iron and
for arandom oriented material between the same limitsiickel enriched ferrite.
used for these calculations led to values of the volume 4. Texture components developed during the rolling
fractions of 10, 12 and 15% for tite, ¢-, anda-fiber,  process are distributed mainly along thefiber
respectively. This corresponds to a weak texture of théND || (100)) and thex-fiber (RD|| (110) for the fer-
annealed material. rite and thez -fiber (ND|| (110) for the austenite. Af-
Onthe other hand, the main components of therollinger recrystallization, a decrease in the intensity of the
texture of austenite are distributed along théiber.  mean fibers and an increase of the minor components
This fiber constitutes one of the two fibers experimen-was observed in both, ferrite and austenite. Therefore,
tally found in FCC metals after rolling [19]. After re- a similar weak texture was reached in both phases after

crystallization, the mean component of the fiber, whichannealing at 105.

is the brass componeff®11}(112), disappears, as ob-
served in Fig. 5¢. Thus, the texture of both, ferrite and
austenite, is similar after annealing at 1060

Acknowledgements

Precipitation of ther phase during annealing at tem- This work was sponsored by the Conaisilntermin-
peratures up to 95C has been confirmed by X -ray isterial de Ciencia y Tecnolag(CICYT) under Grant
diffraction (Fig. 1) and metallographic studies (Figs 7 MAT 97/0700.

and 8). Although this phase can be formed from both
ferrite and austenite, Figs 7 and 8 show low volume
fraction particles o& phase included in the colonies of
grains of austenite. Thus, thephase is mainly formed

from ferrite, and consequently the intensity of diffrac- ».
tion peaks of ferrite in Fig. 1 decreases when the 3.
phase appears. 4.
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18.

5. Conclusions

a microstructure of austenitic grains elongated along
the rolling direction in a ferrite matrix.
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