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THE EFFECT OF DEFORMATION AND ANNEALING ON SIGMA PHASE PRECIPITATION IN DUPLEX STEELS

WPLYW ODKSZTALCENIA I WYZARZANIA NA WYDZIELANIE FAZY SIGMA W STALACH DUPLEX

The present work concerns the influence of deformation and annealing conditions on sigma phase precipitation in two

model ferritic-austenitic steels of duplex type X1CrNi24-6 and X4CrNiMo24-6-2. After the preliminary thermo-mechanical
treatment both steels were subjected to cold rolling up to 70% and 90% of reduction and subsequent annealing within the
temperature range 600-800°C for various time. X-ray investigations included the phase analysis and texture measurements of
the component phases, i.e. austenite (y), ferrite (@) and sigma phase (). Microstructure observations were conducted by means
of optical, scanning and electron microscopy. The results of texture and microstructure analysis indicate that the mechanisms
of sigma phase precipitation; @ — ¢ and @ — ¢ +7’, depend on chemical composition and degree of deformation as well as
temperature and time of annealing.
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Prezentowana praca dotyczy analizy wplywu odksztatcenia i warunkéw wyzarzania na wydzielanie fazy sigma w dwéch
modelowych stalach ferrytyczno-austenitycznych typu duplex X1CriNi24-6 i X4CrNiMo24-6-2. Obie stale po wstepnej obrébce
cieplno-mechanicznej poddano walcowaniu na zimno do 70% i 90% odksztalcenia a nastepnie wyzarzano w zakresie tem-
peratur 600-800°C w réznym czasie. Badania rentgenowskie obejmowaly analize fazowa, pomiary tekstur sktadowych faz:
austenitu, ferrytu i fazy sigma. Obserwacje mikrostruktury przeprowadzono przy uzyciu mikroskopu §wietlnego, skaningowego
1 elektronowego. Wyniki tekstury i analiza mikrostruktury wskazujg na to, ze mechanizm wydzielania fazy sigma o — o

i — o+ zalezy od skladu chemicznego, stopnia odksztalcenia jak réwniez temperatury i czasu wyzarzania.

1. Introduction

Duplex steels exhibit favourable combinations of
mechanical properties and corrosion resistance in com-
parison to one phase austenitic and ferritic stainless
steels [1]. Very important from the view point of the
most important properties of these steels are the pre-
cipitation processes of intermetallic phases, especially
sigma phase, which usually nucleates within the temper-
ature range above 600°C up to 900-950°C in the case
of high-alloy steels. Sigma phase shows complex tetra-
gonal structure, comprising 30 atoms in unit cell, which
are arranged in layers. The process of sigma phase
precipitation proceeds either by direct nucleation from
ferrite (@ — o) or through the eutectoid decomposi-
tion of ferrite into sigma phase and secondary austenite
(@ = o +79") [2-7]. The results of number of inves-
tigations indicate that the mechanisms of sigma phase

precipitation strongly depend on chemical composition,
as well as deformation and annealing conditions [8-11].
In chromium steels sigma phase has composition Fe-Cr
and usually precipitates within the temperature range
below 820°C [8,12]. On the other hand formation of
sigma phase in high alloyed steels, containing additio-
nally for example molybdenum and tungsten, is shifted
to higher temperatures since tendency to o--phase preci-
pitation results from joined influence of chromium and
the other elements [2-4]. Simultaneously constitution
of sigma phase in high alloy steels is more complex,
for example (CrM)Fe. The technological processes for
duplex steel production include usually hot-deformation
with intermediate and/or subsequent annealing followed
by cold-deformation. That is why it is very important
to determine the influence of deformation and annealing
conditions on o-phase precipitation in duplex type steels
with different chemical compositions.
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TABLE 1
Chemical composition of two-phase steels (in wt.%)
Steel Cr Ni Mo C N Mn Si S P Al
A 23.7 6.0 0 0.009 0.0122 1.23 0.34 0.01 <0.008 <0.02
B 24.3 6.44 1.57 0.04 0.014 1.29 1.02 0.013 <0.009 0.009

2. Material and experimental procedure

The materials investigated in the present research
were two model stainless steels of duplex type,
X1CrNi24-6 (steel A), and X4CrNiMo24-6-2 (steel B),
with the chemical compositions given in Table 1. In both
steels the volume fraction of ferrite and austenite were
estimated at Vg ~ 60%, V, ~ 40%. That is why the fer-
ritic @-phase was more continuous and constituted the
matrix with islands of the austenitic y-phase.

The steel ingots were industrially homogenized and
hot-worked at the temperatures 900-1000°C. Further
processing included solution treatment, that is anneal-
ing at temperature 1100°C for 3-6 hours with subse-
quent quenching in the water. After the preliminary
thermo-mechanical treatment the steels were subjected to
reversed rolling at the room temperature within the range
up to 70% and 90% of thickness reduction. Following
the process of cold-rolling the specimens were annealed
at temperatures 600°C, 700°C and 800°C for 30 minutes,
1 and 10 hours with subsequent water quenching.

X-ray investigations were conducted by means of
Bruker diffractometer D8 Advance, using Co K, radia-
tion (Ag, = 1.79 A). X-ray examination included the
texture measurements and the phase analysis from the
centre layers of the sheets. The incomplete pole figures
were recorded of three planes for each of the component
phases, namely; {111}, {200}, {220} planes for austenite
and {110}, {200}, {211} for ferrite. In the case of sigma
phase the {420}, {410}, {331} and {411} pole figures were
measured. Microstructure observations were carried out
from the longitudinal sections (ND-RD) of the sheets
by means of Leica optical microscope, Stereo-Scan
scanning microscope and JEM200CX electron micro-
scope.

3. Results

The results of the X-ray diffraction analysis for
both examined steels are presented in figures 1,2 and 7,
8. Measurements of the orientations distribution sigma
phase are given in the form of pole figures 6, 10 and 11.
The microstructure observations (Figs. 3-5, 9) are con-
centrated on the analysis of the o-phase precipitation.
From all the microstructure examination it results that

sigma phase precipitation proceeded within the tempe-
rature range 600-800°C in the steel A and above 800°C
in the steel B.
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Fig. 1. Difraction patterns after 90% of rolling deformation and an-
nealing at temperature from the range 600-800°C for 1 hour for
steel A
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Fig. 2. Difraction patterns after 90% of rolling deformation and an-
nealing at temperature from the range 600-800°C for 10 hours for

steel A

In the case of steel A (i.e. without Mo addition) the
strongest diffraction effects concerning o-phase preci-
pitation were observed after annealing at the tempera-
ture 700°C for 10 hours (Fig. 2). For the applied tem-
perature range the strongest diffraction peaks for sigma
phase were 4100~ and 4200. With increasing annealing



temperature a decrease of orientation density was ob-
served in ferrite especially from {100} planes parallel to
the rolling plane. It is assumed that the weakening of
the ferrite texture is the result of the o-phase precipi-
tation. On the other hand prolongation of the annealing
time from 1 hour to 10 hours caused an increase in the
intensity of 220y and 311y austenite peaks. Such an
effect presumably indicates at eutectoid decomposition
of ferrite into the sigma phase and secondary austenite
(@ - o +7).

Microstructure observations (Figs. 3-5) conducted
after 70% and 90% of rolling reduction and subsequent
annealing at 700°C show the effect of deformation de-
gree on the mechanism of o-phase nucleation. In the
case of specimens after 70% reduction the precipitates
of sigma phase were observed mainly along deforma-
tion bands (Fig. 3a) whereas in specimens deformed up
to 90% of rolling reduction the arrangement of sigma
phase precipitates is parallel to the rolling plane seems
like along the ferrite/austenite interphases (Fig. 4). The
amount of o-phase was obviously increasing with the
annealing time, since the precipitates were growing deep
into the ferrite areas [13].

Fig. 3. Microstructures of the steel A after 70% reduction and anneal-
ing at: (a) 700°C/30" optical microscope and (b) 700°C/2h scanning
microscope

The analysis of the o-phase texture was carried out
based on the (410) and (420) pole figures. Figures 6a
and b present the texture of o-phase for the case of
steel A after annealing within the temperature range
600-800°C for 1 and 10 hours. The character of pole
figures was similar for all the applied annealing tempe-
ratures. After annealing for 1 hour (Fig. 6a) the (001)
planes were parallel to the rolling plane, whereas pro-
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longation of annealing up to 10 hours (Fig. 6b) resulted
in the change of the orientation. The texture exhibited
the maximum intensity for (420) and (410) planes i.e. in
the centre of the pole figures, which indicate at the fibre
character of the sigma phase texture.

Fig. 4. Microstructures of the steel A after 90% reduction and an-
nealing at: (a) 700°C/30" and (b) 700°C/2h optical microscope

A

Fig. 5. Microstructures of the steel A after 90% reduction and an-
nealing at: (a) 700°C/10h electron microscope and (b) 800°C/10h
scanning microscope

The results of X-ray diffraction analysis for steel B
(with 1.5%Mo addition) are given in figures 7 and 8.
The strongest diffraction effects concerning the o--phase
were observed after annealing at the temperature 800°C
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for 1 hour. The appearance of sigma phase caused sig-
nificant weakening or decay of the 200« and 211« peaks
from ferrite, indicating at complete decomposition of
the a-phase. Simultaneously the intensity of the 220y,
200y and 311y austenite peaks considerably increased.
Both effects seem to indicate at the eutectoid decom-
position of ferrite into o-phase and secondary austenite
(¢ —» o +v’). Comparison of diffraction pattern for
steels A and B registered at 800°C/1h/10h indicates at
relatively high amounts of o-phase within the structure
of steel B and very small amount (almost absence) of
o-phase in the case of steel A.

600°C

700°C
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Fig. 6. Pole figures {420} and {410} of the o-phase for steel A after
90% of deformation and annealing at 600°C, 700°C and 800°C for:
(a) 1 hour and (b) 10 hours
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Fig. 7. Diffraction patterns after 70% of rolling deformation and
annealing at temperature 800°C for 1 hour and 10 hours for steel B

Microstructure observations (Fig. 9) confirmed the
precipitation of sigma phase along entire width of fer-
rite bands. The process of o-phase precipitation led to
the appearance of areas depleted in ferrite stabilizing
elements, i.e. chromium and molybdenum, resulting in
formation of the secondary austenite (¢ — o +7y’) {14,

15]. In the case of steel B after 70% and 90% of defor-
mation and annealing at the temperature 800°C the major
components of the ¢-phase texture remained unchanged
regardless of the annealing time. The only changes con-
cern the texture intensity (Fig. 10). In all the analysed
cases the maximum intensity appeared in the centre of
the (420) and (410) pole figures indicating at fibre cha-
racter of the texture.
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Fig. 8. Diffraction patterns after 90% of rolling deformation and
annealing at temperature 800°C for 1 hour and 10 hours for steel B

Fig. 9. Microstructures of the steel B after 70% reduction and anneal-
ing at 800°C/2: (a) optical microscope and (b) electron microscope

Diffraction patterns in figures 1, 2, 7 and 8 show that
the peaks {110} for ferrite and {202}o for the sigma
phase are overlapping. Comparison of the pole figures
{110} and {110}a+{202}0 (Fig. 11) indicates at marked
similarity of both figures in steel A and clear differences
for the case of steel B.
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Fig. 10. Pole figures {420} and {410} of the o-phase for steel B after 70% and 90% of deformation and annealing
at 800°C for 1 and 10 hours
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Fig. 11. Pole figures {110} of ferrite after 90% reduction and {110}a+{202}c of ferrite and sigma phase after annealing at 800°C/10h for
steel A and steel B

The comparison of the ferrite {110} pole figure after
90% of deformation with the {202}0-+{110}a pole figure
after annealing at 800°C indicates that ferrite complete-
ly decomposed into o-phase and secondary austenite
(Fig. 11). It is suggested that in the case of steel B (with
1.5% Mo addition) the process of sigma phase preci-
pitation proceeds entirely through the decomposition of
ferrite. However in the case of steel A (without Mo) a
contribution of both mechanisms is possible i.e. direct
precipitation from ferrite and eutectoid decomposition
of ferrite.

4. Concluding remarks

Microstructure examination indicates that plastic de-
formation favors the nucleation of o--phase and the pre-
ferential sites for sigma phase precipitation after 70% of
reduction are deformation bands within the ferrite areas.
However at very high deformation degrees (ex. 90% re-

duction) the sigma phase precipitation proceeds along
the a/y phase boundaries, which are arranged parallel
to the rolling plane.

Based on the analysis of the orientation distribu-
tion and microstructure observations it is concluded that
the dominant mechanism of sigma phase precipitation in
both steels is the ferrite decomposition (@ — o + 7’).
However a certain contribution of the mechanism of di-
rect precipitation from ferrite (@ — o) is not excluded
in the case of steel A. Additionally, the texture analysis
indicates at the preferential precipitation of sigma phase,
which exhibits the fibrous character of its texture.

Analysis of diffraction patterns indicates that che-
mical composition affects the temperature range for sig-
ma phase nucleation. In the case of steel A the strongest
diffraction effects concerning o--phase precipitation were
observed after annealing at the temperature 700°C for 10
hours. In the case of steel B containing 1.5% of molyb-
denum strong diffraction effects due to sigma phase were



294

still observed after annealing at the temperature 800°C.
The precipitation of sigma phase is shifted towards high-
er temperatures due to presence of molybdenum within
the composition of steel B.
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