
1. Introduction

Nitrogen in solid solution in stainless steels improves
their mechanical properties and corrosion resistance.1) It
also causes a great enlargement of the austenitic field.1–3)

On the other hand, the solubility of nitrogen in Fe–Cr–Ni or
Fe–Cr–Mn–Ni austenites decreases considerably with de-
creasing temperature1–3) and chromium nitride precipitation
can take place. The aging behaviour of the 18%Cr–18%Mn
austenitic stainless steel containing high level of nitrogen
(0.6 wt%) has been studied.4) The exposure of this steel to
temperatures between 700 and 900°C caused Cr2N precipi-
tation.4) Nitride precipitation in high nitrogen austenitic
stainless steels can occur both continuously or discontinu-
ously, however discontinuous precipitation is favoured at
high nitrogen supersaturation.2,3) Nitride precipitation is
deleterious to the steel mechanical and corrosion proper-
ties. Sigma phase precipitation was not mentioned in the
work done by Presser and Silcock.4) On the other hand,
sigma precipitation is very common and abundant in duplex
stainless steels containing lower levels of nitrogen5) and it
was also detected in high nitrogen austenitic stainless steels
after nitride precipitation.2,3,6) Sigma phase precipitation
shows much faster kinetics in duplex stainless steels than in
single-phase austenitic or ferritic types.5,7) The ferrite/
austenite interfaces act as preferred sites for sigma nucle-
ation and besides that diffusion is much faster in ferrite

than in austenite. Sigma phase causes chromium impover-
ishment near the precipitates and decreases of the corrosion
resistance. Furthermore, sigma phase is very hard, fragile
and it induces the deterioration of impact toughness.8)

In this work a nickel free 25%Cr–17%Mn–0.54%N (in
wt%) steel was studied, which has a duplex ferritic–
austenitic microstructure. The nitrogen and manganese con-
tents are relatively high, but not enough to completely sta-
bilize the austenite. The main objective of this investigation
was to study the precipitation of nitrides and other phases,
especially sigma, in a wide range of temperatures and times
with the aid of various complementary techniques of mi-
crostructural analysis.

2. Experimental Procedure

The stainless steel studied in this work, initially had a
cast duplex ferritic–austenitic microstructure. The solution
annealing heat treatment was done at 1 050°C for 2 h fol-
lowed by quenching in water. Its chemical composition
(wt%) was 25.80% Cr, 17.21% Mn, 0.035% C, 0.54% N,
1.12% Si, 0.11% Ni, 0.04% V, 0.026% Al, 0.012% P and
0.04% S. After solution annealing, aging heat treatments
were carried out in the temperature range of 600 to 
1 000°C, for periods of time between 15 and 6 000 min. The
samples were quenched in water after aging heat treat-
ments. The dimensions of all the heat treated specimens
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were about 53535 mm in order to avoid phase transforma-
tions during cooling (quenching in water).

The microstructures were analyzed by several comple-
mentary techniques. The metallographic sample prepara-
tion consisted of grinding with #1000 emery paper, 1 mm
diamond polishing and further electrolytic etching. The
electrolyte composition was 700 ml ethanol, 120 ml dis-
tilled water, 100 ml 2-butoxyethanol (butyl glycol) and 80
ml perchloric acid (60%). The electrolyte was kept at 0°C
and a tension of 20 V was applied for 20 sec. The speci-
mens for general microscopical examinations were etched
at 70°C for 20 to 60 sec in V2A-Beize etchant.9) The mi-
crostructures of the samples were examined by optical and
scanning electron microscopy. The crystal structures of the
various phases were determined by X-ray diffraction mea-
surements on polished surfaces with the aid of a diffrac-
tometer. Copper Ka1 radiation was used. The chemical
compositions of the different phases were investigated by
energy dispersive analysis. The amount of ferromagnetic
phases was determined using the magnetic induction
method (Fischer Permascope® M11 D; with a 0.1% ferrite
detection limit). Vickers hardness (with a 0.2 kg load) of all
the specimens was also measured.

3. Results

The results will be presented in the two major sections as
follows: solution annealed condition and aged condition.
The aged condition will be subdivided in three subsections:
phase transformations in ferrite, phase transformations in
austenite and time–temperature–transformation (TTT) dia-
grams.

3.1. Solution Annealed Condition

The microstructure and the results of X-ray diffraction of
the studied steel in the solution-annealed condition are
shown in Figs. 1 and 2, respectively. Vickers microhard-
ness, volumetric fraction of the phases and chemical com-
position of ferrite and austenite, by using scanning electron
microscopy with energy dispersive analysis, are shown in
Table 1.

3.2. Aged Condition

Aging heat treatments between 600 and 1 000°C led to
several phase transformations in the 25%Cr–17%Mn–
0.54%N duplex stainless steel samples. Figure 3 shows the
results of X-ray diffraction of the sample aged at 860°C for
10 h. The diffractometer pattern shows the presence of
sigma phase11) and chromium nitride ((Cr,Fe)2N)12) in this
sample. On the other hand, ferrite was not present after the
aging heat treatment.

For the sake of simplicity results of phase transforma-
tions in ferrite and in austenite are presented separately in
the following sections.

3.2.1. Phase Transformations in Ferrite.
Ferrite is a ferromagnetic phase and some of its phase

transformations can be followed by measuring this proper-
ty. After aging heat treatments, the magnetism of all the
samples was measured by using a ferritoscope. These re-
sults are displayed in Table 2. The aged samples show a de-
crease of the magnetism as a consequence of ferrite decom-

position into another phase or other phases. Ferrite decom-
position occurred rapidly in the range of temperatures be-
tween 700 and 860°C.

Scanning electron microscope images of some samples
after aging heat treatments were taken by using secondary
or back scattered electrons, as shown by Figs. 4 and 5, re-
spectively. These micrographs show the presence of two
phases in the transformed parent ferrite as a result of ferrite
decomposition.

In the same temperature range of ferrite decomposition,
sigma phase could be identified by using X-ray diffraction
(Fig. 3). Austenite was also identified in the same time–
temperature range by using scanning electron microscopy
with back scattered electrons images and chemical micro-
analysis. Table 3 shows the chemical composition results of
phase analysis.
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Fig. 1. Microstructure of the 25%Cr–17%Mn–0.54%N steel in
the solution annealed condition: 1 050°C for 2 h followed
by quenching in water. Optical microscopy. Etching:
V2A Beize. F indicates ferrite and A indicates austenite.

Fig. 2. X-ray diffraction pattern of the 25%Cr–17%Mn–0.54%-
N steel in the solution annealed condition: 1 050°C for 
2 h followed by quenching in water. CuKa1 radiation. F
indicates ferrite and A indicates austenite.

Table 1. Volumetric fraction, Vickers microhardness and
chemical composition by using scanning electron mi-
croscopy with energy dispersive analysis of the phas-
es of the 25%Cr–17%Mn–0.54%N steel solution an-
nealed at 1 050°C for 2 h and quenched in water.



Chemical composition measurements showed higher lev-
els of chromium and silicon in the sigma phase areas than
in the austenite areas. The sigma phase identification was
straightforward because this phase occurrence is favoured
in ferrite and in ferrite–austenite interfaces. Austenite was
easily identified due to its chemical composition analysis,
which showed the lowest level of chromium.

Table 4 shows the results of Vickers microhardness of
the samples aged at 860°C for 15, 60 and 600 min and
quenched in water. Aging for only 15 min was enough to

cause a microhardness increase of about 600 HV.

3.2.2. Phase Transformations in Austenite
Austenitic regions, e.g. austenitic grains in the mi-

crostructure of the duplex steel, had about 1.0 wt% of nitro-
gen in solid solution,10) in the solution annealed condition.
Aging heat treatments caused chromium nitride precipita-
tion, as shown in Fig. 5. These nitrides were identified as
Cr2N

12) using X-ray diffraction (Fig. 3). Nitride precipita-
tion displayed a typical morphology and it looks like car-
bon steel pearlite. This morphology is a result of discontin-
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Table 2. Magnetic measurements (in vol %) of aged samples using a ferritoscope.

Fig. 3. X-ray diffraction pattern of the 25%Cr–17%Mn–
0.54%N steel in the aged condition: 860°C for 10 h fol-
lowed by quenching in water. CuKa1 radiation. A indi-
cates austenite, N indicates chromium nitride and S indi-
cates sigma phase.

Fig. 4. Scanning electron microscopy micrograph of the sample
aged at 900°C for 1 h followed by quenching in water.
Secondary electrons. A indicates austenite, S indicates
sigma phase and F indicates the parent ferrite. Etching:
V2A-Beize.

Fig. 5. Scanning electron microscopy micrograph of the sample
aged at 860°C for 10 h followed by quenching in water
showing a region near the ferrite–austenite interface.
Back scattered electrons. A indicates austenite, N indi-
cates chromium nitride and S indicates sigma phase.
Etching: V2A-Beize.

Table 3. Chemical composition of sigma phase and austenite
(wt%), products of ferrite decomposition, in the sam-
ple aged at 860°C for 10 h.

Table 4. Vickers microhardness of parent ferrite after aging
heat treatments at 860°C.



uous precipitation and is called “false pearlite”.13) X-ray dif-
fraction analysis combined with observations using optical
and scanning electron microscopy made the identification
of chromium nitride possible as well as the precipitation
mode. Some chromium nitrides seem to precipitate at fer-
rite-austenite interfaces as shown in the Fig. 5. This behav-
iour is more characteristic of the samples aged at low tem-
peratures for longer periods of time. Sigma phase formation
was observed in austenite as well, and it occurred near the
chromium nitride discontinuously precipitated colonies.

Figures 6 and 7 show the morphology of chromium ni-
trides and sigma phase formation. Figure 6 also shows
cracks in the regions of transformed parent ferrite.

Table 5 shows results of austenite lattice parameter mea-
surements obtained by using X-ray diffraction after solution
annealing and after some aging heat treatments. These re-
sults show a decrease in the lattice parameter of austenite
during the aging heat treatments. The decrease of the
austenite lattice parameter was caused by the nitrogen im-
poverishment of the solid solution due to chromium nitride
precipitation. Table 6 shows Vickers microhardness mea-
surements of parent austenite after chromium nitride pre-
cipitation and sigma phase formation. Vickers microhard-
ness measurements give an additional evidence of sigma

phase formation in austenite. Sigma phase, like chromium
nitride, is very hard.

Table 7 displays the chemical composition of sigma in
parent austenite. Sigma phase formed in austenite shows
lower levels of chromium than that formed in ferrite.

Figure 8 shows precipitation in the parent ferrite and in
the parent austenite. In Fig. 8 it can be observed austenite
transformation close to completion into chromium nitrides
and sigma phase.

3.2.3. Time–Temperature–Transformation (TTT) Diagrams
The results of this work made it possible to drawn the

TTT diagrams shown in Fig. 9. The comparison between
the precipitation kinetics results of this paper (Fe–Cr–Mn
system) to the kinetics results of the Fe–Cr–Ni systems2,3)

shows that Fe–Cr–Mn has slower precipitation reactions.
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Fig. 6. Scanning electron microscopy micrograph of the sample
aged at 860°C for 1 h indicates that parent ferrite phase
transformed into sigma phase and austenite. Back scat-
tered electrons. A indicates austenite, N indicates
chromium nitride and F indicates the parent ferrite.
Etching: V2A-Beize.

Fig. 7. Scanning electron microscopy micrograph of the sample
aged at 860°C for 1 h. Back scattered electrons. S indi-
cates sigma phase. Etching: V2A-Beize.

Fig. 8. Scanning electron microscopy micrograph of the sample
aged at 860°C for 10 h followed by quenching in water.
Dark regions show chromium nitride precipitation, light
regions show sigma phase precipitation. Back scattered
electrons. Etching: V2A-Beize.

Table 6. Vickers microhardness of parent austenite (A) after
the aging heat treatments at 860°C.

Table 7. Chemical composition of sigma phase in austenite
(wt%) in the sample aged at 860°C for 10 h followed
by quenching in water.

Table 5. Lattice parameters of austenite after solution anneal-
ing and after aging heat treatments at 860°C.



4. Discussion

In the literature,4,6,14) it can be frequently found precipita-
tion studies in steels with similar composition, although
their levels of chromium were always lower than that of the
steel used in present work. Besides that, those works deal
with austenitic steels instead of duplex steel. The nitrogen
content of the 25%Cr–17%Mn steel used in this work was
not enough to completely stabilize the austenite phase.
High levels of chromium and the weak austenitizing effect
of manganese, which is lower than that of nickel, led to a
duplex microstructure of 25%Cr–17%Mn–0.54%N steel in
instead of an austenitic one.

The ferrite phase of the present steel is very unstable at
aging temperatures between 600 and 1 000°C. The results
showed that aging heat treatments of only 15 min were
enough to produce ferrite decomposition. The replacement
of parent ferrite by sigma phase and austenite shows that
ferrite decomposition in the studied steel occurred by the
eutectoid reaction: ferriteßsigma phase1austenite (a5
s1g).

It was also observed the occurrence of cracks in the sam-
ples after some aging heat treatments. Sigma phase is frag-
ile and the cracks probably occurred during quenching.

The austenite of the duplex stainless steel had a very
high nitrogen content; about 1.0 wt%. This high nitrogen
supersaturation favoured the discontinuous mode of
chromium nitrides precipitation.2,3) Discontinuous precipi-
tation of chromium nitrides was observed in steels with
similar composition,4,6,14) however with a fully austenitic
microstructure. There were some peculiarities in discontin-
uous precipitation occurrence in the steel used in the pre-
sent study: i) the occurrence of discontinuous precipitation

of nitrides in a duplex stainless steel was observed for the
first time; ii) the discontinuously precipitated colonies were
predominantly found inside the grains; iii) it was not ob-
served continuous precipitation of nitrides inside the grains
such as in another austenitic steels with high nitrogen con-
tent.2,3)

Sigma phase formation occurred in austenite near dis-
continuously precipitated chromium nitride colonies.
Besides that, sigma does not dissolve nitrogen and its pre-
cipitation should occur in the nitrogen-impoverished re-
gions. Sigma phase in austenite must be an evidence of the
nitrogen gradient formation near the reaction front during
discontinuous precipitation. A possible reason for the exis-
tence of a nitrogen gradient is the great difference between
the diffusion coefficient of nitrogen and the diffusion coeffi-
cient of chromium in the matrix. The reaction that describes
sigma phase formation in austenite probably is one of the
two reactions: 1. austenite impoverished in nitrogenßfer-
rite (g↓Nßa) and then ferriteßsigma phase1austenite
(aßs1g) or 2. austenite impoverished in nitrogenßsigma
phase (g↓Nßs).

5. Conclusions

The experiments performed in this work, the analysis and
discussion of the results lead to the following conclusions.

(1) Nitrogen addition of 0.54 wt% to the 25%Cr–
17%Mn steel was not enough to form a fully austenitic mi-
crostructure; consequently a ferritic–austenitic duplex mi-
crostructure was formed.

(2) The ferritic phase of the duplex microstructure de-
composes very fast into sigma phase and austenite by the
eutectoid reaction: ferriteßsigma phase1austenite. (a5
s1g).

(3) The phase that first precipitates in the austenite of the
duplex microstructure was the chromium nitride. This
phase occurred with a peculiar morphology, similar to
pearlite in carbon steels.

(4) Sigma phase was also formed in the austenitic phase
after chromium nitride precipitation and it occurred near
the nitrides colonies.

(5) The reaction that describes sigma phase formation in
austenite indicates that one of the two possibilities can
occur: 1. austenite impoverished in nitrogenßferrite (g↓Nß
a) and then ferriteßsigma phase1austenite (aßa1g) or
2. austenite impoverished in nitrogenßsigma phase
(g↓Nßs).

(6) Chromium nitrides precipitation in austenite was
slower in the Fe–Cr–Mn–N system (present work) than in
the Fe–Cr–Ni–N system (literature).
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