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A study of sigma phase formation, its characterization, and its effect on the properties of duplex stainless steel

2205 are presented. The steel has been heat treated according to the mode: heating to a temperature of 850°C,

holding during 6 h and cooling in various media, i.e., furnace, air, and water. The optical metallographic me-

thods reveal sigma phases within the ferrite region of the steel microstructure after all the heat treatments; a

slightly elevated amount of the phase is detected after cooling with the furnace. Some fine carbides and ni-

trides are encountered along with the sigma phase. The SEM and EDS characterization confirms that the

chemistry of the sigma phase is Fe – 12.2Cr – 2.1Mo. The hardness of the water-quenched steel is 336 HB,

which is 47% higher than its hardness before the heat treatment.

Key words: duplex stainless steel, heat treatment, microstructure, sigma phase, ferrite, em-

brittlement.

INTRODUCTION

Stainless steels containing over 11 wt.% Cr and other al-

loying elements possess a favorable combination of mecha-

nical and corrosion properties, good weldability and other

parameters [1 – 3]. Duplex stainless steels are superior to

single-phase steels [4, 5]. They are highly resistant tostress

corrosion cracking and pitting corrosion even in chloride en-

vironments. According to the pitting resistance equivalent

number (PREN), duplex stainless steels are classified into

three families, i.e., lean, standard and super ones. The higher

the value of PREN the more resistant the steel is to local pit-

ting corrosion stimulated by chlorides. The lean steels have

the lowest PREN, the super duplex steels have the highest

PREN. Despite the wide application of duplex stainless

steels in various articles serving in various environments,

they have a restricting factor, i.e., thermal embrittlement at

280 – 525°C. Embrittlement of this type is often referred to

as “embrittlement at 475°C,” because its rate is the highest

near this temperature [6]. The steels are embrittled due to

formation of a chromium-rich sigma-phase, and their corro-

sion resistance degrades simultaneously because the matrix

is depleted of chromium [7].

Sigma-phase commonly forms in the structure of the

steel under elevated temperatures, for example, in rolling,

welding, casting, aging, or forging [8 – 10]. If the duplex

stainless steel is heated to about 550°C or a higher tempera-

ture for a long time, its structure acquires a chi-phase, a

sigma-phase etc., and M
23
C
6
carbides form in ferrite grains

and on their boundaries. All these factors lower the mechani-

cal properties, and therefore it is important to detect the

sigma-phase in the structure of the steel [11, 12]. The

sigma-phase can be identified and studied in duplex steels by

electron microscopy (images in secondary and back-scat-

tered electrons), electron probe microanalysis, energy

dispersive x-ray spectroscopy, and wavelength dispersive

x-ray spectroscopy [13, 14].

The aim of the present work was to study the effects

of heat treatment modes on the structure and of the

sigma-phase on the hardness of duplex stainless steel 2205

(03Kh22N6M2).

METHODS OF STUDY

We studied duplex stainless steel 2205 (03Kh22N6M2)

supplied by the Aadhya Engineering Services in annealed

condition. By the data of the spectrum analysis, the steel

had the following chemical composition (in wt.%): 0.0289 C,

22.219 Cr, 4.530 Ni, 3.0163 Mo, 0.399 Si, 0.160 Cu,
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0.1100 Co, 0.1026 V, 0.0551 W, 0.0180 Nb, 0.0181 P,

0.0018 S, the remainder Fe.

Three groups of samples were hold for 6 h in a muffle

furnace at 850°C and then cooled in different environments,
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Fig. 1. Microstructure of 2205 DSS in various conditions (optical microscopy): a, b ) as-received (af-

ter annealing); c, d ) after 6-h hold at 850°C and cooling with the furnace; e, f ) in water; g, h ) in air;

a, c, e, g ) � 500; b, d, f, h ) � 1000.



i.e., with the furnace, in air, and in water. The temperature

fluctuation is the furnace did not exceed 10°C.

We measured the hardness of the samples using a Brinell

hardness tester. The surface of the samples was ground, po-

lished, and subjected to electrochemical etching in a solution

of 40% NaOH. The metallographic studies were carried out

using an optical microscope and a scanning electron micro-

scope. The compositions of the sigma-phase, ferrite and aus-

tenite were determined using energy dispersive spectroscopy

(EDS).

RESULTS AND DISCUSSION

Figure 1a and b present the microstructure of the steel in

the initial (annealed) condition. Figures 1c – h present the

microstructure after the heat treatment and cooling in diffe-

rent environments. In all the cases, the structure contains

austenite (white) islands incorporated into a gray matrix of

etched ferrite. The delta (brown) and chi phases occur on the

��� interfaces of grains and then grow into the region of fer-

rite. Nucleation of the sigma-phase starts on the ferrite�aus-

tenite interfaces, and then it grows only in the region of

delta-ferrite. The eutectoid decomposition of the delta-ferrite

causes a � � (� + �) transformation, i.e., the delta-ferrite is

substituted by a sigma-phase and secondary austenite with a

laminar-cellular structure. Optical microscopy has not re-

vealed changes in the sizes of the primary (initial) �-grains.

The high rate of the phase transformation is a result of the

presence of ferrite in the structure [15]. The content of the

sigma-phase increases with decrease of the cooling rate [16]

and is the highest after the furnace cooling. Precipitation of

sigma-phase is well observable only in the ferrite phase. The

sigma-phase is accompanied by precipitates of very fine car-

bides and nitrides (colored dark), which should raise the

strength of the steel. Different phases form in different times.

The sigma-phase precipitates after carbides, nitrides, and the

chi-phase. After a longer hold, the sigma-phase absorbs the

chi-phase, but the nitrides remain steady [17]. It should be

noted that we have not detected a chi-phase in the structure

of the steel after the slow cooling with the furnace (Fig. 1c

and d ).

Figure 2 presents the values of the microhardness of the

steel heat treated by different variants. It can be seen that the

hardness grows with increase of the cooling rate. This is con-

nected with the fact that growth of the cooling rate promotes

increase of the content of delta-ferrite and formation of

acicular martensite in the structure, which elevates the hard-

ness [18].

The results of the diffraction analysis and of the determi-

nation of the chemical composition of different phases in the

steel are presented in Fig. 3. The austenite is enriched with

nickel and the ferrite is enriched with chromium, which

agrees with the data of [17]. The intermetallic sigma-phase

contains primarily Fe, Cr and Mo, which explains the deple-

tion of the matrix of chromium and molybdenum.

CONCLUSIONS

We have studied the effect of a 6-h hold at 850°C fol-

lowed by cooling with the furnace, in air, and in water on for-

mation of sigma-phase in the structure and on the properties

of a duplex stainless steel 2205 (03Kh22N6M2). During the

holding at 850°C, the structure of the steel acquires inclu-

sions of a sigma-phase, of a chi-phase, carbides and nitrides.

The sigma-phase precipitates on the ��� interfaces and grows

only into the region of ferrite. Carbides and nitrides have the

form of fine particles on grain boundaries and inside grains.

Since the sigma-phase forms by a diffusion process, the low-

ering of the cooling rate (water � air � furnace) raises its

content in the structure of the steel. The formation of inter-

metallics and the transformations of the �-matrix raise the

hardness of the annealed steel from 228 HB (as-received

condition) to 309, 311, and 336 HB after the cooling with the

furnace, in air, and in water respectively. In the case of fur-

nace cooling, the hardness of the steel is mainly affected by

the fine dispersed inclusions of the intermetallics; in water

cooling it is chiefly affected by the austenite-to-martensite

transformation. The hardness of the steel after the water

quenching increases by 47% as compared to the hardness in

the annealed condition. Formation of the sigma-phase with

composition Fe – 12.8 at.% Cr – 2.17 at.% Mo results in de-

pletion of the matrix of chromium and molybdenum, which

can reduce the corrosion resistance of the steel.
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Fig. 2. Microhardness of 2205 DSS in different conditions: 1 ) after

annealing (as-received); 2 ) after 6-h hold at 850°C and cooling with

the furnace; 3 ) in air; 4 ) in water.
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Fig. 3. Microstructure (SEM) and chemical compositions of austenite (a), ferrite (b ) and sigma-phase (c)

in steel 2205 DSS after heating to 850°C.

TABLE 1. Chemical Composition of Austenite

Element wt.% at.%

CrK 20.39 16.65

MnK 1.52 1.17

FeK 62.23 47.30

NiK 5.09 3.68

MoL 2.22 0.98

TABLE 2. Chemical Composition of Ferrite

Element wt.% at.%

SiK 0.48 0.68

CrK 22.07 16.67

MnK 1.25 0.89

FeK 55.85 39.27

NiK 3.01 2.01

MoL 4.58 1.88

TABLE 3. Chemical Composition of Sig-

ma-Phase

Element wt.% at.%

NaK 0.49 0.58

ClK 0.26 0.20

CrK 12.80 6.80

MnK 0.90 0.45

FeK 44.93 22.22

MoL 2.17 0.62
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