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Abstract The formation of secondary phases during

isothermal treatments in the range 750–1000 �C and con-

tinuous cooling in 2205, 2507, 2304, and 2101 duplex

stainless steels have been investigated. For all the steels

herein considered, the Thermocalc calculations indicate the

sigma and chi-phase precipitation which is confirmed by

the experimental results only for the 2205 and 2507 grades.

On the contrary, the secondary phases are very rarely

observed after both isothermal aging (up to 750 h) and/or

continuous cooling tests in the 2304 and 2101 Cr–Mn

grades. This behavior could be justified by the different

ferrite and austenite phase stability in the four grades, in

the same temperature range of the sigma and chi precipi-

tation, because these differences affect the dangerous

phases precipitation mechanism and kinetic.

Introduction

The preferred microstructure for the duplex stainless steels

(DSS) is a dual-phase microstructure with an almost equal

parts of austenite and ferrite [1–3], which give them a

favorable combination of mechanical and corrosion prop-

erties. This microstructure results from a ferrite to austenite

solid phase transformation after the solidification and is

obtained by an accurate balance of the chemical compo-

sition and by a suitable solution annealing heat treatment,

which temperature actually determines the phase propor-

tion [4].

The desired microstructure and technological properties

are obtained by adjusting the compositions with addition of

well equilibrated amounts of Cr, Mo, Ni, and Mn to the

base Fe–Cr alloy. However, such additions affect both the

relative stability of austenite and ferrite phases, and can

induce the formation of secondary phases in the tempera-

ture range below 1000 �C, either during service or during

fabrication, and this can be dangerous both for corro-

sion and the mechanical properties. Therefore, thermo-

mechanical treatments are always necessary, such as a

solution annealing followed by rapid quenching from

temperature above 1000 �C, both to avoid secondary pha-

se’s formation and to maintain the balanced microstructure

of ferrite and austenite, stable only at temperatures above

1000 �C. These phenomena are well-known and have been

extensively studied, because they condition the behavior of

DSS both in service and during fabrication.

Indeed, for a useful exploitation of the DSS a profound

knowledge of secondary phase formation is necessary,

mainly in two practical situations: during the cooling from

high temperatures, as in the quenching treatment after

solution annealing or after welding operations, and during

long time maintenance at high temperatures, during ser-

vice, for instance. With this in mind, therefore, a study of

the microstructure transformations, occurring in the DSS

both by continuous cooling tests (CCT) and by isothermal

treatments is required to analyze the possible formation of

dangerous phases in the two separate situations.

However, the mechanism and sequence of secondary

phase formation seems to be different in DSS of different

composition, as in the Cr–Ni (2205 and 2507 grades) and

the Cr–Mn (2101 and 2304 grades) DSS. Moreover, the

conditions, like time, temperature, cooling rate for
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secondary phases formation seems to vary for different

DSS grades [5–15].

Therefore, it is interesting to analyze and to compare the

sequence of secondary phases formation in some com-

monly used DSS grades: the results could be useful also to

correlate the differences of behavior with the different

compositions of the DSS grades examined.

Experimental

The as-received material were wrought SAF 2205, 2507,

2304, and 2101 DSS rods and bars (30 mm).Their chemical

compositions are reported in Table 1.

Isothermal aging treatments of specimens, previously

solution annealed at 1020 or 1050 �C for 30 min were

carried out in the temperature range 650–1000 �C. Both

relatively short aging times were chosen (5–120 min), to

measure low amounts of secondary phases and investigate

their precipitation kinetics, and long times aging (up to

about 750 h), to investigate the behavior of low nickel DSS

steels.

Continuous cooling tests have been performed in a Seta-

ram ‘‘Labsys TG’’ machine, in Argon atmosphere. Samples

(diameter 6 mm, length 8 mm) were heated at 10 �C/min

from RT and solution treated (maintenance for 5 min) at

temperatures of 1020 and 1050 �C, then cooled in argon at

various cooling rates in the range 0.02–0.4 �C/s.

Different phases have been identified by SEM using

backscattered electrons (SEM-BSE) examination of unet-

ched samples. The ferrite appears slightly darker than

austenite, while the secondary phases are lighter. Owing to

the higher content of molybdenum, in combination with the

large atomic scattering factor of molybdenum v-phase

appears in brighter contrast than r-phase [16]. On the

contrary, nitrides and carbides appear as black particles,

owing to lower atomic scattering factor of nitrogen and

carbon. The amount of secondary topologically close-

packed (TCP) phases has been determined using image

analysis software on SEM-BSE micrographs on polished

samples without etching (medium value of examinations

on ten fields, 10009). The chemical composition of the

phases was determined by SEM using energy dispersive

spectroscopy (EDS), on unetched samples. The volume

fractions of ferrite and austenite in solution treated samples

have been measured on three longitudinal and three

transversal sections (20 fields for each section) by image

analysis on light micrographs at 2009, after etching with

the Beraha’s reagent (RT, 10 s).

In this study, the thermodynamic modeling is based on

the CALPHAD method (CALculation of PHAse Diagrams)

[17]. The software ThermoCalc [18] was used in connec-

tion with the thermodynamic database TCFe3. The method

is based on the minimization of Gibbs free energy of the

phases provided by the Fe–C–Si–Mn–Cr–Ni–Mo–N mul-

ticomponent system. The analytic description of the Gibbs

free energy is based on the sublattice model, characterized

by atoms arrangement in several sub-lattices. In the case of

ferrite and austenite phase in the duplex system, two sub-

grids are used, one for the metal and one for interstitial

atoms. Vacancies are also taken into account, to consider

that not all sites are occupied. In the case of other phases,

e.g., M23C6 carbides, four subgrids are provided for the

metal atoms and one for the interstitials.

Equilibrium data

The microstructures of solution annealed, isothermal

aged, and continuous cooled samples can be analyzed

and discussed relating them to the equilibrium micro-

structures which can be derived from Thermocalc cal-

culations and other equilibrium phase diagrams. The

results of Thermocalc calculations are shown in Fig. 1:

the diagrams, displaying the mole fraction of phases as a

function of temperature, present a rather similar general

pattern but also some significant differences for all the

grades:

1. The solidification produces a ferrite solid phase which

gradually and partially transforms to austenite as the

temperature decreases; therefore, in all steels at

1020–1080 �C the microstructure consists of almost

equivalent parts of austenite and ferrite.

2. At temperatures below 400 �C, the microstructure

consists mainly of ferrite, with some minor constitu-

ents as v-phase, other intermetallics and chromium

Table 1 Steels compositions

C Si Mn Cr Ni Mo Cu W P S N

2205 0.030 0.56 1.46 22.75 5.04 3.19 – – 0.025 0.002 0.16

2507 0.030 0.43 0.54 24.48 6.36 4.0 0.67 0.72 0.020 0.008 0.263

2101 0.026 0.69 3.95 22.57 1.1 0.07 – – 0.03 0.001 0.13

2304 0.03 0.56 1.4 23.20 4.3 0.18 – – 0.027 0.001 0.10
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carbides and nitrides; just in one case, i.e., 2101 grade,

r-phase is indicated also below this temperature.

Moreover, the Thermocalc diagrams highlight some

significant differences:

3. The maximum temperature of the r-phase formation

decreases for 2507 steel, to 2205, 2304, and 2101

steels, in this order, from about 1000 to about 750 �C.

4. Only in the 2507 and 2205 grades, the r-phase

formation occurs together with the disappearance of

the ferrite which transform to r and secondary

austenite and, at very low temperatures, the austenite

partially transforms to ferrite, leaving the r unchanged.

5. On the contrary, in 2101 grade, the r-phase formation

occurs without the complete transformation of ferrite

to secondary austenite; at low temperatures, as in 2507

and 2205 grades, austenite transforms to ferrite.

6. The behavior of the 2304 steel appears as intermediate:

during the r formation ferrite partially transform to

secondary austenite, therefore, a significant ferrite

content remains in all the considered temperature

range.

7. The formation of the v-phase is predicted only for

2205 and 2507, the grades having the highest Mo

content, while this is not for the 2101 and 2304

grades.

Results and discussion

Solution annealing

For all the examined steels, the microstructure obtained

after solution annealing and quenching was typical of the

DSS rolled products, as concerning the ferrite/austenite

ratio. The banded structure of elongated austenite islands

was observed in the longitudinal sections, while the iso-

tropic structure of ferrite and austenite grains was dis-

played on the transverse sections. The values of ferrite

volume fractions, measured on longitudinal and transverse

sections, are about 50–55%, as expected for these steels.

The differences between transversal and longitudinal data

are less than standard deviations; consequently all the

quantifications were performed on the transverse sections.

Secondary phases were not detected in the annealed

materials before the isothermal aging, in agreement with

thermodynamic calculations (Fig. 1).

Fig. 1 Thermocalc diagrams of

the four DSS
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2205 and 2507 grades

Isothermal aging

In the 2205 grade, the precipitation of secondary phases

occurs after aging in the range 780–900 �C (Fig. 2). The

precipitation sequence can be summarized as follows:

– 780 �C: The first precipitates appear after 300 aging and

become more evident after 400. The small bright

particles were identified as v-phase by the SEM–EDS,

just within the beam resolution limit.

– 850 �C: The v-phase appears after about 100, while the

r-phase after about 200; after 300, the v-phase and the

r-phase are both present: the v-phase is always at

the boundaries austenite/ferrite and ferrite/ferrite. The

r-phase penetrates the ferrite or grows along the

austenite/ferrite boundaries

– 900 �C: Also at this temperature the first precipitating

phase is the v-phase, generally decorating the grain

boundaries. By increasing the holding time, the amount

of v-phase increases and also the r-phase appears, as

coarse precipitates at the austenite/ferrite boundary, but

growing into the ferrite (Fig. 2). Although r particles

are, at the beginning, less numerous than the v-phase

particles, they are coarser, and grow more rapidly,

almost reaching the same volume fraction in a short

time. He et al. [8] also evidenced the higher growth rate

of r-phase than v-phase at high temperature. By

increasing the holding time, r-phase grows to large

particles, moving from the boundaries into the ferrite,

embedding some small v particles. This seems to show

the progressive transformation of v-phase to r-phase

confirming the experimental evidence that v-phase

provides suitable nucleation sites to r-phase, in good

agreement with other researches [6–8, 19]. From this

point of view, the absence of r at 900 �C in the

equilibrium diagram (Fig. 1a) confirms that Thermo-

calc underestimates the precipitation temperature of

this phase. In view of recent results regarding 2205,

calculated by TCFe6 [8], it is believed that this is due to

the use of a relative old TCFe3 database.

In the 2507 grade, the precipitation of secondary phases

occurs at higher temperatures than in the 2205 grade, i.e.,

between 850 and 1000 �C [7, 9]. The precipitation

sequence is very similar to the 2205 grade, and can be

summarized as follows:

– 850 �C: v-phase is the only one phase to precipitate at the

ferrite/austenite boundaries (volume fraction \ 0.1%).

– 900 �C: At this temperature, the formation kinetic of

v-phase is favored (Figs. 3, 4).

Fig. 2 2205 isothermal aging:

left SEM-BSE micrograph after

25 min at 900 �C. right r and v
precipitation kinetics

Fig. 3 BSE of 2507. Left
(900 �C, 5 min) and right
(950 �C, 40 min) nitrides and

chi-phase transforming to

sigma-phase
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– 950 �C: v-phase is the first to precipitate after 30,
followed by r after 50. By increasing aging time,

r grows to large particles, moving from the boundaries

into the ferrite, embedding some small v particles,

which seem to behave as preferential sites for the

v-phase nucleation. The trend in Fig. 4 seems to

confirm that only r-phase can be expected under long

time exposition, i.e., approaching equilibrium condi-

tions, as suggested by Thermocalc calculations.

– 1000 �C: After 50, v and r-phases are mainly at grain

boundaries and a few inside the ferrite grains (about

0.5%). By increasing the time, the content of v slowly

decreases while the amount of r increases to its

maximum value of 4% after 150.

In all the samples treated at 900–950 �C, small nitrides

were detected at grain boundaries.

Looking at the diagram of 2507 steel in Fig. 1, it can be

deduced that Thermocalc underestimates the precipitation

temperatures of both v and r-phases.

Continuous cooling

The morphology and localization of the secondary phases

after continuous cooling are very similar to that observed in

the isothermal aging tests (the precipitation occurs at the

ferrite/austenite grain boundaries and mostly at the triple

points), while the formation sequence of secondary phases

seems to be different.

In the 2205 grade, the total amount of secondary phases

is lower for the highest solution annealing temperature, in

agreement with [10], and is strongly dependent both on the

cooling rates and on annealing temperature (see Fig. 5).

At the highest cooling rates, the secondary phase precipi-

tation is completely avoided. As the cooling rate slows

down, the r-phase appears as the first phase: the critical

cooling rate for r-phase formation is 0.35 �C/s, corre-

sponding to a r-phase content of 0.2%.

With a further lowering of the cooling rate, the r-phase

content gradually increases and at about 0.1–0.15 �C/s a

small amount of v-phase appears; therefore, the v-phase

appears at lower cooling rates than the r-phase [8, 10].

The sequence of precipitation during continuous cooling

seems to be different from that obtained by isothermal

aging. In the latter, the v-phase is always the first precip-

itating phase while in the continuous cooling the same

sequence occurs only at low cooling rates, and at the

highest cooling rate the v-phase formation seems to be

unattainable .

The effects of continuous cooling treatments in the 2507

are very similar to that of the 2205 grade and can be

summarized:

– The total amount of secondary phases is slightly lower

for the highest solubilization temperature (1120 �C), in

agreement with the results obtained for 2205.

– The amount of secondary phases and the relative

morphology are quite similar for both the solution

temperatures; the secondary phase volume fraction

increases if the cooling rate decreases.

– The cooling rate corresponding to the first precipitation,

less than 1%, can be estimated to be 0.8–0.9 �C/s.

Secondary phase composition

Further information on the secondary phase precipitation in

2205 and 2507 grades can be derived from the chemical

composition of the phases, after the different heat treat-

ments considered.

The compositions of v-phase and r-phase in the 2205

steel after isothermal aging (Table 2) and continuous

cooling treatments (Tables 3, 4) are in good agreement

with the results of other investigations [1, 15], and our

Fig. 4 Volume fractions of secondary phases in 2507 aged at 950 �C

Fig. 5 Sigma and chi (vol.%) versus cooling rate in the 2205 DSS,

solution annealed at 1120 �C
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results on r-phase composition are near the values of

equilibrium r-phase composition [1].

The v-phase composition is characterized by a signifi-

cant higher content of molybdenum, nearly twice the Mo

content of the r-phase. Therefore, it is quite easy to dis-

tinguish these two phases through SEM-BSE imaging.

After isothermal aging, with our treatment conditions,

the chemical composition of both v-phase and r-phase

seems not be related to time, temperature and phase

amount, in agreement with [20]. However, the possible

variation of r-phase composition with aging time and

temperature have been verified in some other DSS [21] and

also after very long time, 6 months, aging treatments in

2205 and 2507 grades [22].

On the contrary, the composition of the secondary

phases in the continuous cooled samples is significantly

related to the solution annealing temperature and mainly to

the cooling rates (Tables 3, 4). As the cooling rate

decreases, in both r and v-phases the molybdenum and

chromium contents gradually increase, approaching the

values obtained in the isothermal tests.

The most significant variation concerns the molybde-

num content. In the r-phase, Mo content varies from 4.6%,

at the highest cooling rate, to 8%, at the lowest cooling

rate. Given that the base alloy contains about 3% Mo, the

large composition variation can be justified considering

that the r-phase and v-phase formation is strongly depen-

dent on diffusion. At the highest cooling rates, there is not

sufficient time for diffusion to supply adequate molybde-

num (and chromium) amounts to reach the equilibrium

composition. Therefore, the highest cooling rates produce

r-phase and v-phase at the lowest alloying elements

content.

In addition, the formation of the v-phase is even more

affected by the restriction of the time for diffusion, owing

to its highest molybdenum content.

The v-phase precipitation is associated with the longest

allowed diffusion times: the isothermal aging and the

lowest cooling rates. This could be justified because the

v-phase nucleation is favored by smaller coherency strains

than r-phase in the ferrite lattice [2]. On the contrary,

the v-phase formation needs a more effective diffusion,

because of the higher molybdenum content. Therefore, in

experimental conditions with the longest diffusion time,

i.e., isothermal aging tests and continuous cooling at low

rates, nucleation prevails and the v-phase appears as the

first precipitating phase.

Results on the composition variations of r and v phase

in the 2507 steel are similar to that observed in the 2205.

These results seem to indicate the conditioning affect of

diffusion on the precipitation sequence and moreover that

the role of the v-phase, as the stable r-phase precursor in

the DSS, is not a general phenomenon, but depends on the

steel composition (mainly on the molybdenum content) and

can occur only with specific conditions of solution

annealing temperature or cooling rates. This, perhaps,

could also justify some discrepancies between various

results previously reported [11, 12, 23–25], concerning the

sequence of secondary phases formation in DDS.

2304 and 2101 DSS

The first effect of the aging treatments is the increase in the

austenite content, which is more relevant in the 2304 steel

at 750 and 850 �C, than in the 2101 steel. At 750 �C, for

example, the amount of austenite in 2304 increased to

53.1% after 45 min of aging and to 54.6% after 90 min of

aging. The increase in the austenite content is due to the

formation of secondary austenite.

However, in both steels, the aging treatments did not

produce the precipitation of v or r-phases, as usually

occurs in more conventional 2205 and 2507, nickel

Table 2 Chemical composition (wt%) of v-phase and r-phase after

isothermal aging

Element r-phase v-phase

Mo 7.5 ± 0.8 13.0 ± 0.9

Cr 26.7 ± 1.1 24.0 ± 0.7

Ni 1.4 ± 0.1 3.6 ± 0.1

Table 3 Mo, Cr, and Ni content (wt%) of v-phase after solution

annealing and continuous cooling treatment

Cooling

rate (�C/s)

Solution annealing

at 1020 �C

Solution annealing

at 1050 �C

Mo Cr Ni Mo Cr Ni

0.03 14.3 25.2 2.7 15.2 26.0 2.9

0.05 11.8 25.2 2.9 16.1 25.7 3.0

0.10 11.2 24.3 3.3 12.0 26.1 3.5

Table 4 Mo, Cr, and Ni content (wt%) of r-phase after solution

annealing and continuous cooling treatments

Cooling

rate (�C/s)

Solution annealing

at 1020 �C

Solution annealing

at 1050 �C

Mo Cr Ni Mo Cr Ni

0.03 8.4 28.5 3.1 7.8 28.7 2.9

0.05 7.3 27.2 3.3 8.0 28.8 3.0

0.10 7.3 27.3 3.0 7.5 25.9 3.5

0.20 7.3 27.3 3.0 7.3 27.5 3.2

0.25 6.1 25.5 3.7 8.3 26.6 3.3

0.30 6.1 25.1 4.0 6.8 27.0 3.5

0.35 5.6 25.4 3.9 7.0 26.1 3.8
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alloyed, DSS, even for very long soaking times, over 750 h

[5, 13]. Instead in the 2101 steel the precipitation of small

black particles (in the SEM-BSE images) at the ferrite/

ferrite and ferrite/austenite grain boundaries was observed.

In Fig. 6a, a schematic of the precipitation kinetics and an

example of a BSE micrograph (Fig. 6b: 700 �C, 150 h

aging) are shown. The precipitates were analyzed by EDS

(close to the resolution limit), and an evident enrichment of

chromium was observed. By referring to other different

experimental observations reported in the literature, such

small black particles can be identified as chromium

nitrides, although it cannot be excluded that some of them

are chromium carbides.

In the 2304 steel, no precipitation of black particles was

observed after aging at 550 and 650 �C, but a precipitation

of same black particles was observed after 40–45 min of

aging at 750 and 850 �C. The precipitation of the nitrides,

in this steel, therefore, requires higher temperatures and

longer times.

In this grade, the precipitates are close to the austenite/

ferrite grain boundaries and seldom inside the austenitic

grains. This precipitation occurs jointly with the formation

of secondary austenite [5] (named also c3, while c2 is the

austenite coming directly from the ferrite transformation).

This is confirmed by the results of the image analysis that

indicate an increase in the austenite content during the

aging at 750 and 850 �C. Moreover, the EDS analysis

shows that the concentration of Cr in the ferrite and aus-

tenite phases is around 28 and 22 wt%, respectively, while

its concentration in this secondary austenite c3 is

19.2 wt%. In the secondary austenite c3, Cr depletion is

thus observed, because of the formation of the precipitates.

In addition, the concentration of Ni is 3.2 and 6.5 wt% in

ferrite and austenite phases, respectively, and 5 wt% in this

secondary austenite. This means that the Cr-depleted

regions, formerly ferritic, and transformed to secondary

austenite c3 as a consequence of nitrides formation, are

enriched by the Ni that diffuse into it from the surrounding

already austenitic regions. Therefore, the formation of

secondary austenite c3 seems to involve both the depletion

of Cr and the enrichment of Ni of these transformed

regions.

The very low Ni content in the 2101 grade could explain

why in this grade the secondary austenite c2 formation

appear less important, in agreement with Thermocalc

indications. In this grade the nitrides remain almost always

located at the grain boundaries (Fig. 6b).

Ni-alloyed (2205 and 2507) versus Mn-alloyed (2101

and 2304) DSS

As regards the phases transformations in Ni-alloyed and

Mn-alloyed DSS during isothermal aging, the difference

more evident is the lack of r precipitation in the latter,

despite the Thermocalc calculations forecast the presence

of r phase between the stable constituents in all the four

DSS considered. The temperature ranges of r stability

arrive at low temperatures as 400 �C, and still lower for Ni-

alloyed DSS. However, in all the grades, and particularly in

the Ni-alloyed DSS, the r-phase precipitation at tempera-

tures below 650 �C cannot be observed, or can occur only

after extremely long soaking times, over 1000 h. These

results emphasize how decreasing the temperature, also the

diffusion and precipitation rate in all the considered DSS

grades decrease.

The previous experimental results indicate that during

isothermal aging the intermetallic phases can form in a

rather short times in the Ni-alloyed DSS (in the tempera-

ture range 850–950 �C, see ‘‘Isothermal aging’’ section for

more details), but, on the contrary, in the Mn-alloyed DSS

the precipitation is very sluggish and a significant presence

of such phases cannot be detected also after very long time

aging treatments. This behavior clearly arises from the

difference in the precipitation kinetic from the metastable

solid solutions obtained in the four steels, by quenching

from the high temperatures of the solution annealing

treatment. The formation of the same intermetallic phases

is rather rapid in the Ni-alloyed DSS and much slower in

the Mn-alloyed DSS.
Fig. 6 Nitrides precipitation in 2101 DSS: a kinetics schematic,

b 700 �C, 150 h (BSE image)
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The different precipitation kinetics can be justified by

various effects. First of all, in the Thermocalc diagrams is

evident that the temperature range of formation and sta-

bility of intermetallic phases is lower, below 800 �C, in the

Mn-alloyed DSS, than in the Ni-alloyed DSS, below

1000 �C. Obviously, by decreasing the precipitation tem-

perature the diffusion and precipitation rate decrease.

Moreover, the Thermocalc diagrams highlight the TCP

phase formation in Ni-alloyed DSS occurring in the same

temperature range, 700–1000 �C, of the transformation of

the ferrite to secondary austenite giving a strong decrease

of the ferrite content which in the 2205 grade fully disap-

pears in the 800–900 �C temperature range. This allows the

development of the transformation of ferrite in austenite

and TCP phases (a ? c3 ? r ? v) following the favor-

able mechanism of the eutectoid transformation, so

reducing the diffusion path necessary for the alloy elements

redistribution in the new phases.

On the contrary, the equilibrium behavior of the

Mn-DSS is very different in several aspects: first in these

grades, the v-phase formation is not forecast by Thermo-

calc, moreover, the r-phase temperature formation is

clearly lower, below 800 �C, and finally this temperature is

also lower than the temperature of secondary austenite c2

formation, which also in these grades occur in the

800-1000 �C range, as in the Ni-DSS.

Moreover, in the Mn-DSS such secondary austenite

formation is quantitatively less important and the ferrite

content is never below 30%. All these peculiarities can

strongly affect the formation kinetics of the r-phase, which

become sluggish both because occurring at lower temper-

atures, and because cannot be supported by the favorable

mechanism of the eutectoid transformations, occurring as

ferrite transformation to both r and secondary austenite.

As a further effect, the differences in composition have

to be considered. In the Mn-DSS both Ni and Mo contents

are much lower than in the Ni-DSS. The low Mo content

reduces, or avoids, the possible formation of the v-phase,

the first and more rapid precipitating phase, active also as

precursor of the r-phase during isothermal treatments. But

the low Mo content should make more difficult also the

r-phase formation, as suggested by [26], in agreement with

our experimental results, despite the indications of Ther-

mocalc equilibrium diagrams. Finally the lower Ni content

increases the ferrite stability and reduces the possible for-

mation of secondary austenite not allowing the eutectoid

formation of austenite and TCP phases.

The concluding remark of our results could be that while

in the Ni-alloyed DSS the TCP phase precipitation is

clearly related to the secondary austenite formation, this is

not the same in the Mn-alloyed DSS. A further confirma-

tion could be derived from the analysis of the behavior of

another grade, similar to the 2101, but having some minor,

but significant differences in composition from the grade in

Table 1: Mn 3.95 and N 0.13% that is a lower content of

austenite stabilizer components. Also in this new grade, the

TCP phases precipitation was completely absent, as in the

previous grade, despite the obviously different pattern of

austenite/ferrite phases stability, as shown in the corre-

sponding Thermocalc diagram in Fig. 7. The differences in

composition induce an evident decrease of secondary

austenite formation, but this do not seems to have any

influence on the stability, temperature range, etc., of the

TCP formation, which seems to be independent on ferrite/

austenite transformation and stability in the Mn-alloyed

DSS examined.

Finally, it should be considered that Thermocalc calcu-

lations indicate the equilibrium phases which should be

present in the alloys at different temperatures. As concerning

our experimental results, obviously the microstructures

obtained after CCT are non-equilibrium microstructures;

therefore, they can be different from Thermocalc indi-

cations.

However, also the results of our isothermal aging tests

are the microstructures deriving from a particular solid

state transformation and the decomposition of the meta-

stable solid solution coming from the solution annealing

treatment. Obviously, the resulting microstructures are

strongly affected by diffusion phenomena and kinetic

peculiarities of the solid state formation of the new (equi-

librium) phases. Therefore, our results indicate that kinetic

of the precipitation of the sigma (equilibrium) phase from

the oversaturated metastable solid solution is rapid in the

Ni–Mo alloyed (2205 and 2507) DSS but not in the Mn-

alloyed (2101 and 2304) DSS, where also long time aging

Fig. 7 Phase diagram of 2101 with modified composition
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treatments, about 1000 h, are not sufficient for the

equilibrium microstructure formation.

Conclusions

Results of the analysis of the TCP phase’s formation in the

four DSS examined can be summarized:

– Equilibrium data indicate the possible formation of

TCP phases in all the DSS considered, in the range

between from 1000–750 to 400 �C.

– In the Ni-Mo alloyed DSS, both v and r-phases

precipitation occurs, according equilibrium data: in

isothermal tests the v is the first precipitating phase but

in the CCT this phase appears only at lower cooling

rates than the r-phase.

– In the Mn-alloyed DSS, the formation of r-phase

cannot be detected also after long time isothermal

aging; as equilibrium phases, only the nitrides forma-

tion have been revealed.

– The different behavior of TCP formation in the four

DSS could be justified by differences in kinetic and

mechanism of precipitation of the new TCP phase from

the metastable solid solutions obtained from the

solution annealing.
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