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Figure  3. Steel modified with 0.2% niobium: annealed sample 
shows elongated austenite grains in ferritic matrix. BSE after 
Behara etching.

Figure 4. Steel modified with 0.2% niobium: there is a smaller 
amount of sigma phase than steel without niobium after annealed 
and aged at 850 °C/15minutes. There is not Laves phase. BSE after 
Behara etching.

Figure 5. Steel modified with 0.5% niobium: Laves phase appears 
as needles after annealed. BSE after Behara etching.

Figure 6. Steel modified with 0.5% niobium: annealed and aged 
for one hour at 850 °C. Laves phase appears as needles associated 
with sigma phase. BSE after Behara etching.

Figure 7. Charge transfer resistance for the steels regarding the 
hardness.

Figure 8. Charge transfer resistance for the steels regarding the 
niobium containing.
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Figure 9 illustrates the wear coefficients values against 
aged times and niobium contents on austenitic-ferritic 
stainless steels.

Table 2 lists the percentage of phases and microhardness 
values of the SEW 410 Nr.14517 without niobium, after 
heat treatments. Annealed sample represents the value for 
zero minutes at 850 °C.

Tables  3 and 4 list the percentages of phases and 
microhardness values of the SEW 410 Nr.14517 with 0.2 
and 0.5% Nb, after heat treatments.

Table 5 lists the pitting potentials values of the of the 
SEW 410 Nr.14517 stainless steel without niobium and 
modified with 0.2 and 0.5% Nb, after heat treatments.

Table  6 lists the charge transfer resistance values of 
the austenitic-ferritic stainless steels after heat treatments.

4.	 Discussion
The chemical compositions shown in Table 1 reveal that 

the steels are according to SEW 410 Nr.14517 standard. 
Figures 1 to 6 represent the microstructural characteristics 
of austenitic-ferritic stainless steels without and containing 
0.2 and 0.5% niobium, after heat treatments. The higher 
content of niobium promotes the Laves phase formation, as 
can be seen in the last one (Figures 5 and 6)17.

In relation to Figures  1, 3 and 5, annealed samples, 
there is a distribution of elongated austenite white grains 
surrounded by black ferritic matrix. According to the 
literature, the amounts of austenitic and ferritic phases are 
related to the content of alloying elements and annealing 
temperature. Regarding the austenitic phase, there was 
no significant variation in values determined by optical 
microscopy.

Table 2. Phases percentage and Vickers microhardness of stainless steel without Nb.

Time (min) Ferrite (%) Austenite (%) Sigma (%) Ferrite+ σ (HV) Austenite (HV)

0[a] 46 ± 2 54 ± 2 0,00 290 ± 10 255 ± 08

15 23 ± 2 52 ± 2 25 ± 2 520 ± 20 264 ± 12

30 09 ± 1 51 ± 2 40 ± 2 563 ± 15 263 ± 07

60 1 ± 0,1 53 ± 3 46 ± 3 650 ± 12 258 ± 10
[a]annealed sample.

Table 3. Phases percentage and Vickers microhardness of stainless steel containing 0.2% Nb.

Time (min) Ferrite (%) Austenite (%) Sigma (%) Ferrite+σ (HV) Austenite (HV)

0[a] 45 ± 2 55 ± 3 0.00 305 ± 10 260 ± 03

15 32 ± 2 53 ± 3 15 ± 3 340 ± 20 262 ± 05

30 16 ± 3 55 ± 4 29 ± 4 576 ± 15 283 ± 04

60 07 ± 1 52 ± 4 41 ± 4 692 ± 12 292 ± 03
[a]annealed sample.

Table 4. Phases percentage and Vickers microhardness of stainless steel containing 0.5%Nb.

Time (min) Ferrite (%) Austenite (%) Sigma (%) Ferrite+σ (HV) Austenite (HV)

0[a] 47± 2 52 ± 2 0,00 314 ± 15 263 ± 05

15 29 ± 1 53 ± 3 18 ± 3 450 ± 20 276 ± 06

30 05 ± 1 52 ± 3 43 ± 5 576 ± 15 290 ± 04

60 1 ± 0,1 54 ± 5 45 ± 5 609 ± 12 292 ± 04
[a]annealed sample.

Table 5. Pitting potentials of stainless steels after annealed and aging at 850 °C.

Annealed 15 min 30 min 60 min 

SEW 0.0 Nb 1.23 ± 0.11V 1.16 ± 0.03V 1.11 ± 0.01V 1.09 ± 0.01V

SEW 0.2 Nb 1.15 ± 0.03V 1.07 ± 0.03V 1.03 ± 0.01V 1.01 ± 0.01V

SEW 0.5 Nb 0.90 ± 0.03V 0.77 ± 0.03V 0.66 ± 0.01V 0.60 ± 0.02V

Figure 9. Effects of niobium and heating time on wear coefficients 
of stainless steels.
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In the stainless steel containing 0.2 niobium after 
heating for 15 minutes at 850 °C, it is possible to observe the 
austenitic surrounded by ferritic plus sigma phase (Figure 4). 
Sigma phase nucleates preferentially in interface α/γ 
incoherent with the matrix and grows at the expense of the 
ferritic phase (Figure 2). It can be noted more sigma phase 
in the stainless steel without niobium. In steels containing 
niobium and without niobium the sigma amount increases 
with the time.

There is a tendency of the ferritic matrix becomes into 
eutectoid austenite more sigma, which is almost complete 
after 60 minutes at 850 °C[10]. In relation to sigma phase, the 
EDS chemical analysis presented 56Fe33Cr5Ni4Mo2Cu. 
Sigma phase may precipitate in the interface and inside the 
austenitic grain. It is likely, that the transformation occurs 
due to the increase on number of vacancies and heating 
time18,19.

The transformation occurs with reduction of chromium 
and molybdenum in regions near sigma phase. It is mainly 
responsible for increases the corrosion speed by eight times 
in austenitic-ferritic stainless steels6,10.

With regard to Tables 2, 3 and 4, the values confirm that 
after heating at 850 °C, the amount of ferrite is higher in the 
steel containing 0.2% niobium. In relation to the niobium 
content, the alphagenic effect is mostly observed in this steel.

In the steel containing 0.5% niobium there is a 
precipitation of Laves phase, constituted mainly of iron, 
niobium and chromium. Laves phase precipitates as 
needles and it is associated with weakening of the steel14. 
Annealed at 1050 °C is unable to solubilize this phase. EDS 
chemical analysis presented 39Cr28Fe26Nb3Mo2Ni2Cu 
in the needles.

Laves phase impairs the niobium alphagenic effect in 
this steel. It is possible that the chrome reduction around 
the Laves phase destabilizes the ferritic matrix and favors 
the α → σ transformation. This explains the higher quantity 
of sigma in the steel containing 0.5% Nb with respect to 
containing 0.2% Nb after heating at 850 °C. Laves phase 
provokes the reduction of chromium in matrix and reduces 
the pitting corrosion resistance.

With respect to the hardness, the austenitic phase 
measurements were easily obtained in a Vickers hardness 
tester, unlike sigma. In this case, the measurements were 
obtained from regions with ferritic phase associated with 
sigma20. Tables 2, 3 and 4 show the hardness measurements. 
Laves and sigma phases, associated with the niobium 
dissolved in matrix, increase the hardness of these steels. 
The niobium effect in hardness can be proven in the 
Figure  9, because the wear coefficient reduces in the 
annealed stainless steels, when the element increases. In 
this case, there is Laves phase only in the steel containing 
0.5% niobium.

As can be seen from Table 5 pitting potential values 
decrease when volumetric percentage of sigma and niobium 
increase20. Sigma phase is rich in chromium and occurs 
preferentially at the interface α/γ with the depletion of this 
element in the ferritic phase. It is one of the most common 
explanations to reduce the pitting corrosion resistance9,14. 
However, these steels have similar pitting corrosion 
resistance to the austenitic stainless steel in annealed 
conditions19.

According to the charge transfer resistance in chloride 
environment, the values in Table 6 decrease when sigma 
phase increases. Sigma phase removes the chromium of the 
ferritic matrix and reduces the corrosion resistance. It can be 
noted that Laves phase contributes to reduce the corrosion 
resistance in the steel containing 0.5% Nb too.

Figure  7 shows the decrease in the charge transfer 
resistance, due to the sigma and Laves phase that lead an 
increase on hardness of these steels. Considering the same 
niobium content, the charge transfer resistance reduces when 
the heating time increases (Figure 8).

From the wear resistance, it can be seen in Figure 9 
that the wear coefficients values reduce when niobium 
increases. Niobium in solution and sigma associated with 
Laves phase, promote an increase on hardness and wear 
resistance of these steels.

Finally, the results show a negative contribution to the 
corrosion resistance with niobium increasing, although 
the hardness of the sigma phase can favor the use of these 
steels in slightly aggressive environments, where the wear 
resistance is a factor to be minimized.

5.	 Conclusions
The results of this research show that:
• niobium presents an alphagenic effect after heat 

treatments at 850 °C mainly in the steel containing 
0.2% Nb;

• pitting potential and charge transfer resistance reduce 
when the niobium increases;

• corrosion resistance reduces when the heating time at 
850 °C increases;

• sigma and Laves phases reduce the pitting corrosion 
resistance;

• sigma and Laves phases leads to an increase on 
hardness and wear resistance;

• Laves phase appears with the addition of 0.5% niobium 
and is insoluble at 1050 °C;

Acknowledgements
The authors thank Grupo Metal for the samples and 

FAPES for the financial support.

Table 6. Charge transfer resistances of steels after annealed and aging at 850 °C.

Annealed (kΩ/cm2) 15 min (kΩ/cm2) 30 min (kΩ/cm2) 60 min (kΩ/cm2)

SEW 0.0 Nb 105 ± 1 95 ± 1 90 ± 2 80 ± 2

SEW 0.2 Nb 100 ± 2 90 ± 2 85 ± 2 80 ± 2

SEW 0.5 Nb 90 ± 2 85 ± 2 80 ± 2 78 ± 2



806 Itman Filho et al. Materials Research

References
1.	 Senatore M, Finzetto L and Perea E. Estudo comparativo entre 

os aços inoxidáveis dúplex e os inoxidáveis AISI 304L/316L. 
REM: Revista Escola de Minas. 2007; 60(1):175-181. http://
dx.doi.org/10.1590/S0370-44672007000100027

2.	 Tuthil AH. Stainless steels and specialty alloys for modern 
pulp and paper mills. Michigan: Nickel Development; 2002.

3.	 International Association of Molybdenum - IMOA. Practical 
guidelines for the fabrication of duplex stainless steel. London; 
2009.

4.	 Speidel MO. Nitrogen containing austenitic stainless steels. 
Materialwissenschaft und Werkstofftechnik. 2006; 37(10):875-
880. http://dx.doi.org/10.1002/mawe.200600068

5.	 Levey PR and Bennekom AV. A Mechanistic Study of the Effects 
of Nitrogen on the CorrosionProperties of Stainless Steels. In: 
Proceedings of the NACE International; 1995; Houston, USA. 
51, 01.

6.	 Barbosa CA, Mori FY, Souza MHC and Falleiros IGS. 
Formação de Fase Sigma em Aço Inoxidável Austenítico-
Ferrítico. Metalurgia ABM. 1976; 32(227):669-673.

7.	 Babakr AM, Al-Ahmari A, Al-Jumayiah K and Habiby F. Sigma 
phase formation and embrittlement of Cast Iron–Chromium–
Nickel (Fe–Cr–Ni) alloys. Journal of Minerals & Materials 
Characterization & Engineering. 2008; 7(2):127-145.

8.	 Christian JW. The theory of transformations in metals and 
alloys. Part I. Oxford: Elsevier; 2002.

9.	 Calliari I, Zanesco M and Ramous E. Influence of isothermal 
aging on secondary phases precipitation and toughness of 
a duplex stainless steel SAF 2205. Journal of Materials 
Science. 2006; 41(22):7643-7649. http://dx.doi.org/10.1007/
s10853-006-0857-2

10.	 Li J, Mu T and Riquier Y. δ phase precipitation and its effect 
on the mechanical properties of a super duplex stainless Steel. 
Materials Science and Engineering: A. 1994; 174(2):149-156. 
http://dx.doi.org/10.1016/0921-5093(94)91083-9

11.	 Norströn LA, Pettersson S and Nordin S. σ-Phase Embrittlement 
in Some ferritic-austenitic stainless steels. Materialwissenschaft 

und Werkstofftechnik. 1981; 12(7):229-234. http://dx.doi.
org/10.1002/mawe.19810120703

12.	 Elmer JW, Palme TA and Specht ED. Direct observations 
of sigma phase formation in duplex stainless steels using 
in-situ Synchrotron X-ray diffraction. Metallurgical and 
Materials Transactions A. 2007; 38(3):464-475. http://dx.doi.
org/10.1007/s11661-006-9076-3

13.	 Rossitti SM. Efeito do Nióbio na Microestrutura e nas 
Propriedades Mecânicas do Aço Inoxidável Superduplex 
Fundido SEW 410 W.Nr. 1.4517. [Thesis]. São Carlos: Escola de 
Engenharia de São Carlos da Universidade de São Paulo; 2000.

14.	 Pickering FB. Physical metallurgy and the design of steels: 
austenitic stainless steels. London: Applied Science Publishers; 
1978.

15.	 Magnabosco R. Kinetics of sigma phase formation in a duplex 
stainless steel. Materials Research. 2009; 12(3):321-327. http://
dx.doi.org/10.1590/S1516-14392009000300012

16.	 Fernandes FAP, Heck SC, Pereira RG, Lombardi A No, 
Totten GE and Casteletti LC. Wear of plasma nitrided and 
nitrocarburized AISI 316L austenitic stainless steel. Journal 
of Achievements in Materials and Manufacturing Engineering. 
2010; 40(2):175-179.

17.	 Lyakishev NP, Tulin NA and Pliner YL. Niobium in steels 
and alloys. São Paulo: Companhia Brasileira de Metalurgia 
e Mineração; 1984.

18.	 Woodyatt LR, Sims CT and Beattie HJ. Prediction of Sigma-
Type Phase Occurrence from composition in Austenitic 
Superalloys. TMS AIME. 1966; 235:519-527.

19.	 Gunn RN. Duplex stainless steel: microstructure, properties and 
applications. Cambridge: Abington Publishing; 1997. http://
dx.doi.org/10.1533/9781845698775

20.	 Itman A, Ferro CS and Pimenta CC. Corrosion resistance on the 
austenitic-ferritic stainless steel SEW 410 Nr. 14517 containing 
niobium. In: Proceedings of the 10th Brazilian Stainless Steel; 
2010; Rio de Janeiro. PMid:20571025 PMCid:PMC2930678.


