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Abstract — During heat treatment of distinct types of stainless steel, precipitation of undesirable phases may
occur. resulting in reduction of corrosion resistance due to formation of regions depleted of Cr and Mo, as well
as significant changes in mechanical properties. Corrosion resistance reduction and embrittlement caused by small
volumetric fractions of sigma phase in the microstructure are widely discussed in the literature; however, a great
variability in the results is observed. Thus, it becomes essential to study the sigma phase formation, aiming at
predicting the microstructural changes after certain thermal history and consequently the corrosion resistance. In
this work, the sigma phase formation was analyzed in two independent ways: X-rays of dilatometric trials and
corrosion tests. The results show that phase transformations occur predominantly in the temperature range be-
tween 800°C and 900°C, where the sigma phase precipitation was observed in the steel UNS 32750.
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Resumen — Durante el tratamiento térmico de distintos tipos de acero inoxidable, puede ocurrir la precipitacion
de fases indeseables, lo que resulta en una reduccién de la resistencia a la corrosion debido a la formacién de
regiones empobrecidas en Cr y Mo, asi como cambios significativos en las propiedades mecanicas. La reduccion
de la resistencia a la corrosion y la fragilizacion causada por pequeiias fracciones volumétricas de la fase sigma
en la microestructura son ampliamente discutidas en la literatura; sin embargo, se observa una gran variabilidad
en los resultados. Por lo tanto, se vuelve esencial estudiar la formacion de la fase sigma, con el objetivo de predecir
los cambios microestructurales después de cierta historia térmica y, en consecuencia, la resistencia a la corrosion.
En este trabajo, la formacion de la fase sigma se analizo de dos formas independientes: rayos X de ensayos dila-
tométricos y pruebas de corrosion. Los resultados muestran que las transformaciones de fase ocurren predomi-
nantemente en el rango de temperatura entre 800 © Cy 900 ° C, donde se observo la precipitacion de la fase sigma
en el acero UNS 32750.

Palabras clave — Acero inoxidable superduplex, analisis de rayos X, resistencia a la corrosion.

1. INTRODUCTION

Processing of stainless steel alloys (e.g. heat treatment, welding, hot forming) or even during use (e.g.
isothermal aging), intermetallic phase precipitation may occur, such as phases chi (y), alpha prime (a’),
sigma (o), besides carbonates and nitrates. This phenomenon is often attributed to microstructural instabil-
ities of steel alloys [1-3]. Particularly between 700°C and 900°C, phase sigma formation may occur via
three distinct mechanisms: as a product formed from the eutectoid decomposition of the original ferrite,
which also generates secondary austenite; through nucleation and further growth process from the original
ferrite; or from the austenite present, after all ferrite has been consumed [4-5].

The phase (o) precipitation is especially relevant for austenitic, ferritic, and Duplex stainless-steel alloys,
because it is usually associated with hindering of mechanical properties, as well as the decreasing corrosion
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resistance [6-7]. On the other hand, thermal treatment parameters, are important for AID/AISD alloys, be-
cause their properties are strongly influenced by microstructural transformations resulting from thermal
cycles [8-10]. Thus, the evaluation of such heat treatment parameters and the understanding of condition
under which the phase sigma is formed are substantial to enhance the stainless-steel properties and progress
on its utilization [11-13].

2. MATERIALS AND METHODS

The X-ray diffractograms (XRD) of the samples treated at 700°C, 750°C, 800°C and 900°C were collected
using a Bruker-D4 Endeavor from the CETEM Laboratory (Mineral Technology Center/RJ). Cross section
analyses of the proof bodies were conducted in the following operating conditions: Co Ka radiation, goni-
ometer speed of 0.02° per 20 per step with counting time of 1 second per step, collected from 40° to 80° 26.
The X-ray source was exited at 35 kV and 40 mA. The qualitative interpretation of the collected spectra
was based on comparison with standards taken from the database PDF02 (ICDD, 2006) from the software
Bruker AXS Diffraction Plus.

The XRD analysis was performed not only to show the presence of distinct phases in the samples, but
also to evaluate the use of this method to quantify the phases and possibly observe peak displacement
caused by deformation.

The potentiodynamic anodic polarization analysis was done with a Potentiostat-Galvanostat Solartron,
using a Ag/AgCl reference electrode and a Platinum auxiliary electrode. The tests were performed in 3.0%
aqueous NaCl solution at ambient temperature, varying potential from -0.2 to +1.2 V with scanning speed
of 5 mV/s, as per ASTM G48-03 standard.

Electrochemical measurements were made in a single compartment conventional electrochemical cell,
built in the Electrochemistry and Corrosion Laboratory at FEG/UNESP. The anodic and cathodic branches
were obtained simultaneously. The potential scanning range started at -0.3 V below the open circuit poten-
tial (Eoc) up to a potential above the passive layer rupture. From these tests, it is possible to assess the
corrosion speed, self-passivation tendency, and the potential range in which the material remains passive.

Tabel 1. Analyzed chemical composition of super duplex steel UNS 32750/SAF 2507 (% by weight). Sandvik.

C Mn Si P S Cr Ni Mo Cu N

0,0205 0,85 0,328 0,0267 0,0009 24,89 6,82 3,72 0,156 0,278

3. RESULTS AND DISCUSSION

3.1. X-ray tests

The diffraction peaks corresponding to the planes of each phase were compared against each other during
the measurements. The corresponding planes of each peak were indicated: y (111), 6 (110), y (200), & (200).

Fig. 1 shows the diffraction result of the original metal sample, i.e. before heat treatment. It is possible to
observe that the only phases present in the sample are austenite and ferrite. This result was already expected,
because without suffering any thermal treatment the material does not exhibit precipitation of secondary
phases or they are present in quantities below the X-ray detection limit.

All the intensity curves given as a function of the diffraction angle showed similar behavior and the peaks
presented are mainly related to the ferrite and austenite phases. However, in the samples submitted to treat-
ment at 700°C, 750°C, 800°C and 900°C, the intermetallic sigma phase was also found, as identified in the
graphs below.
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Fig. 1. X-ray diffractogram of the original sample.
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Fig. 2. X-ray diffractogram of the sample submitted to 700°C.
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Fig. 3. X-ray diffractogram of the sample submitted to 750°C.
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Fig. 4. X-ray diffractogram of the sample submitted to 800°C.
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Fig. 5. X-ray diffractogram of the sample submitted to 900°C.

For the lowest temperatures (i.e. 700°C and 750°C samples), the sigma phase appears in minor quantities,
whereas for higher temperatures the development of the sigma phase is clear. It should be noted that, for a
soak time of 60 minutes, the sigma phase development occurs at 800°C. From 800°C to 900°C no signifi-
cant changes were observed in the amount of the secondary phase. By following the appearance of the
sigma phase, a decrease in the amount of ferrite was observed.

Figures 2 to 5 show the diffracted peaks as a function of the angular interval in 20 for different heat
treatment conditions. Between 50° and 52°, it can be observed that the peak corresponding to ferrite & (110),
initially with high intensity, decreases as temperature increases. These results also show that the peaks
corresponding to the deleterious phases increase as the temperature increases, which agrees with the results
presented by Pardal et al. [14].

According to the results of the analysis, a mixed crystalline structure composed of two phases, austenite
and ferrite, are present in this steel, in close proportions, as verified by the amounts and intensities of the
peaks presented in the diffraction pattern This characteristic of the duplex steels, also observed in the work
of Tan et al. [15], confers the material an attractive combination of mechanical properties and resistance to
corrosion.
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3.2. Open-circuit Potential (OCP)

The immersion potential can be influenced by several reasons, from simpler ones such as sanding time
of the sample and sandpaper size, to most important causes such as the time between sanding and testing,
and especially the concentration of Cr (or oxide) and the distribution of this element in the surface. For
these reasons, when analyzing the OCP curves, observing the curve trends is more important than absolute
numerical values.

Fig. 6 shows the OCP curves of the Super Duplex steel in NaCl solution 3.0 % and pH 6.0, obtained for
15 hours, subjected to different thermal treatments, scanning speed 5 mV/sec.

A tendency of samples of 750°C and 800°C to form a passive layer can be observed, which is revealed
by an increasing (more positive) potential. After about 5 hours a potential decrease is observed, indicating
the breakdown of the passive layer. The potential tends to stabilize at about -0.12 V. The curve obtained
from the sample treated at 900°C shows a potential increase in the first 50 minutes and then a decrease of
this parameter until it reaches -0.16 V. The sample at 700°C reveals only a potential decrease, stabilizing
at about -0.19 V.

Although distinct behaviors were observed in the curves for different thermal treatment temperatures, the
open circuit potential values, after 15 h do not vary more than 0.07 V. This small potential difference ob-
served in the samples may be associated with the presence of Cr-rich phases resulting from the thermal
treatment applied, which may form micropiles due to the potential difference in relation to the matrix. The
curve obtained for sample treated at 800°C, which has a greater percentage of the sigma phase in its micro-
structure, exhibits multiple oscillations, indicating the sample is being actively corroded and with difficulty
to passivate itself.
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Fig. 6. OCP for different thermal treatments, in 3.0 % NaCl solution and pH 6.0.

3.3. Cyeclic Voltammetry Test (CV)

Fig. 7 shows the cyclic voltammetry curves, dilatometry overlap, scanning speed SmV/s. In the anodic
scan, towards the positive potential, two oxidation peaks are observed for the sample treated at 750°C. The
first peak with the negative potential (-0.1 V) can be associated with Fe (II) oxidation, the second with the
positive potential, +0.2 V, can be related to the oxidation of Fe (II) to Fe (III). In the range of +0.2 V to
+1.2 V there is a passive region, linked to the protective layer stability. After 1.2 V the current began to
increase, which indicates that the increase of potential would break the protective layer, causing the disso-
lution of the material. For this reason, the inverse (cathodic) sweep was initiated, represented by the turning
curve. It can be concluded that the value +1.2 V is the potential limit for sample 750°C.

Unlike the positive scan, the negative scan curve displays no peaks because the sweep passes through the
area where the surface has already been passivated. However, the peak at -0.18 V indicates a reduction
process, which can be explained by the fact that, during the positive sweep, this area between -0.1 V and
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+0.2 V was transformed. In other words, as the oxidation process is irreversible — it is not possible to reduce
everything that was oxidized during the anodic sweep — the oxidation area represented by the two peaks
between -0.1 V and +0.2 V, is larger than the peak area in the cathodic scan.

The curves corresponding to the samples treated at 700°C, 800°C and 900°C present a passive region in
the anodic scan. After the rupture of the passive layer and reversal of the scanning direction, a re-oxidation
current is observed, with peaks in the range of +0.1 V to +0.2 V. The peaks are related to the oxidation of
the metal, in the same way as discussed for the sample treated at 750°C. However, this process becomes
more evident for the samples treated at 800°C and 900°C. For these samples, the current magnitude higher,
which indicates that the re-passivation, after rupture of the protective layer and the inversion of the scanning
direction, does not occur. The increase in current in the cathodic scan is a result of the higher reactivity of
the metal and an increase of the active area when the passive layer is ruptured.

The lower current values translate into better resistance against corrosion. As observed i.7, the dilatomet-
ric samples treated at 800°C and 900°C with current values of 0.001 A and 0.0004 A, respectively, are more
propense to corrosion compared to the samples treated at 700°C and 750°C, in which the current is very
low.
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Fig. 7. Cyclic voltammetry curves, dilatometry overlap, scanning speed SmV/s.

3.4. Tafel test

In the analysis of the potentiodynamic polarization curves (Tafel curves), the values of current density
(Jeorr) n the corrosion potential (Ecorr), passivation current density (jpass) and passive layer rupture potential
(Erp) are obtained. These parameters allow the evaluation of resistance to corrosion, while providing infor-
mation about the behavior (active, passive or pseudo-passive) and the mechanism that controls the corrosion
process of different materials in a specific medium.

Fig. 8 shows the Tafel curves for the samples of Super Duplex steel subjected to different thermal treat-
ments (dilatometry tests) at 700°C, 750°C, 800°C and 900°C in 3.0% NaCl solution, pH 6.0, obtained at a
potential scanning speed of 0.33 mV /s (20 mV / min).

An increase in the current I (A) expresses a decrease in corrosion resistance, evidencing that, among the
specimens submitted to the dilatometry tests, the most protected samples are those treated at 700°C and
750°C, as they presented the lowest current density values. This response is consistent with the results of
X-rays.



D.V. Bubnoff et al. / Revista Iberoamericana de Ingenieria Mecanica 28(2), 15-25 (2024) 21

0,5

E /V (Ag/AgCl)

0,0

-0,5

PETTITY B ETITY BT TETY EEESATTITY RS ETIT R T EEAA T EAAreeT
1E-9 1E-8 1E-7 1E-6 1E-5 1E-4 1E-3 0,01 0,1

Densidade de corrente (A cm?)

Figure 8 — Tafel curves overlapping dilatometry, scanning speed 5 mV/s.

It is also possible to notice that the samples treated at 700°C and 750°C have a wide passive region from
-0.1V to +1.1V, above which the passive layer ruptures. On the other hand, the samples treated at 800°C
and 900°C have a much lower passive region raging from -0.1V to +0.2V. Above this potential, the rupture
of the passive layer occurs, and the dissolution of the metal begins. The extent of the passivity region is
defined by the volume of sigma phase in the microstructure, which decreases the protection region and
consequently the corrosion resistance.

In Table 2 the corrosion parameters obtained from the Tafel curves are presented: corrosion potential
(Ecorr), corrosion current density (jeorr), passivation current density (jnss) obtained at 0.15 V and potential of

rupture (Ep).

Table 2. Corrosion parameters Ecorr, jeorr, jpass and Erp obtained for super duplex SAF 2507 after different thermal treatments.

Ecorr (V) Jeorr (A cm) Joess (A em™) Erp (V)
(E=0,15V)
700 °C -0,110 1,2x 107 7,1x 107 +1,09
750 °C -0,141 1,2x 107 53x107 +1,05
800 °C -0,123 5,6 x 107 1,8x10° +0,16
900 °C -0,122 3,0x107 1,5x10° +0,21

The oscillations observed in all the figures are a sign of rupture of the passive layer and immediate re-
passivation, or reconstruction of this layer, which is unambiguous evidence of localized corrosion.

4. CONCLUSIONS

The XRD analysis did not detect any other phase in the UNS S32750/SAF 2507 steel, which influences
the corrosion resistance, besides the sigma phase.
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The resistance to corrosion is a direct function of the volume of sigma in its structure, the larger the
volumetric fraction of sigma, the lower the resistance to corrosion of the material.

The presence of the sigma phase does not alter the corrosion potential of the steel UNS S32750/SAF 2507
in 3,0 % NacCl solution under the test conditions used in this study.

The thermal treatment parameters affected the behavior of the material in terms of corrosion resistance
demonstrating difficulty of the samples above 800°C in the passivity, probably due to the sigma phase
morphology.
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Attachments demonstrating some the tests carried out:

a) b)

Fig. 10. Image of the machined sheet, before testing.

Fig. 11. Schematic presentation of V-chamfer.
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Fig. 12. Positioning of termocouples for data collection.

Fig. 14. Plate cutting section details.

Table 3. Mechanical properties, at 20°C, in the annealed state and for a maximum thickness of 20 mm, UNS S32750/SAF 2507.
(Sandvik)

Rp0,2(MPa) min. Rm (MPa) A (%) min. HRC max.
550 800 — 1000 25 32
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Table 4. Physical properties of UNS S32750/SAF 2507. (Sandvik)

Tipo UNS Specific heat Thermal conductivity Linear thermal expansion
J/kgK W/mK coefficient 10 K!
Super duplex S32750 470 20 14,0

Table 5. Corrosion rate of various alloys in 80% acetic acid with 2000 ppm chloride ions at 90°C.

Corrosion rate mm/year Steel
0,15 316L
0,025 SAF 2205
0,013 Sanicro 28

0,01 UNS S32750/SAF 2507




