Original Article
ISSN (Online): 2350-0530
ISSN (Print): 2394-3629

International Journal of Research - GRANTHAALAYAH
May 2021 9(5), 327–346

CORRELATION BETWEEN MICROSTRUCTURAL AND CORROSION RESISTANCE OF BORON-MODIFIED DUPLEX STAINLESS
STEEL PROCESSED BY SPRAY-FORMING
Moises Meza Pariona1
1

Department of Materials Engineering, State University of Ponta Grossa, Ponta Grossa-PR, Brazil

ABSTRACT

Received 6 May 2021
Accepted 20 May 2021
Published 31 May 2021
Corresponding Author
Moises Meza Pariona, mmpariona
@uepg.br
DOI 10.29121/
granthaalayah.v9.i5.2021.3934
Funding: This research received
no speci ic grant from any funding
agency in the public, commercial,
or not-for-pro it sectors.
Copyright: © 2021 The
Author(s). This is an open access
article distributed under the
terms of the Creative Commons
Attribution License, which
permits unrestricted use,
distribution, and reproduction in
any medium, provided the original
author and source are credited.

In this work was investigated the duplex stainless steel modi ied by boron
processed processed by spray-forming, in order to characterize the workpiece
using different techniques, optical microscopy, SEM-FEG, X-ray diffraction,
Rama spectroscopy and Vickers hardness (VH) and Thermo-Calc software, with
goal of determining the corrosion resistance. The corrosion resistance test was
performed in aerated solution of 0.1 M, immersed in different aggressive media
electrolytes, alkaline and acidic mediums. As result through the EDS technique
was veri ied that in the ferrite phase the Cr element predominates, but in the
austenite phase the Fe and Ni elements prevail. Meanwhile XRD spectra shown
different meta-stable phases and mainly the (FeCr)2 B phase, the percentage of
the austinite and ferrite phases are similar. Besides, the Vickers microhardness
measurement was around 460 HV. Furthermore, Nyquist impedance plots at
different electrolytes had linear behavior, which their polarization resistances
are extremely high in all solutions. However, the potential of corrosion whose
magnitude is small, also the corrosions rates were close to zero. Consequently,
the corrosion resistance in all studied solutions were extremely high and it can
be attributed due to presence of the (FeCr)2 B phase, meta-stables phases and
similar proportion of the three phases present. This alloy can be successfully
used in the chemical, oil and gas industries and petrochemical process plants.

Keywords: Boron-Modi ied Duplex Stainless Steel, Spray-Forming, SEM-FEG,
Vickers Hardness, XRD, Rama Spectroscopy, Corrosion Resistance

1. INTRODUCTION
Traditional stainless steels do not present the adequate combination of mechanical resistance and pitting corrosion, necessary in a series of applications, mainly in
the presence of sea water, as is the case of equipment used in offshore platforms.
Nevertheless, there are a relatively new category of stainless steels, called duplex
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and super duplex, satisfactorily combines these characteristics, as reported by Bernhardsson Charles et al. (1991). However, Martins Martins (2006) pointed out that
success in cast in duplex and super duplex is mainly related to the precipitation
of the sigma phase during cooling after solidi ication and this intermetallic signi icantly reduces the toughness of the material. The sigma phase precipitates at the
ferrite/austenite interfaces and grows toward the ferrite, it requires alloying elements (chromium and molybdenum) for its formation. In addition, American Society
For Testing And Materials “Standard Practice For Castings, Iron-Chromium-NickelMolybdenum Corrosion Resistant, Duplex (Austenitic/Ferritic) For General Application” (1999) and Smuk Li et al. (2016) reported that the sigma phase is not the only
intermetallic phase that precipitates into the microstructure of these alloys; other
phases such as: phase ”Chi” (χ), phase ”R”, phase ”G”, phase ”Tal” (τ ), etc. High alloy
duplex stainless steels: commonly referred as super duplex, denoted as UNS S32750
(SAF 2507) presents high resistance to corrosion comparable to the super austenitic
that possess between 5 and 6% of molybdenum.
Super duplex stainless steel (SDSS) consists primarily of chemical concentrations
of chromium, nickel, molybdenum and nitrogen. Chemical composition (wt. %)
of super duplex 2507: C, max 0.003; Cr, 25: Ni, 7: Mo, 4 and others. One way
to empirically quantify that chemical property is through the equivalent resistance
to pitting corrosion, or PREN (Pitting Resistance Equivalent). According to ASTM
A890/A890M “Standard Practice For Castings, Iron-Chromium-Nickel-Molybdenum
Corrosion Resistant, Duplex (Austenitic/Ferritic) For General Application” (1999),
this magnitude can be calculated from the expression:

Thus, the biphasic stainless steels (ferritic/austenitic) whose PREN values are in
the range of 35 to 40, constitute the family of duplex stainless steels and for PREN
greater than 40, constitute the family of super duplex stainless steels, this alloy
exhibits mechanical strength, corrosion resistance, and toughness at low temperatures, being superior to common duplex stainless steels. It has high resistance to pitting corrosion and chloride-containing environments. It is mainly used on offshore
platforms for oil and gas extraction, such as in pumps, valves, langes and pipelines.
An important study given by Li et al. Li et al. (2016) remarked, which duplex stainless steel (DSS) is widely used in various industries due to its combination, such as,
excellent properties mechanical and corrosion resistance.
Zepon et al. Zepon et al. (2016) emphasized that Spray Forming (SF) process consists in atomizing of a liquid metal jet in multi-drop with varying size and which it is
driven by inert gas at high speed, ranging typically is from 102 to 105 Ks−1 , however,
before they reach the substrate, the metal droplets are cooled at high rates, moreover,
the trajectory of these drops is interrupted by a substrate in which they solidify in the
form of a coherent deposit and with characteristics close to the theoretical density.
International Journal of Research - GRANTHAALAYAH
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Meanwhile, by means of SF technique enables achievement of re ined microstructures with low segregation level, supersaturated solid solutions with meta-stable
phases or even the formation of amorphous phases. Therefore, an application of
this study by SF process was in solidi ication of boron-modi ied super martensitic
stainless steel (BSMSS) at 0.3 to 0.7 wt% B, aiming in to increase the wear resistance of BSMSS and achieved a re ined microstructure, free of macro segregations,
consisting of a uniform equiaxial structure of the matrix, where inely dispersed carbides were present. In previous work, Soyama et al. Soyama et al. (2019) studied
wear resistant in boron-modi ied duplex stainless steels processed by spray forming, where the wear resistance was evaluated for these steels in the dry sand/rubber wheel test. Consequently, the wear resistance for boron-containing steels had
a signi icant improvement in comparison with the same steel without boron. This
improvement was attributed to the presence of ine and well-distributed boride particles that protected the austenitic-ferritic matrix from material removal.
An important study by Soyama et al. Soyama et al. (2019), since one of the greatest
advantages of borides lies in the fact that boron has a very limited solubility in ferrite
and austenite, consequently, boride formation occur during solidi ication and that
two different boride phases can be identi ied: M2 B and M3 B2 (M = Fe, Cr, Mo). Considering that boron has a limited solubility in ferrite, as ferrite grains are formed in
equilibrium conditions, boron remains in the liquid phase and thus is segregated to
the grain boundaries, furthermore, when the eutectic point is reached, M2 B becomes
stable and forms by reacting with Fe and Cr resulting in the continuous network of
borides.
Chail and Kangas Chail and Kangas (2016) discussed, which hyper duplex stainless steels have the highest critical pitting temperature, and critical crevice corrosion
temperature than the modern duplex stainless steels. Hyper duplex stainless steels
have the highest tensile and fatigue strengths among the modern duplex stainless
steels. With these combinations of extreme high corrosion resistance and strength,
hyper duplex stainless steels can be successfully used in the extreme oil and gas environments in the ultra-deep formations or deep-water wells.
In this work the purpose was investigating corrosion resistance in alkaline and
acidic mediums of the duplex stainless steels with addition of 2.0 wt% B, which it was
processed by spray-forming and whose workpieces were characterized by different
techniques, optical microscopy, SEM-FEG, X-ray diffraction, Rama spectroscopy and
Vickers hardness (VH), Thermo-Calc software and electrochemical techniques. The
corrosion resistance test was performed in aerated solution of 0.1 M, immersed in
alkaline and acidic mediums aggressive, to study the applicability of this steel in these
mediums.
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2. MATERIALS AND METHODS
The mixture of the raw materials (Table 1 ) with adjusted composition was melted in
an induction furnace using an alumina crucible, subsequently, SF process was applied
in nitrogen gas with an atomization pressure of 0.5 MPa and the pouring temperature
was approximately 1650 ◦ C. The deposition was carried out on a mild steel substrate,
resulting as an end-product a disc of approximately 3.5 kg with 300 mm in diameter
and 25 mm in thickness.
Characterization of the boron-modi ied duplex stainless steels (BDSS) samples
was performed using different techniques. Therefore, the microstructure was analyzed by a Shimadzu SSX-550 SEM-FEG microscopy and coupled to the dispersive
energy spectroscopy (EDS) mapping and an Olympus BX-51 optical microscope (OM)
with a QColor 3 digital camera for the image capture. As well, X-ray diffraction
(XRD) analysis were recorded at a scan speed of 0.2o min−1, using a Rigaku mark
equipment, model: Ultima IV, X-ray diffractometer with power 40/30 kW; besides,
Xplora plus Raman microscope - Bruker Snterra equipment, with wavelength 532 nm
(green) and with beam power 0.2 mW; furthermore, to measure the hardness of the
material a Micro Vickers Hardness (VH) Tester was used, applied 1000 [gF] for a time
of 15 [s]. The corrosion test was performed in aerated solution of 0.1 M, immersed in
different electrolytes: Sulfuric acid (H2 SO4 ), sodium sulfate (Na2 SO4 ), sodium chloride (NaCl), sodium carbonate (Na2 CO3 ) and sodium hydroxide (NaOH) at a temperature of 25°C ± 0.5°C. Working electrodes of surface-treated and untreated samples
were prepared with epoxy resin. Corrosion potentials (Ecor) were measured using
Autolab PGSTAT 30 potentiostat system connected to a microcomputer. Beraha’s tint
reagent was used for sample attack, with composition of 200 mL HCl and 1000 mL
H2 O and 0.5 g K2 S2 O5 for about 60 seconds. In Table 1 is shown the elements concentration of boron-modi ied hyper duplex stainless steel in wt.% by luorescence
spectroscopy
Table 1 Fluorescence spectroscopy data of boron-modi ied duplex stainless steel
Element
Fe
Cr
Mo
Ni
B
C
N
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3. RESULT AND DISCUSSION
3.1 SURFACE CHARACTERIZATION
3.1.1 MICROSTRUCTURAL ANALYSIS BY MICROSCOPY
In this chapter the results of microstructure, ray-x, Raman spectroscopy, microhardness, and corrosion resistance by electrochemical techniques of BYDSS workpiece
will be shown and discussed.
According to Equation (1) and Table, the PREN value was calculated, whose value
was 38.5, so this value is in the range of 35 and 40, as it was established by the standards “Standard Practice For Castings, Iron-Chromium-Nickel-Molybdenum Corrosion Resistant, Duplex (Austenitic/Ferritic) For General Application” (1999), it constitutes the family of duplex stainless steels belong to Fe-Ni-Cr system. Addition of
Mo is mainly to improve corrosion resistance, but also increase the strength. Addition of N is mainly to increase strength but also improve structure stability and corrosion resistance, as emphasized by Chail and Kangas Chail and Kangas (2016), as
well as the boron, is also present in this type of steel. So, in this work the material is
boron-modi ied duplex stainless steels (BDSS) that was used for this study.
Usually when the super duplex stainless steel does not have boride, the authors
College Shara i (1993), Wang et al. Wang et al. (2011), Emami et al. Emami et al.
(2018), Martins and Casteletti Martins and Casteletti (2005), Smuk Smuk (2004) and
Arun et al. Arun et al. (2019) con irmed two types of phases, austenite and ferrite and
they reported that duplex stainless steel is the name given to the class of materials
with biphasic microstructure, it is composed of a ferritic matrix and austenite islands,
with volumetric fractions of approximately 50% of each phase.
Duplex stainless steels are a group of stainless steels with a microstructure of
almost equal amount of austenite and ferrite. These materials show an attractive
combination of excellent corrosion resistance and high mechanical properties comparing with either austenitic stainless steels or ferritic stainless steels, especially
super duplex stainless steels, as evidenced by Chail and Kangas Chail and Kangas
(2016).
The phase diagrams of BDSS by the thermodynamic simulation, using ThermoCalc software Software (2017) is shows in Figure 1 , where an investigation of stable phases and metastable phases containing high level of boron was conducted in
this study. According to Soyama et al. Chail and Kangas (2016), which boride formation in super duplex stainless steels occur during solidi ication and two different
boride phases can be identi ied, M2 B and M3 B2 (M = Fe, Cr, Mo. In Figure 1 , we can
clearly observe the presence of the ferrite and austenite, in addition, other principal
phases precipitate occurs, boride phases (M2 B and M3 B2 ), chromium carbide and
sigma phase from 1200 to 600◦ C. Considering the proportion of phase areas in Figure 1, as much as for austenite and ferrite was stipulated approximately these areas
in 30%. A similar result was found in ref. Chail and Kangas (2016).
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Figure 1 Phasediagram of a boron-modi ied duplex stainless steel

The general view of the cross section of alloy is shown in Figure 2 , where can
be observed the austenite and ferrite in approximately equal fractions and borides
is embedded in a matrix (stipulated approximately in 30%, according to the corresponding area in Figure 1 . This microstructure is shown at different magni ications by optical microscopy in Figure 2 a-b, exhibiting the borides morphology in
blocky-shaped as a branching of the ferriteSoyama et al. Chail and Kangas (2016),
they pointed out, which considering that boron has a limited solubility in ferrite, as
ferrite grains are formed in equilibrium conditions, boron remains in the liquid phase
and thus is segregated to the grain boundaries, furthermore, when the eutectic point
is reached, Melongated lamellaeis a branch of the ferrite andhowever austenite has
a diffuse featureas can be veri ied in this work (Figure 2 ).
Martins Martins (2006) con irmed that in the duplex and super duplex stainless
steels obtained by casting process in sand molds, it is almost impossible to prevent
sigma phase precipitation during solidi ication due to low cooling speed. Furthermore, this authors point out that the success in obtaining components cast in duplex
and super duplex stainless steel is mainly related to exercising effective control over
the precipitation of the sigma phase during cooling in solid state (especially in the
range 800-500◦ C), as this intermetallic signi icantly reduces the toughness and corrosion resistance of the material. However, by Spray Forming (SF) process, Zepon et
al. Zepon et al. (2016) obtained a re ined microstructure during solidi ication, free of

International Journal of Research - GRANTHAALAYAH

332

Pariona Moises Meza

Figure 2 The top-view of a sample by optical and SEM images. a) Optical micrograph, b)Optical
micrograph with more magni ication of previous one and c) SEMmicrographs of alloy, d) and e) with
higher magni ication of c).

macro segregations, consisting of a uniform equiaxial structure of the matrix. Therefore, through this technique it is possible to avoid the sigma phase that originates
in the traditional casting, such as using sand mold. These latter authors state, in SF
process the metal droplets are cooled at high rates, the ranging typically from 102 to
105 Ks− 1, thus it generates high rates of solidi ication and although, in sand mold the
solidi ication is of low cooling speed.

3.2 MICROSTRUCTURAL ANALYSIS BY SEM/EDS
For a compositional analysis of different elements in the sample, the energy dispersive X-ray spectroscopy (EDS) was used, in conjunction with SEM to provide highsuper icial resolution imaging. In image of Figure 3 are observed the microstructures
γ-austenite (blue) with diffuse characteristic, α-ferrite with elongated lamellae characteristic (yellow) and boride (red) with faceted and elongated characteristic.
For these analyses, in the micrograph were considered four-point, for measurements of the elements in the austenite, ferrite and boride phases and in table on the
right side shows the elements and the standard deviation (sigma). At result of point
analysis by EDS, at the ferrite phase there is more Cr than at the boride and austenite phase, although, this element prevails in boride than in austenite, however, at
International Journal of Research - GRANTHAALAYAH
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Figure 3 SEM image of BDSS surface and EDS punctual analysis

the austenite phase there is more concentration of the Fe, Ni, and S elements than at
the ferrite and boride phases, nevertheless, Fe prevails in boride and lastly in ferrite.
Considering the tables in Figure 3, the boride phase is rich in Fe and Cr, thus identifying, which the M2 B phase (Figure 1 ) correspond to the (FeCr)2 B phase. However,
in this study the boron element was not identi ied by this technique. Furthermore,
the EDS spectra analysis in a region was performed, which is shown in Figure 4 .

Figure 4 TheEDS spectra analysis in a region at BDSS workpiece
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According to EDS spectra (Figure 4 ) in the analysis region are presents different
elements, where there is a higher concentration of Cr at ferrite and followed in the
borides, which is veri ied by point analysis (Figure 3 ). However, the elements Fe, Ni
and S have higher concentration in the austenite phase; nevertheless, Fe also has a
high concentration in the boride phase. So again, this result is veri ied with the point
analysis.
This analysis corroborated our study by EDS punctual analysis and EDS spectra
analysis in a region, having a high concentration of Cr in the ferrite phase and followed in the boride phase, thus, the existence of the borides of type (FeCr)2 B phase
was also veri ied by Thermo-Calc and in the microstructure.

Figure 5 XRD spectra of BDSS with 2 wt.% B

3.3 X-RAY DIFFRACTION (XRD)
Moreover, in this work BSDSS was investigated by X-ray diffraction analysis (XRD)
that is shown Figure 5 , the standard XRD patterns of different metallic elements were
identi ied, such as, Cr, Fe, Ni and meta-stable phases, Fe-Cr, FeNi, Cr0.19Fe0.7Ni0.11,
Ni-Cr-Fe and Cr1.36Fe0.52, most of these phases are concentrated at the peak of
greatest intensity, accompanied by the ferrite phase. In addition, some of these
metallic elements and meta-stable phases, austenite and M2 B or (FeCr)2 B phases also
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are found in other peaks of lower intensity, as it can be seen in Figure 5. The formation of these meta-stable phases is promoted by the high speed of cooling generated
in the spray-forming process, which leads to the formation of the ferrite, austenite,
and boride phases (Figure 1 ). Kashiwar et al. Software (2017) found that in the 2theta between 44 and 45 degrees the main peaks of the austenite and ferrite phases
are presented, in this way our work is con irmed. Thus, the (FeCr)2 B phase was veri ied that to exist in BDSS by XRD and Thermo-Calc techniques.

3.4 RAMAN SPECTROSCOPY
The corresponding Raman spectra result is shown in Figure 6. The strong peaks is
located at ∼492 cm−1 , followed by 2443 cm−1 , however other smaller peaks are
around of 537 cm−1 , 1198 cm−1 , 1468 cm−1 , 1532 cm−1 , 1619 cm−1 and 1773
cm−1 . The peaks 492 to 537 cm−1 are in range accordingly with Ran et al. Ran et al.
(2015), which they have studied duplex stainless steels (DSSs) 19Cr–10Mn–0.3Ni–
xN (x =0.211–0.315 wt.%) and as well as, also, in agreement with Xu et al. Xu et al.
(2012), who investigated Raman spectra obtained by spotting a laser beam on different regions of the oxide ilm introduced on DSS 25Cr–10Mn–2Ni–3Mo–0.8W–0.8Cu–
0.5N oxidized. Mironova-Ulmane et al Mironova-Ulmane et al. (2011) studied nickel
oxide by Raman scattering, which the found peak in the range of 110 to 1500 cm−1 ,
due to this fact, we could attribute in this range the presence of Ni and other metastable phases with Ni, this result corroborates with x-ray spectrum (Figure 5 ). No
further information was found because Raman spectroscopy is still poorly studied in
BDSS.

Figure 6 Raman spectra of BDSS with 2 wt.% B
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3.5 VICKERS MICROHARDNESS MEASUREMENTS
The study of Vickers microhardness measurements in BDSS workpiece were carried
out in this research. In this work the Vickers microhardness test was applied. As
result, the microhardness Vickers (HV) was 460 with standard deviation of 14.7.
Sousa et al. Souza et al. (2010) reported that the material analyzed for super
duplex stainless steel alloy exhibited a Vickers microhardness (HV) average value
of 261 for austenite and 305 HV for ferrite, however, Bastos et al. Bastos et al. (2007)
for same material presented a hardness value of 278 HV and besides, Deng et al Deng
et al. (2009) reported that Vickers hardness values for UNS S31803 duplex stainless steel in the range of 249–254HV. Meanwhile, in this study Vickers microhardness measurements was around 460 HV, being much higher measured by the authors
presented, this fact justi ies, that this material was processed by Spray Forming (SF)
technical, since, this technique promotes re ined microstructures with low segregation level, supersaturated solid solutions with meta-stable phases (to see Figure 5
) or even the formation of amorphous phases, as af irmed by Zepon et al. Zepon et
al. (2016) and Soyama et al. Soyama et al. (2019), still these authors highlight and
con irm, which the high microhardness can mainly be attributed to the existence
of borides of type (FeCr)2 B, this result con irms our work, thus, in boron-modi ied
duplex stainless steel processed by spray-forming contain this phase, which were
veri ied by XRD spectra and Thermo-Calc software.

3.6 CORROSION BEHAVIOR OF BDSS IN DIFFERENT ELECTROLYTES
3.6.1 OPEN CIRCUIT POTENTIAL VERSUS TIME
To quantify the corrosion rate of this steel was calculated the open circuit potential
(OCP), which was determined after 3300 seconds when the material is immersed in
an electrolyte, according to the standard Pehkonen and Yuan (2019). Where OCP
of an electrode in the electrochemical corrosion inform us about the thermodynamic
tendency in the electrolyte or neighboring medium. As result, Table 2 shown the OCP
represented by Ecorr of boron-modi ied duplex stainless steel sample, at 0.1 M of sulfuric acid (H2 SO4 ), sodium sulfate (Na2 SO4 ), sodium chloride (NaCl), sodium carbonate (Na2 CO3 ), sodium hydroxide (NaOH). The electrode in some solutions showed
noble behavior in concerning to other solutions. For example, the workpiece was
nobler in NaCl than in Na2 SO4 , followed by H2 SO4 , Na2 CO3 , and NaOH. This means
that the workpiece was less noble at the NaOH solution. In a general manner, it
should be noted that all the OCP potentials of the workpiece are quite similar.

3.6.2 POLARIZATION CURVES
The corrosion rate is related to polarization resistance (Rp) measurements, it is used
to determine the protection capability in a given solution. The polarization resistance
(Rp) is obtained by the linear polarization resistance method, for this case, current
linearly depends in a narrow potential region, well the, Ecorr = ±10 mV.
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Rp is the slope of the experimental E versus i curve at Ecorr, which according to
the Stern–Geary relationship is calculated. The following are shown the equation
proposed by Pehkonen et al. Pehkonen and Yuan (2019).

Tafel constants that are the anodic beta (β a ) and cathodic beta (β c ), and icorr is
corrosion current and B is a constant. The result is shown in Table (2), the polarization resistance (Rp ). Following, the equation of the corrosion rates (CR) is of the
form.

Where, AW is atomic weight, for pure aluminum is 27 g/mol, because this element
prevails in this alloy; n is the electron number involved in the reaction (Al+3 ); A is
the electrode area (cm2 ); F is a constant Faraday (96487 Coulomb) and t time in year
(31536000 s).
macropolarization technique was carried out, for this, ±150 mV. This technique
provides information about cathodic and anodic reactions on the sample surface,
whose Tafel constants β and β were calculated and the result is presented in Figure 7 , besides, the corrosion current (iToshev and Kostadinov Toshev et al. (2006)
af irmed, which high corrosion rates are characterized by a small passive potential
range and a lower pitting potential.
Table 2 shows that theelectrode at NaCl has a nobler behavior OCP that any in
other solutions, meanwhile, the electrode at sodium hydroxide is less noble, this is
in thermodynamic conditions. The cathodic polarization response of the electrode
in NaCl show higher reactivity comparing in other solutions (Figure 7 ), however,
the electrode at sodium hydroxide is less reactive, this is according to the dynamic
conditions.
According to Table 2 , the corrosion-resistant behavior is due to a combination of
corrosion potential shift in noble direction (Ecorr ) and a lower corrosion current density (icorr ). In particular, the workpiece in NaCl that simulates the seawater exhibits
the noblest shift in Ecorr (-0.213 V) and lowest icorr (1.9×10−7 A cm−2 ) and agreement with Figure 7. Therefore, the sample in NaCl displays the smallest corrosion
rate as shown in Table 2. It is also evident that the workpiece in NaOH showed slightly
International Journal of Research - GRANTHAALAYAH
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Figure 7 Macropolarization curve at different electrolytes in BDSS workpiece

Table 2 Electrochemical parameters of BDSS at different electrolytes alkaline and acidic
mediums
Ecorr
[V]
H2 SO4

0.272
Na2 SO4 -0.26
NaCl
0.213
Na2 CO3 -0.32
NaOH
0.382

Rp
[kΩ]

Rp.A
[KΩ.cm2 ]

βa
[V/dec]

βc
[V/dec]

Icorr
[A]x10−9

406.2

75.959

0.97

0.123

0.579

Icorr/A
[A/cm2 ]
x10−7
3.1

CR
[mm/year]

578.8
696.5

108.235
13.052

0.178
0.189

0.084
0.081

0.428
0.353

2.3
1.9

0.0027
0.0023

737.9
635.1

138.282
119.018

0.145
0.141

0.081
0.126

0.306
0.442

1.6
2.4

0.0019
0.0028

0.0036

high icorr (2.4×10-7 A cm−2 ) and lowest Ecorr (-0.382 V) values amongst the investigated solutions. Thus, the sample in NaCl displays the slightly high corrosion rate
as shown in Table 2. So it can be emphasized, since the corrosion current density
is directly proportional to the corrosion rate, a lower icorr value generally signi ies a
higher corrosion-resistant behavior.
Concerning the study of duplex stainless steel corrosion, in the literature many
authors have dealt about this subject, among them, Zanotto et al. Zanotto et al. (2015)
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studied the phase transformation of the duplex stainless steel, which the conventional ferritic–austenitic duplex stainless steels (DSS) can be adversely affected by the
precipitation and transformation phenomena in the 650–950 o C temperature range,
this fact was veri ied in Figure 1 by Thermo-Calc software, where various metastables phases arise in this temperature range, which is the most critical for the mechanical and corrosive behavior of these alloys. Still, these authors point out, the formation of chromium carbides and nitrides is possible at the ferrite (α) and austenite
(γ) grain boundaries also for brief time permanence in the 650–950 o C temperature range. In this work was con irmed that this fact does not present in this case,
however, in this work came up principally boride phase, because the solidi ication
speed is high in Spray Forming (SF) technical. Besides, Aribo et al. Aribo et al. (2013)
have reported that standard duplex and super duplex stainless steels exhibit good
erosion-corrosion resistance due to their high hardness and the ability of the austenite phase of to harden under impingement. According to Sousa et al. Souza et al.
(2010), the corrosion properties of both ferrite and austenite are dependent on the
actual chemical composition. The main alloying elements, i.e., chromium, molybdenum, nickel, and nitrogen are not equally distributed in ferrite and austenite. Austenite is enriched with nickel and nitrogen, while, ferrite is enriched with chromium and
molybdenum, which agrees with our discussion in section 3.2. It is clear that the
chloride concentration exhibits a small in luence on the corrosion resistance of the
material; nevertheless, when included as an alloying element, Mo is incorporated into
the passive ilm, producing oxides with different oxidation states and thus improves
the pitting resistance of the stainless steel Souza et al. (2010). It has also been suggested by Li et al. Li et al. (2016), which they found that the corrosion resistance of
DSS is determined by the ratio of the α-phase and γ-phase and by the Cr, Mo, and
W depleted regions that are adjacent to the secondary phases. HDSS contains high
levels of Cr, Mo, and N, resulting in its excellent corrosion resistance. Its excellent
corrosion resistance properties rely on a well-balanced composition with approximately 50% ferrite (α) and 50% austenite (γ) phases, that offer HDSS improved
mechanical properties and higher chloride corrosion resistance compared with conventional DSS. The improved corrosion resistance extends the use of HDSS in more
aggressive chloride environments, such as marine environments. Likewise, SánchezTovar et al. Sánchez-Tovar et al. (2015) remarked that DSS has a high resistance to
both general and localized corrosion (specially to pitting and crevice corrosion in
chloride-containing media) due to high chromium and molybdenum contents. Furthermore, Meng et al. Meng et al. (2007) attributed that erosion-corrosion behavior
of the duplex stainless steels can be related to the volume fraction of the austenite
phase and the low rate of the slurry. However, Hussain et al. Hussain and Husain
(2005) reported that for duplex stainless steel under Kuwait marine conditions, the
extent to which the passivating ilm can assist in preventing erosion-corrosion.
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3.6.3 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY
Electrochemical impedance spectroscopy (EIS) is another nondestructive technique
to characterize electrochemical reactions at a corrosion interface. As a result of this
study, Nyquist impedance plots is shown in Figure 8 as the function of variation of
the frequency (10 kHz to 100 Hz). The polarization resistance, Rp, is commonly used
as a measure of the resistance of a metal to the corrosion damage. A high value of Rp
is associated with a high corrosion prevention capability; a low value of Rp indicates
potential high corrosion activity. Can be seen in this result, which these curves do not
show the traditional curvature in Nyquist’s diagram, being all have the linear behavior, so there is no way to measure the polarization resistance, besides that, according
to this result, it means that the polarization resistance is very high for all solutions.
In this diagram, it is observing the lowest linear angular coef icient corresponds to
sodium hydroxide and the highest angular coef icient is for the sulfuric acid solution. According to the result of Figure 8 for BDSS, the characteristic of the Nyquist
impedance diagram was practically indifferent, either an acid or basic medium. In
all these environments, the BDSS showed an extremely high resistance, this fact can
be attributed mainly by the presence of the boron element or boride phases (M2B
and M3B2) and among others meta-stable phases in the duplex stainless steel. This
result was similar to the study carried out by authors Zepon et al. Zepon et al. (2016).

Figure 8 Shows typical Nyquist impedance plots of BDSS workpiece at differentelectrolytes

To con irm this result will be confronted with different authors, among them,
Souza et al. Souza et al. (2010) recommend that these features of extremely high
resistance suggest a high degree of protection of the passive ilms formed, due to the
presence of large amounts of chromium oxide. Batista et al. Bastidas et al. (2001)
pointed out, the equivalent circuit is a way that can be proposed to simulate the
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experimental results appropriately, but to propose the equivalent circuit involve
many complexities, which required the semiconductor properties adequate of metallic oxides. Nevertheless, chromium nitrides may precipitate in duplex stainless steel
during processing and their in luence on the corrosion behavior is of great importance for the steel performance, as described by Bettini et al. Bettini et al. (2013). Chai
and Kangas Chai and Kangas (2019) presented experimental results in extremely
high critical pitting temperature, and critical crevice corrosion temperature of hyper
duplex stainless steels allows the materials to be used in the areas where high corrosion resistance and high service temperature are required. The good combination
of extra high strength and high ductility makes it possible for hyper duplex stainless steels to allow a substantial reduction in wall thickness, which leads to a reduction of weight in applications such as ultra-deep seawater, energy and re inery sectors. In all these situations the alloy’s superior properties can be fully utilized to
ensure reliability and safe service. Díaza et al. del Coz Díaz et al. (2010) con irmed
that the high corrosion resistance and the excellent mechanical properties combination of duplex stainless steels can be explained by their chemical composition and
balanced “duplex” microstructure of approximately equivalent volume fractions of
ferrite and austenite. Firstly, the chemical composition based on high contents of Cr
and Mo improves intergranular and pitting corrosion resistance, respectively. Moreover, additions of nitrogen can promote structural harden by an interstitial solid
solution mechanism, which raises the yield strength and ultimate strength values
without impairing toughness. Secondly, the two-phase microstructure guarantees
higher resistance to pitting and stress corrosion cracking in comparison with conventional stainless steel. Duplex stainless steels are typically twice as strong as common
austenitic stainless steels.
The workpiece of boron-modi ied duplex stainless steel with 2wt%B processed
by spray-forming was studied by different technical, among them, microhardness
test, corrosion behavior, and electrochemical impedance, therefore, following results
were observed. High microhardness; high corrosion rates (CR) in different electrolytes alkaline and acidic mediums calculated by Tafel constants; furthermore, high
polarization resistance (Rp) calculated by Nyquist impedance plots. These results
can be explained appropriately since this material was processed by Spray-Forming
technical and this technique promotes re ined microstructures with low segregation
level, supersaturated solid solutions with meta-stable phases or even the formation
of amorphous phases and optimal results of this study can mainly be attributed to
the existence of borides of type (FeCr)2 B, which were veri ied by XRD spectra and
Thermo-Calc software Software (2017), though, in this study has been stipulated
approximately at 30% boride embedded in a matrix composed by austenite and ferrite in around equal fractions. All these results were corroborated by the literature
presented in this work.
The applications of BDSS are so extensive in the industrial area, especially where
there are very aggressive electrolyte media, as well as, allied with high temperatures
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and pressure, which leads to a good combination of extremely high corrosion resistance and strength, the boron-modi ied duplex stainless steel can be successfully
used in oil and gas extreme environments, in the ultra-deep formations or deep water
wells. However, Díaza et al. del Coz Díaz et al. (2010) and Chai and Kangas Chai and
Kangas (2019) pointed out that duplex stainless steels are inding major application
in the chemical, oil and gas industries, petrochemical process plants, the pulp and
paper industry, pollution control equipment, transportation and for general engineering thanks to their outstanding corrosion resistance and mechanical properties.

4. CONCLUSION
The following conclusions have been drawn from this investigation of the boronmodi ied duplex stainless steel with 2 wt%B processed by spray-forming:
1. In the ferrite phase, the Cr element predominates, but in the austenite phase
the Fe and Ni elements prevail and (FeCr)2B phase is present,
2. XRD spectra and Thermo-Calc software of the boron-modi ied duplex stainless
steel shown different ferrite, austenite, and (FeCr)2B phases.
3. Vickers microhardness measurements was around 460 HV being much higher
than the duplex stainless steel and it can be attributed to the presence of
(FeCr)2B phase and meta-stable phases.
4. Nyquist impedance plots for BDSS at different electrolytes in the function of
variation of the frequency, all results had the linear behavior, it means that the
polarization resistance is very high in all solutions.
5. The potential of corrosion whose magnitude is small, also the corrosion rates
were very close to zero allied with high polarization resistance. Consequently,
the corrosion resistance in the environment alkaline and acidic mediums were
extremely high.
6. The excellent property of the material studied could be attributed to the
presence of ine and well-distributed boride particles between the austeniticferritic matrix and due to a similar proportion of the three phases present.
7. The BDSS can be successfully used in the oil and gas extreme environments
in the ultra-deep formations or deep-water wells, in the chemical, oil and gas
industries, petrochemical process plants, the pulp and paper industry, pollution control equipment and transport tanks.
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