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Abstract: The corrosion and mechanical response produced by quenching in the welded joint of a new
Nb-doped stainless steel designed by the CALPHAD method and produced by open-atmosphere
casting with recycled materials were investigated to contribute to the circular economy and to
establish disruptive manufacturing criteria based on metallurgical principles. The steel was initially
subjected to solubilization heat treatment and partial solubilization treatment at 1090 ◦C to obtain
an appropriate α/γ balance and carbide solubilization. It was then welded by the SMAW process,
quenched, and tempered at three different cooling rates. As a result, a good fit between the phases
predicted by the CALPHAD method and those observed by X-ray diffraction and scanning electron
microscopy were obtained, with minor differences attributable to the precipitation and diffusion
kinetics required for dissolution or nucleation and growth of the phases in the system. The forced air
quenching mechanism was identified as providing an α/γ phase equilibrium equivalent to 62/38 as
the most effective quenching method for achieving the optimum mechanical and corrosion response,
even with the post-weld σ phase and showing superior results to those of the base metal. The
outstanding mechanical and corrosion responses resulted from a proper balance of the primary
phases in the duplex steel with a precipitation-strengthening mechanism. The damage tolerance
obtained by forced air quenching was superior to that obtained by water and air quenching, with a
PSE of 24.71 GPa% post-welding.

Keywords: corrosion; sigma phase; super duplex stainless steel; mechanical response

1. Introduction

Duplex stainless steels (DSS) are key structural materials for highly demanding indus-
trial sectors such as chemical, petrochemical, desalinization, pulp and paper, and the power
industry [1–5]. These materials combine high mechanical response and excellent corrosion
resistance, mainly due to their biphasic microstructure of austenite (γ) and ferrite (δ) in
a proportion close to 50% of each phase [6,7]. However, fusion welding processes, often
involved in producing industrial equipment and its maintenance, promote microstructural
changes that may alter these alloys’ mechanical properties and corrosion behavior [8–10].
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Moreover, the existence of non-metallic inclusions, Cr carbides (sensitization), and inter-
metallic phases (σ, χ, and Laves phase), commonly obtained during the welding procedure,
increases the driving force for pitting formation in combination with intergranular corro-
sion [11,12]. In particular, the heat input of the welding process affects the balance between
the austenite and the ferrite, producing the segregation of elements and precipitation of
secondary phases. For instance, a low heat input during the welding process would pro-
duce ferritization leading to the precipitation of Cr2N [2] due to the low miscibility of N in
ferrite. On the other hand, a high heat input during the welding process would increase
the diffusion kinetics promoting the stability of precipitates such as the σ phase, χ phase,
Cr2N, Cr23C6, and Cr7C3, which would decrease the localized corrosion resistance [2]. Due
to the sensitivity of the effect of heat input during the welding process, it should be limited
to reduce the adverse effects in DSS materials between 0.5–2 kJ/mm and in SDSS between
0.5–1.5 kJ/mm [2].

The corrosion effect arises from corrosive substances on the alloy surface. The contact
area initiates an aggressive chemical reaction, leading to localized sensitization, which
promotes metal dissolution. These effects result in significant industrial damage, especially
when the microstructure is metallurgically sensitized due to processes like welding, which
profoundly influence phase transformation. Additionally, welding induces damage, includ-
ing the production of microcracks and residual stresses. A notable industrial example is
the work of Tavares et al. [13], who analyzed ductile fissure failure in the welding metal
zone. The damage was caused by an excess of ferrite with intense Cr2N precipitation,
creating an imbalance and potential difference that enhanced corrosion and mechanical
damage. Similarly, Yang et al. [14] investigated a reactor failure due to intercolumnar cracks
caused by solidification during shielded metal arc welding (SMAW) on duplex stainless
steel (DSS). This failure was attributed to cooling, which facilitated an 85% ferrite formation
in the metal.

Several authors indicate that the best DSS performance occurs when the volume frac-
tion of significant phases (δ/γ) is in a 50/50 ratio [2,5,6]. Nevertheless, such a narrow phase
balance may not achieve the best mechanical and corrosion behavior for heavy alloyed
super duplex stainless steels (SDSS) and hyper duplex stainless steels (HDSS), because
secondary phases play a fundamental role in the mechanical and corrosion behavior. This
statement is consistent with the findings obtained by Ha et al. [15], who found that in a
duplex stainless steel, UNS S32205, the highest corrosion resistance occurred for a 57%
ferrite fraction approaching a main phase fraction δ/γ 60/40. Therefore, duplex stainless
steel’s optimum mechanical and corrosion characteristics are not always obtained for the
δ/γ 50/50 phase fraction. The use of scrap from the steel industry for steel production has
increased during the last few years due to the high demand for steel worldwide [16–18]. An
example is the sustained increase in stainless steel, with a growth rate of 5.33% per year [19].
However, its use has not been deeply explored in the fabrication of stainless steels, and its
microstructural and functional study in the structural application is reduced [16]. Exam-
ples of the production process of stainless steels based on scrap are detailed by Holappa
et al. [19], where it is detailed that ordinary recycled steel and additions of ferroalloys such
as FeCr, FeMo, and FeNi are used. However, the production process is carried out under
controlled atmosphere processes or undergoes decarburization processes. These processes
make the steel more expensive and make production logistics more challenging.

Welding parameters such as welding speed, temperature, and cooling rate are crucial
in the joining processes of stainless materials [20–23]. If these parameters are not ade-
quately controlled, the welding process can induce ferritization and intermetallic phase
transformations, such as the sigma phase, leading to material sensitization due to poten-
tial differences, thereby increasing susceptibility to corrosive damage [21]. Among the
parameters mentioned, the cooling rate is one of the most significant factors in achieving
the desired microstructure for optimal functional performance during service. Rapid cool-
ing rates are known to increase the likelihood of generating Cr2N, while slower cooling
rates can trigger phase transformations, such as the sigma or chi phases, through diffu-
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sional mechanisms [20,21]. The study of the effects of welding on duplex stainless steels
is extremely important for the industry due to the sensitization it causes in the material,
promoting corrosion damage [24–27].

One of the parameters for assessing sigma phase precipitation is microhardness. This
is demonstrated by Putz et al. [28] obtained that the hardness in UNS S32205 duplex steel
by four-layer deposition welding was 300 HV. They analyzed the change in hardness upon
electric arc heat treatment and observed that harnesses close to 230 HV were obtained in
nitrogen-depleted zones. However, the highest hardness values were found next to the
depleted zone, reaching 471 HV for a heat treatment duration of 60 min. The temperature
reached by the heat treatment in the contact zone was higher than 1400 ◦C, decreasing as
the distance increased from the contact center towards the periphery, reaching 300 ◦C for a
7 mm radius. The observed increase in hardness was attributed to the sigma phase and
ferrite fraction, which was consistent with N impoverishment of the surrounding zones,
providing sigma precipitation by CrN and Cr2N. Souza et al. [29] evaluated the mechanical
behavior of a UNS S31803 stainless steel welded by MIG/MAG finding hardness values
between 235 and 295 HV. These results indicated a higher homogeneity of the phases
with controlled metallurgical distortion. Hardness in duplex steels is restricted to limit
values after welding to avoid embrittlement. ANSI/NACE MR0103-2012 [30] states that
the maximum allowable hardness should be 35 HRC (345.45 HV). On the other hand,
ANSI/NACE MR0175 [31] indicates that the maximum allowable hardness should be
28 HRC (286.43 HV) in base metal.

The novelty of the present work is to deepen the understanding of the kinetic mecha-
nisms after the hardening process of welded samples and how these impact the microstruc-
ture, altering its corrosion and mechanical response. In the same way, the research work is
developed on a new SDSS alloy fabricated in an open atmosphere.

Consequently, it is necessary to deepen the feasibility of production processes of
stainless steels based on scrap with functional characteristics and rigorous characterization
of their corrosion and mechanical response, enhancing the circular economy at the industrial
level. Further studies are required to determine the main factors governing the corrosion
response and mechanical properties in DSS and SDSS. In addition, suitable cooling rates
for welded joints by the SMAW method in structural components are unknown, which
significantly influences the mechanical response and corrosion behavior due to changes in
phase volume fraction, precipitation of secondary phases, and segregation, among others.
Based on the previous background, this research aims to estimate the influence of cooling
rates on the corrosion resistance and mechanical performance after the SMAW process on a
high-carbon super duplex stainless steel stabilized by Nb. To achieve the proposed objective,
a microstructural analysis was performed using CALPHAD computational simulation and
correlated by a complete microstructural characterization of the welding joint. Furthermore,
the corrosion response was studied by cyclic potentiodynamic polarization in a 3.5% NaCl
solution at 40 and 70 ◦C, respectively. Finally, the mechanical behavior was investigated by
microhardness and quasi-static uniaxial tensile test.

2. Methodology

The alloy was designed based on physical metallurgical principles supported by
Thermo-Calc modeling using the TCFe-8 database to obtain a super duplex stainless steel.
The alloy was produced by induction melting in the open air, based on a scrap shaft
of 329 DSS as base material aiming for metallic waste valorization, plus the addition of
ferroalloy elements, such as FeCr, FeNb, Mn, Ni, FeMo, and FeSi. The mass balance
resulting from the Thermo-Calc design is shown in Table 1. The raw materials for the
melting were dried at 70 ◦C for 24 h to remove moisture before casting. The chemical
composition of the resulting alloy is detailed in Table 2, which was obtained by optical
emission spectroscopy using SPECTROMAXX equipment.
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Table 1. Mass balance for free atmosphere melting.

Material Base Material
329 Cu Ni FeCr FeNb Mn FeMo FeSi

Load (g) 5300 24 112 130 25 117 193 1

Table 2. Chemical composition wt.% of the alloy obtained.

C Cr Ni Mo N Mn Cu Si W Nb P S Fe

0.067 26.5 7.31 3.46 0.14 2.70 0.84 0.545 0.034 0.24 0.011 0.018 Bal.

The ingot obtained from casting with a mass of about 6 kg was cut into 2 cm pieces to
be further processed by thermomechanical treatment. The thermomechanical treatment
was carried out in a Nabertherm electric muffle furnace at a solubilization temperature of
1200 ◦C for 60 min. Subsequently, the samples were hot rolled in a JOLIOT symmetrical
rolling mill until a 60% section reduction was obtained, followed by water quenching.
Finally, a solution annealing heat treatment was performed at 1090 ◦C for 60 min on the
rolled samples and then quenched in water at 15 ◦C. The temperature of 1090 ◦C in the
heat treatment was obtained by CALPHAD simulation in Thermo-Calc.

The computational simulations were performed in Thermo-Calc using the chemical
composition presented in Table 2, considering atmospheric pressure. Thermo-Calc sim-
ulations considered a phase diagram calculation, volume fractions of different phases
at interest temperatures, and equilibrium point temperatures. Subsequently, to comple-
ment the computational simulation considering the thermal cycling caused by the welding
process, simulations were performed in JMatPro V7.0 using the duplex stainless-steel
database. The simulations performed in JMatPro consisted of Time-Temperature Transfor-
mation (TTT) and Continuous Cooling Transformation (CCT) diagrams, which were used
to analyze the phase transformation during heat input in welding and subsequent phase
transformation during quenching.

For the welding process, 3.5 cm × 3.5 cm × 1 cm plates were fabricated, which were
joined by the SMAW method with E-2209-16 electrode due to the similar characteristics
concerning the alloy, ensuring dilution during the process, and obtaining a homogeneous
microstructure. The chemical composition of the electrode used can be seen in Table 3. A
65-degree bevel with a root of 2 mm and a separation of 3 mm was used to guarantee a
good weld joint (see Figure 1). The current intensity in the welding process was 70 (A) with
a voltage of 24 (V) for an electrode diameter of 2.5 mm. The welding feed rate used was
9 cm/min with an efficiency of 80%. The welding temperature reached 1100 ◦C measured
by thermographic camera. The number of steps considered was 2 due to the thickness
of the sample. The behavior of the microstructure sensitized by SMAW was analyzed
according to AWS D1.1-6 for stainless steels with electrode E2209. The welded samples
were processed by three types of quenching: water quenching, air quenching, and forced
air quenching.

Table 3. Chemical composition of consumable E2209-16 wt.%.

%C %Cr %Ni %Mo %N %Mn %Si

0.02 23.32 8.15 3.15 0.15 1.33 0.46

Sample preparation for microstructural characterization consisted of grinding using
SiC sandpaper with mesh sizes from 240 to 1200. The samples were then polished in a
Mecatech 264 metallographic polisher using diamond paste from 6 µm to 1 µm at a speed
of 350 RPM for 4000 s. The samples were further polished in an alumina suspension with a
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particle size of 0.05 µm for 2000 s at 250 RPM. Finally, the samples were microstructurally
developed using electrolytic etching using KOH—30% at a potential of 9V for 10 s.
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Figure 1. Scheme of welded joint used in the investigated samples.

The post-welding microstructure was analyzed by optical microscopy (OM) and
scanning electron microscopy with an energy-dispersive X-ray spectrometer (SEM-EDS).
Characterization by optical microscopy was performed on a Leica DMi8-M microscope us-
ing magnification between 100× and 1000×. Scanning electron microscopy was performed
on a TESCAN VEGA 3 EASYPROBE SBU microscope with an accelerating voltage of 20 kV
and a 10 mm working distance. The energy dispersive X-ray spectrometer was used to
control the number of counts over 25,000 cps to maintain the representativeness of the
results. The characterization of the phases present in the welded samples was performed
by X-ray diffraction using a Cu Kα filter with a wavelength, λ = 1.5406 Å. The operating
parameters were an accelerating voltage of 40 kV and a current of 20 mA. The diffraction
angles were between 20◦ and 90◦ with analysis steps of 0.02◦ with a permanence of 1 s.

The corrosion tests were performed using a cell with a saturated Calomel reference
electrode with 244 mV to a hydrogen electrode, a Pt-alloyed stainless steel auxiliary elec-
trode, and the obtained alloy samples as working electrodes. The measurements were
performed on a VersaStat three potentiostat with a PolyScience thermostat. The time for
each point is 1 s with an open circuit duration of 1000 s. Pitting corrosion was evaluated
by a cyclic potentiodynamic polarization test in an aggressive 3.5% NaCl medium using
ASTM G-61.

The mechanical characterization considered microhardness measurements and uniax-
ial tensile tests. The Vickers microhardness tests were performed with a load of 300 g in the
base metal area, heat-affected zone, and melting zone. ASTM E8 performed the quasi-static
tensile test on specimens with a cross-section in the calibrated section of 7 mm × 4 mm
using a 1 mm/min speed in an Instron 8801 universal testing machine with a 100 kN
load cell.

3. Results and Discussion
3.1. Thermochemical Simulation Using the CALPHAD Method

For better and simplified naming, the produced alloy was identified as SDSS-Nb (see
chemical composition in Table 2). The thermodynamic equilibrium calculations of the
phases present in the SDSS-Nb alloy were modeled using Thermo-Calc with the TCFE-8
module, obtaining the phases diagram (T◦ vs. %C). Figure 2 shows the alloy present below
1000 ◦C, the M23C6, σ, and Z phases. The M23C6 plays a crucial role in the material’s
mechanical strength and in controlling the subgrain’s coarsening, even more so than the
MX precipitates. Due to their reduced Gibbs, the free energy is highly stable, generating a
high contribution to dislocation locking and creep resistance [32].

The σ phase in welded super duplex steels has a higher precipitation potential in the
thermally affected zone for temperatures between 900 ◦C and 1000 ◦C due to the decrease
in interfacial energy favoring nucleation in this zone, producing a reduction in energy
absorption and embrittlement [33]. Figure 3a shows the volume fraction of the phases
present in the SDSS-Nb alloy. The approximate fraction α/γ (50/50) is obtained for a
temperature of 1040 ◦C, at which secondary phases are also present. Figure 3b shows the
magnification of the volume fraction in the SDSS-Nb alloy. It can be observed that for a
temperature of 1040 ◦C, the stable secondary phases are Cr23C6 carbides and the Z phase. It
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is also possible to see that for a temperature of 1090 ◦C, complete dissolution of the Cr23C6
carbides occurs, having its highest energetic stability at temperatures below 1070 ◦C. Table 4
shows the composition of each phase obtained from Figure 3 for a temperature of 1090 ◦C,
resulting in increased stability between ferrite and austenite with Nb-MX precipitates
at 0.223%.
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Table 4. ThermoCalc phase fraction simulation at temperature 1090 ◦C with chemical composition
in wt.%.

Phases Vol. %Fe %Cr %Ni %Mo %Mn %Si %Cu %N %Nb %C

δ 53.29 57.14 30.16 5.13 4.1 2.25 0.585 0.513 0.036 0.032 0.021
γ 46.41 59.83 22.39 9.83 2.73 3.17 0.5 1.21 0.188 0.097 0.017
z 0.078 5.99 27.03 - 6.36 - - - 8.52 52.09 -

Nb-MX 0.223 0.009 11.08 - 0.389 0.005 - - 8.786 75.14 4.57

The achieved results by thermochemical simulation in Thermo-Calc are complemented
with the TTT and CCT phase transformation results obtained by JMatPro on the SDSS-Nb
alloy. Figure 4 shows no σ phase formation at 1090 ◦C temperature. However, a stable
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volume fraction of M23C6 is equivalent to 0.13 wt.% is predicted. It can be determined
from the TTT diagram (see Figure 4a) that the welding process would not produce σ

phase precipitation because the welding time is less than 1 min in the samples. However,
there is σ phase precipitation at approximately 1 wt.%. From Figure 4b, it is possible to
determine the secondary phase precipitation during the cooling cycle for the different
quenching mechanisms through the CCT diagram. It is possible to observe from the
CCT diagram that quenching in water would not produce secondary phase precipitation.
However, quenching in forced-air and natural-air will mainly produce σ and chi phase
precipitation. The precipitation of the sigma phase will undoubtedly generate an alteration
in the mechanical characteristics of the material. However, this alteration can be positive or
negative depending on the fraction of the sigma phase present and its size.
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To evaluate the formation of oxides during the welding process, an atmosphere of
0.03 wt.% oxygen was considered during the welding process to analyze the activation
energy and temperature of oxide formation. The oxygen content used for the simulation is
based on the typical ranges of oxygen in welding processes proposed by Dellam et al. [34]
not to affect the welded joint’s toughness. These values are also considered in previous
studies by Coetsee et al. [35]. The CALPHAD simulation developed in JMatPro resulted in
the predominant formation of SiO2. It was found by the simulation that the onset of forma-
tion is at a temperature of 1200 ◦C with an activation energy of −399.677 (kJ/Mol). The
SiO2 fraction increases dramatically until it reaches 940 ◦C and remains stable. Secondary
oxides are formed at 370 ◦C and are mainly composed of Cr and Fe with an activation
energy of −318.913 (kJ/mol). These results obtained will be corroborated by scanning
electron microscopy with energy-dispersive X-ray spectroscopy to analyze the formation of
oxides on the welded samples.

3.2. Optical Microscopy

Figure 5 shows that the optical microscopy (OM) images revealed a microstructure
formed by a ferritic matrix with columnar austenite branching in the center of the sample
(Figure 5a). These columnar branchings are produced due to the cooling rates obtained
in the center of the sample. The microstructure obtained is characteristic of solidification
in duplex alloys, starting from the primary ferrite, with nucleation of austenite from the
solid in the ferritic matrix preferentially at the grain boundaries. This process occurs via
a diffusion-controlled state, where Ni is expelled from the ferrite into the austenite, and
Cr is rejected by the advancing interface, producing a Ni enrichment and Cr deficit in the
austenite compared to the ferrite. Figure 5b shows the microstructure of the eutectoid
decomposition resulting from slow cooling. Figure 5c,d show that the microstructure can
be observed with a ferritic-austenitic microstructure after the thermomechanical treatment.
It can be observed that the austenite is the elongated product of the rolling direction in an
equal proportion with the ferrite. The phase ratio was analyzed using ImageJ software by
the fraction of area used by each phase in the micrograph. The assay results indicated that
the phases are in a proportion of 45% austenite and 55% ferrite, respectively. These results
were further corroborated by thermodynamic simulation by CALPHAD in Thermo-Calc
software, obtaining a volume fraction of 46.1% for austenite and 53.29% for ferrite at the
temperature of 1090 ◦C, respectively (see Table 4).

Figure 5b, a transition zone δ→γ2 + σ can be seen. The transition zone noted above is
due to the enrichment of the Z phase with Cr, Si, and Mo from the ferrite, thus producing
a decomposition of the matrix and the σ and γ2 phase is formed [36]. Additionally, the
formation of M23C6 or MX carbides is possible due to the high segregation that can occur
during the welding process and the activation of carbon diffusion to carbide stabilizing
elements such as Cr and Nb. These are consistent with those obtained previously by
CALPHAD simulation.

Figure 6 shows the microstructure in the HAZ zone–root weld bead of SDSS-Nb
steel with different cooling conditions. Figure 6a shows the microstructure of SDSS-Nb
steel cooled in air, Figure 6b shows the microstructure of forced air cooling, and Figure 6c
shows the microstructure of water cooling. The change in the microstructure is evident,
and its relation is direct to the type of cooling. Due to localized heat input, this change
in the microstructure is because the welding process generates a phase transformation
in the duplex steels, leading them to a ferritic state when reaching temperatures above
1250 ◦C [37].

Consequently, the austenite will reform again upon cooling, but its size and quantity
depend mainly on the cooling rate. Therefore, a higher fraction of austenite can be observed
in Figure 6a as it has been subjected to cooling in air. From Figure 6b,c, it can be deduced
that the variation of the austenite fraction is due to the cooling process, highlighting, at
first sight, the higher fraction of austenite in the sample cooled in forced air concerning the
sample cooled in water.



Crystals 2023, 13, 1192 9 of 28Crystals 2023, 13, x FOR PEER REVIEW 9 of 30 
 

 

 
Figure 5. Results obtained from optical microscopy on SDSS-Nb As-Cast and thermomechanical 
treatment; (a) SDSS-Nb As-Cast optical microscopy; (b) SDSS-Nb As-Cast optical microscopy; (c) 
SDSS-Nb optical microscopy with thermomechanical treatment; (d) SDSS-Nb optical microscopy 
with thermomechanical treatment. 

Figure 5b, a transition zone δ→𝛾𝛾2 + σ can be seen. The transition zone noted above 
is due to the enrichment of the Z phase with Cr, Si, and Mo from the ferrite, thus produc-
ing a decomposition of the matrix and the σ and 𝛾𝛾2 phase is formed [36]. Additionally, 
the formation of M23C6 or MX carbides is possible due to the high segregation that can 
occur during the welding process and the activation of carbon diffusion to carbide stabi-
lizing elements such as Cr and Nb. These are consistent with those obtained previously 
by CALPHAD simulation.  

Figure 6 shows the microstructure in the HAZ zone–root weld bead of SDSS-Nb steel 
with different cooling conditions. Figure 6a shows the microstructure of SDSS-Nb steel 
cooled in air, Figure 6b shows the microstructure of forced air cooling, and Figure 6c 
shows the microstructure of water cooling. The change in the microstructure is evident, 
and its relation is direct to the type of cooling. Due to localized heat input, this change in 
the microstructure is because the welding process generates a phase transformation in the 
duplex steels, leading them to a ferritic state when reaching temperatures above 1250 °C 
[37]. 

 

Figure 5. Results obtained from optical microscopy on SDSS-Nb As-Cast and thermomechani-
cal treatment; (a) SDSS-Nb As-Cast optical microscopy; (b) SDSS-Nb As-Cast optical microscopy;
(c) SDSS-Nb optical microscopy with thermomechanical treatment; (d) SDSS-Nb optical microscopy
with thermomechanical treatment.

Crystals 2023, 13, x FOR PEER REVIEW 9 of 30 
 

 

 
Figure 5. Results obtained from optical microscopy on SDSS-Nb As-Cast and thermomechanical 
treatment; (a) SDSS-Nb As-Cast optical microscopy; (b) SDSS-Nb As-Cast optical microscopy; (c) 
SDSS-Nb optical microscopy with thermomechanical treatment; (d) SDSS-Nb optical microscopy 
with thermomechanical treatment. 

Figure 5b, a transition zone δ→𝛾𝛾2 + σ can be seen. The transition zone noted above 
is due to the enrichment of the Z phase with Cr, Si, and Mo from the ferrite, thus produc-
ing a decomposition of the matrix and the σ and 𝛾𝛾2 phase is formed [36]. Additionally, 
the formation of M23C6 or MX carbides is possible due to the high segregation that can 
occur during the welding process and the activation of carbon diffusion to carbide stabi-
lizing elements such as Cr and Nb. These are consistent with those obtained previously 
by CALPHAD simulation.  

Figure 6 shows the microstructure in the HAZ zone–root weld bead of SDSS-Nb steel 
with different cooling conditions. Figure 6a shows the microstructure of SDSS-Nb steel 
cooled in air, Figure 6b shows the microstructure of forced air cooling, and Figure 6c 
shows the microstructure of water cooling. The change in the microstructure is evident, 
and its relation is direct to the type of cooling. Due to localized heat input, this change in 
the microstructure is because the welding process generates a phase transformation in the 
duplex steels, leading them to a ferritic state when reaching temperatures above 1250 °C 
[37]. 

 

Figure 6. Results obtained from optical microscopy on SDSS-Nb with SMAW process in the HAZ
zone–root weld; (a) SDSS-Nb optical microscopy with air cooling; (b) SDSS-Nb optical microscopy
with forced air cooling; (c) SDSS-Nb optical microscopy with water cooling.

The cooling rate also affected the stabilization of secondary phases. The high cooling
rate of water had a remarkable ability to suppress the formation of secondary phases at lower
temperatures than that produced by the thermal effect of the solder joint, such as the σ and
γ2 phases. In contrast, air cooling generated a kinetic state suitable for long-range diffusion
and mobility of chemical elements to zones of lower chemical potential [38], as is the mobility
of Cr and Mo towards the χ or Z phase to subsequently form σ [10,36,39]. The above is
visualized in Figure 7, corresponding to the air-cooled sample, where a structure of primary
austenite, Widmanstatten austenite, and secondary austenite is found. The latter is due to
the decomposition reaction of ferrite (δ→γ2 + σ) or austenite (γ→γ2 + σ) [38]. Therefore, it
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indicates sigma phase formation due to precipitation kinetics granted by natural cooling.
These have two effects. Firstly, the controlled form precipitation of secondary phases during
cooling will generate attractive mechanical reinforcement by increasing the yield stress
and ultimate tensile strength. Secondly, the generation of Cr- and Mo-depleted zones will
reduce corrosion resistance. The proportion of primary phases is also relevant since the
mechanical and corrosion resistance depends directly on them, determined by the type
of cooling used after welding. The corrosion resistance and mechanical response to the
proposed cooling conditions will be evaluated later in this research.
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Figure 7. Optical microscopy of the structure formed due to the thermal effect of soldering on the
air-cooled SDSS-Nb sample.

The size of the HAZ zone was also quantified using the three types of cooling. The size
was quantified using ImageJ software in Figure 8a–c, respectively. The results indicated
that the samples cooled in the air show a larger size of the thermally affected zone, reaching
820 microns. On the other hand, as the cooling rate increases, the thermally affected zone
becomes smaller and smaller. This result is demonstrated by the values obtained from
the samples cooled in forced air, reaching only 589 microns in the thermally affected zone,
while cooling in water reached a thermally affected zone of 271 microns. This phenomenon
is due to the remaining diffusive effect during the cooling cycle, which is higher for the
naturally cooled samples. The above results are presented in Table 5.
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Table 5. HAZ zone sizes were obtained in SDSS-Nb by optical microscopy in different cooling media.

Samples Heat-Affected Zone (HAZ)

Water 271 microns
Forced Air 589 microns

Air 820 microns

The outcome obtained for each thermally affected zone further indicates a change
in the mechanical and corrosion response of the alloy. This change in material response
is due to the change in grain sizes, fraction of major phases, and content of secondary
phases precipitating during the heating and cooling cycle. The detrimental phase transfor-
mations during these processes mainly produce mobility of Cr and Mo from the ferritic
phase. Therefore, the ferritic phase content must be controlled to optimize the material’s
mechanical and corrosion resistance. Our alloy’s main phase balance was quantified to
indirectly analyze each cooling type’s effect on the material’s performance using ImageJ
software. These results are presented in Table 6.

Table 6. Fraction of ferrite obtained in the SDSS-Nb alloy according to its post-weld cooling method.

Samples Ferrite Austenite

Base Metal 60% 40%
Water 71% 29%

Forced Air 62% 38%
Air 53% 47%

3.3. Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy

Figure 9 corresponds to the SEM-EDS analysis of the air-cooled samples. Figure 9a
shows the existence of precipitates mainly in the ferritic matrix produced by the thermal
effect of welding. Zone (1) and zone (2) represent the EDS profiles corresponding to the
austenite and ferrite (see Figure 9a,b), observing the presence of Cu and higher intensity
of Ni in the austenite compared to the ferrite, while in the ferrite the intensity of Cr and
Mo is increased. Zones (3) and (4) correspond to Mn oxide in the austenitic phase (see
Figure 9d) and Mn sulfide (see Figure 9e). The summary of the chemical composition
obtained for each analysis zone can be seen in Table 7. It can be seen that the oxides
obtained are predominantly particle oxides. However, the oxides in zones 3 and 4 are film
oxides. Film oxides are not recommended in the welded joint because these discontinuities
would promote the formation of cracks [40].
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Figure 9. SEM-EDS analysis of SDSS-Nb, (a) SEM image of SDSS-Nb air-cooled sample; (b) EDS zone
1 austenite; (c) EDS zone 2 ferrite; (d) EDS zone 3 Mn oxide; (e) EDS zone 4 Mn sulfide.
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Table 7. EDS analysis of the chemical composition of each phase in SDSS-Nb wt.% in the
air-cooled sample.

Analysis %Cr %Ni %Mn %Cu %Mo %Si %Nb %S %Fe

Zone 1 21.33 8.80 3.23 1.19 2.49 0.55 --- --- 62.41
Zone 2 25.59 5.52 2.72 --- 4.18 0.69 --- --- 61.30
Zone 3 26.35 4.98 7.08 --- 1.73 0.54 --- --- 59.38
Zone 4 20.16 5.97 15.16 --- 1.56 0.44 --- 7.93 48.78

Figure 10 shows the outcomes of the SEM-EDS characterization of the sample cooled
in forced air. An austenitic–ferritic structure with the presence of oxides and precipitates
can be seen. The EDS results indicate that the oxides are mainly silicon and chromium
oxides (see Figure 10d,e). The detail of the chemical composition obtained by EDS of the
zones analyzed in this sample can be seen in Table 8.
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Figure 10. SEM-EDS analysis of SDSS-Nb, (a) SEM image of SDSS-Nb forced-air-cooled sample; (b)
EDS zone 1 austenite; (c) EDS zone 2 ferrite; (d) EDS zone 3 Si oxide; (e) EDS zone 4 Cr oxide.

Table 8. EDS analysis of the chemical composition of each phase on SDSS-Nb wt.% in forced-air-
cooled sample.

Analysis %Cr %Ni %Mn %Cu %Mo %Si %Nb %S %Fe

Zone 1 23.16 10.02 1.63 --- 3.59 0.71 --- --- 60.89
Zone 2 28.65 6.59 1.28 --- 4.40 0.69 --- --- 58.39
Zone 3 20.42 5.56 4.82 --- 3.04 3.73 --- --- 62.43
Zone 4 25.35 4.77 2.55 --- 2.88 0.40 --- --- 64.05

Figure 11 shows the SEM-EDS results obtained for the welded and water-cooled
samples. The results indicate the presence of chromium and molybdenum oxides (see
Figure 11d,e). The findings from the SEM-EDS characterization in Figure 11 are shown in
Table 9.

The oxides found in all the samples are particle-type with isolated film-type oxides.
Therefore, the welded joint would not be significantly affected mechanically. The results
presented above indicate a large distribution of oxide precipitates in the welded speci-
mens, which increase in size as the cooling process provides a higher diffusion rate. It is
important to highlight that as the size of the oxide particles increases, the resistance to
fatigue conditions will be negatively influenced [41]. However, the mechanical response
of the welded alloy can benefit from the formation of oxides by size and distribution. The
above is based on mechanical reinforcement by precipitation. Therefore, if the metal ox-
ides have a homogeneous distribution or adequate dispersion and reduced size, the shear
stresses required to mobilize a dislocation anchored in the precipitate increase, favoring
the mechanical response of the welded joint. The possible existence of this reinforcement
generated by oxides is validated by Sun et al. [41]. They quantified the size of the oxides in



Crystals 2023, 13, 1192 13 of 28

17-4PH stainless steel, which had a size range between 10 nm and 300 nm. Additionally,
Terashima et al. [42] indicated that the size should be minimized to delay the possible
failure events that the oxides could cause.
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Figure 11. SEM-EDS analysis of SDSS-Nb, (a) SEM image of SDSS-Nb water-cooled sample; (b) EDS
zone 1 austenite; (c) EDS zone 2 ferrite; (d) EDS zone 3 Cr oxide; (e) EDS zone 4 Mo oxide.

Table 9. EDS analysis of the chemical composition of each phase in SDSS-Nb wt.% in the
water-cooled sample.

Analysis %Cr %Ni %Mn %Cu %Mo %Si %Nb %S %Fe

Zona 1 27.05 6.04 3.51 --- 4.94 0.52 --- --- 57.94
Zona 2 22.14 9.41 3.45 1.17 2.42 0.62 --- --- 60.79
Zona 3 26.63 5.85 2.98 --- --- --- --- 1.21 63.33
Zona 4 22.35 4.77 2.55 --- 6.75 1.25 --- --- 62.33

Figure 12 shows the metal base structure after the cooling process using different
mechanisms investigated in this study. In Figure 12a, the sample quenched in water
displays a clean microstructure with no apparent precipitation of the sigma phase. However,
there are observed precipitates that are morphologically consistent with chromium nitrides
(Cr2N) (see Figure 12a,d) [43]. This is reasonable since it is a rapid partitioning process in
ferrite, leading to the instant formation of Cr2N [21]. Similarly, this nitride will enable sigma
phase formation over time, as it is a preferential site for nucleation or diffusion-induced
formation during slow cooling. This can be observed in Figure 12b, corresponding to the
sample quenched in forced air. The precipitates in this case change, preferentially locating
at the α/γ interface (see Figure 12e). These precipitates are morphologically consistent
with the sigma phase [28,44], and the precipitation mechanism remains the same, as it
occurs in the region with the highest diffusion rate (grain boundary) [20,28]. The sample
cooled in the air (see Figure 12c), having a cooling mechanism with a wider diffusivity
range, exhibits a greater capacity for sigma phase formation (see Figure 12c,f) [20].

3.4. X-ray Diffraction Characterization

The outcome obtained by XRD shows a significant difference in the microstructure
of the samples treated in natural air, forced air, and water. The difference is attributed
to the cooling kinetics and higher diffusion range of the natural and forced air-cooled
samples. From Figure 13a, the naturally cooled sample provides a high diffusion range for
the precipitation of secondary phases. Among these secondary phases, silicon oxides stand
out, only present in an analyzable volume fraction in the naturally cooled sample. From
the point of view of oxide inclusion engineering, this phenomenon enhances the formation
of acicular ferrite in the filler zone, which increases the weld metal’s impact toughness [35].
This demonstrates an intense attempt to control hydrogen in the weld zone by utilizing the
SiO2 reaction of the flux generated by the protective atmosphere [45]. Based on the above,
it is possible to increase the toughness of the molten zone due to the reduction of cracks
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and porosities produced by hydrogen [35,45]. The difference between SEM-EDS and XRD
results in the sighting of SiO2 is mainly attributed to the size. Kultz et al. [46] obtained a
large number of nanometric inclusions of SiO2 in a natural (air) cooling process as a result
of TEM characterization. These results could explain the lack of SiO2 indexation in the
samples cooled in forced air and water because the precipitation kinetics is reduced and
generates a SiO2 formation barrier, preventing its visualization in XRD. From the above, a
significant reduction in the formation of SiO2 in the samples without natural cooling does
not translate into the absolute non-existence of SiO2 in the samples. MnO2 was also found
in the naturally cooled sample, characterized by increased wear resistance [47,48].
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The kinetics and slow diffusion not only affect the formation of carbides and oxides
as represented in Figure 13a. These time-mobility effects also favored the sigma phase
formation, which can be observed in detail in the diffraction peaks in Figure 13b. As a
result of the precipitation kinetics, a higher intensity in the sigma phase peaks is observed
for the naturally cooled sample, indicating a higher volume fraction of this phase in the
sample. However, the sigma phase was also found in the sample cooled by forced air, but
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with a lower peak intensity. On the other hand, the peak width of the naturally cooled
sample is appreciably larger, which translates into a larger precipitate size compared to
those represented by forced air cooling. These results are consistent with the theoretically
expected precipitation kinetics phenomenology and with the mobility of Cr and Mo to
the Z-phase to finally form the sigma phase. These results are consistent with those
presented previously by CALPHAD thermodynamic simulation in the phase diagram,
point equilibrium analysis, and continuous cooling transformation diagram (CCT). The
water-cooled sample corroborates the kinetic effect on sigma phase formation because it
does not show the characteristic sigma phase peaks in the diffraction pattern. However,
this does not mean that no sigma phase will form during this cooling process because, by
the time-temperature transformation diagram, it can be corroborated that the formation of
a 1% sigma phase will occur for less than two minutes during the welding process, and
first the metastable phase Chi will be formed, which will be a nucleation point of the sigma
phase during the cooling cycle. The reduced volume fraction of the sigma phase for the
applied welding time would not be represented in the XRD patterns for the water-quenched
sample. However, the computational simulation and XRD results indicate that the sigma
phase volume fraction and size increase occur only during the sample cooling process.
The findings obtained of the Rietveld refinement on the XRD results without background
removal to quantify the phases present can be seen in Figure 13c. This would allow us
better to clarify the phases present in each tempered sample. It is possible to observe
the clear presence of the sigma phase in the samples cooled in air and forced air. These
findings corroborate the results obtained previously. However, it was possible to obtain
a semi-quantification of 0.48% of the sigma phase in the water-cooled sample, which is
camouflaged in the background. Additionally, it was possible to corroborate the existence
of SiO2 in the samples cooled in air and forced air and of MnO2 in the sample cooled in
air, which shows that MnO2 requires a longer formation time due to the slow diffusion of
Mn. The details of the semi-quantification obtained by Rietveld analysis in the tempered
samples can be seen in Table 10.

Table 10. Results of semi-quantification of phases in %Wt by Rietveld analysis.

Sample Ferrite Austenite MnO2 SiO2 Sigma

Water 66.30 33.22 0 0 0.48
Forced air 56.02 40.04 0 1.28 2.64

air 48.78 41.78 1.78 3.67 4.37

The sigma phase is characterized as an intermetallic with the ability to reduce corrosion
resistance and embrittle the material. However, it can have positive effects if its volume
and size fraction is controlled, optimizing the mechanical response due to precipitation
reinforcement. Corrosion resistance, on the other hand, does not depend only on the sigma
phase, but is also directly related to the ferrite–austenite fraction and composition in the
alloy. It is also important to highlight that the metastable phase that favors the precipitation
of the sigma phase is the Chi phase and generates localized corrosion sensitization with
similar volta potential to the sigma phase [49]. From the above, it is hypothesized that
a low amount of sigma phase, with an adequate ratio of austenite to ferrite, could result
in a material with adequate corrosion resistance and improved mechanical properties.
Additionally, it is questionable to attribute the decrease in corrosion resistance only to the
sigma phase in stainless steel since carbides also have an adverse effect.

Investigations carried out by Phuah et al. [50] and Chan et al. [51] showed evidence
of pitting corrosion at the periphery of NbC. The cathodic potential of NbC was studied
by Clark et al. [52] by Scanning Kelvin Probe Force Microscopy (SKPFM), obtaining result
potentials of 35 mV above those of austenite. The Cr carbides also act actively in the sensiti-
zation of the material to corrosion, mainly by the Cr impoverishment of the surrounding
phase and its precipitation at the grain boundaries, which increases the rate of sensitization
of the material by the diffusion of carbon along this linear defect. Clark et al. [52] also
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evaluated the potential of Cr carbides by SKPFM, obtaining as results potentials of 65 mV
above those of austenite. The potentials obtained in Cr carbides by Clark et al. are close to
those obtained by Ramirez et al. [53] in the sigma phase, who obtained potential differences
of 75 mV between the sigma phase and austenite. These results indicate that the nobility
of the precipitates is higher, weakening the zones surrounding the present phases and
generating an actively sensitized zone, which would explain the sightings discovered by
Phuah et al. [50] and Chan et al. [51] regarding the corrosion produced at the edge of
NbC precipitates.
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Figure 13. X-ray diffraction characterization results on welded samples: (a) X-ray diffraction spectrum
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in blue, the forced air-quenched sample in green and the air-quenched sample in red.

Additionally, it should be noted that the heat treatment at 1090 ◦C performed on the
samples before welding seeks to avoid sigma phase precipitation, delaying the precipi-
tation kinetics and reducing phase growth by reducing nucleation sites such as carbides.
This effect was previously analyzed by Chen et al. [54], who obtained a delay in sigma
precipitation for cooling rates of 0.1 ◦C/s for solution temperatures between 1080 ◦C to
1200 ◦C. By this process of kinetic control of phase transformation, we seek to increase the
mechanical strength of SDSS-Nb with reduced sigma content and adequate size control,
not to reduce the damage tolerance.



Crystals 2023, 13, 1192 17 of 28

3.5. Corrosion Characterization

To evaluate the corrosion resistance representatively, the base metal was characterized
in a 3.5% NaCl solution at a temperature of 40 ◦C and 70 ◦C, respectively. The different
cooling cycles were characterized under the same conditions and compared with the assay
results for the base metal. Figure 14 shows the results of cyclic polarization in the base metal.
The curves indicate good behavior, with no evidence of pitting. Two important phenomena
occur as the temperature increases. Firstly, the increase in temperature provides a shift of
the curve to areas with higher current potential, which indicates a higher corrosion rate
for the sample at 70 ◦C. The second important phenomenon highlights the behavior in
the passivation zone of the curves. For the sample subjected to 40 ◦C, high stability in
the passive layer is observed. However, for the samples subjected to a temperature of
70 ◦C, the passivation zone is very unstable, which is attributed to metastable pitting [55].
Nevertheless, the passive layer endures the effect of chloride ions and temperature, this is
corroborated due to the repassivation of the base material in the high potential section of the
loop of the polarization curve. The presence of metastable pitting can be attributed to the
critical pitting temperature (CPT) approach of the SDSS-Nb presented in this investigation.
This effect means that the acidification effect produced by the migration of chloride ions to
the breakage of the passive layer is producing metastable pitting. However, a passive layer
is produced again, thus preventing stable pitting and dissolution of the material. Therefore,
there is no severe diffusion rate of Fe2+ and Cr3+. In [56], a cyclic thermometry test was
performed to evaluate the temperature-dependent metastable pitting effect, discovering
that when the temperature decreases, the diffusion coefficient of the aqueous cation also
decreases, increasing the passivation capacity.
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Figure 14. Cyclic polarization curve of SDSS-Nb base metal with solubilization heat treatment at
1090 ◦C.

Bo Deng et al. [56] observed the presence of metastable pitting with increasing solu-
tion temperature during the cyclic polarization test. They observed that with increasing
solution temperature during the cyclic polarization test above CPT, the current density
increased abruptly and continuously, indicating the occurrence of stable pitting. However,
when they were under CPT, a transition state occurred in the passive zone, which is at-



Crystals 2023, 13, 1192 18 of 28

tributed to metastable pitting, increasing the size of these with increasing temperature.
This effect occurs because the passivation rate is higher than the metastable pitting rate
at lower temperatures, implying that at lower temperatures, the acidifying effect due to
the migration of chloride ions to the surface pitting zones is inhibited by the self-healing
of the material. The change may influence this change in the alloy passivation rate in the
composition and structure of the passive film [56]. As the analyzed sample corresponds
to the base metal with a complete solubilization heat treatment at 1090 ◦C, the metastable
pitting is related to possible secondary Cr23C6 phases in the SDSS-Nb alloy that failed to
solubilize completely. It is essential to note the increase in passivation current density with
increasing test temperature. This phenomenon is attributed to the increase in the chemical
and electrochemical potential of the sputtering reactions, a finding consistent with the
results of Deng et al. [56].

The curve of the base metal with a solution at a temperature of 40 ◦C (see Figure 14)
presents a stable passivity zone. In contrast, for the curve with a solution at 70 ◦C. This
result is a clear indicator of pitting stabilization, increasing the corrosion rate due to the
stable breakdown of the passive layer of the alloy where the critical point should be close
to 90 ◦C because this temperature corresponds to the unsensitized CPT of the base alloy
UNS32750. The summary of results obtained for Figure 14 can be seen in Table 11.

Table 11. Result of potentials determined by electrochemical cyclic polarization test in base metal.

T (◦C) Ecorr (VSCE) Eprot (VSCE) ∆Epass (VSCE) ∆ERep (VSCE)

40 −0.16 ± 0.005 1.09 ± 0.035 1.25 ± 0.038 1.02 ± 0.031
70 −0.18 ± 0.006 1.07 ± 0.032 1.25 ± 0.036 1.09 ± 0.033

The results presented above for the base metal will be used to compare the corrosion
behavior of the welded samples with cooling in water, air, and forced air. Figure 15 shows
the cyclic polarization curves of the samples with different cooling conditions and the
base metal with a solution at 40 ◦C and 70 ◦C, respectively. From both figures, it can
be observed that at lower temperatures, there is higher stability of the passive layer and
that increasing the temperature of the 3.5% NaCl solution increases the metastable pitting
condition increases, indicating that it is close to CPT. Figure 15 shows that the cooling
condition with the worst response to corrosion is the sample cooled in water. This result
is attributed to the residual stress in the ferritic structure and the non-homogeneity of
Cr, Mo, and W in the matrix due to the slow diffusion presented by the BCC structure.
Additionally, the low miscibility of N and C in the ferrite and the low fraction of austenite
present with water quenching could induce the formation of CrN, Cr2N, Cr23C6, and Cr7C3
at the grain boundary with nanometer size due to the low diffusion range for precipitate
growth [57,58]. This result is consistent with the findings of Hsieh et al. [59], who indicated
that the formation rate of carbides and nitrides is faster than in the sigma phase because C
and N cannot dissolve in the sigma phase. Due to the above reasons, the worse corrosion
response of water-quench welded SDSS-Nb is justified.

In summary, the worst result obtained as a corrosion response in the water-cooled
sample is attributed to the possible Cr2N and CrN precipitates due to the low ferrite
miscibility and low austenite fraction obtained, to the residual stresses that increase the
corrosion energy potential at the grain boundary due to a high energy non-homogeneity
and finally the non-homogeneity of noble elements in the ferrite, generating potential
differences that favor a galvanic pile. This effect of susceptibility to corrosion in the water-
cooled sample can be observed by analyzing the temperature of the test solution. Therefore,
at 40 ◦C, no evidence of metastable pitting was observed because it was in the passive
layer stability zone. However, the water-cooled sample, in addition to the increase in
current indicating susceptibility to corrosion, has the presence of metastable pitting at
40 ◦C, indicating low passive layer stability for this condition due to the increase in the
galvanic pile.
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The air-cooled, welded SDSS-Nb sample significantly improved over the water-cooled
sample. However, its performance is slightly worse than the base metal sample. The
improvement of the corrosion response in the air-cooled sample with respect to the water-
cooled sample is attributed to a significant reduction of residual stresses due to natural
cooling and greater homogeneity in the ferrite, with an increase in the miscibility of N in
the austenite, which would decrease the formation of CrN and Cr2N, but not its growth
and future transformation. The growth and higher diffusion range of CrN and Cr2N, as
well as the increase in the diffusion range due to the cooling in the ferritic phase, would
allow the formation of the sigma phase due to the migration of Cr and Mo to zones of
higher energy forming intermetallic phases such as Chi and Z phase. The transformation
kinetics during prolonged cooling times would allow the transformation of Chi, Z, Cr2N,
and CrN phases to the sigma phase [60]. This effect was corroborated by X-ray diffraction
and CALPHAD CCT simulation results, which indicate the presence of the sigma phase in
the air-cooled alloy. The presence of mild metastable pitting in the air-cooled sample with
a solution at 40 ◦C can be attributed to the sigma phase due to the potential difference it
produces with austenite and ferrite at the grain boundary and secondary phases observed
in SEM-EDS.
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Finally, the cooling condition that shows the best results is the forced-air-cooled one,
presenting a better corrosion response than the base metal. This response is essentially
attributed to two main factors. Firstly, the ferrite content in the sample cooled in forced
air was 62%, slightly higher than the ferrite content in the base metal (60%). This allows
a slight increase in the corrosion resistance of the material. Secondly, a structure with
a more controlled diffusion time is obtained due to the reduction of the transformation
kinetics. These factors allow a decrease in sigma phase formation and a structure free
of residual stresses, optimizing the corrosion response of the material observed in the
cyclic polarization plots. The decrease in sensitization obtained by the sigma phase for this
condition by improving the proportion of ferrite and austenite phases without residual
stresses can be seen in Figure 15A. In Figure 15B, metastable pitting is observed even when
they are below CPT for the air and water-cooled samples. This effect was attributed to
energetic and chemical inhomogeneity and nitride formation in the water-cooled sample.
In contrast, in the air-cooled sample, this behavior was attributed to sigma phase formation
and α/γ phase fraction distribution below the base metal. For the sample cooled with
forced air, no metastable pitting was observed under CPT, which indicates the correct
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stability of the passive layer without the presence of high corrosion sensitization because
the α/γ fraction and homogeneity of the material compensate for the galvanic cell that
could produce the sigma phase in the material.

Usually, it is recommended that the fraction of α/γ in duplex stainless steels is 50/50
to optimize the ductility and corrosion properties of the material because it is considered
the optimal phase balance [10,15,61]. Several researchers agree with this assertion and
have verified it experimentally. The outcomes obtained by them are discussed below.
Yang et al. [62] discovered that the corrosion resistance in a stainless steel, UNS S82441,
was better for 48% ferrite volume, evaluating its behavior in a range between 48–66% and
observing that as the ferrite increases, the pitting resistance decreases. Zhang et al. [63]
observed that the best corrosion response in a UNS S31803 steel was for a ferrite fraction of
53.6%, with an evaluation range between 53.6 and 62.5% in ferrite volume. Tan et al. [64]
obtained that the best corrosion resistance in a UNS S32750 steel was for a ferrite fraction of
49% for an evaluation range between 44 to 62% ferrite by volume. However, this research
allows evaluation that a 50/50 phase fraction between ferrite and austenite does not always
optimize the corrosion response of the material and that it is complicated to obtain in a
welding process. These results are consistent with the research of Heon-Young et al. [15],
who showed optimized corrosion response results for a ferrite fraction of 57%, which is close
to a 60/40 α/γ phase fraction. Our investigation showed that the best corrosion response
corresponds to a ferrite fraction of 62% by volume, corresponding to an α/γ fraction of
60/40, respectively. However, a higher increase in the amount of ferrite could mean a
loss of corrosion resistance due to the precipitation of carbides, nitrides, and intermetallic
by the low miscibility with N and the decrease in Cr, Mo, and W by the increase in this
phase [15,43,65]. Additionally, it is important to note that the ferrite range for welded joints
is limited so as not to affect the corrosion or mechanical characteristics of super duplex
stainless steels [66]. The API 938-C standard [67] indicates that the ferrite fraction should
not exceed 70%. The summary results of Figure 15 can be seen in Table 12.

Table 12. Result of potentials determined by electrochemical cyclic polarization test in base metal.

Sample T (◦C) Ecorr (VSCE) Eprot (VSCE) ∆Epass (VSCE) ∆ERep (VSCE)

air 40 −0.159 ± 0.002 0.890 ± 0.015 1.279 ± 0.012 1.049 ± 0.022
Forced air 40 −0.159 ± 0.001 0.870 ± 0.026 1.329 ± 0.025 1.029 ± 0.080

Water 40 −0.159 ± 0.006 0.910 ± 0.018 1.269 ± 0.036 1.069 ± 0.036
Air 70 −0.210 ± 0.003 0.930 ± 0.012 1.310 ± 0.08 1.160 ± 0.054

Forced air 70 −0.140 ± 0.002 0.920 ± 0.011 1.260 ± 0.012 1.060 ± 0.052
Water 70 −0.160 ± 0.005 0.950 ± 0.035 1.230 ± 0.023 1.110 ± 0.044

3.6. Mechanics Characterization

The material’s mechanical response after the welding process will be determined
by the precipitation of secondary phases, segregation, inhomogeneity, and metallurgical
changes. The study of these phenomena in duplex materials is highly relevant due to their
operation in pipelines, thermal systems, desalination plants, and the naval sector [10]. The
precipitation of secondary phases could cause an increase in the strength of the material,
increasing its brittleness. However, if the phase fraction is controlled, it could increase the
tensile strength without significantly compromising the ductility and corrosion response.
The above discussion is closely related to the ferrite fraction resulting from the welding
process since it is the stable primary phase and responsible for regulating the precipitation
of carbides and nitrides, as well as secondary phases, such as the sigma and chi phases. The
precipitation of these secondary phases causes corrosion sensitization and can embrittle
the alloy if not adequately controlled.

Figure 16 shows the microhardness profile obtained from the samples welded with
different hardening mechanisms. It can be observed that the harnesses are very similar,
obtaining a minor alteration in the base metal for the water-quenched sample. This alter-
ation in hardness is attributed to the residual stresses obtained throughout the material due



Crystals 2023, 13, 1192 21 of 28

to the significant thermal distortion. This thermal distortion generates structures with a
higher density, which is reflected in the base metal zones metallurgically affected by water
quenching. Samples cooled in forced air and natural air have very similar harnesses for
the zone farthest from the weld. A clear trend is observed in all samples with quenching
mechanisms in the thermally affected zone. The hardness in the air-cooled sample is higher,
which is attributed to sigma formation due to precipitation kinetics. The hardness of the
forced air increases and is positioned slightly above the hardness of the water-cooled
sample in the molten metal zone. This variation in the hardness of the sample cooled in
forced air is attributed to sigma, as in natural cooling. However, the field of action of the
sigma phase in the sample cooled in natural air is more significant than that cooled by
forced air. The high diffusion range explains this during post-weld air cooling, resulting
in a more extensive intermetallic phase transformation range. These results are consistent
with the CALPHAD computational simulation in the phase diagram and the CCT and
TTT kinetic stability diagrams, respectively. The findings obtained from microstructural
characterization and corrosion analysis support the mechanical response. Their differences
are attributed to the ferrite/austenite fraction and the presence of a controlled sigma phase
reinforcement mechanism.
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The results presented in this study agree with those obtained by Putz et al. [28] and
Souza et al. [29], who indicate that the hardness is maintained in the zones of the base
metal and the thermally affected zone hardness is between approximately 230 and 300 HV.
In our investigation, the hardness between the base metal and the thermally affected
zone is between 270 and 308 HV. However, upon entering the weld zone, the hardness
increases to 340 HV for air cooling, 317 HV for water cooling, and 325 HV for forced air
cooling. It should be noted that the hardness obtained are within the maximum allowable
requirements established by the ANSI/NACE MR0175 [31] and ANSI/NACE MR0103
standards. [30]. Putz et al. [28] reported that the sigma phase reached a hardness of 471 HV
after heat treatment of 60 min and that with 10 min of heat treatment, the sample exhibited
harnesses between 350 and 380 HV. This change in the hardness of the sigma phase with
respect to time is due to the kinetics of precipitation and growth. This effect was also
observed by Da Fonseca et al. [68], who observed that for heat treatments between 700 ◦C
and 800 ◦C, the hardness varied with respect to time in a UNS S32750 steel. They discovered
that the hardness for 30 min in the evaluated temperature ranges was between 210 and
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305 HV. However, after one hour of heat treatment, the hardness increased significantly
between 240 and 340 HV, respectively.

The findings presented above validate those obtained in our research, which indicate
that with air and forced air cooling, there is a sigma phase in the material, but in a low
percentage. The difference between the hardness obtained in our study and those presented
in [28,29,68] is due to the interaction between the surrounding phases. It is understood that
the hardness itself is not absolute because it depends on the chemical composition of the
material and the phase. However, the fraction of phases present also fulfills a fundamental
role observed in this investigation. An adequate balance of α/γ phases would increase the
material’s mechanical and corrosion response even with a small fraction of the sigma phase
during cooling in the welded joint.

Figure 17 shows the tensile test results performed on the samples analyzed. It is
possible to observe that the sample cooled in water has the lowest resistance, which is
attributed to the fact that the samples cooled in air and forced air contain the mechanical
contribution provided by the sigma phase. The air-cooled sample exhibits significantly
higher strength than the water-cooled sample, with slightly lower ductility. This higher
strength is essentially attributed to the primary phase balance and the contribution of
the sigma phase in the alloy. First, the α/γ phase fraction in the water-cooled sample is
71%/29%, while in the air-cooled sample, it is 53%/47%. Based on the phase balance alone,
the air-cooled sample should exhibit lower strength than the water-cooled sample, with
significantly higher ductility. This response is only considering the austenite content in
the sample. The explanation for these results is attributed to the sigma phase because it
significantly increases its strength and decreases its ductility. The above analysis shows
the attractively improved mechanical response of the SDSS-Nb steel with a forced air
quenching mechanism. A significantly improved mechanical response is observed in the
latter sample, with a higher ductility range and a slight loss in mechanical strength. The
increase in ductility is attributed to a significantly lower sigma phase fraction than natural
air quenching. Not finding large drastic embrittlement in the sample can be observed. The
α/γ phase balance in the sample cooled by forced air corresponds to 62/38. Therefore, the
significant contribution of the sigma phase in the naturally cooled sample is evident when
comparing the rest of the samples.
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The mechanical characteristics resulting from the tensile test are summarized in
Table 13. It is possible to observe that the indirect energy absorption (PSE) is higher
in the sample cooled in forced air, thus having the best response to toughness. On the
other hand, the air-cooled and water-cooled specimens have a PSE of 20.77 GPa% and
19.27 GPa%, respectively, so the toughness response of the material is not significant. The
damage tolerance obtained can be compared with that obtained by Zhao et al. [69], who
obtained for a seamless SDSS 2507 alloy a PSE of 26.32 GPa%. Kumar et al. [6] evaluated
the mechanical response of an SDSS 2507 subjected to a pulsed current gas tungsten arc
welding (PCGTAW) process obtaining a PSE of 25.92% in the welded joint. Helan et al. [70]
found a PSE of 27.50 GPa% in a DSS 2205 and a PSE of 12.43 GPa% in an SDSS 2207 welded
by SMAW. Based on the above, it can be observed that the findings obtained in our research
for water and air quenching indicate a considerable reduction in damage concerning SDSS
2507 without welding or welding processes by advanced technologies. However, the dam-
age tolerance is superior to the SDSS 2507 sample welded by SMAW [70]. Additionally, it
could be corroborated that the sample tempered in forced air maintains a damage tolerance
within the range of values presented by [6,69,70], characteristic of an SDSS without thermal
effects by welding and with thermal effects by advanced welding methods.

Table 13. Uniaxial tensile test results.

Samples YS (MPa) UTS (MPa) Strain (%) PSE (GPa%)

Air 815.54 1048.54 19.81 20.77
Forced Air 740.87 980.65 25.20 24.71

Water 733.22 937.23 20.57 19.27

Figure 18 shows the fracture zone of each mechanically tested sample. It is possible
to observe that the characteristic fracture in all three samples corresponds to a ductile
fracture type, identified by the presence of microvoids caused by coalescence as the damage
mechanism. This mechanism indicates high energy during the fracture process. The
damage in all samples occurred beneath the welded joint, concentrating between the HAZ
(Heat-Affected Zone) and the base metal. The fracture zone of the sample quenched in
water and quenched in air displayed a 45◦ shear (see Figure 18a,e), while the fracture in
the sample cooled by forced air showed a double damage region with cuts at ±45◦ (see
Figure 18c). The angle of damage macroscopically indicates that the fracture in all samples
exhibits ductile characteristics, primarily experiencing shear damage and following a
preferential plane for dislocation glide. The microvoids, characteristic of ductile damage,
can be observed in Figure 18b,d,f for each tempering condition.
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Figure 18. Fracture zones of mechanically tested welded specimens: (a) water-cooled specimen
fracture zone at 300×magnification; (b) water-cooled specimen fracture zone at 1000×magnification;
(c) air-cooled specimen fracture zone at 300× magnification; (d) water-cooled specimen fracture
zone at 1000× magnification; (e) forced-air-cooled specimen fracture zone at 300× magnification;
(f) forced-air-cooled specimen fracture zone at 1000×magnification.
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4. Conclusions

The present work studied the influence of three different cooling rates in Nb-stabilized
super duplex stainless steel (SDSS-Nb) SMAW samples as regards the influence of phase
equilibrium between ferrite and austenite and the presence of sigma phase correlated to the
localized corrosion behavior and the mechanical properties. The conclusions of the study
are summarized as follows:

• The findings obtained from CALPHAD thermochemical computational simulation
indicate that the sigma phase and Cr23C6 are solubilized for a temperature of 1090 ◦C.
However, the diffusive thermochemical stability simulation for temperature–time con-
stant condition TTT and continuous cooling condition CCT indicate that the Cr23C6
phase is at a fraction of 0.13 wt.%. This fraction of Cr23C6 in the base metal is as-
sumed to cause the base metal’s sensitization and produce metastable corrosion at
temperatures below CPT.

• The welded and air-quenched samples exhibited the highest sigma phase fraction,
followed by the forced air-quenched samples and water. These findings are consistent
with those obtained from the CALPHAD simulation on the CCT and TTT diagrams,
which indicated that the highest sigma phase fraction is produced mainly by the
cooling kinetics and not by the heating kinetics during the welding process. XRD
experimentally corroborated these results with Rietveld refinement.

• The corrosion response obtained by cyclic polarization revealed that the α/γ phase
fraction and residual stresses produced by the cooling mechanism produce higher
sensitization than the sigma phase. This effect is evident from the fraction of phases
obtained by X-ray diffraction and optical microscopy. Additionally, it was discovered
that using the sigma phase as a precipitation-strengthening mechanism is strongly
related to the sigma phase fraction. It is recommended in super duplex stainless steels
to keep under 3 wt.% with an α/γ ratio of 60/40.
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