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systems, due to their high mechanical strength combined 
with excellent resistance to localized corrosion [1, 2]. These 
properties result from both their chemical composition, rich 
in Cr, Mo, N, and Ni, and their balanced biphasic micro-
structure of ferrite and austenite. This microstructure pro-
vides mechanical robustness and promotes the formation of 
a stable passive film in chloride-containing environments, 
thereby minimizing internal galvanic effects related to pit-
ting corrosion [3–5]. However, phase balance and the asso-
ciated corrosion performance are susceptible to the thermal 
cycles imposed during welding processes [5–7]. Previ-
ous studies have shown that different welding techniques, 
including conventional processes such as TIG/GTAW, can 
alter the ferrite–austenite balance and promote the precipita-
tion of deleterious phases, such as sigma, chi, and chromium 
nitrides. These effects depend on heat input and exposure 
time within critical temperature ranges [1, 8].

Laser welding, particularly using pulsed Nd: YAG 
sources, has attracted increasing attention for joining SDSS 
due to its high energy density, low total heat input, and 
narrow heat-affected zone [9, 10]. However, the high heat-
ing and cooling rates associated with pulsed laser welding 

1  Introduction

Super duplex stainless steels (SDSS) are widely used in 
aggressive environments, such as offshore structures, chem-
ical industries, pulp and paper facilities, and oil and gas 
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This study evaluates cobalt addition by electrodeposition on the microstructure and corrosion behavior of pulsed Nd:YAG 
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on the weld surface were analyzed by SEM/EDS, and cyclic polarization was performed in 3.5 wt% NaCl at 25 °C and 
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closest to the base metal, whereas the HAZ remained predominantly ferritic in all cases. At 25 °C, the curves exhibited a 
similar passive plateau and a highly restrictive hysteresis loop, with no measurable differences in localized corrosion resis-
tance within the experimental scatter. At 70 °C, all welded conditions showed poor repassivation, with Erepassivation close 
to Ecorr, indicating the weld as the critical site for localized corrosion and a secondary Co effect. EDS line scans showed 
a systematic decrease in the detected Cr and Mo signals with increasing Co, with Co_4 presenting the lowest intensities.
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promote non-equilibrium solidification conditions. These 
conditions frequently lead to ferrite-rich fusion zones [11, 
12]. Such microstructural changes can significantly impair 
corrosion resistance, especially at elevated temperatures, 
where passive film stability becomes more critical [13, 
14]. Such microstructural changes can significantly impair 
corrosion resistance, especially at elevated temperatures, 
where passive-film stability becomes more critical.Similar 
effects of thermal history on microstructural evolution and 
corrosion behavior have been reported in welded and heat-
affected steels, in which rapid heating and cooling modify 
phase balance and local chemistry, directly affecting corro-
sion morphology and degradation mechanisms [15–17].

Phase imbalance between austenite and ferrite remains 
the main challenge in welding duplex stainless steels [7]. 
According to the literature, an austenite volume fraction 
below 25% renders SDSS unsuitable for most industrial 
applications [1, 2].

To control phase balance during laser welding of duplex 
stainless steels (DSS), several studies have applied post-
weld heat treatments [11, 18], pre-weld heat treatments 
[19], or the addition of austenite-stabilizing elements, such 
as nickel and nitrogen [20, 21]. Da Cruz Junior et al. inves-
tigated the influence of introducing a 30 μm thick electro-
lytic nickel foil as an additive material during pulsed Nd: 
YAG laser welding of SDSS. The authors achieved a bal-
anced microstructure with approximately 50% austenite 
and 50% ferrite in the fusion zone [22]. In a complementary 
approach, Videira et al. showed that nitrogen addition dur-
ing hybrid GTAW–pulsed Nd: YAG laser welding increased 
the austenite fraction and improved corrosion resistance in 
UNS S32750 welded joints [23]. In different steel grades, 
similar strategies have been employed to tailor microstruc-
ture and improve corrosion performance, including compo-
sitional adjustments and thermal control, particularly under 
sour or high-temperature environments [17].

Although the influence of austenite-stabilizing alloying 
elements, such as Ni and N, on the ferrite–austenite bal-
ance and corrosion resistance of duplex stainless steels is 

well documented in welding and metallurgical literature, 
most studies focus on conventional processes or approaches 
based on commercial filler metals, modified shielding 
atmospheres, or global heat treatments. In contrast, inves-
tigations addressing localized modification of fusion zone 
chemistry, particularly under pulsed Nd: YAG laser welding 
conditions, remain limited.

Moreover, although cobalt is recognized as an alloying 
element with potential austenite-stabilizing effects in Fe–
Cr–Ni systems [23], its role in the extremely rapid ther-
mal cycles characteristic of pulsed laser welding remains 
insufficiently explored. Under such conditions, minor com-
positional variations can produce markedly different micro-
structural and electrochemical responses.

In this context, the effect of controlled cobalt addition, 
introduced through surface electroplating, on the micro-
structure and localized corrosion behavior of pulsed Nd: 
YAG laser-welded joints of UNS S32750 super duplex 
stainless steel was systematically investigated. The cobalt 
content was correlated with ferrite–austenite balance, phase 
microchemistry, and passive film stability. While cobalt 
addition increases austenite formation in the fusion zone, 
the corrosion behavior under aggressive conditions is domi-
nated by the ferrite-rich weld microstructure rather than by 
cobalt content.

2  Materials and Methods

2.1  Welding Parameters and Cobalt 
Electrodeposition Process

The SDSS UNS S32750 plates, 15 mm x 50 mm x 2 mm, 
were used for experimental work, as shown in Fig. 1. The 
chemical composition of the material is shown in Table 1.

Pulsed Nd:YAG laser welding was carried out using a Nd: 
YAG laser source (model UW 150 A, United Winners) with 
a nominal power of 150 W and a maximum pulse energy 
of 80 J. The system was equipped with a CCD camera for 

Fig. 1  Schematic representation 
of the pulsed Nd:YAG welding 
process
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process monitoring. In addition to the laser source, the 
experimental setup included a shielding gas supply system 
and a specimen holding table. The table movement was con-
trolled by an Arduino-based system, allowing the welding 
speed to be regulated in a single direction.

The key process parameters for the weld samples Co_1, 
Co_2, Co_3, and Co_4, including pulse energy, pulse 
extent, repetition rate, and table speed, are listed in Table 2. 
They were kept constants for all samples. Also, argon gas at 
about 20 L/min is used near the top of the weld to prevent 
oxidation of the weld samples. The parameter process was 
obtained by performing sets of trial run experiments.

Cobalt electrodeposition was performed on the edge of 
one UNS S32750 duplex stainless-steel sheet, while the 
other sheet remained uncoated, resulting in a coated area of 
650 mm². The process was carried out using a direct-current 
power supply and mechanical stirring of an electrolyte con-
taining 31.2 g of CoSO₄·7 H₂O 2 g of NaCl, and 7.6 g of 
H₃BO₃ dissolved in 100 mL of deionized water. Electrode-
position was conducted at room temperature with a current 
density of 3.7 A/dm², using an inert platinum electrode.

2.2  Surface and Microstructural Analysis

Each weld bead was divided into three sections, cut trans-
versely to the weld. These segments were then sanded using 
sandpaper ranging from P-120 to P-3000 grit, and the sam-
ples were polished with 1 μm and 0.5 μm alumina suspen-
sions. Subsequently, they were rinsed in distilled water and 
etched with a modified Behara reagent, consisting of 20 mL 
of HCl, 80 mL of H₂O, 1 g of K₂S₂O₅, and 2 g of NH₄HF₂.

A series of preliminary tests was conducted to deter-
mine the required cobalt amount to achieve the target aus-
tenite content. Once the appropriate cobalt layer thickness 
was established for each austenite level, electrodeposition 
was performed. The coating thickness was measured using 
a digital external micrometer with a measuring range of 
0–25 mm, a resolution of 0.001 mm – Mitutoyo 293-244-30.

The surface microstructures were analyzed using an 
optical microscope (Fortel IM100) and a scanning electron 
microscope (SEM) model EVO LS15 (Zeiss), equipped 
with energy-dispersive X-ray spectroscopy (EDS). Chemi-
cal composition was determined by EDS analysis of the 

weld bead surface in different regions of the fusion zone 
to quantify and evaluate cobalt distribution. The samples 
were also examined under the optical microscope, and six 
micrographs were taken from each section. Each image was 
binarized in ImageJ to quantify the volumetric fractions of 
austenite and ferrite.

2.3  Electrochemical Measurements

Cyclic potentiodynamic polarization (Tafel) tests were per-
formed at 25 °C and 70 °C using a Gamry Interface 1010E 
potentiostat. The measurements followed the procedures 
described in ASTM G61. The electrolyte consisted of an 
aqueous 3.5 wt% NaCl solution, used under naturally aer-
ated conditions.

Before polarization, the open circuit potential (OCP) was 
monitored for 30 min to ensure stabilization. The polariza-
tion scans started at − 0.1 V vs. the stabilized OCP, including 
the free corrosion region. A scan rate of 0.167 mV/s was 
applied. The anodic scan was reversed when the current 
density reached 5 mA/cm², in accordance with the standard.

The samples were mounted in a Teflon sample holder 
(AMEL). To prevent crevice corrosion, the exposed work-
ing area was defined using adhesive tape with circular open-
ings, resulting in a circular exposed area of 12 mm². This 
area included both the fusion zone and the adjacent base 
material.

A platinum electrode served as the counter electrode, and 
a saturated calomel electrode (SCE) as the reference elec-
trode. For measurements conducted at 70 °C, the reference 
electrode was separated from the main electrolyte using a 
Luggin capillary. This configuration ensured that the elec-
trolyte surrounding the reference electrode remained below 
30 °C, preventing thermal degradation or instability. Each 
test was repeated twice to confirm reproducibility.

3  Results and Discussion

3.1  Macro – and Microstructural Results

Figure 2a shows the top surface of the weld bead for sam-
ple Co_1. The region was sectioned, metallographically 
prepared, and analyzed by SEM to evaluate the weld-bead 
geometry and dimensions, as shown in Fig.  2b. Since all 
samples (Co_1 to Co_4) exhibited the same weld bead 
geometry, only the weld bead corresponding to condition 
Co_1 is presented. Weld bead geometry depends on the 

Table 1  Chemical composition of UNS S32750 (in wt%)
Base metal C Si Mn Cr Ni Mo S P N
UNS S32750 0.018 0.290 0.630 25.610 6.970 3.840 0.003 0.022 0.269

Table 2  Welding parameters and conditions chosen
Pulse duration Frequency Peak 

power
Welding 
speed

Shield-
ing gas

7 ms 9 Hz 2 kW 1 mm/s 20 L/min
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characteristic of keyhole laser welding and a narrow Heat-
Affected Zone (HAZ) [12].

The cobalt deposited surface exhibited satisfactory adhe-
sion, uniformity, and a matte silver appearance. To evaluate 
the coating quality, EDS analyses were performed on the 
layer of each sample, yielding 94%, 92.8%, 98.76%, and 
98.55% cobalt content for samples Co_1, Co_2, Co_3, and 
Co_4, respectively. Figure 3 shows the SEM image of the 
electrodeposited layer.

The high cooling rates associated with pulsed Nd:YAG 
laser welding promote a pronounced phase imbalance in the 
fusion zone, characterized by a predominance of ferrite and 
limited austenite formation [25]. As shown in Fig. 4a, the 
base metal exhibits a nearly balanced microstructure with 
approximately 50% austenite and 50% ferrite. In contrast, 
in the fusion zone (Fig. 4b), austenite is mainly restricted to 
grain boundaries, due to the predominance of ferrite in the 
fusion zone, which is attributed to the highly unbalanced 
solidification conditions imposed by pulsed Nd:YAG laser 
welding, in which δ-ferrite forms first due to its greater 
stability at elevated temperatures. Austenite formation 
occurs via δ → γ solid-state transformation during cooling; 

welding parameters and process mode, which were kept 
constant throughout the experiments.

As shown in Fig. 2a, the weld bead is clean, with minimal 
spatter and no surface cracks. In Fig. 2b, the bead presents 
no porosity or cracks. The bead has a funnel-like shape (1.3 
mm wide and 1.6 mm deep) with high penetration, which is 

Fig. 4  a SEM image of UNS S32750 super duplex stainless steel. On the right – b SEM image of the fusion zone after pulsed Nd:YAG welding

 

Fig. 3  Scanning electron microscopy (SEM) image of the deposited 
layer of sample Co_4

 

Fig. 2  a Top surface view of the weld bead for sample Co_1 b transverse cross-section of the weld bead for sample Co_1
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state. The phase transformation sequence for super duplex 
stainless steels (SDSS) during welding can be summarized 
as: L→L + F→F→F + A, where F, L, and A  are ferrite, 
liquid and austenite, respectively [4].

In Fig. 5c–h, the WM extending from the grain boundar-
ies becomes more evident. The results show that increas-
ing cobalt content increases the austenite volume fraction, 
confirming cobalt’s role as an austenite stabilizer. Cobalt 
expands the austenite field in the phase diagram, which 
increases the transformation temperature of δ → γ; thus, 
austenite has a greater opportunity to reorganize and grow 
in the rapid cooling of pulsed laser welding Nd: YAG. Con-
sequently, cobalt promoted the δ → γ transformation near 

however, the high cooling rates restrict element diffusion, 
limiting austenite growth primarily to grain boundaries.

Figure 5a, b shows the transition region of sample Co_1 
from the base metal to the fusion zone (FZ), with a nar-
row HAZ, characteristic of pulsed Nd: YAG laser welding. 
Three types of austenite (γ) are identified: grain boundary 
austenite (GBA), intergranular austenite (IGA), and Wid-
manstätten austenite (WA). An arrow highlights the for-
mation of austenite (γ) in the lighter regions, while ferrite 
(δ) appears in the darker regions. The FZ exhibits a pre-
dominantly ferritic structure, consistent with observations 
in welds without cobalt addition. This is because δ -ferrite 
is the first phase to form upon solidification from the liquid 

Fig. 5  SEM micrographs of 
samples Co_1–Co_4. Panels A, 
C, E, and G show the BM–FZ 
transition, while panels B, D, F, 
and H correspond to the FZ. Each 
pair (A, B), (C, D), (E, F), and (G, 
H) refers respectively to samples 
Co_1, Co_2, Co_3, and Co_4
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3.2  Electrochemical Corrosion Behavior Analysis

Figures 6 and 7 show cyclic polarization curves in 3.5 wt% 
NaCl at 25 °C and 70 °C. Open-circuit potential (OCP) was 
monitored for 30 min before polarization until stabilization. 
The polarization scan was started at OCP − 0.1 V to include 
the active corrosion region in the curves. Tables  4 and 5 
summarize Ecorr, Icorr, Ebreakdown, and Erepassivation. 
All potential is reported in mV vs. SCE.

At 25 °C, all conditions show an apparent passive plateau 
and similar curve shapes. The passive-region current level 
and the passive range remain comparable across samples. 
The slight differences in Ebreakdownand Erepassivation

grain boundaries, increasing both the amount and size of 
WA within the FZ. Despite this austenite increase in the FZ, 
no such effect was observed in the HAZ, which remained 
predominantly ferritic, as shown in Fig. 5a, b, c, and f. This 
behavior can be attributed to the extremely rapid cooling 
in the HAZ, which limits cobalt diffusion and the δ → γ 
phase transformation [5]. Figure 5d the microstructural 
analysis reveals bands of intragranular IGA resulting from 
the reheating effect of overlapping laser pulses, which sup-
plied the necessary thermal energy to trigger intragranular 
nucleation [23].

The quantitative analysis of austenite and ferrite volume 
fractions is presented in Table 3, together with the coating 
thickness and cobalt mass percentages obtained by EDS on 
the weld bead surface in the fusion zones of each sample. A 
clear trend is observed: greater coating thickness and higher 
cobalt content (measured by EDS) result in an increase in 
austenite content (quantified using ImageJ), reinforcing 
cobalt’s γ-phase stabilizing effect. Sample Co3 exhibited the 
austenite fraction closest to that of the base metal, at 43.5%.

Table 3  The deposited layer thicknesses, volumetric fractions of aus-
tenite and ferrite, and surface EDS results for each sample
Samples Co thickness 

( µ m)
Vol% 
austenite

Vol% 
ferrite

EDS 
wt% Co 
(surface)

Co_1 21.3 23.8 76.2 3.3
Co_2 29.5 31.3 68.7 5.0
Co_3 43.0 43.5 57.7 7.5
Co_4 60.9 88.0 22.0 11.0

Table 4  Characteristic values of the polarization curves at 25 °C with 
varying cobalt content
Samples Icorr

( µ A/
cm²)

Ecorr (mV) Ebreakdown (mV) Erepassivation (mV)

Co_1 0.10 −164 937 915
Co_2 0.15 −129 934 911
Co_3 0.27 −156 941 919
Co_4 0.37 −192 932 920
Unwelded 0.10 −187 930 921

Table 5  Characteristic values of the polarization curves at 70 °C with 
varying cobalt content
Samples Icorr

( µ A/
cm²)

Ecorr (mV) Ebreakdown (mV) Erepassivation (mV)

Co_1 0.28 −245 850 80
Co_2 0.12 −235 853 −148
Co_3 0.19 −258 847 −173
Co_4 0.12 −256 851 −165
Unwelded 0.15 −247 853 842

Fig. 7  Cyclic polarization in 3.5% NaCl solution at 70  °C for the 
welded samples

 

Fig. 6  Cyclic polarization in 3.5% NaCl solution at 25  °C for the 
welded samples
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potentials across the various samples, associated with a 
more defective passive layer, but above this potential, due 
to the reduced protection of the passive layer, pit propaga-
tion can be observed in the presence of welds.

In addition, at 70 °C, Co_1 shows a nearly horizontal seg-
ment at high anodic potentials. In this potential domain (≈ 
1.0 V), the increase in anodic current can be influenced by 
oxygen evolution; oxygen bubbles formed near the surface 
may raise the apparent current density and promote passive-
film disturbance, thus affecting the curve shape [19]. Bub-
ble-related non-kinetic effects are known to convolute the 
electrochemical response in the oxygen evolution regime.

At 70 °C, the base metal exhibited no evidence of pitting. 
Given that Erepassivation remained close to the Ebreakdown, 
the corrosion was primarily confined to the ferritic phase, 
as shown in Fig. 8(Bulk). In contrast, all welded samples 
showed clear signs of pitting localized in the fusion zone, as 
illustrated in Fig. 8(Co_4) (see Fig. 8).

3.3  EDS Analysis

Figure 9a SEM micrograph indicating the EDS line-scan 
path (white line) across the weld region. Figure 9b shows 
a representative line-sum spectrum obtained by integrat-
ing the X-ray counts along the scan, highlighting the main 
detected elements. Figure  10 presents the EDS line-scan 
intensity Cr Kα profile, and Fig. 11 the EDS line-scan inten-
sity of Mo Lα across the fusion zone (FZ), for comparison 
among conditions, the line-scan position was expressed as a 
normalized distance (0–1), where 0 and 1 correspond to the 
beginning and end of the scan line.

For each condition, the Cr Kα and Mo Lα signals are 
relatively uniform along the scan, with no pronounced 
local peaks. The main difference among conditions is a 
systematic shift in intensity level. The as-welded condition 

match this trend. Therefore, cobalt does not produce a mea-
surable change in pitting resistance at 25 °C within the pres-
ent scatter. Differences in Icorr suggest, at most, a minor 
effect on uniform dissolution at higher Co content. The 
repassivation observed during the backward scan demon-
strates that the increase in current at a potential of 941 mV 
( Ebreakdown) is associated with a transpassive phenome-
non not correlated with the pitting corrosion. This behavior 
is attributed to the instability of the passive layer at high 
potentials, which leads to an enhanced dissolution rate of 
metallic ions through an increase in vacancies and a conse-
quent rise in the ionic conductivity of the passive film [5] 
From Table 4 is possible note Erepassivation are similar for 
all samples. It is typical for this grade of SDSS to display a 
highly restrictive or negligible hysteresis loop under cyclic 
polarization.

The Ebreakdown measured at 70 °C in 3.5% NaCl shifted 
to a less noble potential compared to that at 25  °C yet 
remained the same across all samples. At 70 °C, while in 
the bulk, Unwelded sample, the Erepassivation once again 
corresponds to the Ebrealdown of the passive layer, with no 
signs of pits and with selective corrosion mainly affecting 
the ferritic phase, its grain boundaries, and the interphase 
interfaces (Fig. 7), in the welded samples, the Erepassivation 
remains consistently close to the free Ecorr. This indicates 
that, under the tested conditions, the weld is always a weak 
point in terms of corrosion resistance, regardless of Co wt%. 
In the bulk sample, an additional increase in anodic current 
can be observed at approximately 1.2 V, likely associated 
with the oxygen evolution reaction. In contrast, for the 
welded samples, the change in slope of the curve at poten-
tial higher than the Ebreakdown occurs at lower voltages. In 
the Co_1 sample, in particular, a sharp increase in current 
is observed at 1000 mV, likely due to the propagation of 
stable pits. Passivity loses effectiveness at nearly identical 

Fig. 8  Corroded surface of the bulk and Co_4 samples after the cyclic polarization at 70 °C in 3.5% of NaCl
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without Co (AW) shows the highest Cr and Mo intensities. 
With increasing Co content, the detected Cr and Mo signals 
decrease, with Co4 showing the lowest levels.

Because EDS line scans provide X-ray counts rather than 
quantitative composition, the lower Cr/Mo intensities are 
interpreted as a relative decrease in detected signal under 
the acquisition conditions employed, not as direct evidence 
of absolute Cr/Mo depletion. X-ray intensity can be affected 
by matrix effects and attenuation within the analyzed vol-
ume. Accordingly, the line-scan profiles indicate that the 
FZ exhibits a less favorable Cr/Mo signal response across 
the Co series than in the AW condition, consistent with the 
chemical/structural heterogeneity typical of rapidly solidi-
fied weld metal.

At 70 °C, all welded conditions show poor repassivation, 
with Erepassivation close to Ecorr and no relevant differences 
between Co_1 and Co_4. Therefore, the EDS line-scan trend 
is not used to explain variations in repassivation within the 
Co series. Instead, it supports the general conclusion that the 
FZ is a critical region for passive-film stability under aggres-
sive conditions. In this context, the welded microstructure 
(ferrite-rich and heterogeneous) dominates the response, 
whereas any specific Co effect on repassivation, if present, 
is below the sensitivity of the present measurements.

4  Conclusion

This study evaluated the effect of controlled cobalt addition, 
introduced by surface electrodeposition, on the microstruc-
ture and corrosion behavior of pulsed Nd: YAG laser-welded 
UNS S32750 super duplex stainless steel.

The laser welds exhibited keyhole-like geometry and a 
narrow heat-affected zone under the fixed welding param-
eters. The fusion zone formed as a ferrite-rich structure due 
to rapid solidification, with austenite mainly restricted to 
grain boundaries. Increasing Co content promoted austenite 

Fig. 11  Mo Lα1 intensity profile vs. normalized distance in all samples

 

Fig. 10  Cr Kα1 intensity profile vs. normalized distance for all samples

 

Fig. 9  a SEM micrograph from the EDS line-scan from sample Co_2 and b shows the line spectrum obtained
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