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A B S T R A C T

This work explores the phase changes in welded AISI 316 L stainless steel coated with a nickel-watts bath 
containing niobium microparticles. The CALPHAD method, using Thermo-Calc with TCFE7, TCFE12, and 
PRISMA, simulated phase changes during rapid cooling. Simulations identified amounts of austenite, delta 
ferrite, and a small amount of sigma phase during cooling from 1450 ◦C to 25 ◦C. The influence of the Ni-Nb 
coating on stability and element diffusion was assessed. Results were confirmed by microscopy, microhard
ness testing, ferritoscopy, and electrochemical testing. The CALPHAD model reliably predicted phase stability, 
supporting its use in alloy design and in the optimization of welded stainless steel. This study’s approach lays the 
groundwork for the detailed background and motivation discussed in the following introduction.

1. Introduction

AISI 316 L is an austenitic stainless steel alloyed with chromium (Cr), 
nickel (Ni), and molybdenum (Mo), as shown in Table 1. These elements 
increase resistance to pitting and crevice corrosion, especially in 
chloride-rich environments. The low carbon content (<0.03 %) mini
mizes chromium carbide precipitation at grain boundaries. This pre
serves resistance to intergranular corrosion after welding [1–5]. 
However, AISI 316 L is still susceptible to heat during welding. Gas 
Tungsten Arc Welding (GTAW) introduces high localized heat and 
thermal gradients. This environment encourages the formation of 
intermetallic phases such as sigma (σ), chi (χ), and Laves (ɳ) [6–26].

Table 2 presents an example of a Watts bath composition from the 
literature [28], provided solely to illustrate typical electrolyte formu
lations used in prior studies [29–35] and not applied in the present ex
periments. Section 2.4 and Table 3 describe the actual bath composition 
used in this study, which includes niobium microparticles.

Omit this paragraph; contextual details and distinctions about the 
actual Watts bath used are sufficiently and more succinctly addressed in 
the previous paragraph. This keeps the information focused and avoids 

unnecessary repetition.
A major challenge in welding austenitic stainless steels is maintain

ing corrosion resistance, which relies on the integrity of a thin 
chromium-rich passive oxide film. In industrial applications such as 
chemical processing equipment, offshore structures, biomedical devices, 
and marine environments, disruption of this passive layer can lead to 
localized corrosion and premature failure [33,36–39]. Disruption of this 
film can lead to pitting and stress corrosion cracking [39,40]. Electro
chemical techniques, including potentiodynamic polarization, are 
therefore widely used to assess corrosion behavior and relate micro
structural changes induced by welding to functional performance 
[41–44], which directly links to this study’s objectives.

Advances in computational thermodynamics, particularly the CAL
PHAD approach implemented in Thermo-Calc, have enabled reliable 
prediction of phase stability and transformation behavior in multicom
ponent stainless steels subjected to rapid thermal cycles. These models 
are especially effective in describing the evolution of austenite, δ-ferrite, 
and σ-phase during welding and post-weld cooling, as widely reported in 
the literature [16–26,45,46–50]. Based on this scientific background, 
the present study investigates the influence of a Ni–Nb electroplated 
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coating on the phase stability and corrosion behavior of GTAW-welded 
AISI 316 L austenitic stainless steel.

CALPHAD models the evolution of austenite, delta-ferrite, and sigma 
phase, helping interpret changes during welding and post-weld cooling. 
Simulations clarify the experimental results and reduce trial-and-error 
in welding design [50–52]. This underscores CALPHAD’s value along
side experiments.

Building on these foundations, this study investigates the effect of a 
nickel–niobium electrodeposited coating on phase stability and micro
structural evolution in GTAW-welded AISI 316 L stainless steel. The 
central hypothesis is that niobium in the nickel coating refines the 
microstructure and suppresses the formation of harmful phases during 
rapid thermal cycling in welding. To test this, the study integrates 
experimental characterization (microscopy, hardness, tensile, and 
corrosion tests) with CALPHAD-based thermodynamic and kinetic 
modelling. By combining these approaches, the study develops quanti
tative correlations between simulations and actual observations. This 
provides a logical extension of the background to the research 
implementation.

CALPHAD simulations predicted equilibrium, non-equilibrium, and 
precipitation phenomena during realistic welding thermal cycles. The 
results were compared with optical and SEM images, ferrite content 
from ferritoscopy, and mechanical and corrosion data. This approach 
links computational predictions of δ-ferrite and σ-phase evolution to 
observed differences between the HAZ and FZ. It demonstrates the 
explanatory power of CALPHAD.

Experimental validation included electroplating AISI 316 L with a 
Ni-Watts bath enriched with niobium particles (<150 µm). GTAW was 
then performed under Ar + 2 % O₂. The study aimed to evaluate how the 
Ni–Nb coating affects phase formation, microstructural stability, and 
corrosion resistance. Characterization used optical/SEM microscopy, 
ferritoscopy, microhardness testing, and potentiodynamic polarization 
tests.

The CALPHAD simulations were performed using representative 
mid-range composition values for AISI 316 L, selected within the ASTM 
specification limits and consistent with manufacturer data and literature 
reports [9,27]. This approach accounts for compositional variability 
associated with different producers and application backgrounds. CAL
PHAD simulations under equilibrium and Scheil–Gulliver conditions 
provided quantitative support for the observations in the FZ and HAZ.

The justification for this investigation stems from growing industrial 
demand for corrosion-resistant and mechanically stable stainless steel. 
This demand is especially high for structures in chemical plants, oil and 
gas platforms, biomedical equipment, and marine environments 
[53–55]. Improving these properties through surface engineering and 
optimized welding parameters has significant implications for 
manufacturing, maintenance, and long-term material performance 
[56–62].

Understanding the interaction between electroplated coatings and 
the thermal cycles of welding processes is crucial for designing next- 
generation stainless steel components with tailored performance char
acteristics [63,64]. Accordingly, this study addresses the following key 
question: Does niobium in the nickel electroplating layer affect the 
stability of austenite or ferrite formation during welding? Can surface 
treatments prevent sigma-phase precipitation or enhance resistance to 
pitting corrosion? How do these microstructural changes relate to 
properties such as hardness and tensile strength? These questions frame 
the approach introduced above.

In summary, this research investigates the microstructural changes 

and performance of coated and welded AISI 316 L stainless steel. The 
findings are intended to guide applications of electrochemical coating 
and welding in advanced stainless steel fabrication. They also contribute 
to the broader field of materials processing and phase transformation 
modelling. These outcomes reinforce the connection throughout the 
introduction between experimental study, thermodynamic modelling, 
and industrial significance.

2. Methodology

AISI 316 L austenitic stainless steel was used as the base material. Its 
chemical composition is provided in [27]. The material meets ASTM 
F240 (UNS S31603), EN 1.4401, and IMDS ID 336816343 
(X2CrNiMo17–12-2) standards. Typical composition by weight is 0.02 % 
C, 0.44 % Si, 1.33 % Mn, 16.7 % Cr, 10.03 % Ni, 2.02–2.10 % Mo, 
0.032 % P, 0.001 % S, and 0.03 % N. Sheets from Aperam South America 
measured 282 mm × 210 mm × 4 mm. The material was cold-rolled to a 
30 ± 1 % thickness reduction, then annealed at 1050 ± 5 ◦C for 30 min 
in an air furnace. Samples were pickled in a nitric–hydrofluoric acid 
solution (20 % HNO₃ and 5 % HF by volume) for 15 min, following 
ASTM A380 protocols [65]. This process reduced internal stress and 
optimized surface conditions for further processing.

Table 1 
Chemical composition of AISI 316 L stainless steel.

Element C Si Mn P S Cr Ni Mo N

wt% ≤ 0.03 ≤ 0.75 ≤ 2.00 ≤ 0.045 ≤ 0.030 16.0 – 18.0 10.0 – 14.0 2.0 – 3.0 ≤ 0.10

Source: Adapted from [27].

Table 2 
Properties and bath composition of nickel-Watts solution.

Reagent Purity 
(%)

Concentration 
(mol/L)

Mass 
(g)

Function

NiSO₄ 98.0 0.22 118.02 Main Ni ion source
H₃BO₃ 99.5 0.13 33.00 pH buffer
ZnSO₄ 96.0 0.55 330.00 grain refiner / alloying effect
NiCl₂ 98.0 0.33 106.21 Improves conductivity
Sorbitol 70.0 0.39 134.00 leveling agent/stress reducer

Source: Adapted from [28].

Table 3 
Composition of the modified Ni–Watts bath (in mol⋅L⁻¹).

Component Concentration 
(g⋅L⁻¹)

Molar 
Mass 
(g⋅mol⁻¹)

Concentration 
(mol⋅L⁻¹)

Function

Ni 240 58.69 ≈ 4.09 NiSO₄ provides 
Ni²⁺ ions, and 
NiCl₂ improves 
conductivity.

Nb 40 92.91 ≈ 0.43 Grain refiner/ 
phase stabilizer

Zn 330 65.38 ≈ 5.05 ZnSO₄ acts as a 
grain refiner and 
Zn dopant, 
enhancing 
microstructure 
and corrosion 
resistance

Cl⁻ 45 35.45 ≈ 1.27 improves 
conductivity.

H₃BO₃ 30 61.83 ≈ 0.49 pH buffer
Sorbitol 134 134 ≈ 0.74 leveling agent/ 

stress reducer
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2.1. Experimental procedures (Brief overview)

To validate the simulations, welded joints were produced by GTAW 
using Ar + 2 % O₂. Electroplating was carried out in a modified Watts 
bath containing 10 g Nb particles per 250 mL. Fig. 1 summarizes the 
complete experimental and computational workflow adopted in this 
study, including sample preparation, electroplating, welding, micro
structural and mechanical characterization, electrochemical testing, and 
CALPHAD simulations. Optical microscopy, SEM/EDS, ferritoscopy, 
Vickers microhardness, and potentiodynamic polarization tests were 
performed to correlate the experimental data with the CALPHAD pre
dictions for the FZ and HAZ regions.

Fig. 1 provides a clear overview of the methodological sequence 
adopted in this study. The complete experimental workflow is summa
rized as follows: sample preparation → Ni–Nb composite electroplating 
→ GTAW welding of the coated specimens → optical and SEM-based 
microstructural characterization → ferritoscopy for δ-ferrite quantifi
cation → Vickers microhardness profiling across the weld → tensile 
testing of BM, HAZ, and FZ samples → potentiodynamic corrosion 
evaluation → and CALPHAD thermodynamic and kinetic simulations.

This sequence reflects the logical progression from material prepa
ration and welding to mechanical, microstructural, and electrochemical 
characterization, concluding with computational thermodynamic anal
ysis to correlate experimental findings with predicted phase stability.

2.2. Sample preparation

Sample preparation begins with wire electrical discharge machining 
(EDM) on a EUROSTEC EURO FW2 machine using a molybdenum wire 
(Ø = 0.18 mm) sourced from Eroma EDM. Two plates of approximate 
size 181 mm × 210 mm × 4 mm are extracted. This non-contact ther
mal process minimizes residual stress and dimensional deviations.

Surface preparation for coating involves grinding with SiC papers of 
up to P1200 grit (sandpaper grading according to the Federation of 
European Producers of Abrasives - FEPA), followed by ultrasonic 

cleaning in acetone and ethanol baths. The procedure at room temper
ature removes oxides and contaminants that could inhibit coating 
adhesion.

2.3. Electroplating of Ni-Nb composite layer

Nickel electroplating, illustrated in Fig. 2, employed a Watts-type 
bath adapted from Ref. [66], enriched with 10 g Nb particles 
(<150 µm) per 250 mL. The standard composition was 
240 g L⁻¹ NiSO₄⋅6H₂O, 45 g L⁻¹ NiCl₂⋅6H₂O, and 30 g L⁻¹ H₃BO₃. Table 3
lists the bath composition converted to mol L⁻¹ for consistency. Niobium 
particles were kept suspended by magnetic stirring (300 rpm). The bath 
pH was maintained at 4.0 ± 0.1 using diluted H₂SO₄ and NaOH. The 
deposition was conducted at room temperature for 20 min under a 
current density of 2 A dm⁻². This specific composite electrodeposition 
process, as shown in Table 3, produced a uniform Ni-W-Nb layer 
(~2–3 µm) in thickness, as verified by profilometry (Fig. 2).

A pure nickel anode is employed to ensure consistent replenishment 
of metal ions in the electrolyte. The cathodic and current efficiencies are 
calculated using Faraday’s law, yielding a current efficiency of 
approximately 0.69 for a deposited thickness of 3 μm [67–69]. The 
coatings are subsequently rinsed with distilled water and dried under 
hot air.

Composite electrodeposition techniques, such as this one, are 
employed to enhance the surface properties of stainless steels, including 
microhardness, wear resistance, and corrosion behavior [70,71].

2.4. GTAW welding

The tungsten inert gas welding (GTAW) process is performed with a 
constant-current DC power source [72–74]. Pure argon (Ar) with 2 % 
oxygen (O₂) is used as the shielding gas, delivered at a flow rate of 
12 L/min. The filler material is ER316L, and the process parameters are 
120 A, 13 V, and 3 mm/s.

The welding equipment used in this study is shown in Fig. 3(A). In 

Fig. 1. Summary of the experimental and computational workflow.
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contrast, Fig. 3(B) provides a detailed view of the welding setup, 
including the Inversal 300 multi-process power supply, equipped with 
digital control and operated in current-controlled mode for pulsed 
transfer (1), maintaining a constant welding voltage during the tests. 
The welding torch (2) was mounted on an MC-46 welding carriage, 
ensuring a stable, controlled travel speed during flat-position welding 
(3). For specimen fixation and weld-root protection, a system with 
movable fasteners (4) attached to a support bracket was employed to 
introduce an inert backing gas (argon) at a controlled flow rate. The 
length of filler wire consumed in each test, as well as the welding time, 
was monitored using a tachometer coupled to a wire-feed speed meter 
(MVA-1) (5). The shielding gas (7) flow rate was kept constant 

throughout the welding procedure and was monitored using the VGA 
flowmeter (6).

To ensure reproducibility and facilitate comparison with similar 
welding studies, all Gas Tungsten Arc Welding (GTAW) parameters used 
in this work are summarized in Table 4. The welding conditions were 
kept constant throughout the experimental procedure to minimize 
thermal variability and ensure consistent heat input, shielding envi
ronment, and arc stability. These parameters directly influence solidi
fication behavior, δ-ferrite formation, and the microstructural gradients 
analyzed in the fusion zone (FZ) and heat-affected zone (HAZ). They are 
therefore essential for interpreting the mechanical and electrochemical 
results presented in this study.

Fig. 2. Electroplated Ni–Watts–Nb layer on AISI 316 L.

Fig. 3. GTAW welding setup: (A) schematic; (B) equipment details.
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Welding is performed manually with a torch angle of 70◦ and an arc 
length of approximately 2 mm. The pre-weld and post-weld regions are 
cleaned with stainless steel brushes to remove oxides and residues that 
may compromise joint integrity.

To improve the transparency and reproducibility of the mechanical 
testing procedures, Fig. 4 illustrates the welded plate and the extraction 
layout for all specimens. Fig. 4(A) identifies the regions from which each 
tensile specimen (BM, HAZ, and FZ) was sectioned, as well as the 
transverse path used for microhardness measurements across the joint. 
The sampling map in Fig. 4(B) also shows the exact orientation and 
spacing of the gauge sections relative to the weld bead, along with the 
cut-off locations for the specimens described in Sections 2.5 and 2.6, 
ensuring consistent representation of the thermal gradients in the fusion 
and heat-affected zones. This visual guide complements the description 
of Sections 2.5 and 2.6 by providing a clear overview of specimen 
positioning, enabling accurate interpretation of the mechanical and 
microstructural results.

2.5. Tensile testing

Tensile tests were conducted according to ASTM E8/E8M-21 [75]
using a universal testing machine (Instron 3369) at room temperature. 

The strain rate was maintained at 1 mm/min until fracture. The di
mensions of the test specimens conformed to standard sub-size flat 
specimens (gauge length: 25 mm, width: 6 mm, thickness: 3 mm). A 
total of nine specimens were tested: three from the base metal (BM), 
three from the fusion zone (FZ), and three from the heat-affected zone 
(HAZ). This distribution allowed independent statistical analysis of each 
region’s mechanical response.

2.6. Microhardness testing

Vickers microhardness measurements are performed using a Shi
madzu HMV-G20 microhardness tester with a load of 500 gf and a dwell 
time of 15 s at room temperature [76]. Measurements are taken across 
the cross-section of welded joints at 0.2 mm intervals to capture hard
ness gradients from BM to HAZ and FZ. Five indentations per region are 
averaged for consistency.

This method is suitable for assessing the mechanical changes induced 
by thermal cycles during welding, as suggested in prior studies on 
stainless steel joints [77,78].

2.7. Ferritoscopy

Ferrite content is measured using a Fischer Feritscope MP30 [79,80], 
which detects ferromagnetic phases by measuring changes in magnetic 
permeability. The induced voltage is proportional to the volume fraction 
of ferromagnetic constituents such as delta ferrite. This non-destructive 
method provides quantitative data on the volumetric fraction of ferro
magnetic phases, such as delta ferrite (δ-ferrite) and Fe-rich carbides. 
Measurements are taken from the cross-section in the FZ and HAZ re
gions to investigate solidification and phase transformation patterns. 
The method is calibrated using certified standards per ASTM E562 [81]. 
Five measurements were taken per region (BM, HAZ, FZ) and averaged 
for statistical consistency.

Table 4 
GTAW welding parameters.

Parameter Value

Current 120 A
Voltage 13 V
Travel speed 3 mm/s
Shielding gas Ar + 2 % O₂
Gas flow rate 12 L/min
Torch angle 70◦

Arc length 2 mm

Fig. 4. Extraction scheme for mechanical testing: (A) regions used for tensile and microhardness sampling; (B) orientation and spacing of gauge sections and cut-off 
locations across the welded joint.
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2.8. Potentiodynamic polarization

Electrochemical behavior is evaluated by potentiodynamic polari
zation in a three-electrode cell, using a saturated calomel electrode 
(SCE) as the reference, a platinum mesh as the counter electrode, and the 
sample as the working electrode. The test solution is 3.5 % NaCl, 
maintained at 25 ± 2 ◦C. The open-circuit potential is stabilized for 
60 min before a scan rate of 1 mV/s is applied over the range of –0.25 to 
+ 1.0 V versus OCP.

The corrosion potential (Ecorr), corrosion current density (Icorr), 
and pitting potential (Epit) are derived from Tafel extrapolation. The 
tests conform to ASTM G5 and G59 standards [82,83].

Electrochemical methods, such as these, are commonly employed to 
assess corrosion resistance in welded and coated stainless steels [80,84, 
85]. The exposed working area was 1.0 cm² (100 mm²) and was defined 
using an epoxy resin mask.

2.9. Optical microscopy and SEM

Metallographic specimens are prepared by standard grinding and 
polishing, followed by etching with Glyceregia (a mixture of 15 mL HCl, 
10 mL glycerol, and 5 mL HNO₃). Microstructures are examined using an 
Olympus BX53M optical microscope.

Further investigation is performed using a scanning electron micro
scope (SEM) ZEISS EVO MA10 equipped with energy-dispersive X-ray 
spectroscopy (EDS) to identify chemical compositions and morphol
ogies. The SEM operates at an accelerating voltage of 20 kV, with a 
working distance of 10 mm.

These analyses enable the identification of features such as dendritic 
structures, inclusions, grain boundaries, and precipitates, which play 
significant roles in defining mechanical and corrosion behavior [45,46, 
86]

2.10. Thermodynamic modeling

Phase stability and precipitation behavior are simulated using 
Thermocalc Software version 2024b [87]. The CALPHAD (Calculation of 
Phase Diagrams) method is employed to calculate phase equilibria and 
transformation kinetics using the TCFE7 and TCFE12 thermodynamic 
databases, along with the DICTRA and TC-PRISMA modules.

CALPHAD enables the calculation of Gibbs free energy, solvus 
curves, driving forces, and Pourbaix diagrams for various conditions. 
Simulation outputs are cross-validated against experimental microscopy 
and electrochemical tests [47,88,89].

To evaluate the phase transformation behavior of AISI 316 L stain
less steel under non-equilibrium cooling conditions, thermodynamic 
simulations were conducted using CALPHAD methodology. The calcu
lations were based on the nominal chemical composition of the alloy, as 
outlined in Table 1, using representative mid-range values within the 
compositional limits specified by ASTM standards. It is essential to note 
that CALPHAD simulations were conducted based on the bulk 316 L 
composition and did not account for the effects of the Nb-rich coating, 
given the limited diffusion observed during welding.

The thermodynamic simulations, using the CALPHAD methodology, 
were conducted with Thermo-Calc Software (version 2024b) to evaluate 
phase stability and transformation behavior under thermal conditions 
relevant to welding [87]. For these simulations, we employed the TCFE7 
and TCFE12 thermodynamic databases for both equilibrium and 
non-equilibrium calculations, alongside the MOBFE5 mobility database 
for kinetic analyses. TCFE7 was used to maintain consistency with 
earlier datasets on 316 L stainless steel, which are commonly reported in 
the literature. In contrast, TCFE12 incorporates updated Cr–Ni–Mo 
interaction parameters, thereby improving accuracy for multicompo
nent stainless-steel systems.

The final predictions for phase stability presented in this study were 
primarily derived from TCFE12, and a cross-comparison with the TCFE7 

database confirmed consistent trends in the evolution of δ-ferrite and the 
formation of σ-phase. The simulations successfully replicated contin
uous cooling from 1450 ◦C to 25 ◦C using both equilibrium thermody
namics and the Scheil–Gulliver non-equilibrium solidification models. 
Additionally, the TC-PRISMA module was utilized to estimate the 
nucleation and growth behavior of secondary phases, such as metallic 
carbides.

The primary phases monitored during the cooling process included 
delta ferrite (δ), austenite (γ), and the sigma phase (σ). The evolution of 
phase fractions was plotted as a function of temperature to represent the 
transformation kinetics and the phase stability ranges. The data were 
post-processed and visualized in Python using Matplotlib to reproduce 
the graphical style commonly used in CALPHAD output, enabling clear 
interpretation of the temperature ranges associated with each 
transformation.

For the TC-PRISMA simulations, the following parameters were 
assumed: an average initial grain size of 10 μm, an interfacial energy of 
0.5 J/m² for M₂₃C₆ carbides, and a molar volume of 7.1 × 10⁻⁶ m³ /mol. 
These values are consistent with literature data for austenitic stainless 
steels and were used to estimate nucleation rates and precipitate growth 
during continuous cooling [71,90,91].

The simulations were performed using Thermo-Calc Software v. 
2024b with the TC-PRISMA module, considering the nominal chemical 
composition of AISI 316 L stainless steel. The imposed cooling rate (≈
40◦C⋅s) corresponds to the typical thermal gradients in GTAW. For TC- 
PRISMA, an initial grain size of 10 µm, an interfacial energy of 
0.5 J m⁻² for M₂₃C₆ carbides, and a molar volume of 7.1 × 10⁻⁶ 
m³ mol⁻¹ were adopted, consistent with the literature for austenitic 
stainless steels [90–92].

This methodology provides a reliable framework for predicting 
microstructural evolution in austenitic stainless steels subjected to high 
cooling rates, thereby supporting the design and interpretation of heat 
treatment and welding procedures.

3. Results and discussion

3.1. Thermodynamic modeling

Fig. 5 shows the calculated evolution of phase fractions for AISI 
316 L stainless steel, cooled continuously from 1450 ◦C to 25 ◦C at 40 
◦C⋅s under non-equilibrium conditions. The temperature axis (25–1500 
◦C) covers the stability fields of the main phases. The results, integrated 
with the TC-PRISMA module, employed literature-derived parameters to 
estimate nucleation rates, growth kinetics, and precipitate size distri
butions. Post-processing in Python (Matplotlib [93]) generated 
phase-fraction curves, indicating that γ-austenite rapidly forms and 

Fig. 5. Non-equilibrium phase evolution of AISI 316 L during rapid cool
ing (40◦C⋅s⁻¹).
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dominates (~98 %) during cooling, while δ-ferrite appears only tran
siently at the onset of solidification. σ-phase and M₂₃C₆ carbides nucleate 
at lower temperatures in trace amounts. This workflow integrates 
thermodynamic, kinetic, and precipitation modelling to construct a 
transformation map relevant to rapid solidification and welding 
conditions.

Using the TCFE12 thermodynamic and MOBFE5 mobility databases, 
the simulation incorporated kinetic effects through the Scheil–Gulliver 
approximation. The alloy remains fully liquid at 1450 ◦C and begins 
solidification near 1390 ◦C. A minor δ-ferrite fraction forms transiently 
before being replaced by γ-austenite, which becomes dominant (~98 %) 
for the remainder of the cooling cycle. The CALPHAD-predicted δ-ferrite 
fraction around 5 % (≈ 0.05 phase fraction mol) matches the ferrito
scopy measurements in the fusion zone (6.7 %), confirming the accuracy 
of the non-equilibrium model. The predominance of γ is typical of rapid 
solidification, as high cooling rates suppress equilibrium trans
formations. Only trace amounts of σ-phase precipitates form at low 
temperatures because limited diffusion hinders their growth.

The slightly higher δ-ferrite fraction measured experimentally may 
explain the minor reduction in ductility and the increased corrosion 
current observed later in the FZ. According to CALPHAD predictions, 
δ-ferrite promotes chromium-rich segregation at interdendritic bound
aries, locally reducing the pitting potential and linking phase stability to 
the mechanical and electrochemical behaviour of welded joints.

For clarity, phases known to be kinetically inhibited during rapid 
solidification, such as the G-phase, were rejected from the 
Scheil–Gulliver calculations to avoid unrealistic underestimation of the 
solidus temperature. Although the precipitation kinetics were not 
plotted on a logarithmic scale, the TC-PRISMA output confirmed that the 
nucleation rate of M₂₃C₆ carbides sharply increases below 800 ◦C. 
Additionally, microsegregation effects are inherently accounted for 
within the non-equilibrium framework and are expected to be most 
significant in the fusion zone, where rapid cooling limits solute 
redistribution.

The chromium and nickel equivalents (Creq and Nieq) for the base 
metal were calculated from the alloy’s nominal composition following 
Eqs. (1) and (2). These values provide the basis for correlating phase- 
field predictions from CALPHAD with the ferrite content measured 
experimentally by ferritoscopy. Table 5 presents the calculated values of 
Nieq (Eq. 1) and Creq (Eq. 2) for the base metal (BM), based on its 
chemical composition and considering the typical values for AISI 316 L 
stainless steel provided by the manufacturer Aperam [27].

The chromium equivalent in Table 5 is calculated using the formula 
[94]: 

Creq = %Cr + %Mo + 1.5× %Si + 0.5× %Nb                                 (1)

The nickel equivalent in Table 5is calculated using the formula: 

Nieq = %Ni + 30× %C + 0.5× %Mn + 30× %N                             (2)

Fig. 6 presents the Schaeffler-DeLong diagram, which predicts phase 
stability based on chromium and nickel equivalents. The Schaeffler- 
Delong diagram is a crucial tool for estimating the microstructural 
composition of the weld fusion zone. To apply it, calculate the chromium 
equivalent (Creq) and the nickel equivalent (Nieq). This diagram allows 
the estimation of the expected microstructural balance in the fusion zone 
and supports the CALPHAD predictions of δ-ferrite formation. Creq and 
Nieq values were determined as described in Eqs. (1) and (2) to enable 
this comparison. The Schaeffler–DeLong diagram places the nominal 

composition of AISI 316 L within the fully austenitic field, exhibiting 
only a minor tendency to δ-ferrite formation, in agreement with litera
ture reports for this alloy [1,3,13,27].

The Scheil-Gulliver model simulation for AISI 316 L shows the non- 
equilibrium solidification path, where the solid fraction gradually in
creases as temperature decreases, starting from a fully liquid phase and 
progressing through the formation of primary austenite/ferrite and 
subsequent precipitation of intermetallic compounds (G-phase, M₅SI₃, 
M₆C, M₇C₃), silicides (CR₃SI, SIC), and carbides. This behavior, illus
trated in Fig. 7, reveals a prolonged solidification range and distinct 
phase transformation steps due to microsegregation effects, highlighting 
the sequential emergence of phases and their corresponding solid 
fractions.

While both the Schaeffler-DeLong diagram and Scheil-Gulliver 
CALPHAD simulations address phase formation during solidification, 
the CALPHAD approach provides more detailed phase fraction evolution 
and accounts for multicomponent diffusion and intermetallic phases. To 
compare with the Schaeffler-DeLong diagram predictions, a Scheil- 
Gulliver simulation was performed, since both approaches aim to 
represent solidification under non-equilibrium welding conditions. 
While the Schaeffler–DeLong diagram indicated a fully austenitic 
microstructure, the Scheil-Gulliver simulation revealed minor delta 
ferrite and sigma phase, consistent with the SEM observations. This 
comparison illustrates the advantage of CALPHAD-based Scheil-Gulliver 
modeling in capturing additional phase equilibria not represented in 
traditional diagrams. This difference arises because the CALPHAD-based 
Scheil-Gulliver approach encompasses multicomponent phase equilibria 
beyond the austenite–ferrite–martensite fields typically depicted in 
conventional diagrams. Unlike traditional Schaeffler-DeLong diagrams, 
CALPHAD modeling accounts for multicomponent diffusion and non- 
equilibrium phase formation, enabling more accurate predictions 
under rapid cooling conditions representative of welding. This allowed 
the identification of σ and M23C6 precipitates not foreseen by conven
tional diagrams.

Under equilibrium conditions, the solidification path of AISI 316 L is 
characterized by a more stable and narrower solidification range 
compared to the Scheil-Gulliver model. The simulation illustrates the 
sequential formation of phases, starting with the liquid phase at high 
temperatures and proceeding to the precipitation of CR₃SI, G-phase, M₆C 
carbides, MSI silicides, and SIC. Upon further cooling, the primary FCC 
austenite phase (FCC_A1) emerges, coexisting with the previously 
formed secondary phases, and remains stable down to lower tempera
tures. This pathway reflects minimal microsegregation due to complete 
diffusion in both solid and liquid phases, leading to a more uniform 
composition and fewer abrupt phase changes. In Fig. 8 (equilibrium 
version), these results would be represented by smoother phase 
boundaries and more gradual phase transitions.

CALPHAD simulations, complemented by scanning electron micro
scopy (SEM) observations of the fusion zone (FZ) and heat-affected zone 
(HAZ), revealed the formation of delta ferritic phases alongside sec
ondary phases (refer to Figs. 9 and 11 for detailed micrographs). These 
microstructural characteristics substantiate the predicted phase evolu
tion as delineated by the thermodynamic simulations, reinforcing the 
validity of the computational predictions. While the Schaeffler-DeLong 
diagram predicted a fully austenitic structure, the CALPHAD results 
and experimental evidence indicate the formation of delta ferrite (δ) and 
sigma phase (σ) under the non-equilibrium thermal conditions typical of 
welding. This comparison underscores a divergence between traditional 
equilibrium-based predictions and more advanced computational 

Table 5 
Chromium and nickel equivalents for typical AISI 316 L composition values.

Ni 
(%)

N 
(%)

Mn 
(%)

C 
(%)

Ni₍eq₎ Mo 
(%)

Si 
(%)

Nb 
(%)

Cr 
(%)

Cr₍eq₎

10.10 0.10 1.20 0.03 14.60 2.00 0.40 0.00 16.80 19.40
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approaches. Although the CALPHAD method predicted minimal influ
ence of niobium on the precipitation of primary chromium carbides, this 
outcome is attributed to the limited thickness of the electroplated nickel- 
niobium layer. Fig. 9(A) supports this interpretation by confirming the 
absence of Nb-rich precipitates such as NbC. Fig. 9(A) shows the sigma 
phase (σ-phase) found in the heat-affected zone (HAZ) of the welded 
sample. No sigma phase was detected in the fusion zone (FZ). Although 
niobium is a potent carbide-former, its effect was limited by the thin 
coating (~3 µm) and the short duration of the welding thermal cycle. No 
Nb-rich phases, such as NbC, were detected in the EDS analysis, 
corroborating the limited Nb diffusion into the weld pool. As niobium 
diffusion was negligible under the applied thermal cycle, its influence on 
carbide precipitation was not considered in the CALPHAD input, 
consistent with the absence of Nb-rich phases in SEM/EDS.

Scheil-Gulliver simulation results indicate a primary ferritic solidi
fication mode, consistent with the Schaeffler-DeLong diagram estimated 
for the base metal. However, the CALPHAD results predict the presence 
of a minor sigma phase, which was confirmed by SEM-EDS analysis 
(Fig. 9).

Although the detailed TC-PRISMA kinetics are not shown, the sim
ulations predicted M₂₃C₆ nucleation at ~800 ◦C, consistent with minor 
carbide formation observed in the HAZ. These findings underscore the 
importance of thermal cycle control in welding processes and verify the 
reliability of CALPHAD simulations as a predictive tool for metallurgical 
phase stability. The ability to anticipate deleterious phase formation 
demonstrates the reliability of this valuable input for alloy design, heat- 
treatment planning, and corrosion-resistance optimization.

3.2. Microstructural characterization

Fig. 10 shows scanning electron microscopy (SEM) images in back
scattered electron (BSE) mode with EDS chemical compositions of the 
AISI 316 L substrate in Fig. 10(A) and the electrodeposited Ni–Watts 
coating with Nb microparticles on AISI 316 L in Fig. 10(B), taken before 
the laser welding process. Fig. 10(A) presents austenitic grains con
taining some thermal twins, with EDS analysis indicating the following 
composition in Table 6: Fe (58 ± 2 wt%), Cr (18 ± 3 wt%), Ni (8.5 
± 0.6 wt%), and Mo (2 ± 1 wt%). Fig. 10(B) shows the electroplated 
Ni–Watts grains, with EDS revealing Ni (63 ± 5 wt%), Fe (12 ± 3 wt%), 
Cr (3 ± 1 wt%), Zn (2 ± 1 wt%), Mo (0.6 ± 0.2 wt%), and Nb only in 
trace amounts (0.1 ± 0.3 wt%), despite its intentional addition to the 

plating bath.
Optical and scanning electron microscopy (SEM) micrographs reveal 

a dendritic solidification morphology in the fusion zone (FZ). Partially 
recrystallized grains are present in the heat-affected zone (HAZ), as 
shown in Fig. 11. Fig. 11(a) displays the surface zones after welding, 
including the HAZ, FZ, and the base metal. This is observed using SEM 
with secondary electron imaging. In Fig. 11(b), optical microscopy 
shows that the base metal (BM) microstructure contains α-ferrite grains, 
dislocation bands, and deformation twins. The base metal primarily 
exhibits equiaxed α-ferrite grains. The presence of dislocation bands 
indicates prior plastic deformation.

Deformation twins can form in α-ferrite under high stress or localized 
strain conditions. However, they are uncommon in body-centered cubic 
(bcc) structures. Therefore, the twins observed in Fig. 11(b) may also be 
associated with small amounts of retained austenite. Retained austenite, 
with its face-centered cubic (fcc) crystal structure, is more likely to twin. 
This suggests that twinning may result from both α-ferrite and any 
retained γ-phase. These features contribute to grain subdivision, 
microstructural refinement, and restricted dislocation movement during 
deformation.

Ferritoscopy tests and SEM/EDS images confirm that δ-ferrite forms 
along the edges between dendrites, consistent with CALPHAD pre
dictions of its short-term stability during solidification.

Fig. 11(c) highlights the heat-affected zone (HAZ) and the fusion 
zone (FZ). The fusion zone consists mainly of an austenitic matrix with a 
significant amount of delta (δ) ferrite. Sigma (σ) phase precipitates 
appear in the HAZ, as shown in Fig. 10(d), and display morphologies like 
those previously reported [95]. Fig. 11(e) provides a detailed analysis of 
the fusion zone, identifying three δ-ferrite morphologies: skeletal, 
vermicular, and isolated island ferrite. Each morphology reflects specific 
solidification conditions. These results are consistent with 
Scheil–Gulliver CALPHAD predictions, which indicate transient δ-ferrite 
formation during early solidification, followed by partial δ-to-γ 
transformation.

In Fig. 11(e), skeletal ferrite is shown as elongated, interconnected 
networks in the interdendritic regions, indicating rapid solidification 
with minimal solute back-diffusion. Vermicular ferrite, characterized by 
worm-like, irregular shapes, appears in areas experiencing moderate 
constitutional supercooling. Isolated island ferrite is observed as small, 
discrete, globular pockets surrounded by austenite within Fig. 11(e), 
typically formed during the final stages of the δ-to-γ transformation.

Fig. 6. Schaeffler-Delong Diagram based on estimated Creq and Nieq values for AISI 316 L base metal.
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Fig. 7. Solidification Path of AISI 316 L under Scheil-Gulliver Conditions.
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The ferrite shapes observed in the tests, especially the island and 
skeletal types, are well matched to CALPHAD Scheil–Gulliver model 
predictions. These models show that δ-ferrite forms for a short time 
during early solidification, then partially changes to γ-austenite when 
cooling is not balanced.

The residual δ-ferrite fractions observed microscopically correspond 
to small amounts predicted to persist at room temperature. This con
firms the agreement between thermodynamic modeling and 

experimental microstructural evolution. No niobium-rich (Nb-rich) 
precipitates were detected experimentally, which indicates limited 
diffusion from the electroplated nickel-niobium (Ni–Nb) layer. It is still 
important to consider potential microstructural effects if Nb diffusion 
were more significant. In such cases, predictions from CALPHAD and 
DICTRA suggest that Nb would stabilize NbC carbides at grain bound
aries during cooling. This stabilization could alter chromium activity 
locally and delay σ-phase nucleation. Enhanced Nb mobility could also 

Fig. 8. Solidification Path of AISI 316 L under Equilibrium Conditions.

Fig. 9. EDS and SEM micrographs of AISI 316 L stainless steel: (A) EDS spectrum indicating M23C6 and sigma (σ) phase in welded AISI 316 L, (B) heat-affected zone 
(HAZ, SEM, sigma phase highlighted by arrows).
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affect the δ-to-γ transformation pathway by increasing the thermody
namic driving force for carbide formation. These effects were not 
observed in the current study due to the thin coating and limited 
diffusion distances. Nonetheless, they underscore the importance of 
future DICTRA-based diffusion modeling to quantify Nb mobility across 
varying coating thicknesses or thermal cycles.

The slight excess of δ-ferrite measured experimentally in the FZ may 
explain the modest reduction in ductility and the increased corrosion 
susceptibility observed in subsequent tests. According to the CALPHAD 
predictions, δ-ferrite stabilizes Cr-rich regions that locally reduce the 
pitting potential, thus linking phase stability to both mechanical and 
electrochemical performance.

Fig. 10. EDS analysis of the AISI 316 L: (A) substrate; (B) Ni–Watts coating with Nb microparticles, before the laser welding process.

Fig. 11. SEM and optical micrographs of AISI 316 L stainless steel: (A) weld region (SEM); (B) base metal (BM, optical); (C) weld region (optical, delta ferrite and 
sigma phase highlighted by arrows); (D) heat-affected zone (HAZ, optical); (E) fusion zone (FZ, optical).
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3.3. Ferritoscopy

Volumetric ferrite quantification by ferritoscopy, as shown in Fig. 12, 
revealed a progressive increase in ferromagnetic phase content from the 
base metal (BM, 0.5 % Fe) to the heat-affected zone (HAZ, 3.3 % Fe), 
reaching its highest value in the fusion zone (FZ, 6.7 % Fe). This trend 
reflects the thermal gradient imposed during welding, which favors the 
retention of delta ferrite because it is stable at high cooling rates.

3.4. Tensile test results

The tensile curves (Fig. 13) show that the welded joints exhibit an 
average ultimate tensile strength (UTS) of 627 ± 27 MPa, whereas the 
base metal reaches 635 ± 5 MPa. Yield strengths are 367 ± 11 MPa for 
the welded joints and 355 ± 5 MPa for the BM. Results represent the 
average of three tests per region (BM, HAZ, and FZ). The slight decrease 
in UTS and similar YS indicates limited degradation of mechanical 
integrity, corroborating the microstructural uniformity observed in 
CALPHAD and microscopy results. The CALPHAD predicts only minor 
δ-ferrite retention and negligible σ-phase formation, both of which are 
known to preserve ductility in austenitic stainless steels under non- 
equilibrium solidification.

Tensile testing indicated that welded joints exhibit slightly lower 
ultimate tensile strength than the base metal. The engineering stress- 
strain curves demonstrated that although the ductility was preserved, 
the presence of intermetallic phases and residual stresses in the FZ 
contributed to early failure. These results highlight the microstructural 
sensitivity of AISI 316 L to high thermal input and confirm literature 
findings on the thermal degradation of mechanical performance post- 
welding [4].

This observation is consistent with CALPHAD predictions, which 
indicate negligible σ-phase formation and limited δ-ferrite reten
tion—conditions that maintain the ductility of austenitic stainless steels 
during rapid solidification.

3.5. Vickers microhardness

Table 7 presents the Vickers microhardness results across the weld 
regions. In the fusion zone (FZ), the microhardness was 231 ± 7 HV. 
This increase in hardness in the FZ may be attributed to the formation of 
delta ferrite and possible microsegregation during rapid solidification. 
The results are consistent with similar GTAW studies, which reported 
localized hardening due to thermal cycling [96,97].

In the heat-affected zone (HAZ), the microhardness was lower than 
that of the FZ but higher than that of the base metal (BM), averaging 
188 ± 6 HV. The base metal exhibited the lowest average microhard
ness, at 174 ± 1 HV.

3.6. Potentiodynamic polarization

Potentiodynamic polarization tests showed only slight differences in 
Ecorr and Epit between the base metal (BM) and the welded samples, as 
illustrated in Fig. 14 and detailed in Table 8. Preservation of passive film 
integrity across all zones indicates that welding did not significantly 
compromise corrosion resistance. However, SEM analysis after polari
zation revealed pitting localized near grain boundaries, due to chro
mium depletion or phase segregation.

The occurrence of pitting corrosion in AISI 316 L stainless steel, 
exposed to a 3.5 wt% NaCl saline medium for 3 h and 20 min, as evi
denced in Fig. 15 after the polarization tests. The surface examination 
revealed discrete pitting sites mainly concentrated along interdendritic 
regions in the FZ. No significant pitting was observed in the BM or HAZ, 
indicating that corrosion activity was localized mainly within the FZ. No 
post-weld heat treatment was applied after GTAW, ensuring that the 
electrochemical results represent the as-welded condition. Pitting was 
exclusively observed in the fusion zone, while both the HAZ and base 
metal surfaces remained passive throughout the test duration. This 
behaviour confirms that corrosion activity is confined to regions pre
dicted by CALPHAD to contain transient δ-ferrite and chromium- 
depleted boundaries.

Table 8 presents the pitting potential (E_pit) and corrosion potential 
(E_corr) values derived from datasets generated by the PalmSens soft
ware. The samples with a weld bead exhibited an average E_pit of 0.24 
± 0.01 V. In contrast, the base metal (BM) samples recorded an average 
E_pit of 0.29 ± 0.01 V. Similarly, the welded samples showed an 
average E_corr of 0.02 ± 0.01 V, compared with 0.05 ± 0.01 V for the 
BM samples.

These results indicate that welding did not significantly degrade the 
material’s corrosion resistance, as the pitting potential of the welded 
specimens remained close to that of the base metal. Although the 
passivating current was not directly measured, the slight reductions in 
both E_pit and E_corr for the coated-welded samples suggest that the 
Ni–Nb coating maintained the integrity of the passive film during 
thermal cycling.

Future work will include electrochemical impedance spectroscopy 
(EIS) to confirm the passive film kinetics and assess long-term stability. 
Variations in passivating current can provide insights into changes in the 
defect structure of Cr₂O₃ films arising from Ni and Nb incorporation 
during electroplating. Although not measured here, such data could 
offer a deeper understanding of passive film stability on Nb- and Ni- 
enriched surfaces.

3.7. Fractographic analysis

SEM fractography in Fig. 16 shows ductile fracture in all regions. The 
fracture surfaces contain numerous dimples. The weld and HAZ undergo 
microstructural changes. Still, the material retains plastic deformation 
before a rupture. The weld zone shows dimples of different sizes. This 
suggests heterogeneous deformation due to phase contrast between 
austenite and delta ferrite.

Table 6 
Elemental composition from SEM-EDS analysis (wt%).

Surface Fe Cr Ni Mo Zn Nb

AISI 316 L 58 
± 2

18 
± 3

8.5 
± 0.6

2 ± 1 - -

Ni–Watts with 
niobium particles

12 
± 3

3 
± 1

63 ± 5 0.6 
± 0.2

2 
± 1

0.1 
± 0.3

Fig. 12. Volumetric percentage of ferrite in the BM, HAZ, and FZ regions. 
N1–N9 correspond to the nine tensile specimens: N1–N3 (BM), N4–N6 (HAZ), 
N7–N9 (FZ).
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3.8. Limitations and outlook

Niobium diffusion was negligible under the current welding condi
tions due to the thin coating (approximately 2–3 μm) and the short 
thermal cycle. However, possible phase-transformation pathways 
arising from increased niobium mobility are under consideration. CAL
PHAD–DICTRA predictions indicate that extended diffusion may stabi
lize NbC carbides, change local chromium activity, and delay sigma- 
phase nucleation. Future research will address these effects by study
ing niobium transport kinetics and assessing the influence of prolonged 
thermal exposure on microstructural stability and corrosion resistance.

4. Conclusions

The present work integrated CALPHAD-based thermodynamic and 
kinetic simulations with experimental validation to evaluate the phase 
evolution in GTAW-welded AISI 316 L stainless steel coated with a 
Ni–Nb layer. The CALPHAD approach accurately predicted the solidifi
cation sequence and transformation behavior of the alloy, with δ-ferrite 
appearing transiently in the fusion zone and being replaced by 
γ-austenite during cooling.

The σ-phase and M₂₃C₆ carbides were predicted only in trace amounts 
at low temperatures, which was consistent with the microstructural 
features observed by SEM/EDS. Ferritoscopy measurements confirmed a 
small but measurable δ-ferrite content, in good agreement with the non- 
equilibrium Scheil–Gulliver calculations.

Tensile and microhardness results indicated minimal degradation in 
mechanical properties after welding, confirming that the coating and 
process parameters maintained the material’s structural integrity.

Electrochemical tests revealed slightly higher corrosion currents in 
the welded samples, but no significant loss of passivity was observed. 
The Ni–Nb coating contributed to improved pitting resistance compared 
with uncoated 316 L.

Experimental analyses confirmed the presence of these phases, 
particularly the precipitation of intermetallic compounds along grain 
boundaries in the heat-affected zone. The fusion zone exhibited the 
highest ferrite content and corresponding increases in microhardness, 
consistent with the thermal gradients imposed by the welding process. 
Despite the incorporation of niobium by electrodeposition, no Nb-rich 
precipitates were identified, attributed to the coating’s thin thickness 
and restricted diffusion during welding.

The combined use of CALPHAD modelling and experimental verifi
cation has proven to be a robust approach for correlating predicted 
phase stability with the actual microstructures of welded joints, 
providing valuable insights into the design of surface-engineered 
stainless-steel systems with enhanced mechanical and corrosion per
formance. While the nickel-niobium coating had a minimal impact on 
phase formation under the studied conditions, the integrated modeling 
approach provides strategic insights for developing advanced stainless 
steel components with enhanced structural and chemical performance.

Future studies will extend CALPHAD simulations to account for Nb 
diffusion profiles during prolonged thermal cycles and evaluate their 
effect on long-term phase stability. Furthermore, integrating CALPHAD- 
based modelling with real-time thermal cycle data could enable pre
dictive control of weld metallurgy in automated manufacturing. This 
direction, combined with extended DICTRA–PRISMA coupling, repre
sents a pathway for developing innovative, corrosion-resistant stainless- 
steel systems tailored for next-generation energy, industrial welding 
process design, and biomedical applications.

Fig. 13. Engineering stress–strain behaviour of the base metal (BM) and welded regions (FZ and HAZ). Tensile specimens A2–A3 (BM), A4 (HAZ), and A15–A17 (FZ) 
are shown. Consistent colour and line styling are employed to allow direct comparison of yield and ultimate tensile strength across all sampled regions.

Table 7 
Vickers microhardness values across weld regions.

Weld Region Vickers Hardness 
(HV ± SD)

Fusion Zone (FZ) 231 ± 7
Heat-Affected Zone (HAZ) 188 ± 6
Base Metal (BM) 174 ± 1
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Fig. 14. Potentiodynamic polarization curves of AISI 316 L austenitic stainless steel (three-electrode cell, 3.5 wt% NaCl, 25 ◦C, 0.167 mV s⁻¹). The welded sample 
shows a slightly more negative E₍corr₎ and higher I₍corr₎ than the BM, suggesting minor localized depassivation near the FZ.

Table 8 
Electrochemical parameters obtained from potentiodynamic polarization tests 
in a three-electrode cell, 3.5 wt% NaCl, 25 ◦C, 0.167 mV⋅s⁻¹ .

Sample E₍corr₎ (V) 
Mean ± SD

E₍pit₎ (V) 
Mean ± SD

Base Metal (BM) 0.05 ± 0.01 0.29 ± 0.01
Welded Sample 0.02 ± 0.01 0.24 ± 0.01

Fig. 15. Surface morphology after polarization testing, showing isolated corrosion pits mainly along interdendritic zones in the FZ, consistent with chromium 
depletion predicted by CALPHAD.
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