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Duplex stainless steels are widely used due to their good mechanical properties and corrosion 
resistance. However, they are susceptible to microstructural fragility related to harmful transformations 
taking place in intermetallic phases, such as the sigma phase. These transformations reduce mechanical 
properties like toughness and corrosion resistance. The current study aims to analyze the effect of 
different thermodynamic- and electrochemical-reactive phases based on using both linear sweep 
voltammetry tests as non-destructive tests, as well as the concept of microelectrodes. This technique 
is capable of detecting small amounts of intermetallic phases at the UNS-S31803 duplex stainless steel 
surface. Results have evidenced the influence of reduced electrode-solution exposure area on improving 
sensitivity for deleterious phase analyses. Peak potential and current peak recorded direct correlation 
to sigma phase concentration and it enabled detecting very low sigma-phase surface concentration, 
at the order of 0.04%. The study has shown improved sensitivity of linear sweep voltammetry tests 
used to detect harmful phases in duplex stainless steels.
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1. Introduction
Alloys forming duplex stainless steels (DSS) can be 

developed based on different compositions to find different 
microstructural arrangements and to provide the material with 
better properties. In some cases, steels undergo thermomechanical 
processes1. DSS are steels whose microstructure presents 
equivalent fractions of austenite (γ) and ferrite (α) phases. 
This feature provides the material with good mechanical 
properties and high corrosion resistance2,3.

Although DSSs have good mechanical properties, they 
are susceptible to losing corrosion resistance when they are 
subjected to certain thermal processes. The sensitization-
related failure generated by phases’ precipitation in the grain 
boundary region often takes place when the steel matrix 
presents carbon content higher than 0.03%4. Welding is another 
procedure that directly interferes with DSS microstructure; it 
can lead to ferritic grains’ growth or disruption in the alloy’s 
chemical composition in the heat-affected zone (HAZ)5,6.

Variation in ferrite/austenite rates associated with the 
chemical composition resulting from microstructural changes 
in HAZ can favor the formation of intermetallic phases, mainly 
of those with paramagnetic features known as chi (χ) and 
sigma (σ) phases, which are harmful to DSS properties7,8. 
The loss of corrosion resistance properties is one of the main 
disadvantages of σ phase formation in DSS. According to 
Atamert and King9, σ phase increase by 25% in the duplex 

structure can increase steel hardness by up to 80%, and it 
leads to a more brittle material. According to Wang et al.10, 
the σ phase can act as an intermetallic deleterious phase to 
the duplex microstructure at concentrations higher than 1%.

The microstructural arrangement of intermetallic σ presents 
a ternary phase whose formation is based on high chromium 
content11. This phase’s precipitation mainly takes place at 
the ferrite/austenite interface and it is often generated by 
increased chromium diffusion from the ferritic phase to the 
grain boundary12-15. Sigma phase content higher than 1% makes 
the material mechanically brittle and reduces its corrosion 
resistance16,17. Thus, it is essential to quantify σ phase rates 
close to 1% to enable both monitoring and preserving DSS 
quality. Accordingly, applying non-destructive techniques 
to surface microstructural analysis is a feasible alternative 
to assure quality materials in different industrial plants.

Linear sweep voltammetry (LSV) is an effective technique 
used to detect the σ phase in DSS18. Haskel et al.19 used 
this technique to detect the χ and σ phases in DSS UNS 
S31803 presenting up to 0.9% intermetallic phases. Results in 
the aforementioned study which showed variations in charge 
density and current density, advocated for the feasibility 
of developing an on-site non-destructive technique assay.

Rios et al.20 have analyzed the effect of scanning speed 
on peak potential (Ep) and current intensity (I) at sigma 
phase reactivity, based on using sweep rates (v) ranging 
from 1 mV s-1 to 10 mVs-1 in UNS S31803 steel samples. *e-mail: elangabriel@ufpr.br
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Tests were applied to samples with different σ phase levels 
ranging from 0.0% to 3.0%. LSV was conducted based on 
using potassium hydroxide (KOH) at 4.0 mol L-1 as a selective 
electrolyte. Based on their results, the chromium oxide 
film formed on the samples’ surface during LSV presented 
a formation mechanism in compliance with the Ohmic 
Resistance Model21-23 and Porous Layer Resistance Model24.

According to Rios et al.20, the analysis applied to 
the thermodynamic Ep parameter, based on using v1⁄2, 
described the growth of a film presenting higher Cr and 
Mo levels associated with the σ phase content in the DSS 
structure. Using the thermodynamic Ep parameter enabled 
determining the σ phase content that does not depend on the 
electrode area. Thus, the analysis of results based on using 
charge density and current density (surface area-dependent 
parameter) could be replaced by the Ep assessment (surface 
area-nondependent parameter).

According to Haskel et al.19, the best experimental condition 
for σ phase detection in DSS UNS S 31803 samples, based on 
using the LSV technique, was found by using 3.0 mol L-1 KOH 
solution at a scanning speed of 1.0 mV s-1. However, since increased 
electrolyte concentration and reduced scanning speed enable 
better detection of the σ phase in LSV25, the experimental design 
adopted by Forteski et al.26, in association with results observed 
by Rios et al.20, has shown that using 4.0 mol L-1 electrolyte 
solutions and scanning speed of 0.5 mV s-1 provided significant 
gain to this technique’s sensitivity.

Based on previous research that has evidenced the 
importance of using non-destructive tests (NDT) to assess 
DSS properties, the current study aimed to investigate the 
correlation of sigma intermetallic phase presence to peak 
charge density variation and Ip and Ep parameters associated 
with σ phase content.

2. Methodology
The current study was carried out based on the following 

steps: DSS samples’ cutting and tempering process, σ phase 
precipitation at different times of exposure to 870 °C, 
electrochemical surface attack, DSS microstructure phases’ 
identification through Scanning Electron Microscopy (SEM) 
and Energy Dispersive Spectroscopy (EDS) analyses, and 
LSV tests based on using two solution-electrode working 
contact areas.

2.1. DSS samples’ preparation
Seven UNS S-31803 stainless steel samples were 

previously cut, polished up to 0.1 µm alumina powder grade, 
and solubilized at 1100 °C, for 30 min, in a muffle furnace 
cooled in water at room temperature (25 °C), without agitation. 
This procedure was performed to establish microstructural 
homogeneity in DSS samples. Subsequently, six samples 
were subjected to different aging times (5, 10, 15, 20, 25, and 
30 min) at 870 °C. One sample (called blank) was reserved 
as a control, for results’ comparison purposes

Samples were subjected to an electrochemical surface 
treatment to identify DSS microstructure phases. It was 
done by applying 2.0 V (Minipa MPL 1305M), for 1 min, 
based on using graphite cathode and 1.5 mol L-1 potassium 
hydroxide (KOH) electrolyte solution (95%, NEON – CAS 
1310-58-3). SEM analysis was applied to check the samples’ 

morphology. This procedure was followed by an EDS analysis 
application to determine the samples’ composition.

Microstructure images were reprocessed in IMAGE JTM 
binary counting software to quantify the contents of each 
sample phase. This electrochemical procedure was selected 
based on the KOH solution’s good chemical affinity to the 
σ phase, and it resulted in a product with intense color19 to 
be easily detected and measured.

2.2. LSV assay
Herein-performed LSV analyses were based on the 

microelectrode theory19. To do so, an electrochemical 
cell was assembled by following the concept of Luggin 
Capillary Cells. According to the electrochemical theory, 
Luggin-Haber capillary length and diameter affect both 
the volume and the ionic strength of the electrolyte at the 
electrode-solution interface. Luggin-Haber capillary volume 
is directly proportional to its length and square diameter.

Capillary volume increase can help minimize concentration 
gradients since it enables higher electroactive species dilution 
near the electrode-solution interface. However, longer 
capillary length can lead to longer response times due to 
higher ionic resistance

On the other hand, since Luggin-Haber capillary ionic 
resistance is directly proportional to its length and diameter, 
the smaller the capillary length and diameter, the lower the 
ionic resistance. Low ionic resistance is desirable since it 
minimizes the potential drop along the capillary and enables 
accurately measuring the electrochemical potential at the 
interface.

Improved LSV detection sensitivity is associated with 
the electrochemical cell’s active internal volume since it 
holds the electrolyte available for electrochemical reactions 
to DSS. This volume refers to the contact area between the 
electrolyte and the DSS sample. Figure 1 shows both the 
dimensions and the constructive model of the electrochemical 
cell based on the concept of Luggin capillary. The effects 
of the electrolytic cell’s dead volume were disregarded27.

The electrochemical measurement instrument, known as 
PalmSens 2, was used to carry out voltammetry tests. This 
instrument is controlled by the PSTrace 4.8 electrochemical 

Figure 1. Constructive model of the electrochemical cell based 
on the concept of Luggin capillary, wherein: 1 – Reaction’s active 
volume, 2 - Dead volume.
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interface software. DSS samples were previously subjected 
to surface finishing by sanding (3M – P 600) to standardize 
the analyses. According to Haskel et al.19, samples were 
subjected to the electrochemical pickling step at the beginning 
of the experiments to rule out any external interference with 
the working electrode surface. It was done by applying the 
electric potential of -0.1 V, for 8 s. LSVs were conducted 
based on the methodology of three electrodes, namely: the 
working electrode (UNS S-31803 sample), the counter-
electrode (platinum – Pt) and the saturated calomel reference 
electrode (Analyzer – 3A41-FH). The experimental apparatus 
used in the trials is shown in Figure 2.

Because increased electrolyte concentration and reduced 
scanning speed enable better detecting the σ phase in LSV, 
the experimental conditions adopted for analysis purposes 
comprised: electrolyte concentration of 4.0 mol L-1 of KOH 
(90.7%, Reatec – CAS 1310-58-3) used as electrolyte solution, 
complexed with 0.1 mol L-1 of KCL (99.43%, Neon – CAS 
7447-40-7) and 0.01 mol L-1 of Ethylene Glycol (99.8%, 
Alphatec – CAS 107-21-1) termed as Standard Solution1. 
Two solution-electrode contact-working areas of each 
sample - 0.3318 mm2 and 0.7854 mm2 - were analyzed at a 
scan rate of 0.5 mV s-1. Trials were performed in duplicate.

2.3. Samples’ analysis and quantifications
Peak current (Ip) values were obtained from the resulting 

LSV voltammograms and current density (Jp) was calculated 
by taking into consideration the electrolyte-electrode area 
(A) exposure, based on Equation 1:

Jp = Ip / A  (1)

The charge (Q) resulting from the electrochemical 
reaction was also found by taking into account the peak 
current and the time (t) required for this peak to take place, 
based on Equation 2:

Q  Ip dt     = ∫  (2)

3. Results and Discussions
Table 1 presents chemical composition values observed 

for the control DSS sample (blank).
It was possible to see that the control sample presented 

typical DSS UNS S31803 composition by comparing these 
results to contents set by the standard established for ASTM 
A 276-02a stainless steels28.

3.1. Samples’ analysis and quantification
The electrochemical technique based on KOH alkaline 

solution is a good alternative among several DSS phase 
quantification methods adopted to enhance σ phase features 
through electric potential action29.

SEM micrographs taken from samples subjected to 
different aging times are shown in Figure 3. This analysis 
enabled the detecting of the σ phase with a black hue, the 
ferritic phase with a dark gray color, and the austenitic phase 
with a light gray shade. It is worth mentioning that SEM 
is a high-resolution technique used in electron microscopy. 
In addition, it provides significant magnification, at a 
highly detailed level, besides enabling the obtainment of 
fundamental information about the investigated materials’ 
structure and properties.

Two features were observed in the elements found in the 
σ and χ intermetallic phases of the UNS S31803 steel based 
on Figure 3: Cr and Mo segregation to the grain contour, 
which led to these elements’ dispersion; and to the formation 
of a thicker oxide film in the intermetallic phase region due 
to higher electrolyte reactivity to increased Cr levels, which 
turns the σ or χ phase staining darker.

Identifying the black staining points in the micrograph, as a 
process associated with the σ phase exposed in the microstructure, 
meant analyzing the count of elements, such as Cr, whose 
concentration decreases when it is transformed from ferritic 
grain into intermetallic phase. The sample aged at 870°C, for 
30 minutes, which presented the highest phase transformation 
kinetics, had its surface analyzed via EDS to determine changes 
in the presence of elements typical of each phase.

Table 1. Chemical composition of the analyzed UNS S31803 steel.

Element C Cu Cr Fe Mo Mn Ni P S Si
Concentration (%) 1.93 0.07 21.99 65.70 2.76 1.05 6.03 0.00 0.15 0.32

Figure 2. Experimental apparatus used in LSVs, comprising: 1 - working electrode (DSS sample), 2 - electrolyte cell, 3 - calomel reference 
electrode, 4 - counter-electrode (Pt), 5 - electrochemical interface (Palm Sens 2) and 6 - computer for data acquisition purposes.
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The high intermetallic phase concentration observed 
in the sample aged for 60 minutes has evidenced that the 
feature of the oxide formed in this area was associated with 
the kinetics of the selective reaction mechanism of the KOH 
solution’s electrolytic attack at the σ phase. The distribution 
map plotted for elements found in each UNS S31803 steel 
phase, based on EDS, is shown in Figure 4.

The analysis of phases’ elemental composition, based on 
the EDS technique, identified the sigma intermetallic phase 
associated with segregation elements involved in (Fe-Cr-Mo) 
phase formation. In addition, the greater-thickness oxide-film 
formation over the intermetallic phases was related to the 
selective reactive phenomenon presented by the potassium 
hydroxide electrolyte (KOH), which interacts with hydroxide 
chromium formation in the σ phase30.

The amount of intermetallic σ phase was calculated 
through image processing in the IMAGE JTM software. 
The results of this quantification are shown in Table 2.

Based on Table 2, longer aging exposure time has 
contributed to σ phase formation.

3.2. LSV analysis
Samples were subjected to voltammetry analysis 

after determining the σ phase content of each aging time. 
Voltammetry was conducted in duplicate and it included the 
control (σ phase-free) sample, which was used to compare 
LSV results observed for other samples.

Figure 3. SEM micrograph taken from samples subjected to different aging times at 870 °C: (a) Blank, (b) 5-minute aging, (c) 10-minute 
aging, (d) 15-minute aging, (e) 20-minute aging, (f) 25-minute aging, and (g) 30-minute aging.

Table 2. σ phase rate per unit area.

Sample Aging time (min) σ phase (%)
1* 0 0.000
2 5 0.040
3 10 0.310
4 15 0.440
5 20 0.876
6 25 1.142
7 30 1.693

*Control - blank sample.
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Voltammograms shown in Figure 5a to g represent the 
voltammetric runs performed for each aging range, according 
to which, blue (Run1) and red (Run 2) curves represent the 
duplicate of the test performed with the smallest electrochemical 
attack area (0.3318 mm2), whereas orange (Run 3) and green 
(Run 4) curves represent the duplicates performed in the 
test conducted with the largest electrochemical attack area 
(0.7854 mm2). Voltammetry was conducted by following the 
adopted standard based on using the same sample position 
in all scanning procedures. This approach aimed at reducing 
potential error and variation sources in the electrochemical 
properties throughout the intermetallic concentration range of 
the analyzed samples. Moreover, it enabled finding accurate 
results for the calculation of current densities in all tests.

Current and potential peaks determined for analysis 
purposes are shown in Figure 6. There was variation in Ip 
and Ep parameters as the intermetallic phase concentration 
increased. Run 3 and Run 4 duplicates (in blue) represent the 
electrochemical peak of the control sample (Blank), whereas 
Run 3 and; Run 4 (in yellow) represent the electrochemical 
peak of sample 7 with 1.6934% σ phase. This finding 
indicates the peak shift to more reactive electrochemical 
potential ranges and increase in current, based on the same 
measurement parameters.

Figure 7 shows Ip behavior over aging time, based on 
peak current (Ip) values, by using electrolyte-electrode 
contact area of 0.7854 mm2.

Overall, the increase observed in samples’ intermetallic 
concentration favored peak current increase. However, samples 
2 and 3 (Table 2), which presented σ phase concentrations up 
to 0.31%, did not present significant changes in Ip values in 

comparison to the control sample. Thus, the LSV technique 
did not show sensitivity in detecting σ phase levels below 
this concentration, under this condition.

The microelectrodes concept-based use of electrochemical 
cells is associated with the process of measuring small 
reaction potentials, and it helps improve the sensitivity of 
the current (I) / potential (E) electrochemical interaction 
mechanism in small reaction areas24. In addition, according 
to the Luggin capillary model, using microelectrodes favors 
oxide film formation through the ohmic resistance model23, as 
well as porous layer film formation31. Both herein-described 
reaction mechanisms were confirmed by Rios et al.20, who 
assessed the correlation of σ phase content to Ep and Ip in 
chromium oxide film formation in UNS S-31803 samples.

Voltammetric scanning procedures were performed 
in areas beyond the 0.7854 mm2 electrode to check how a 
smaller reaction area (0.3318 mm2) could affect the detection 
capacity of current and potential peak parameters. It was 
done to establish the association of intermetallic phases 
with the effect of the electrochemical interaction area of 
the microelectrode in LSV assays. The current profile 
presenting samples’ different aging times, for the smallest 
electrochemical reaction area is shown in Figure 8.

Results presented in Figure 8 did not show significant 
variations in Ip values. This behavior indicates low sensitivity 
to detect the analyzed intermetallic level. This result does not 
meet previous results observed for microelectrodes, based 
on the Luggin capillary concept

Charge density (Q) values were calculated by taking into 
consideration both areas in Figure 7 and Figure 8 to help 
understand the effect of microelectrode area reduction on 

Figure 4. Distribution map plotted for elements found in each phase of 60-minute aged UNS S31803 steel, with a view of the transformation 
mechanism of phases observed in the presence of intermetallic sigma. Namely: (a) General map, (b) presence of Molybdenum, (c) presence 
of Oxygen, (d) presence of Nickel, (e) presence of Chromium, (f) presence of Iron.
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LSV results. Electrochemical reactions’ charge density was 
associated with chromium oxide film formation on the DSS 
surface20, based on peak current formation time.

This analysis was performed to check the correlation of 
intermetallic phase concentration to charge density variation 
(ΔQ). ΔQ values were calculated by subtracting the mean 
charge density value observed for the control sample from 
that of samples presenting the σ phase (ΔQ = Qsample - Qblank). 
Figure 9 shows the ΔQ behavior of samples correlated with 
different electrolyte-electrode contact areas.

Variation in ΔQ values recorded for different intermetallic 
σ phase concentrations, with the performance for each surface 
area, suggested that using the microelectrode concept has 
positively influenced variations in ΔQ values and improved 
the investigated technique’s sensitivity.

LSV assays performed with the electrode presenting 
an area of 0.3318 mm2 recorded the highest ΔQ values 
(Figure 9). Sample 5 (0.876% of σ phase), which presents 
σ phase concentration close to the critical content of the 
intermetallic phase (1%), recorded charge variation of 2.7 C 

Figure 5. Voltammogram performed based on using Standard Solution (1) and scanning speed fixed at 0.5mV s-1. Curves 1 and 2 were 
performed based on using an attack area of 0.3318 mm2, whereas curves 3 and 4 were performed based on an attack area of 0.7854 mm2. 
Samples comprised (a) blank (b) sample 2 (0.04% σ phase), (c) sample 3 (0.310% σ phase), (d) sample 4 (0.440% σ phase), (e) sample 
5 (0.876% σ phase), (f) sample 6 (1.1420% σ phase), and (g) sample 7 (1.693% σ phase).
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for the electrode with an area of 0.7854 mm2. On the other 
hand, the same sample presented a charge variation of 44 C 
when the electrode with an exposure area of 0.3318 mm2 was 
used. As for Sample 2 (0.04% of σ phase), the larger electrode 
area recorded change at the order of 0.6 C, whereas the 
reduced-area electrode presented a charge variation of 7.0 C.

The analysis of ΔQ results enabled assessing the 
electrochemical assay accuracy and sensitivity under different 

experimental conditions. These results are essential to help 
optimize the electrochemical tests and develop new surface 
analysis methodologies.

The reaction potential (E) of a given material is linked to 
variations in the Gibbs free energy (ΔG), wherein ΔG = -nFE, 
n is the number of electrons involved in the reaction and F 
is the Faraday constant (96,450 C mol-1). Based on Figure 3, 
the surface area of DSS samples presented both the γ and α 
phases, as well as the grain interface or contour (gc) region, 
and the intermetallic σ phase, which has low stability and is 
considered a metastable phase. The ΔG stability order observed 
for the investigated regions is given by: ΔGσ < ΔGgc < ΔGα 
< ΔGγ. Therefore, the higher the intermetallic phase volume 
found in the steel microstructure, the lower its stability 
during electrochemical reactions. Therefore, chromium oxide 
formation will take place at lower potentials in comparison 
to the control sample.

Figure 10 and Figure 11 show variations in Ip and Ep 
parameters based on the σ phase content observed for the 
two assessed electrolyte/electrode contact areas. Based 
on the herein performed analyses, the Ip value increased 
as the σ phase content increased. Increased intermetallic 
concentration also resulted in Ep displacement to the most 
negative values. In addition, using the electrode presenting 
the smallest reaction area (0.3318 mm2) has contributed to 
increasing the investigated technique’s detection sensitivity, 
besides evidencing higher consistency in Ep parameters’ 
results due to σ phase increase.

The electrode surface area of 0.7854 mm2 presented 
higher Ep dispersion and lower Ep change at different 
intermetallic phase levels. Thus, the analysis applied to the 
Ep effect based on σ phase content did not show significant 
LSV sensitivity. Only changes in Ip values recorded for the 
analyzed area were considered significant.

Based on the analysis applied to the smallest electrochemical 
reaction area (0.3318 mm2), Ip and Ep parameters presented 
lower dispersion and greater linearity according to the 
variation in intermetallic phase content. Thus, it is possible 
to state that using the smallest electrode area increased the 
LSV technique sensitivity to detect the σ phase in comparison 
to the largest electrode area.

Using a smaller reaction area enabled finding a closer 
correlation of Ip and Ep parameters to intermetallic phase 
incidence. Data deriving from the voltammogram performed 
in LSV enabled higher sensitivity to detect the σ phase, as 

Figure 6. Voltammogram depicting changes in Ip and Ep as the σ 
phase increased. It was performed based on using Standard Solution 
(1) and scanning speed fixed at 0.5mV s-1. Curves 1 and 2 were 
used as blank samples, whereas curves 3 and 4 represented sample 
7 (1.6934% σ phase). Voltammogram was conducted based on using 
attack area of 0.7854 mm2.

Figure 7. Current obtained based on using an exposure area of 
0.7854 mm2.

Figure 8. Current obtained based on using an exposure area of 
0.3318 mm2.

Figure 9. Charge variation in samples based on sigma content and 
on two contact areas.
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well as direct Ip and Ep correlation to σ phase concentration 
close to 0.04%.

These findings have evidenced the importance of using 
the LSV technique to both analyze and detect intermetallic 
phases in DSS. Using a reduced reaction area, in compliance 
with the microelectrodes concept, helps increase the sensitivity 
of this technique and enables accurately correlating charge 
peak current and potential parameters to the intermetallic 
phase level.

4. Conclusion
The present study assessed the effect of electrolyte-

electrode exposure area, based on the microelectrodes 
concept, on improving LSV technique sensitivity to detect 
the σ phase concentration in DSS. To do so, different 
LSV assays were conducted based on using electrolyte 
concentration (KOH) of 4 mol L-1 and a scanning speed 
of 0.5 V s-1. The voltammetry assay presenting the highest 
charge density variation (ΔQ) was conducted with the 
electrolyte-electrode contact area of 0.3318 mm2, which 
corresponded to the smallest exposure area and led to a 
variation of 44 C, whereas the largest reaction area led to 
charge density variation of 2.7 C. Since the current charge 
is associated with chromium oxide film formation on the 
DSS surface, reducing the electrode exposure area favors 
this oxidation reaction and increases the reaction charge 
(Q), which, in turn, contributes to increasing the σ phase-
detection sensitivity via LSV. The improved sensitivity 
of this technique enabled correlating lower dispersion 
and higher linearity to the intermetallic phase content 
associated with variations in Ip and Ep parameters. Thus, 
the incidence ratio observed for Ip (at 52 μA) and Ep (at 

490 mV) in sample 1, without intermetallic phase incidence, 
as well as for Ip (at 60 μA) and Ep (at 443 mV) in sample 
7, with 1.69% σ phase, was calculated. Both results were 
recorded for the electrode with the smallest reaction area. 
Thus, results related to σ phase detection through LSV 
assay can be directly associated with variations in Ip 
and Ep parameters due to increased intermetallic phase 
concentration. This finding established a breakthrough in 
surface technique-detection sensitivity.
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