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Abstract: Austenitic stainless steels that exhibit good corrosion resistance have recently found
increasing applications in industry and transportation. This article addresses the influence of cold
rolling and deformation on the pitting corrosion resistance of AISI 301LN and 316L stainless steels.
The results indicate that the content of martensite increases as the cold rolling reduction also increases.
The current work combined different techniques such as optical microscopy and scanning electron
microscopy (SEM) with energy dispersive X-ray spectroscopy (EDS) analyses. Corrosion tests were
carried out, in accordance with the ASTM standards. The results confirm that the 316L steel performed
better than the 301LN, regarding pitting corrosion, even when deformed. This is due to the high
molybdenum (Mo) content, which guarantees greater corrosion resistance. The conducted corrosion
tests showed that the increase of cold deformation reduces the resistance to pitting and overall
corrosion in both steels. It was found that the 301LN stainless steel has higher susceptibility to
deformation-induced martensite and, despite the addition of nitrogen, it still has a lower performance
relative to the 316L steel. The current work focused on evaluating the formation of pits and the
dynamics of the microstructures of the AISI 301LN and 316L steels with their mechanical properties
and corrosion resistance in a saline environment including chlorides.

Keywords: austenitic stainless steels; pitting corrosion; cold rolling; deformation; martensite; chemical
composition; grain size; passive film

1. Introduction

The corrosion of metals occurs through redox reactions between the metal and an
electrolyte containing corrosion agents. The contact between a metal and either air, moisture,
or a chemical reaction (such as an acid), is essential for the occurrence of corrosion. In this
process, the anode/electrolyte and cathode/electrolyte interfaces are, therefore, involved.

Resistance to corrosion, mechanical resistance, and good formability are common char-
acteristics of stainless steels [1]. The American Iron and Steel Institute (AISI) 301 stainless
steel, for example, has a good mechanical resistance compared to other members of the
AISI 3xx steel family; however, it has a low resistance to corrosion when compared to the
other family members. On the other hand, the AISI 316 stainless steel has good resistance
to corrosion, in addition to satisfactory levels of mechanical strength [2].

Chao, Lin, and Macdonald [3–5] developed a point defect model for anodic passive
films, where the film of the steel is known to have defects such as cations, anions, electrons,
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and void gaps, under a quasi-equilibrium regime. In this way, the anion vacancies appear
at the film/solution interface and disappear at the film/metal interface. The film then
grows into the metal due to the movement of the anions.

The knowledge of the composition and structure of the passive film of Austenitic
Stainless Steels (ASSs) is fundamental to understanding the pitting corrosion process in
301LN and 316L stainless steels [6]. These steels have chromium contents above 10.5% in
solid solution, which undergo a controlled oxidation, forming a passive film of chromium
oxide. Based on surface analysis, a three-layer model has been suggested for passive films
formed on austenitic stainless steels in acidic solutions: the outer part of the film consists of
a hydroxide film on top of an oxide layer. The oxy-hydroxide film is formed on top of a
nickel enriched layer in the metal, the origin of which is the selective oxidation of Fe and
Cr during anodic polarization [6]. This inner layer of the passive film is extremely thin (at
nanometer scale); however, it is stable, resistant, and acts as a means of protection for the
stainless steel against corrosion in different media. The chemical composition, structure,
and thickness of the oxide layers depend on the nature of the metal, the pH of the electrolyte
point where the metal is passivated, and the electrochemical potential.

Pitting corrosion occurs in two stages: initiation and propagation. The initiation
mechanism is not known with great certainty, but it is usually considered that the passive
film breaks down in the initial stage and an anodic current appears on the metal surface.
McCafferty [7] describes three initiation mechanisms: (i) penetration, (ii) film thinning, and
(iii) film rupture mechanisms. Ions active in the penetration mechanism are transported to
the underlying metal surface through the oxide film, where they participate in localized
dissolution at the metal/oxide interface. There is evidence from X-ray photoelectron
spectroscopy and X-ray absorption spectroscopy that chloride ions penetrate passive films
on both stainless and aluminum steels. In the thinning mechanism, the active ions are first
adsorbed on the oxide surface and form complexes, together with the oxide film, that cause
local dissolution and breakdown of the passive film. From pre-existing defects in the film,
ions penetrate the oxide in the film rupture mechanism. These defects can be developed
by hydration/dehydration events in the oxide film and by the intrusion of chlorine (Cl)−

ions. Pitting corrosion in 301LN and 316L stainless steels occurs due to the breakdown
of the passive film. The region where the passive layer is broken and exposed begins to
produce a new salt film and suffers a reduction, in terms of pH. Despite the possibility of
repassivation, which can cause a new passive film in the corroded region, this film fails
to grow thick enough for the necessary protection and there is always the possibility of
new ruptures.

N and Mo are alloying elements commonly used to improve the corrosion resistance
of austenitic and duplex stainless steels [8–10]. Mo is a ferritizing element that favors the
formation of the δ ferrite and σ phases. N is austenitizing and enhances the mechanical
strength of austenite by solid solution. The main goal of the current work was to compare
the N-alloyed AISI 301LN stainless steel against the Mo-alloyed AISI 316L stainless steel,
concerning their pitting corrosion resistance and the effect of cold deformation on their
microstructure and corrosion behavior. The novelty of this study is the comparison of these
steels performed in a saline environment with the presence of chlorides, which simulates
many coastal environments where these steels can be applied. The obtained findings can aid
engineers and researchers to select the best of these materials for specific applications [11].

2. Materials and Methods

The materials under study were two types of stainless steel: the AISI 301LN and AISI
316L stainless steels, whose samples were designated as A and B, respectively. Their initial
formats were laminated steel plates with the dimensions: 50 mm × 25 mm × 1.9 mm.
Table 1 shows the chemical composition of the AISI 301LN and 316L sheets. To obtain the
accurate composition of the steels, the Cr, Ni, and Mo elements were measured using an
energy dispersive X-ray detector (EDS—(*)) (EDAX Corporation, Mahwah, NJ, USA), and
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the N (nitrogen) was determined via coulometric measurement (**) (Metrohm, Herisau,
Switzerland). Mass spectrometry was used for all the other elements.

Table 1. Nominal chemical composition of the studied stainless-steel plates.

Element 301LN (wt.%) 316L (wt.%)

C 0.039 0.023
Cr (*) 17.910 16.530
Ni (*) 6.530 9.970
Mn 1.800 1.720
Si 0.790 0.620
S 0.015 0.015
P 0.045 0.048
Mo 0.170 2.680 (*)
N (**) 0.100 0.040
Cu 0.180 0.120
Sn 0.015 0.023
Nb 0.025 0.035
V 0.032 0.038
Al 0.017 0.016
As 0.020 0.020

(*)—Coulometry, (**)—EDS.

2.1. Thermomechanical Processing

The thermomechanical processing was carried out using a benchtop laminator (Rabbit
Machines, São João do Rio Preto, Brazil) where the samples to be studied were cold
rolled from their initial steel plates. The thickness of the samples was reduced under
lubrication using ordinary lubricating oil at room temperature, with consecutive passes of
approximately 3 s each, and with 0.1 mm of thickness reduction per pass. Two levels were
evaluated: Level 1–1.4 mm, which represented 26% of reduction in thickness, and Level
2–1.0 mm, which represented a 47% reduction in thickness.

For both levels, the true deformation (ϕ) was calculated according to [12]:

ϕ = ln
li
l f

, (1)

where li is the initial thickness of the sample and l f is its final thickness.
Applying Equation (1) for the deformation Levels 1 and 2, the following results of the

true deformation, ϕ1 and ϕ2 , were obtained, respectively:

Level 1→ ϕ1 = ln
1.9
1.4
∼= 0.305 (2)

Level 2→ ϕ2 = ln
1.9
1.0
∼= 0.642 (3)

Table 2 presents the deformation levels and average deformation rates for each pass of
the thermomechanical processing.

Eichelman and Hull [13] defined the starting temperature (Ms) for the formation of
the martensite phase as:

Ms(
◦C) = 1302− 42Cr− 61Ni− 33Mn− 28Si− 1667(C + N) (4)

The stainless steels studied by Angel [14], which were from the AISI 3xx steel family,
did not present thermal instability at such low temperatures, since the supplied deformation
energy caused the formation of the martensite phase at a higher temperature (Md). The
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author studied the temperature dependence of the formation of 50% martensite by volume,
concerning the chemical composition for a 30% tractive strain, which resulted in:

Md(30/50)(◦C) = 413− 13.7Cr− 9.5Ni− 8.1Mn− 18.5Mo− 9.2Si− 462(C + N) (5)

Table 2. Deformation rate per pass and by level in the studied samples.

Pass Level Initial
Thickness (mm)

Final Thickness
(mm) Deformation Deformation

Rate (10−2/s)

1 1 1.90 1.80 0.05 1.80
2 1 1.80 1.70 0.06 1.90
3 1 1.70 1.60 0.06 2.02
4 1 1.60 1.50 0.06 2.15
5 1 1.50 1.40 0.07 2.30
6 2 1.40 1.30 0.07 2.47
7 2 1.30 1.20 0.08 2.67
8 2 1.20 1.10 0.09 2.90
9 2 1.10 1.00 0.10 3.12

Noraha [15] and Karjalainen [16] integrated the effect of grain size on the martensitic
transformation as:

Md(30/50)(◦C) = 551− 462(C + N)− 9.2Si− 8.1Mn− 13.7Cr− 29(Ni + Cu)− 18.5Mo− 68Nb− 1.42(GS− 8) (6)

where GS corresponds to the grain size according to the ASTM classification.
Another factor used to assess the stability of an austenitic stainless steel is called nickel

equivalent (Niequ), which is related to the austenitizing capacity of this element. This
parameter was established in the work by Hirayama and Ogirima [17] as:

Niequ = Ni + 0.65Cr + 0.98Mo + 1.05Mn + 0.35Si + 12.6C (7)

Schramm and Reed [18] found an equivalent relationship for the effect of the concen-
tration of alloying elements on stacking fault energy (SFE):

SFE
(

mJ/m2
)
= −53 + 6.2Ni + 0.7Cr + 3.2Mn + 9.3Mo (8)

The parameter that determines the pitting corrosion resistance index, called Pitting
Resistance Equivalent Number (PREN), was established [19] as:

PREN = Cr + 3.3Mo + 30N (9)

2.2. X-Ray Characterization

The specimens were cut according to the approximate dimensions of 10 mm, along
the transverse direction, and 15 mm along the rolling direction, which were then sanded
and polished until reaching the surface corresponding to half of the thickness that each
one achieved while embedded in the corrosive solution. Then, the inlay was destroyed,
and the specimens recovered. For crystallographic texture analysis, aiming to eliminate the
surface deformation effect of sanding and polishing, the specimens were attacked with a
solution of 5% HF and 95% H2O2. X-ray diffraction (XRD) measurements (Philips Company,
Amsterdam, Netherlands) were carried out using a Philips diffractometer (model X′Pert
Pro) in the stepscan mode, with a step size of 0.02◦ a time per step of 10 s, and CuKα
(0.154056 nm) radiation at 40 kV and 40 mA. This was done in order to ensure greater
precision in the measurements of the second-phase volumetric fraction and phased micro
deformation. The Joint Committee on Powder Diffraction Standards (JCPDS) standards for
phase identification were adopted by the International Center for Diffraction Data (ICDD)
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2000 database. Murdock et al. [20] suggested that the volume fraction should be determined
by comparing the averages of the ratios between the integrated areas and the theoretical
proportionality factors of the peaks: (220) and (311) for austenite (γ), (200) and (211) for
martensite (α’)/ferrite (δ), and (101) and (211) for epsilon (ε) martensite, considering that
all phases have the same absorption coefficient.

The relationship between the intensity of a peak, considering the integrated area
(I) with the volumetric fraction (VF) of a given phase, corrected through the volume of
the unit cell of phase (v), and the lattice structure factors (F) of the phase, multiplicity
(p), Lorentz–Polarization Factor (FPL), and Debye–Waller temperature factor (e−2M), was
defined as [21–23]:

FLP =

(
1 + cos 22θ
sin 2θ·cos θ

)
(10)

e−2M = 1− 0.01532
(

sin θ
λ

)
− 0.80094

(
sin θ
λ

)2
+ 0.486349

(
sin θ
λ

)3
− 0.18173

(
sin θ
λ

)4
(11)

VF =

1
n ∑n

j=1
li.
1

K j
i

1
n ∑n

j=1
li
γ

K j
γ

+ 1
n ∑n

j=1
li
α′

K j
α′
+ 1

n ∑n
j=1

li
ε

K j
ε

+ 1
n ∑n

j=1
li
δ

K j
δ

(12)

I =
1

V2 |F|
2p(FLP)e−2M(FV) (13)

2.3. Optical Microscopy

For the microstructural characterization, a model BX51M Olympus optic microscope
(Olympus Corporation, Tokyo, Japan) with a digital video camera attached to a computer,
was used to acquire the images to be analyzed. A commercial image analysis system was
used to obtain the stereological information of the samples in the received and laminated
conditions. All acquired images had a resolution of 640 × 512 pixels and included the
whole field of view of the optic microscope. The grain size of the sheets received was also
measured by optical microscopy, according to the intercept technique [24], a magnification
of ×1000 and by counting 400 intercepts. The volumetric fraction of the second phase was
evaluated using optical microscopic images acquired according to a ×200 magnification
and a threshold applied in the grey contrast scale. In each sample, 10 to 40 regions
were examined.

2.4. Scanning Electron Microscopy

The specimens for the microstructural investigation by optical and scanning electron
microscopy (Philips company, Cambridge, MA, USA) were prepared by grinding, polishing,
and etching. Three etching procedures were used: immersion in Villela’s solution—1 g of
picric acid, 5 mL of HCl and 100 mL of ethanol; immersion in Behara’s reagent—0.3–0.6 g
of potassium metabisulfite, 20 mL of HCl, and 100 mL of distilled water; and electrolytic
etching with 30% of HNO3 solution, with a current between 0.12 and 0.50 A and tension
between 1.5 and 6.0 V.

A Philips scanning electron microscope, model XL-30 (Philips company, Cambridge,
MA, USA), was used to detect the secondary electrons (SE) and backscattering electrons
(BSE), as well as a detector of energy-dispersive X-ray spectroscopy EDS (Bruker, Billerica,
MA, USA). The exposed surfaces of the samples were also analyzed by the same technique
using SEM images of secondary electrons and back scattering electrons with magnifications
from 2500 to 10,000. Hence, it was possible to observe the morphology of the martensite
phase in greater detail. This phase had higher quantitative proportions than the austenite
phase and had the shape of interconnected plates and needles, interspersed with austenite
phase, and a smooth appearance.
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2.5. Corrosion Test

The corrosion test procedures were performed according to ASTM G1-03 [25], for the
preparation of the samples, and ASTM G48-03 [26]—method A and ASTM G46-94 [27], for
the evaluation of the samples’ surface. The tests were performed by completely immersing
the samples in a solution of 100 g of ferric chloride hexahydrate (FeCl3·6H2O) diluted in
900 mL of distilled water for different time periods, according to ASTM G48—method A.
The methods used for the evaluation of the samples were:

• Assessment of the mass loss;
• Visual inspection;
• Quantitative evaluation of the pitting corrosion points in relation to the area un-

der analysis;
• Evaluation and measurement of the size of the pitting corrosion points.

All samples were obtained by guillotine cutting steel sheets to approximately 25 mm×
50 mm in size. All of the surfaces of the samples were then sanded with an A 120 abrasive
paper until a uniform finish was obtained and then they were cleaned using toluol p.a. and
absolute ethyl alcohol. After drying with hot air, each sample was weighed.

After identifying the samples, each one was immersed in 1000 mL beakers containing
ferric chloride solution, of about 6% FeCl3 by mass, keeping the containers covered for
72 h, which was the time required for the test to be carried out at a constant temperature of
23 +/− 2 ◦C. After each sample was immersed, they were removed from the solution and
washed, dried, and reweighed on a precision scale, to assess their loss of mass in relation to
the initial mass. Then, square-shaped markings measuring 20 mm × 20 mm were made
from the center of each sample, in order to analyze the number of corrosion points per pit,
in relation to a surface area of 400 mm2. For samples that showed few corrosion pits, the
entire sample area of approximately 2500 mm2 was used to count the pits.

Finally, the number and average size of the pitting corrosion points were analyzed
by optical microscopy using the ASKANIA GSZ stereomicroscope. Additionally, the
corresponding SEM images were acquired and the number of pits in the samples was
statistically analyzed.

Hence, the current study was based on the analysis of the stainless-steel samples
submitted to 26–47% of the deformation in relation to their initial conditions, see Table 3.

Table 3. Variables studied in this work.

Samples Steel Thickness (mm) Condition

A0 301LN 1.9 Initial condition
A1 301LN 1.4 Reduction of 26% (0.31 of deformation)
A2 301LN 1.0 Reduction of 47% (0.64 of deformation)
B0 316L 1.9 Initial condition
B1 316L 1.4 Reduction of 26% (0.31 of deformation)
B2 316L 1.0 Reduction of 47% (0.64 of deformation)

3. Results and Discussion

Using the values indicated in Table 1 and Equations (1)–(8), it was possible to check
the parameters of the mechanical instability and resistance to pitting corrosion for the A0
and B0 samples, as indicated in Table 4, at the starting temperatures for the formation of
martensite in the stainless steels under study.

The values in Table 4 indicate that the temperature of transformation from austenite
(γ) to martensite (α’) was less than 0 ◦C [28] for both A0 and B0 samples. This was because
the crystalline composition of the samples was mostly formed by metastable grains at room
temperature [27–30]. On the other hand, when it comes to the plastic deformation, the
martensitic transformation generally occurs above room temperature [28].

The transformation of the γ phase to the α’ phase under cold deformation, by lam-
ination as in the current study, can be used to improve the mechanical performance of
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stainless steels [16]. However, this can lead to anisotropy of the mechanical properties of
the material [30], impairing it in terms of its resistance to corrosion [31–34] and modifying
its magnetic properties [35–37].

Table 4. Comparative parameters of the mechanical stability and pitting corrosion of the A0 and
B0 samples.

Sample Ms [◦C] Md (30/50) [◦C] Niequ SFE [mJ/m2] PREN

A0 −161.8 19.1 20.7 7.4 21.5
B0 −179.6 −67.1 25.4 50.8 26.6

3.1. X-Ray Diffraction Characterization

It was not possible to identify the ε martensite phase by means of X-ray diffraction
in any of the samples. The comparison of the diffractograms obtained according to the
ICDD-JCPDS standard, indicated three phases that would be candidates to constitute the
microstructure of the samples, as their matrix and second phase: austenite (γ), martensite
(α’), and ferrite (δ). The VF values obtained for the A samples suggested the growth of the
fraction of the second phase with the increase in strain, which is expected for the formation
of the α’ martensite phase in an AISI 301 steel [38].

The sample diffractograms obtained for the A0, A1, A2, B0, B1, and B2 samples are
shown in Figure 1. In the case of the B samples, which have an austenitic matrix, the
fraction of the second phase does not vary with the deformation. The appearance of the
α’ martensite phase at room temperature is not normally observed at the strain levels
used in AISI 316 steels [39]. However, it is observed that, when subjected to cyclical
deformations [40,41], this observation sustains the conclusion that the only phase that
meets the observations, within the experimental conditions used here, was the ferrite (δ)
phase that is formed during the solidification of the ingot [42]. This was also described
by Nebel and Eifler, with a AISI 321 steel dowel in a fatigue study [31]. Hence, the small
variation may be attributed to heterogeneity of the original sheet.

Table 5 summarizes the volumetric fraction values for all detected phases as well as
the microstrain (ε’) and crystalline domain size (D) values for each phase in each of the
studied samples.

Table 5. Values of volumetric fraction, microstrain, and size of the crystalline domain obtained for
all samples.

Sample FVα1 (%) FVδ(%) FV
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A0 14.80 - 85.2 −0.67 - 0.20 0.19 - 0.03

A1 42.30 - 57.7 −0.51 - 0.15 0.17 - 0.03

A2 60.00 - 40.0 −0.57 - 0.15 0.17 - 0.03

B0 - 6.50 93.50 - - 0.15 - - -

B1 - 7.90 92.40 - −0.53 0.31 - 0.32 0.07

B2 - 8.00 92.00 - −0.25 0.10 - 0.10 1.88

In both steels, it was not possible to determine the D parameter of the phases precisely.
The fact of introducing deformation in the austenitic phase contributed to hardening of the
steel, which allowed the formation of dislocation cells and sub-grains [43,44]. This could be
a justification for such small D values.

3.2. Microscopy
3.2.1. Optical Microscopy

Figure 2 show the appearance of the austenitic grains obtained under the studied
conditions. The grain size (GS) of the initial A0 and B0 samples (Figure 2a,d) were equal



Metals 2023, 13, 443 8 of 19

to 14.75 ± 0.74 µm (ASTM No. 8.7 grain) and 24.75 ± 1.24 µm (ASTM grain n◦ 7.3),
respectively, but the imposition of deformation caused the hardening of the grains and the
change of their aspect ratios, as observed in Figure 2b,c,e,f.
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Figure 1. Diffractograms obtained for the A0 (a), A1 (b), A2 (c), B0 (d), B1 (e), and B2 (f) samples.

Figure 3 corresponds to the initial condition of the AISI 301L steel, and the γ and
α’ phases can be seen; the optical microscopic analysis indicated that the distribution of
the γ phase is irregular. A superior magnification confirmed that the phases are really
intertwined and that the α’ phase is in the form of plaques, appearing in higher proportions
than the γ phase.

Figure 3 shows a higher proportion of martensite (α’) than austenite (γ) in the A0
sample, which increased with the increasing of the rolling reduction. Contrary to what
was observed in XRD, the VF measurements by image analysis led to different results,
proportional to the chosen microscopic magnification, see Table 6 [43]. For the 301LN
steel, the imposition of deformation caused a reduction in the aggregation of the grains,
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causing greater distinction between the α’ and γ phases presented in the other samples. The
deformation caused grain hardening in the studied steel (Figure 2f), affecting its mechanical
properties by increasing its resistance, flow stress, hardness, and fragility, and by reducing
its malleability, ductility, and resistance to corrosion [45].
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electrolytic attack. 

Figure 2. Micrograph of the A0 (a), A1 (b), A2 (c), B0 (d), B1 (e), and B2 (f) samples acquired
by optical microscopy with ×500 magnification showing the appearance of austenitic grains after
electrolytic attack.
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Figure 3. Micrographs of the A0 sample at ×200 (a), ×500 (b), and ×1000 (c), and of the A1 sample at 
×1000 (d) and of the A2 sample at ×1000 (e) magnification after the Behara’s reagent attack. 
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Figure 3. Micrographs of the A0 sample at ×200 (a), ×500 (b), and ×1000 (c), and of the A1 sample
at ×1000 (d) and of the A2 sample at ×1000 (e) magnification after the Behara’s reagent attack.

Table 6. Thickness, volumetric fraction, standard deviation, and crystalline domain for the studied
AISI 301LN and 316L steels.

Material
AISI State Thickness

[mm]
Volumetric Fraction

[%] (Phase)
Standard

Deviation [%] D [nm] (Phase)

301LN
Initial 1.9 80.1 (α’) 8.78 0.19 (α’)
26% thickness reduction
(0.31 of deformation) 1.4 81.2 (α’) 6.15 0.17 (α’)

47% thickness reduction
(0.64 of deformation) 1.0 94.9 (α’) 1.78 0.17 (α’)

316L
Initial 1.9 3.34 (δ) 0.74 -
26% thickness reduction
(0.31 of deformation) 1.4 4.15 (δ) 1.05 0.32 (δ)

47% thickness reduction
(0.64 of deformation) 1.0 2.16 (δ) 0.60 0.10 (δ)
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Figure 4 confirms that the 316L steel plate was in the normalized condition with
recrystallized austenitic grains. It is possible to perceive the presence of a second phase,
i.e., the δ ferrite phase, according to the XRD analysis.
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Figure 4. Micrographs obtained by optical microscopy of the B0 sample at ×200 (a) and ×500 (b) of
magnification after the Behara’s reagent attack.

Comparison between Figures 5a–c and 4 suggests that the volumetric fraction of the
delta ferrite phase did not change from the B0 sample to the B1 sample, as expected and
indicated by the XRD analysis.

3.2.2. Scanning Electron Microscopy

The morphology of the α’ phase of the A0 sample can be seen in detail in Figure 6a.
This phase is in the form of interconnected plates and needles, interspersed with the γ phase,
and has a smooth appearance. Above the γ phase is the α’ phase, which confirms that it is
martensite. This transformation implies shearing that causes superficial alleviation [46].
Figure 6b shows fragmentation of the interconnected plate network of the A1 sample,
where the γ regions are better distributed and more visible. The porous aspect of the γ
phase suggests an increase in deformation that increases the concentration of dislocations
and causes pitting corrosion due to a successful chemical attack. In Figure 6c, which is of
the A2 sample, it is difficult to distinguish the γ phase, and only a few more fragmented α’
plates still stand out from the background full of pits. Figure 6d allows one to reiterate the
statement about the initial state of the normalized structure for austenitic grains of the 316L
steel. The ferrite (δ) phase has a certain dispersion and, a priori, is oriented according to
the direction of the original lamination of the sheet.

The imposition of 0.31 deformation of the B1 sample, shown in Figure 6e, did not
change the proportion of the ferrite (δ) phase and only acted to fragment it and deform
the austenite (γ) phase. Figure 6f shows that the further increase in strain to 0.64 in the B2
sample had the same effect; however, the δ phase regions are more clearly identified in the
B1 sample.

3.3. Corrosion Testing

Figure 7 shows the appearance of the pits obtained by SEM after each sample under
study was submitted to the corrosion test. The proportionality between the amount of
pitting corrosion and the deformation suffered by both steels can be seen in this figure, and
one can conclude that the greater the deformation, the greater the number of pits.

Figure 8 shows various cavity shapes after pitting corrosion, which are disc, conical,
or hemispherical shapes for many steels and their alloys, according to Roberge [47].
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Figure 5. Micrographs obtained by optical microscopy of the B1 sample at×200 (a),×500 (b),×1000 (c),
and of the B2 sample at ×500 (d) and ×1000 (e) of magnification after the Villela’s reagent attack.

Steel A is more susceptible to corrosion than steel B and the pits of samples A0 and
A1 are present in greater proportions, according to Table 7, presenting a subsurface format
according to Figure 8a,b. The pits of samples B0 and B1 are small with an elliptical shape,
as shown in Figure 8c,d, and generally have less mass loss, as shown in Table 8.

Table 7. Mean values and standard deviations of the pit density of the samples submitted to the
corrosion test.

Sample Pit (mm−2) Standard Deviation (mm−2)

A0 4.7 0.63
A1 16.1 2.55
A2 33.5 5.30
B0 10.4 1.64
B1 16.1 2.55
B2 18.5 2.47
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Figure 6. SEM micrographs of the studied samples: A0 with secondary electrons at a magnification 
of ×1347 (a), A1 with backscattered electrons at a magnification of ×1356 (b), A2 with secondary 
electrons at a magnification of ×1600 (c), B0 with backscattered electrons at a magnification of ×1600 
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Figure 6. SEM micrographs of the studied samples: A0 with secondary electrons at a magnification
of ×1347 (a), A1 with backscattered electrons at a magnification of ×1356 (b), A2 with secondary
electrons at a magnification of ×1600 (c), B0 with backscattered electrons at a magnification of
×1600 (d), B1 with secondary electrons at a magnification of ×1332, and (e) B2 with backscattered
electrons at a magnification of ×1600 (f).

Table 8. Mass loss of the samples submitted to the corrosion test.

Sample Mass Loss (mg*cm−2)

A0 0.29
A1 0.32
A2 0.42
B0 0.19
B1 0.19
B2 0.28

Tables 7 and 8 present the obtained average values and standard deviations for the
percentage of pits present in the studied samples, as well as the values of mass loss for the
same samples after the corrosion test.
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Steel A is more susceptible to corrosion than steel B and the pits of samples A0 and 
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Figure 7. Appearance of the pits obtained by SEM after the corrosion test for the samples: A0 with
secondary electrons at a magnification of ×500 (a), A1 with secondary electrons at a magnification of
×200 (b), A2 with backscattered electrons at a magnification of×1273 (c), B0 with secondary electrons
at a magnification of ×200 (d), B1 with secondary electrons at a magnification of ×500 (e), and B2
with secondary electrons at a magnification of ×500 (f).

Figures 9–11 show the histograms of the number of pits per observed areas for all
studied samples. In these figures, N represents the number of areas evaluated per sample,
σ is the standard deviation and µ is the mean. These figures show that the distribution
of the number of pits per area in the A0 and A1 samples is close to a normal distribution.
However, for the A2 sample, there is a trend towards uniformity. For the 301LN steel,
there is an apparent presence of martensite with the occurrence of the texture due to the
cold deformation and the fact that pitting corrosion depends on local conditions for its
formation; these features caused this normal distribution.



Metals 2023, 13, 443 15 of 19Metals 2023, 13, x FOR PEER REVIEW 15 of 20 
 

 

  
(a) subsurface (b) subsurface 

 
(c) Elliptical 

 
(d) Elliptical 

Figure 8. Shape of pit by micrographs obtained by optical microscopy for the samples A0 (a), A1 
(b), B0 (c), and B1 (d), with magnification of ×25 after corrosion test. 

Tables 7 and 8 present the obtained average values and standard deviations for the 
percentage of pits present in the studied samples, as well as the values of mass loss for the 
same samples after the corrosion test. 

Table 7. Mean values and standard deviations of the pit density of the samples submitted to the 
corrosion test. 

Sample Pit (mm−2) Standard Deviation (mm−2) 
A0 4.7 0.63 
A1 16.1 2.55 
A2 33.5 5.30 
B0 10.4 1.64 
B1 16.1 2.55 
B2 18.5 2.47 

Table 8. Mass loss of the samples submitted to the corrosion test. 

Sample Mass Loss (mg*cm−2) 
A0 0.29 
A1 0.32 
A2 0.42 
B0 0.19 
B1 0.19 
B2 0.28 

Figure 8. Shape of pit by micrographs obtained by optical microscopy for the samples A0 (a), A1 (b),
B0 (c), and B1 (d), with magnification of ×25 after corrosion test.

Metals 2023, 13, x FOR PEER REVIEW 16 of 20 
 

 

Figures 9–11 show the histograms of the number of pits per observed areas for all 
studied samples. In these figures, N represents the number of areas evaluated per sample, 
σ is the standard deviation and μ is the mean. These figures show that the distribution of 
the number of pits per area in the A0 and A1 samples is close to a normal distribution. 
However, for the A2 sample, there is a trend towards uniformity. For the 301LN steel, 
there is an apparent presence of martensite with the occurrence of the texture due to the 
cold deformation and the fact that pitting corrosion depends on local conditions for its 
formation; these features caused this normal distribution. 

 
Figure 9. Histogram of the number of pits per analyzed area after the corrosion test for the A0 (a) 
and B0 (b) samples. 

In Figure 9, the initial B0 sample is the one that presents the best performance, in 
terms of pitting corrosion, due to the fact that the smallest number of defects means that 
the formation of pits is restricted to the statistical distribution of the pit-generating factors 
[48]. 

The increase in the level of deformation in the B0 sample changed the pitting 
corrosion performance and caused the occurrence of regions with a higher concentration 
of disagreements, disagreements stacking failure, and forests of disagreements [49,50]. 
There is a greater probability that the nucleation and growth of pits occurred in these 
regions, which shifts the statistical trend towards a non-Gaussian distribution, as shown 
in Figures 10 and 11. 

 
Figure 10. Histogram of the number of pits per analyzed area after the corrosion test for the A1 (a) 
and B1 (b) samples. 

Figure 9. Histogram of the number of pits per analyzed area after the corrosion test for the A0 (a) and
B0 (b) samples.

In Figure 9, the initial B0 sample is the one that presents the best performance, in terms
of pitting corrosion, due to the fact that the smallest number of defects means that the
formation of pits is restricted to the statistical distribution of the pit-generating factors [48].

The increase in the level of deformation in the B0 sample changed the pitting cor-
rosion performance and caused the occurrence of regions with a higher concentration
of disagreements, disagreements stacking failure, and forests of disagreements [49,50].
There is a greater probability that the nucleation and growth of pits occurred in these
regions, which shifts the statistical trend towards a non-Gaussian distribution, as shown in
Figures 10 and 11.
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Figure 11. Histogram of the number of pits per analyzed area after the corrosion test for the A2
(a) and B2 (b) samples.

There is a similarity in the trends of the pit density and mass loss. For both steels,
an increase in deformation caused the introduction of defects in the material, which are
preferred regions for the occurrence of pitting [51]. The increase in the percentage of
pits with the deformation corresponded to an increase in mass loss, as can been seen in
Figure 12.
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Figure 12. Relationship between the pit density, loss of mass, and deformation for all studied samples.

Although the values of the percentage of pits for the two steels in the initial condition
were close, there was a considerable difference in the levels of mass loss. This is justified
by the higher proportion of the martensite phase in the 301LN steel and the fact that, even
with the addition of nitrogen (N), this steel is less resistant to pitting corrosion than the
316L steel [52].
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The PREN values indicated in Table 4 confirm the fact that the 301LN steel had a worse
performance in pitting corrosion than the 316L steel. The most significant resistance to
pitting corrosion for the 316L steel in all conditions lies in the high content of molybdenum
(Mo) in its chemical composition.

In the case of the 316L steel, the pitting corrosion effect was reduced due to its chemical
composition. The deformation level of 0.64 caused a considerable increase in mass loss in
the B2 sample, which may be linked to the fact that the predominant mechanism in the
formation of pits is the concentration of discrepancies within the austenitic grains in this
type of steel. This causes an increase in hardness and, consequently, the breakdown of the
passive film, leaving the original material exposed.

On the other hand, in the 301LN steel, it is the pile effect between the martensite
and austenite phases that causes corrosion, and the highly irregular surface caused by the
martensite can cause the degradation of the passive film [52]. Moreover, the increase in
hardness is due to the hardening of the austenitic phase.

4. Conclusions

The current work was focused on evaluating the formation of pits and the dynamics
of the microstructures of the AISI 301LN and 316L steels with their mechanical properties
and corrosion resistance in a saline environment including chlorides. A microstructural
evaluation of AISI 301LN and 316LN steels was carried out using different analytical
techniques, such as optical microscopy, scanning electronic microscopy, and X-ray diffrac-
tion. Moreover, the microstructures of these steels were correlated with their mechanical
properties and corrosion resistance.

The studied materials are very important for the transportation and petroleum indus-
tries (for example, in the construction of train wagons and the restoration of equipment).
Therefore, reliable and detailed knowledge of these materials (achieved with this work) is
fundamental for the success of their applications.

The main findings of this study can be summarized as follows:

• The plastic deformation caused the formation of the martensite phase in the 301LN
steel samples and hardening of the austenitic phase in the 316L steel samples. Under
the experimental conditions in this work, it was observed that the greater the reduction
of thickness, the greater the amount of martensite and the greater the hardness of the
austenite.

• The formation of martensite and austenitic hardening compromised the resistance to
pitting corrosion of both steels. In the 301LN steel, this was due to the formation of an
electrochemical pile between the two distinct phases, and, in the 316L steel, it was due
to the introduction of defects. The growth was driven by the local conditions linked to
the microstructure produced by deformation.

• For the AISI 316L steel, the higher the level of deformation, the more easily the
deformed structure of the γ phase could be observed.

As possible future work, we suggest a study into how the cross-relationship of the
microstructure of the studied steels directly impacts the morphology or location of the
pitting damage.
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