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Abstract: Precipitation-hardening (PH) stainless steels (SS) are widely used in various aerospace
applications. These steels exhibit good mechanical and corrosion resistance. The electrochemical
behavior of 15-5PH, 17-4PH, Custom450 and AM 350 stainless steels passivated with citric and nitric
acid baths for 60 and 90 min at 25 and 49 ◦C were evaluated in 5 wt.% sodium chloride (NaCl) and
1 wt.% sulfuric acid (H2SO4) solutions. The electrochemical behavior was studied with potentiody-
namic polarization curves (PPC) according to the ASTM G5-13 standard. The results indicated that
there are two characteristic mechanisms that are present in the potentiodynamic polarization curves.
When the PHSS is immersed in an H2SO4 solution, there is a secondary passivation, and in the NaCl
solution, there is a pseudo-passivation (not stable passivation film). The current densities in the NaCl
solution were between 10−4 and 10−5 mA/cm2, while those of H2SO4 were recorded around 10−2

and 10−3 mA/cm2. Citric acid does work as a passivating solution, and in some cases, the corrosion
resistance of the stainless steel was comparable to that of nitric acid.

Keywords: corrosion; potentiodynamic polarization; precipitation hardening; stainless steels

1. Introduction

Environmental regulations in the aeronautical industry suggest using ecological and
environmentally sustainable corrosion protection treatments. The chemical treatment
known as passivation is a typical coating on stainless steel that helps improve its resistance
to corrosion [1–3].

Iron-based alloys containing at least 11% chromium are known as stainless steels. With
chromium content and other elements, stainless steel can provide an extraordinary range
of corrosion resistance. The SS are classified into five distinct families according to their
crystalline structure and precipitates [1,4].

The use of precipitation-hardening stainless steels (PHSS) in the aerospace industry
is low, but they are essential for some components. It is a family that can be used for its
excellent properties (low weight and high mechanical and corrosion resistance) [3,5]. PHSS
can be semi-austenitic and martensitic. The semi-austenitic type is essentially austenitic
stainless steel with annealing heat treatment, which is then heat treated where the austenitic
phase transforms into the martensitic phase for subsequent precipitation hardening. Marten-
sitic types are already stainless steel in the solution annealed condition and only require
precipitation hardening after manufacturing [6–10].
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The most widely used PHSS in the aerospace industry are 15-5PH, 17-4PH, Custom450
(martensitic) and AM350 (semi-austenitic) [8]. The most important applications of these
PHSS are in the manufacture of turbine blades for Custom450, while AM350 is used for
shafts, rotors, and turbine blades. Finally, 15-5PH and 17-4PH are used in structural
components such as flaps [11–13].

Stainless steels have good corrosion resistance because they naturally form a thin and
invisible surface oxide film. This film is an oxide that protects the steel from chemical
attack in an aggressive environment, thus preventing corrosion. The passivation process
is a surface treatment that allows the steel to improve its resistance to corrosion, having a
more resistant chromium oxide film that forms. Naturally, this film is continuous, adherent,
and compact [8,14]. To obtain a chromium oxide film, it is necessary that the steel contain at
least 11% chromium: the passivity increases as the chromium content is higher in the steel.
For this reason, many stainless steels contain 17–18% chromium as an alloying element.
The passive film is self-healing, unlike other coatings such as paints [13–15].

In the aeronautical industry, the corrosion costs are high, in addition to aircraft down-
time, environmental risks, and possible human losses [8]. In the passivation process, nitric
acid (HNO3) is a strong oxidant and promotes the formation of passive films on stain-
less steels [15]. In recent years, citric acid (C6H8O7) has become a sustainable alternative
passivating agent for HNO3 since it is not toxic and is friendly to the environment. This
acid can be extracted from fruits and vegetables and is also low-cost. C6H8O7 is generally
applied in a solution of around 10%, while the HNO3 can reach solutions up to 40%. Both
solutions are used for the same time and temperature, although the HNO3 is used in a
lower temperature range [16,17].

Electrochemical techniques used in corrosion studies are an important tool for under-
standing the behavior of metallic materials. Potentiodynamic polarization is a technique
where the potential of an electrode (stainless steel) is polarized to determine the corrosion
rate. One of the most widely used methods to calculate the corrosion rate is the Tafel
extrapolation method, where it can be appreciated that both the anodic branch (upper) and
the cathodic branch (lower) present a linearity between 50 to 100 mV [18,19].

El-Taib Heakal et al. [20] studied the corrosion behavior of austenitic stainless steels
in aerated and deaerated solutions. The electrochemical characterization was carried out
by using potentiodynamic polarization and electrochemical impedance spectroscopy, and
the results indicated that the pH decreases with the current density due to the alloying
elements. In another study, El-Taib Heakal et al. [21] evaluated stainless steels containing
molybdenum in order to investigate the behavior of the natural growth of the passive
film. Ameer et al. [22] reported icorr values that increased with increasing either Cl− or
SO4

2− concentration, characterized by potentiodynamic polarization in stainless steel. This
represents a decrease in the formation of the passive film. The evaluation of passivated 304,
15-5PH, and 17-4PH stainless steel employing electrochemical noise and potentiodynamic
polarization indicated that a similar passive layer was formed [23]. Bragaglia et al. [24] used
PP to observe the behavior of passivated and unpassivated 304 austenitic stainless steel in
acid electrolytes. The pitting potential in nitric acid increases when the steel is passivated.
Marcelin et al. [25] studied the corrosion behavior of martensitic stainless steel. The results
showed that the electrochemical process was controlled by passive film properties. Recent
investigations on precipitation-hardening stainless steels have focused on fatigue behavior,
hydrogen diffusion, and microstructural characterization [13,26–28]. Gaona et al. [29]
studied the corrosion behavior of AM350 passivated PHSS steels using electrochemical
noise, potentiodynamic polarization and electrochemical impedance spectroscopy in acid
baths. The martensitic precipitation hardening stainless steels showed the best results for
corrosion behavior in acid solutions.

Over the past few years, the corrosion behavior of austenitic stainless steels has been
extensively studied. There are few studies on passivated PHSS, so it is important to know
the behavior of electrochemical corrosion in environments that simulate aircraft working
conditions, such as marine and industrial atmospheres.
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The present work aims to study the electrochemical behavior of PHSS (15-5PH, 17-
4PH, Custom450, and AM350) from the Potentiodynamic Polarization (PP) using C6H8O7
and HNO3 as passivating agents, having as variables the passivation temperature and
immersion time, exposed to NaCl and H2SO4 solutions.

2. Materials and Methods
2.1. Materials

The employed stainless steels (AMS Aerospace Material Specifications) were 15-5PH
(AMS 5659), 17-4PH (AMS 5643), Custom 450 (AMS 5773), and AM 350 (AMS 5548) in
cylindrical bar form. The nominal chemical composition of these PHSS is shown in Table 1.

Table 1. The chemical composition of the used stainless steel (wt.%) [30–33].

PHSS
Elements

Cr Ni Mo Mn Cu Ti Nb N Si S C Fe

15-5PH 14.0–15.5 3.5–5.5 – 1.0 max. 2.5–4.5 – 0.15–0.45 – 1.0 max. 0.03
max. 0.07 max Balance

17-4PH 15.0–17.5 3.0–5.0 0.50 1.0 max. 3.0–5.0 – 0.15–0.45 – – 0.03
max.

0.07
max. Balance

Custom
450 14.0–16.0 5.0–7.0 0.50–1.0 1.00 1.25–1.75 0.90–1.40 0.5–0.75 ≤0.1 1.00 0.030 ≤0.05 Balance

AM350 16.0–17.0 4.0–5.0 2.50–3.25 0.50–1.25 – – – 0.07–0.13 ≤0.50 0.030 0.07–0.11 Balance

From the cylindrical steel bar, coupons of approximately 0.5 cm thickness were ob-
tained according to ASTM A380/A380M [34]. Each sample was roughed with silicon
carbide abrasive paper up to #600 [35]. In this way, the working electrode (anode) was
obtained, which was washed in an acetone solution in ultrasound to obtain a homogeneous
surface without contaminants. Optical microscopy (OM, Olympus, Hamburg, Germany)
was used to determine the microstructure of PHSS.

2.2. Passivation Treatment

The passivation treatment was performed according to ASTM G967 and SAE/ASM2700
standards [17,36]. The following were control variables: passivation solution, passivation
temperature, and passivation time (see Figure 1).
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Figure 1. Diagram of passivation treatment of PHSS in citric and nitric acid baths.

The passivation treatment consisted of the following steps:

(a) Pretreatment: degreased and pickled stainless steel in a 50 wt.% HCl solution (ana-
lytical grade reagents (J.T. Baker, Nuevo León, México) for 5 s at 25 ◦C, and rinsed in
distilled water.
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(b) Passivation: two passivation bath solutions were used [citric acid (55%v) and nitric
acid (20%v), the rest is distilled water (analytical grade reagents (J.T. Baker))]. A
constant temperature of 25 and 49 ◦C. Samples were immersed in the solutions for 60
and 90 min [28,29].

(c) Final Stage: the specimens were rinsed in distilled water (analytical grade reagents
(J.T. Baker)).

All these processes were completed for each passivating solution and for each material.
According to the experimental matrix, a total of 32 experiments were performed.

2.3. Corrosion Tests

Corrosion tests were performed at room temperature using Gill AC equipment (po-
tentiostat/galvanostat), evaluated in 5 wt.% sodium chloride (NaCl) and 1 wt.% sulfuric
acid (H2SO4) solutions. A typical corrosion cell with three electrodes was used: a working
electrode, WE (passivated stainless steel), a reference electrode (saturated calomel (SCE)),
and a counter electrode (CE), a platinum mesh (Figure 2). The following parameters were
used for the electrochemical technique of potentiodynamic polarization (PP): a potential
range was used between −1.0 and 1.2 V of OCP, and a sweep rate of 0.06 V/min was
applied, according to ASTM G5-11 [37–40].
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Figure 3 shows the flow diagram of the experimentation of the Electrochemical Corro-
sion Behavior of Passivated Precipitation Hardening Stainless Steels.
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3. Results and Discussion
3.1. OM Microstructural Analysis

The microstructure of the steels under study was obtained by optical microscopy. In
Figure 4, the martensitic steel (17-4PH, 15-5PH, and Custom 450) showed a martensitic (α′)
phase, while the AM350 semi-austenitic stainless steel presented a microstructure of delta
(δ) ferrite phase and austenite (γ) [41–43].
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In stainless steel, the carbon content decreases corrosion resistance. Still, it increases
toughness and causes greater susceptibility to the formation of chromium carbides that can
embrittle the material due to precipitation at grain boundaries.

Resistance to pitting corrosion can be measured using the pitting resistance equivalent
number (PREN). This parameter is based on the chemical composition of stainless steels,
and the PREN result indicated greater resistance to pitting corrosion at high values [44–46]:
see Table 2. It is calculated (Equation (1)) based on the chromium (Cr), molybdenum (Mo),
tungsten (W), and nitrogen (N) content of an alloy [47]. In this sense, of the four materials
evaluated in this work, the AM350 and 15-5PH materials were the ones that presented the
highest PREN values of 29.80 and 23.5, respectively, while the Custom 450 and 17-4PH
materials presented lower values. Therefore, based on these results, PHSS AM350 and
15-5PH should present greater resistance to pitting corrosion (See Table 2).

PREN = Cr + 3.3Mo + 16N (1)

3.2. Potentiodynamic Polarization

The corrosion kinetic behavior using potentiodynamic polarization can be observed
through cathodic and anodic reactions in polarization curves to obtain the electrochemical
parameters (corrosion current density, icorr (µA·cm2), potential corrosion, Ecorr (mV), and
corrosion rate). The Tafel extrapolation technique is used [48–50]. Figures 5 and 6 show the
PP curves obtained for PHSS passivated in acid baths at 25 and 49 ◦C for 60 and 90 min
and immersed in 5 wt.% NaCl and 1 wt.% H2SO4 solutions.
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Table 2. Pitting resistance equivalent numbers of the martensitic and semi-austenitic precipitation
hardening stainless steel.

PHSS Cr Mo N PREN

15-5PH 14.0–15.5 – 0.50 23.5

17-4PH 15.0–17.5 – – 17.5

Custom 450 14.0–16.0 0.50–1.0 ≤0.1 20.9

AM350 16.0–17.0 2.50–3.25 0.07–0.13 29.80
Metals 2023, 13, x FOR PEER REVIEW  7  of  18 
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In general, the PPC represents the corrosion potential vs. the logarithm of the current,
indicating a mixed control by activation which, in turn, reveals the behavior of the corrosion
kinetics. The parameters obtained from potentiodynamic polarization (PP) curves are
summarized in Tables 3–6.

Table 3. Electrochemical parameters obtained by PPC for passivated PHSS in citric acid at 60 min
exposed to H2SO4 and NaCl solutions.

Solution PHSS Temp. (◦C) Ecorr (mV) Epit (mV) icorr (mA/cm2)
ipass

(mA/cm2)

Range
Passive

(mV)

Corrosion
Rate

(mm/y)

H
2S

O
4

15-5PH
25 −326 862 3.96 × 10−3 7.73 × 10−3 632 8.13 × 10−5

49 −305 837 2.17 × 10−3 3.51 × 10−3 616 1.55 × 10−5

17-4PH
25 −332 789 1.44 × 10−3 3.18 × 10−3 394 3.93 × 10−6

49 −353 863 1.52 × 10−2 7.61 × 10−3 640 6.58 × 10−5

Custom 450
25 −312 768 9.52 × 10−3 5.64 × 10−3 722 8.68 × 10−3

49 −279 916 1.13 × 10−2 7.69 × 10−3 778 1.45 × 10−2

AM350
25 −247 586 4.64 × 10−4 1.53 × 10−2 737 1.06 × 10−2

49 −337 840 5.35 × 10−3 7.31 × 10−3 680 7.16 × 10−3
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Table 3. Cont.

Solution PHSS Temp. (◦C) Ecorr (mV) Epit (mV) icorr (mA/cm2)
ipass

(mA/cm2)

Range
Passive

(mV)

Corrosion
Rate

(mm/y)

N
aC

l

15-5PH
25 −263 161 1.03 × 10−4 1.41 × 10−4 329 5.22 × 10−7

49 −322 45 1.29 × 10−4 1.76 × 10−4 267 5.54 × 10−7

17-4PH
25 −340 105 1.63 × 10−4 2.37 × 10−4 * 335 * 7.91 × 10−7

49 −334 95 1.51 × 10−4 2.52 × 10−4 * 338 * 9.64 × 10−7

Custom 450
25 −619 251 8.29 × 10−4 2.59 × 10−3 518 7.57 × 10−4

49 −369 203 3.68 × 10−4 7.42 × 10−4 304 3.91 × 10−4

AM350
25 −249 586 2.96 × 10−4 6.83 × 10−4 * 711 * 8.52 × 10−5

49 −417 539 4.12 × 10−4 8.08 × 10−4 * 849 * 9.01 × 10−4

* pseudo-passivation.

Table 4. Electrochemical parameters obtained by PPC for passivated PHSS in nitric acid at 60 min
exposed to H2SO4 and NaCl solutions.

Solution PHSS Temp. (◦C) Ecorr (mV) Epit (mV) icorr (mA/cm2)
ipass

(mA/cm2)

Range
Passive

(mV)

Corrosion
Rate

(mm/y)

H
2S

O
4

15-5PH
25 −329 831 1.30 × 10−3 3.17 × 10−3 731 3.67 × 10−6

49 46 601 3.87 × 10−5 1.34 × 10−4 657 1.01 × 10−6

17-4PH
25 −296 815 1.39 × 10−2 3.12 × 10−3 508 1.17 × 10−5

49 −352 819 2.85 × 10−3 3.09 × 10−4 530 4.47 × 10−7

Custom 450
25 −279 936 2.97 × 10−3 5.14 × 10−3 711 1.52 × 10−2

49 −241 937 5.36 × 10−3 1.47 × 10−3 878 6.41 × 10−3

AM350
25 −288 874 1.22 × 10−3 3.92 × 10−3 575 4.74 × 10−3

49 −360 882 4.78 × 10−3 1.43 × 10−2 994 5.11 × 10−2

N
aC

l

15-5PH
25 −291 116 4.53 × 10−5 6.42 × 10−5 212 3.63 × 10−7

49 −239 425 4.34 × 10−5 6.16 × 10−5 251 2.28 × 10−7

17-4PH
25 −200 275 8.75 × 10−5 1.24 × 10−4 * 394 * 5.66 × 10−7

49 −275 400 6.43 × 10−5 7.93 × 10−5 214 3.67 × 10−7

Custom 450
25 −285 315 3.02 × 10−4 5.82 × 10−4 485 3.70 × 10−4

49 −223 536 1.86 × 10−4 3.46 × 10−4 * 673 * 2.58 × 10−4

AM350
25 −258 906 3.13 × 10−4 5.41 × 10−4 * 1049 * 3.09 × 10−4

49 −231 921 2.61 × 10−4 5.52 × 10−4 * 1038 * 3.71 × 10−4

* pseudo-passivation.
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Table 5. Electrochemical parameters obtained from PPC by PHSS passivated in citric acid at 90 min
exposure to H2SO4 and NaCl solutions.

Solution PHSS Temp. (◦C) Ecorr (mV) Epit (mV) icorr
(mA/cm2) ipass (mA/cm2)

Range
Passive

(mV)

Corrosion
Rate

(mm/y)

H
2S

O
4

15-5PH
25 −329 831 1.30 × 10−3 6.43 × 10−3 621 6.41 × 10−5

49 46 601 3.87 × 10−5 1.87 × 10−3 718 6.91 × 10−6

17-4PH
25 −296 815 1.39 × 10−2 7.27 × 10−3 761 1.12 × 10−4

49 −352 819 2.85 × 10−3 6.24 × 10−3 692 9.00 × 10−5

Custom 450
25 −279 936 2.97 × 10−3 7.42 × 10−3 722 1.31 × 10−2

49 −241 937 5.36 × 10−3 5.14 × 10−3 758 2.58 × 10−2

AM350
25 −288 874 1.22 × 10−3 7.34 × 10−3 698 2.46 × 10−2

49 −360 882 4.78 × 10−3 5.41 × 10−3 596 2.11 × 10−3

N
aC

l

15-5PH
25 −291 116 4.53 × 10−5 1.04 × 10−4 319 4.46 × 10−7

49 −239 425 4.34 × 10−5 1.23 × 10−4 312 4.75 × 10−7

17-4PH
25 −200 275 8.75 × 10−5 2.52 × 10−4 * 433 * 9.12 × 10−7

49 −275 400 6.43 × 10−5 2.01 × 10−4 * 355 * 5.63 × 10−7

Custom 450
25 −285 315 3.02 × 10−4 9.81 × 10−4 * 422 * 6.26 × 10−4

49 −223 536 1.86 × 10−4 1.08 × 10−3 445 5.74 × 10−4

AM350
25 −258 906 3.13 × 10−4 8.09 × 10−4 * 351 * 6.95 × 10−4

49 −231 921 2.61 × 10−4 8.78 × 10−4 * 1048 * 8.95 × 10−4

* pseudo-passivation.

Figure 5a–d shows the PPC for passivated PHSS samples in citric acid at 25 and 49 ◦C
for 60 min and exposure to sulfuric acid and sodium chloride solutions. The anodic and
cathodic branches presented activation in a range of 500 mV. The corrosion potential (Ecorr)
in most cases was around −400 mV. However, the corrosion potential in sodium chloride
at 25 ◦C is −600 mV. All the passivated samples resulted in a stable passivation range
in both solutions, being larger for the samples exposed to the sulfuric acid solution at 25
and 49 ◦C. Under these conditions, the samples continued with the second passivation.
AM 350 steel presented a pseudo-passivation followed by transpassivation in the sodium
chloride solution. The corrosion current densities (icorr) for the PHSS samples in the
sulfuric acid solution were found at 10−3 mA/cm2, and for the sodium chloride solution at
10−4 mA/cm2, respectively. Such behaviors occurred in PHSS passivated with citric acid,
i.e., a strong acid obtained from citrus fruits, in order to have an “eco-friendly” passivation
treatment [28,50].

Figure 6a–d shows the CPPs obtained for PHSS from bath nitric acid at 25 and 49 ◦C for
60 min, exposing the passivated PHSS to sulfuric acid or sodium chloride solutions. Nitric
is a strong acid that, with an increasing temperature of around 83 ◦C, can generate toxic
nitrate vapors harmful to health. The anodic and cathodic branches present activation in a
range of 500 mV. However, the cathode branches of the PHSS samples exposed to a sodium
chloride solution present a concentration polarization effect. The Ecorr of the anodic branch
varies from 300 to 200 mV, with 15-5PH being at nobler potentials, also at a temperature of
49 ◦C either in sulfuric acid or sodium chloride solutions. The formation of the passive layer
is variable. In sulfuric acid, there is even secondary passivation. In contrast, in a sodium
chloride solution, there is the activation of the system followed by a small passive layer of
200 mV. The icorr for the PHSS samples in sulfuric acid solution was found at 10−3 mA/cm2

and for the sodium chloride solution at 10−4 and 10−5 mA/cm2, respectively.
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Table 6. Electrochemical parameters obtained by PPC for PHSS passivated in nitric acid at 90 min
exposure to H2SO4 and NaCl solutions.

Solution PHSS Temp. (◦C) Ecorr (mV) Epit (mV) icorr
(mA/cm2) ipass (mA/cm2)

Range
Passive

(mV)

Corrosion
Rate

(mm/y)

H
2S

O
4

15-5PH
25 −320 844 1.66 × 10−3 7.37 × 10−3 813 1.65 × 10−4

49 72 901 5.64 × 10−5 4.65 × 10−3 * 752 * 7.07 × 10−7

17-4PH
25 −418 860 2.11 × 10−2 1.92 × 10−3 715 5.19 × 10−6

49 −377 800 1.54 × 10−3 3.13 × 10−4 562 5.31 × 10−7

Custom 450
25 −305 934 3.91 × 10−3 5.48 × 10−3 883 1.65 × 10−2

49 −314 899 1.86 × 10−3 6.38 × 10−3 911 1.23 × 10−2

AM350
25 −307 895 1.29 × 10−3 4.93 × 10−3 735 1.24 × 102

49 −327 737 1.33 × 10−3 7.88 × 10−3 847 1.22 × 10−2

N
aC

l

15-5PH
25 −238 426 4.14 × 10−5 6.48 × 10−5 288 2.60 × 10−7

49 −227 739 3.47 × 10−5 5.53 × 10−5 217 2.39 × 10−7

17-4PH
25 −206 285 8.33 × 10−5 1.14 × 10−4 259 5.10 × 10−7

49 −282 269 6.23 × 10−5 1.17 × 10−4 * 452 * 4.61 × 10−7

Custom 450
25 −247 260 2.27 × 10−4 4.43 × 10−4 * 405 * 4.01 × 10−4

49 −248 777 1.95 × 10−4 3.31 × 10−4 212 4.45 × 10−4

AM350
25 −257 417 3.38 × 10−4 7.22 × 10−4 * 558 * 3.89 × 10−4

49 −250 522 2.56 × 10−4 5.39 × 10−4 * 671 * 5.62 × 10−4

* pseudo-passivation.

The electrochemical parameters obtained from the potentiodynamic polarization of
the materials passivated in citric acid can be seen in Tables 3 and 4, where the steel is
exposed to a sulfuric acid solution forming more stable layers followed by transpassivation
and secondary passivation. The values of the passivation range showed only a tendency in
the PHSS steels (marked with the symbol *) since it was not completely defined.

Pitting potential (Epit) is the potential value at which the current increases and the
pitting attack occurs. The passivated PHSS in citric and nitric acid at 60 min had pitting
potential values from 45 mV (15-5 PH) to 921 mV (AM350) in NaCl solution and values
from 586 mV (AM350) to 937 mV (Custom 450) in H2SO4 solution, respectively.

Figure 7a–d shows the potentiodynamic polarization curves of the passivated PHSS in
a nitric acid bath at 25 and 49 ◦C for 90 min and exposing the passivated PHSS to a sulfuric
acid or sodium chloride solution. The anodic and cathodic branches presented activation in
a range of 600 mV. The corrosion potential of these steels is around −300 mV. 15-5 PH steel
has a corrosion potential (Ecorr) value of −20 mV in sulfuric acid solution at 49 ◦C. The
PHSS samples exposed to sulfuric acid solution have a stable passivation range that goes
from −200 to 800 mV, followed by a transpassivation, and the samples in sodium chloride
solution have an unstable passivation range because they present a pseudo-passivation at
both temperatures. The passivated PHSS have current densities (icorr) of 10−3 mA/cm2 in
sulfuric acid solution and 10−4 and 10−5 mA/cm2 in sodium chloride solution.
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Figure 7. Potentiodynamic polarization curves for passivated PHSS in nitric acid, at 25 and 49 ◦C for
60 min: (a,c) H2SO4 and (b,d) NaCl solutions.

Figure 8a–d shows the potentiodynamic polarization curves of the passivated PHSS in
a bath of nitric acid at 25 and 49 ◦C for 90 min and exposing the passivated PHSS to sulfuric
acid or sodium chloride solutions. The anodic and cathodic branches present activation in
a range of 500 mV. A concentration polarization effect is observed in the cathode branches
of the samples exposed to sodium chloride solution. The Ecorr range of −200 to −400 mV
for all samples. The PHSS samples passivated in citric and nitric acid present the same
behavior when exposed to sulfuric acid and sodium chloride solutions. Passivation ranges
are stable, followed by transpassivation and secondary passivation when samples are in
sulfuric acid. They have an unstable passivation range when exposed to sodium chloride
because they present a pseudo-passivation at both temperatures. The icorr for the PHSS
samples in sulfuric acid solution was found at 10−3 mA/cm2, and for the sodium chloride
solution at 10−4 and 10−5 mA/cm2, respectively.

The electrochemical parameters obtained from the potentiodynamic polarization of
PHSS passivated in nitric acid are presented in Tables 5 and 6. The values of the passivation
range showed only a tendency in the PHSS steels (marked with the symbol *) since it was
not completely defined. The corrosion potential ranges from −400 to 70 mV, where the
noblest values occur at higher passivation temperatures and in sulfuric acid. The pitting
potential was above 700 mV in the sulfuric acid solution, while sodium chloride was above
300 mV. Current densities (icorr) are of the order of 10−3 mA/cm2 in sulfuric acid medium
and 10−3 mA/cm2 in sodium chloride.
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Figure 8. Potentiodynamic polarization curves for passivated PHSS in nitric acid, at 25 and 49 ◦C for
90 min: (a,c) H2SO4 and (b,d) NaCl solutions.

The current results of the potentiodynamic polarization curves of the passivated PHSS
in nitric acid bath acid at 25 and 49 ◦C for 60 and 90 min and exposure to solutions of sulfuric
acid and sodium chloride allowed us to find out the behavior of the corrosion kinetics of
precipitation hardening stainless steels. Hence, mixed activation and passivation (formation
of a passive film) was shown, followed by a transpassivation or secondary passivation
trend. In the PPC, more stable passivation was observed in sulfuric acid solution, and
pseudo-passivation when the steels were exposed to sodium chloride solution.

The shapes of the potentiodynamic polarization curves (Figures 5–8) of the PHSS
steels are different, which indicates since the electrochemical processes were not similar
in NaCl and H2SO4 test solutions, there is passivation in the anodic reaction, but their
pitting potential is different. However, two characteristic mechanisms are present in the
potentiodynamic polarization curves when the PHSS is immersed in the H2SO4 solution.
This passivation protection mechanism occurs when the passivation film formed on the
surface of the Cr-Fe alloy determines its corrosion resistance. Chromium oxides play an
important role in passive films, and the behavior is attributed to the anodic reactions
of the OH−. The increase in the current density in the PHSS samples gives rise to the
transpassivation and formation of secondary passivation. In the case of samples immersed
in NaCl solution, there is a pseudo-passivation not representing stable passivation film.
This protection mechanism occurs due to the formation of a passive layer formed by oxides
and oxy/hydroxides rich in Cr that prevents the propagation of oxygen to the internal
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layer and protects the base material from the penetration of corrosive ions such as the Cl-
to which the samples were exposed [50–54].

Gaona et al. [29] indicate that the corrosion kinetics of stainless steels are associated
with an increase in current density as a result of an unstable passivation film when the
samples are immersed in NaCl solution. However, austenitic stainless steels immersed in
H2SO4 solution showed transients associated with rupture of the passivation film (transpas-
sivation) and regeneration of the passive layer (secondary passivation).

Research by Lara et al., Samaniego et al., Noh et al., and Gaydos et al. [13,16,23,55,56]
have indicated that stainless steels passivated in nitric acid showed a higher trend of pitting
corrosion, concluding that nitric acid increases the chromium presence of the passive layer,
removing MnS inclusions from the surface. The probability of individual pitting also
increases. In this research, the samples passivated in nitric acid presented more corrosion
than those passivated within citric acid due to the presence of MnS. To reduce the presence
of MnS, changes in the acid concentration or the use of other solutions similar to citric acid,
where the pitting process was more controlled, should be used. See Equations (2) and (3).
From the above reactions, MnS can be removed, and the passivation stability could be
related to the acid concentration.

MnS + 2H+ → Mn2+ + H2S (2)

2MnS + 3H2O→ 2Mn2+ + S2O2−
3 + 6H+ + 8e− (3)

According to some authors [57–59], the results indicated that during passivation in
the PHSS, there is a relatively stable range of passive potential. The passive current density
is the same, which indicates that it forms a relatively stable passive film. However, if the
electrochemical process is still active in the anodic reaction, the passive current density is
not the same, and the passive film is unstable.

Some authors say stainless steels present passive films before and after transpassiva-
tion [60,61]. Transpassivation is a dissolution mechanism where the steel is activated and
begins to dissolve, having noble electrode potentials [62,63]. A characteristic of passivated
stainless steel is that passivation occurs in the anodic branch. This is where most of the
studies have been focused on, forgetting that some acid solutions can cause a second film
for passivation, as observed in this study.

The passive zone involves the formation of chromium and iron oxide films that is
commonly present in PHSS [28,64–66]. Hence, selective dissolution on the surface of
stainless steels generates the presence of Cr3+, leading to the formation of the chromium
trihydroxide compound Cr(OH)3 (see Equation (4)). When Cr(OH)3 is on the surface, and
the hydroxides continue to react, the dissolution leads to the formation of a continuous
passive film of chromium oxide Cr2O3 (see Equation (5)) [28,67,68].

Cr3+ + 3OH− → Cr(OH)3 + 3e− (4)

Cr(OH)3 + Cr + 3OH− → Cr2O3 + 3H2O + 3e− (5)

As mentioned before, the anodic reactions during the passivation film growth period
come mainly from the oxidation of iron and chromium. The oxidation reactions of iron can
be seen in Equations (6)–(8) [69–72]:

3Fe + 8OH− → Fe3O4 + 4H2O + 8e− (6)

2Fe3O4 + 2OH− + 2H2O→ 6FeOOH + 2e− (7)

2Fe3O4 + 2OH− → 3Fe2O3 + H2O + 2e− (8)

Pseudo-passivation occurred in the passivated samples of PHSS immersed in 3.5 wt.%
NaCl. The current density continues to increase with increases in the anodic potential
instead of reaching the stable state within the passive region, thus suggesting that the
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passive films formed on the PHSS are in an incomplete steady state. Chloride ions (Cl−)
cause this instability since they have a great ability to adhere to the steel surface and
then diffuse into the steel through defects in the passive surface film, thus impairing
the effectiveness of the passive film of the PHSS [23,28,73,74]. The pseudo-passivation
phenomenon observed in the different passivated samples in the polarization curve may
be associated with the formation of the Cr(OH)3 film, and the rupture of the pseudo-
passivation is accompanied by the detachment of the Cr(OH)3 film. Therefore, the Cr(OH)3
film functions as a pseudo-passive film [75,76]. As some papers have reported, Cr(OH)3
could block the path of the dissolution of the iron, isolate the corrosion media and reduce
the number of active sites of the iron dissolution [77,78].

The schematic diagram shows the corrosion mechanism for 15-5PH, 17-4PH, CUSTOM
450, and AM 350 stainless steels after the passivation process in C6H8O7 and HNO3 baths
(see Figure 9). The passive protective film formed on stainless steel surfaces is highly
attributed to the corrosion resistance in these steels. The double-layer structure of SS passive
film has a double-layer structure that is rich in Fe and Cr, respectively. Chromium oxides
play a significant role in the corrosion resistance of PHSS. Cr3+ has higher anticorrosion
stability compared to FeO and Fe2O3 oxides. Therefore, the Cr2O3 content in the stainless
steel passive film is a primary factor for the stability and anticorrosive property of the
steel. Defects will form in the passive film, leading to the nucleation of localized corrosion
(generating pitting). On the other hand, the defect density of the iron-rich outer layer
is higher than that of the chromium-rich inner layer, which could lead to the absorption
of a large amount of Cl− in the passive film in PHSS [13,29,79,80]. In Figure 9a, the
protection mechanism occurs due to the formation of a passive layer formed by oxides and
oxy/hydroxides rich in Cr that prevents the propagation of oxygen to the internal layer and
protects the base material from the penetration of corrosive ions such as the Cl− to which
the samples were exposed. In the case of Figure 9b, the protection mechanism is different
since passivation occurs. The passivation film formed on the surface of the Cr–Fe alloy
determined its corrosion resistance. Chromium oxides play an important role in passive
films [81].
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According to the literature [16,28,29,82–87], citric acid can be an alternative to nitric
acid since citric acid passivation indicates better results than the nitric acid solution. Further-
more, samples passivated within citric acid presented a lower trend to localized corrosion.

4. Conclusions

This research shows the passive state of PHSS passivated in acid baths at 25 and 49 ◦C
for 60 and 90 min and immersed in NaCl and H2SO4 solutions. From these results, the
following can be concluded:

• OM characterization indicated that the martensitic PHSS presented a microstructure
with a martensitic (α′) phase and a semi-austenitic PHSS containing a microstructure
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of austenite (γ) and delta (δ) ferrite phases, respectively. Based on the values ob-
tained from PREN, the AM 350 (semi-austenitic) (29.80) presented a higher corrosion
resistance than the martensitic 15-5 PH (23.5), 17-4 PH (17.5), and CUSTOM 450 (20.9).

• Potentiodynamic polarization results allowed us to determine the corrosion kinetic
behavior of PHSS passivated samples immersed in H2SO4 and NaCl solutions and
passivity in the anodic branch.

• The current density levels in NaCl solution were between 10−4 and 10−5 mA/cm2,
while those of H2SO4 were recorded around 10−2 and 10−3 mA/cm2.

• Using the citric acid bath as a substitute for nitric acid in the passivation process gen-
erates a system in which the electrochemical behavior is similar, mixed by activation,
where the anodic branch presents a series of events such as pseudo-passivation and/or
passivation–transpassivation–secondary passivation.

• PHSS passivated in nitric acid and immersed in sodium chloride have higher pitting
potentials than samples passivated in citric acid.

• The citric acid passivation treatment on PHSS could be a green alternative to the
currently employed nitric acid passivation treatment because it is not toxic and is
friendly to the environment.

• Based on the results obtained from the corrosion behavior of passivated PHSS, it
is considered that future work may use electrochemical impedance spectroscopy
to analyze and complement the corrosion mechanism and characterize the oxides
through the XPS technique.
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