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Abstract

The importance in the selection of materials in the aeronautical industry for the manufacture of an aircraft is related to the
fact that the materials are present during the life cycle of the aircraft. In particular, the precipitation hardening (PH) stainless
steel is used in components that require the combination of excellent mechanical properties, as well as corrosion resistance
due to aircraft exposure in harsh environments. Inherently corrosion resistant steels achieve an important characteristic which
is passivation by forming a protective layer of chromium oxide on the surface. This research aimed to conduct an analysis
of the localized corrosion on stainless steel 15-5 PH and 17—4 PH, used on fasteners or engine components. The steels were
evaluated in a 3.5 wt.% NaCl solution, using the electrochemical technique of cyclic potentiodynamic polarization curves
(CPP) according to the ASTM 61-86 standard. The microstructural analysis was performed by optical microscopy (OM)
and scanning electron microscopy (SEM). The results indicated that CPP curves showed a positive hysteresis, indicating
pitting localized corrosion and the corrosion current density of the 15-5 PH and 17—4 PH stainless steels were 1.31x 1078

and 2.70x 1078 A/cm?.
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Introduction

The corrosive attack of materials in the aeronautical industry
accounts for approximately 31% of the failure modes in an
aircraft, affecting economic, safety, and logistic issues [1].
Stainless steels are widely used in the industry due to their
excellent mechanical resistance, corrosion resistance, and
impact resistance [2, 3]. The use of steel in an aircraft is lim-
ited, as not all grades of steel can be used and only a small
group has the high strength and toughness required in air-
craft structures. Precipitation hardening stainless steel is one
of the major categories with aeronautical applications due
to its unique combination of high mechanical properties and
corrosion resistance. This alloy, known for its exceptional
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properties and characteristics, is extensively utilized across
numerous vital parts and components within aircraft struc-
tures and engines. Its widespread application can be attrib-
uted to its superior strength, durability, and resistance to
high temperatures and corrosive environments [4—6]. Stain-
less steel categories are determined by their microstructure
and composition, which include austenitic, martensitic, fer-
ritic, and duplex. However, for the precipitation hardening
stainless steels, their classification is determined mostly by
the method of heat treatment used rather than their micro-
structure alone [7]. In precipitation hardenable stainless
steels, their chemical composition includes aluminum, cop-
per, and titanium as alloying elements that contribute to
solution hardening and heat treatment for aging. Also, this
type of steel has a subclassification into martensitic, semi-
austenitic, and austenitic. As for aircraft precipitation hard-
ening stainless steels, they are those with a high-strength
martensitic tempered microstructure and a surface layer of
chromium oxide that protects against corrosion [3].
Martensitic grades have higher carbon (C) content com-
pared to other grades to improve strength and hardenability;
sometimes nitrogen (N) is added to further improve strength.
Other elements present in the chemical composition are
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small amounts of nickel (Ni) and molybdenum (Mo) and
to improve machinability.sulfur (S) is occasionally added.

The addition of elements such as Ni and reducing the C
content can improve the weldability of the martensitic grade
of stainless steel, as it is not a very good property in this type
of steel. The martensitic grade has the characteristic of being
magnetic and hardenable. Hence, the property of being
hardenable allows the obtaining of precipitation-hardening
stainless steel grades, which is achieved through a special
mechanism that involves the formation of precipitates inside
the microstructure [8].

One of the highly regarded stainless steel grades in the
aeronautical sector for its precipitation hardening capabili-
ties is 17—4 PH. This grade is characterized by its low car-
bon content, not exceeding 0.07%, and significant amounts
of chromium ranging from 15 to 17.5%. Additionally, it
incorporates nickel in the composition, typically ranging
from 3 to 5%, along with other essential alloying elements
[7, 8]. Similarly, there is 15-5 PH stainless steel also for
aeronautical applications, designed to improve toughness
compared to 17-4 PH stainless steel. The distinctive fea-
ture of stainless steels is undoubtedly their resistance to
corrosion. Nevertheless, these stainless-steel grades are
not immune to various types of corrosion. Factors such as
insufficient preventive treatments, environmental condi-
tions, application, and others can contribute to corrosion
occurrence. Corrosion poses a significant challenge within
the aeronautical industry, prompting a compelling need to
study and address this issue. The study of corrosion in this
context is driven by three fundamental reasons: ensuring
safety, optimizing economic considerations, and preserving
the longevity and performance of aircraft. Regarding the
study of corrosion resistance in stainless steels, different
authors have conducted extensive research and investiga-
tions. These studies aim to deepen our understanding of the
factors influencing corrosion behavior, identify potential
corrosion mechanisms, and evaluate the performance of dif-
ferent stainless-steel compositions in various environments.
For example, Lara et al. [9] conducted a study involving
a passivation treatment on samples of 15-5 PH and 17-4
PH stainless steels. The researchers observed that the pas-
sivated samples exhibited a notable improvement in corro-
sion resistance compared to the non-passivated ones. This
improvement was evidenced by a decrease in the corrosion
rate, as indicated by the potentiostatic polarization curves
(PPC). In the study conducted by Ameer et al. [10], it was
observed that the corrosion current (i) values of stainless
steel increased as the concentration of C1—or SO,> —ions
increased. The findings indicate a decrease in the formation
of the passive film on the surface of the stainless steel and
this was determined through potentiodynamic polarization
(PP) testing. Adbo et al. [11] evaluated the formation of
pitting in a laser-welded 2205 duplex stainless steel in a

@ Springer

seawater environment (3.5 wt.% NaCl) through EIS and PPC
techniques. Marcelin et al. [12] analyzes the electrochemical
behavior of martensitic stainless steels in different experi-
mental conditions, where it was found that in the passive
state, the corrosion process was controlled by the proper-
ties of the passive film during air exposure. Bragaglia et al.
[13] used PP to observe the behavior of passivated and non-
passivated 304 austenitic stainless steels in acid electrolytes.
The pitting potential in nitric acid increases when the steel
is passivated. In a comparative study conducted by Martinez
et al. [14], the corrosion behavior of passivated 15-5 PH
stainless steel (SS) samples, treated with citric acid, was
assessed using the CPP technique. The results revealed that
the passivated samples exhibited only minor increases in
current, indicating the preservation of the protective passive
layer on the surface. However, the blank sample (without
passivation) displayed significant current increments, lead-
ing to the breakdown of the passive layer and the formation
of localized corrosion pits. Recently, there has been a grow-
ing interest in conducting investigations into various aspects
of precipitation hardening stainless steels, focused on fatigue
behavior, hydrogen diffusion, and microstructural charac-
terization [15—17]. Gaona et al. [18] studied the corrosion
behavior of AM350 passivated PHSS steels using electro-
chemical noise, potentiodynamic polarization, and electro-
chemical impedance spectroscopy in acid baths. Abad et al.
[19] study conducted to simulate the effects of stray current
and salt water environmental conditions of 15-5PH H1025
stainless steel, which is a common material used on aircraft.
It was determined that with time, the condition of 71 °C tap
water with current formed corrosion pits on this material.

The martensitic precipitation hardening stainless steels
showed the best results for corrosion behavior in acid solutions.
Other authors as Samaniego et al. [20] studied that passivation
in nitric acid baths made the surface prone to the localized
corrosion process. Almeraya et al. [21] analyzed the passivate
state of martensitic PHSS passivated in citric and nitric acid,
where nitric acid presented the lowest corrosion values.

Over the past few years, the corrosion behavior of austen-
itic stainless steels has been extensively studied. Passivated
PHSS have had few studies, so it is important to know the
behavior of electrochemical corrosion in environments that
simulate aircraft working conditions, such as marine and
industrial atmospheres.

The aim of this work is to investigate the localized cor-
rosion behavior of 15-5PH and 17-4PH precipitation hard-
ening stainless steels through electrochemical testing using
cyclic potentiodynamic polarization (CPP) in a 3.5 wt.%
NaCl solution. The corrosion phenomena will be further
analyzed through microscopic characterization techniques,
including optical microscopy (OM) and scanning electron
microscopy (SEM). These stainless-steel alloys are widely
utilized in the aeronautics industry and are subjected to
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Table 1 Chemical composition

Stainless steel C Mn Si Cr Ni N Cu Mo Co Fe

of 15-5PH and 17-4 PH

stainless steel (wt.%) 15-5 PH 007 088 054 138 437 050 3.3 034 023  Balance
17-4 PH 007 076 049 148 436 . 310 021 . Balance

diverse environmental conditions, including marine and
industrial atmospheres, which may include corrosive ele-
ments such as chlorides and acid rain, respectively.

Experimental procedure
Elemental composition and microstructure

The employed stainless steels were commercial precipitation
hardening stainless steels (AMS Aerospace Material Speci-
fications) 15-5PH (AMS 5659) and 17-4PH (AMS 5643)
obtained in cylindrical extruded bar with a diameter of 0.5
in and a length of 10 in. The chemical composition of the
15-5 PH and 174 PH was determined by atomic absorption
spectrometry (AAS); the results are shown in Table 1.

The microstructures of the 15-5 PH and 17-4 PH alloys
were obtained through optical microscopy shown in Fig. 1.
In the microstructures, a mostly laminar tempered marten-
sitic (o) phase matrix is observed, characteristic of this
type of steel, as well as the presence of elongated islands of
austenite (y) phase at the grain boundaries. Stainless steel
samples were prepared according to ASTM E3-11 standard
[22]. From the cylindrical steel rod, coupons of approxi-
mately 3/8" x12” thickness were obtained, and the samples
were mechanically polished using different SiC papers (400,
500, 600, and 800 grade). Subsequently, the samples were
subjected to ultrasonic cleaning according to the ASTM
A380-17 standard [23]. The polished sample etching was
to reveal the microstructure of steel, followed by 10 min of
ultrasonic cleaning in deionized water.

Fig.1 OM microstructure of
stainless-steel samples: a 15-5
PH and b 17-4 PH

Electrochemical testing

Corrosion experiments were conducted to investigate the
corrosion behavior of the stainless-steel samples (15-5 PH
and 17-4 PH). The experiments involved immersing the
samples in a 3.5 wt.% sodium chloride (NaCl) solution at
room temperature using a Gill AC equipment (potentiostat/
galvanostat). To ensure accurate and reliable results, the
stainless-steel samples were carefully prepared and had an
exposed surface area of 1.0 cm?.

The choice of a 3.5 wt.% NaCl solution for the corro-
sion experiments is significant. This solution represents a
simulated marine environment and is commonly used as a
standard corrosive medium to assess the corrosion resistance
of materials [24]. By subjecting the stainless-steel samples
to this solution, the experiments aimed to simulate the corro-
sive conditions encountered in marine environments, which
are known for their potential to induce localized corrosion
and pitting.

A typical corrosion cell was composed of three elec-
trodes, a working electrode (WE), which is the stainless-
steel sample (15-5 PH or 17-4 PH), a reference electrode
(RE, saturated calomel (SCE)), and a counter electrode
(CE) a platinum mesh. Initially, electrochemical corrosion
potential (E_,,) was supervised until a steady state value
was reached. CPP tests were performed according to ASTM
61-86 standard [25] to obtain information related to the dis-
solution reaction kinetics of the electrochemical corrosion.
CPP curves were recorded using a polarization scan from
—1Vitwo+12VyvsE_,, with ascanrate of 1 mV/s.
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Microstructural characterization

Optical microscopy (OM, Olympus, Hamburg, Germany)
was used to determine the microstructure of 15-5 PH or
17-4 PH. The use of SEM (Hitachi 3030 equipment) con-
tributed to the punctual study of corrosion products using a
backscattered electron (BSE) detector at X 30 and X 200 mag-
nifications for the sample of 15-5 PH, and for the sample of
17—-4 the magnifications were X 30 and X 300. Also, with an
X-ray energy dispersive spectroscopy (EDS) detector, it was
possible to recognize elements of interest in the samples.

Results and discussion
Resistance to pitting corrosion

In stainless steel, the carbon content decreases corro-
sion resistance. Still, it increases toughness and causes
greater susceptibility to formation 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 param-
eter is based on the chemical composition of stainless steels,
and the PREN result indicated greater resistance to pitting
corrosion at high values [26, 27], see Table 2. It is calculated
(Eq. (1)) based on the chromium (Cr), molybdenum (Mo),
tungsten (W), and nitrogen (N) content of an alloy [28]. In
this sense, of the stainless steels evaluated in this work, the
15-5PH and 17-4PH alloys, were the ones that presented
the highest PREN value with 22.9 and 15.4, respectively.
Therefore, based on these results, 15-5PH should present
greater resistance to pitting corrosion (see Table 2).

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

Electrochemical measurements

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, i, (uA-cm?), poten-

tial corrosion, E_,. (mV), and corrosion rate).

Table 2 Pitting resistance equivalent numbers of the precipitation
hardening stainless steel

PHSS Cr Mo N PREN
15-5PH 13.8 0.34 0.50 22.9
17-4PH 14.8 0.21 - 15.4
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The application of the CPP technique allowed obtaining
measurements for the determination of the initiation and
propagation of localized corrosion (pitting) in precipitation
hardening stainless steel. Similarly, it was possible to iden-
tify the passivation zone, breakdown of the passive layer,
and measure current densities to process the values and
obtain the corrosion rate [25]. The CPP results presented in
Fig. 2a, b show the electrochemical behavior of the sample
of stainless steels 15-5 PH and 17-4 PH in a 3.5 wt.% NaCl
electrolyte solution.

Figure 2a shows the results for CPP curve of 15-5 PH
stainless steel sample where an initial activation process is
observed and then the passivity plateau (AE,,,) is revealed
from — 0.20 to 0.14 V. Additionally, small variations in
the current are observed due to increases in it that corre-
spond to metastable pitting registered at current densities
close to 1077 A/cm?, which finally generated a passive film
breakdown causing pitting. Current densities in the pas-
sivity plateau (ip,) values recorded were in the order of
6.67x 1077 A/cm? [14, 18, 19] and corrosion current density
values were in the order of 1.31 x 1078 A/cm?,

In the same way, Fig. 2b corresponds to the electrochemi-
cal behavior of 17—4 PH stainless steel evaluated in 3.5 wt.%
NaCl electrolyte solution. Initially, a positive hysteresis
attributable to pitting can be observed. Recorded i, , current
densities presented values in the order of 1.35x 107® A/cm?
[14], and for the corrosion current density values were in the
order of 2.70x 107® A/cm?. A large passivity plateau was
observed for 15-5 PH than 17-4 PH stainless steel, 183.7
and 155.2 mV, respectively.

The backward CPP scan displayed no repassivation of the
samples, as it can be shown by the backward scan intersec-
tion with the active dissolution branch of the forward CPP
scan. In addition, the stable pitting is also indicated by the
large hysteresis loop found before the potential scan was
swapped to cathodic potential direction.

In general, the CPP for the stainless-steel samples of 15-5
PH and 174 PH evaluated in 3.5 wt.% NaCl represents the
corrosion potential vs. the logarithm of the current, indicat-
ing a mixed control by activation which, in turn, reveals the
behavior of the corrosion kinetics. The parameters obtained
from cyclic potentiodynamic polarization are summarized
in Table 3.

Pitting potential (E;) is the potential value at which the
current increases and the pitting attack occurs [15]. The
15-5 PH and 17-4 PH stainless steel samples had pitting
potential values of 149.3 mV and 149.8 mV, respectively,
then an increase occurs in the corrosive density in the
transpassivation stage.

The shapes of the potentiodynamic polarization curves
(Fig. 2a and b) of the PHSS steels are similar; the anodic
reaction begins in activation, followed by a passivation, with
similar pitting potential and positive hysteresis.
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Fig.2 Cyclic potentiodynamic polarization curves, scan rate of 1 mV/s a 15-5 PH stainless steel, and b 17—4 PH stainless steel, immersed in 3.5

wt.% NaCl solution

The passivation protection mechanism occurs when 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 and the behavior is attrib-
uted to the anodic reactions of the OH —. The increase in
the current density in the PHSS samples gives rise to the
transpassivation [29-33].

According to some authors [34-37], 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.

SEM surface characterization

Surface characterization was conducted using Scanning
Electron Microscopy (SEM) using a backscattered electron
(BSE) imaging; the morphology of the surface of the PH
stainless steel samples evaluated in the 3.5 wt.% NaCl elec-
trolyte solution was determined. Using EDS technique, the
semiquantitative elemental composition (elements present

in the analysis areas) was obtained. Figure 3 shows the mor-
phology of the surface by SEM-BSE of the 15-5 PH stain-
less steel corresponding to X 30 and X 200 magnifications,
as detailed, respectively. The samples have a considerable
density of pits with sizes of 1 mm in some cases. In addi-
tion, Fig. 4a shows the morphology of some pitting caused
by the sodium chloride solution; the pitting has a size of 50
to 100 pum.

In addition, Fig. 4a shows the morphology of some pit-
ting caused by the sodium chloride solution; the pitting has
a size of 50 to 100 um. In the EDS spectrum depicted in
Fig. 4b, elemental analysis revealed the presence of iron,
chromium, and manganese, which are part of the 15-5 PH
stainless steel alloy, in addition to sodium and chlorine from
the NaCl solution tested.

In the same way, Fig. 5 presents the mapping of elements
by EDS, where it is observed that Na and Cl are in the entire
periphery surrounding the pits and the other elements are
distributed throughout the alloy.

The results in Fig. 6 show the morphology of the surface
by SEM -BSE of 17—4 PH stainless steel at different mag-
nifications, X 30 and X 300. The 17-4 PH sample presents a

Table 3 Electrochemical

. btained by CPP Stainless steel E o it IAE ;! Ipass fcorr Hysteresis
parameters ootaine: Yy \V4 \V4 \V2 A/ 2 A/ 2

test by 15-5PH and 17-4 PH (mV) (mV) (mV) (Alem’) (A/em’y

stainless steel exposed in NaCl 15-5 PH - 335 149.3 183.7 6.67x107 1.31x1078 Positive
solutions 17-4 PH — 305 149.8 155.2 1.35x 1076 2.70x 1078 Positive

@ Springer



Journal of Solid State Electrochemistry

Fig.3 SEM-BSE surface morphology obtained of 15-5 PH stainless steel sample after CPP test in 3.5 wt.% NaCl electrolyte solution: a X 30 and
b %200 magnifications

cps/eV.

Fig.4 SEM-BSE 15-5 PH
stainless steel sample: a surface
morphology, x30; b EDS spec-
trum, and ¢ elemental analysis
percentages

(d) O-KA (e) Na-KA (f) Cr-KA
Fig.5 SEM-EDS elemental mapping in the area of interest of 15-5 PH stainless steel, a surface morphology, b Fe, ¢ Cl, d O, e Na, and f Cr
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Fig.6 SEM-BSE surface morphology of the 17-4 PH stainless steel sample after CPP test in 3.5 wt.% NaCl solution, ax 30 and b x 300 magni-

fications

higher pit density compared to the 15-5PH sample as well
as wider and deeper pits [38].

The surface morphology of the pits revealed on the stain-
less steel 17-4 PH has a size of 20 um (Fig. 7a); in addition
chloride attack was preferentially found on the edges of the
pit, causing the pits to nucleate on the surface of the stainless
steel. In the EDS spectrum (Fig. 7b), the distinctive elements
of the alloy are observed, such as iron and chromium, also
the presence of sodium and chlorine and some traces of oxy-
gen, respectively.

In the elemental EDS mapping shown in Fig. 8, sodium
and chlorine are found surrounding the entire contour of
the pits, as well as the pit mount, while other elements (Fe,
Cr, O) are homogeneously distributed throughout the alloy.
According to the literature [39, 40], the passive protective

Fig.7 SEM-BSE surface mor-
phology, a 17—4 PH stainless
steel sample, b EDS spectrum,
and c elemental analysis per-
centages

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 Fe203 oxides. Therefore, the Cr203 content in the
stainless-steel passive film is a primary factor for the sta-
bility and anticorrosive property of the steel. Defects will
form in the passive film, leading to the nucleation of local-
ized 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.

cps/eV.
©
Fe | 58.2%
Cr | 11.2%
Na | 16.5%
Cl | 6.7%
O | 4.0%
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Fig.8 SEM-EDS elemental mapping in the area of interest of 17-4 PH stainless steel, a surface morphology, b Fe, ¢ Cl, d O, e Na, and f Cr

Conclusions

This research focused on investigating the localized cor-
rosion behavior of 15-5PH and 17-4PH stainless steels.
Through a comprehensive analysis of the experimental find-
ings, the following conclusions can be drawn:

1. The electrochemical assessment of the PHSS samples
using cyclic potentiodynamic polarization (CPP) curves
revealed the presence of a positive hysteresis. This phe-
nomenon indicates the occurrence of localized corrosion
in the form of pitting when the samples were tested in a
3.5 wt.% NaCl solution.

2. Likewise, fluctuations generated by small current
increments corresponding to metastable pitting were
observed in the samples (15-5PH and 17-4PH) which
favors the passive film breakdown and the initiation of
pits. Regarding the corrosion current density value was
1.31x 107 A/em? for 15-5PH and 2.70x 10~% A/cm2
corresponds to 17-4PH. Moreover, localized corrosion
(pitting) can be observed and corroborated by SEM,
where a higher density of pits is found for the 174 PH
as compared to the 15-5 PH stainless steel, showing a 50
and 20 pm pit size, respectively, attributed to the percent-
age of molybdenum in the composition of the alloys.

3. OM characterization indicated that 15-5 PH and 174
PH alloys shown a martensitic (a") phase as well as the
presence of elongated islands of austenite (y) phase at
the grain boundaries, respectively.

@ Springer

4. The resistance to pitting corrosion was determined by
calculating the pitting resistance equivalent number
(PREN). Among the stainless steel alloys investigated,
it was observed that 15-5PH exhibited the highest
PREN value of 22.9. This indicates that SS 15-5PH has
a greater ability to resist pitting corrosion compared to
the SS 17-4 PH.
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