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Abstract

This study investigates the surface characteristics and corrosion behavior of a high-C
martensitic stainless steel (AISI 440C) at different stages of its manufacturing process.
As a class, these steels prioritize high mechanical properties and wear resistance over
superior corrosion resistance. Hot working operations, such as rolling, create a surface
oxide scale that must be removed via pickling to restore the material’s inherent corrosion
resistance. This process also eliminates the underlying Cr-depleted layer, allowing for the
re-establishment of a protective passive film. Using potentiodynamic polarization curves
and micrographic analysis, the material’s behavior in different conditions, as-rolled, with
a post-heat treatment oxide scale, and in a bare, oxide-free state, has been assessed. The
results showed that the material lacks stable passive behavior under all conditions. The
as-rolled and heat-treated conditions both exhibited active behavior and formed thick, non-
adherent corrosion products. The oxide layer formed after heat treatment performed the
worst, showing a significant increase in corrosion current density. These findings confirm
the material’s susceptibility to corrosion in CI™ ion-rich environments, highlighting the
need for limited storage in such conditions and rapid pickling after thermal processing to
mitigate surface damage.

Keywords:
working operations

martensitic stainless steel; polarization; AISI 440C; Cr passivity; hot

1. Introduction

Stainless steels are Fe-based alloys distinguished by a minimum Cr content of
10.5 wt.%, a threshold that imparts superior corrosion resistance relative to other steel
classes. Owing to the remarkable alloying flexibility of the Fe-based system, stainless
steels can also incorporate additional alloying elements, such as Mo, Mn, Ni, and N, that
further tailor their microstructural features and performance. Based on the stabilizing
effects of these elements on the different phases within the Fe-Cr system, stainless steels
are conventionally categorized into five main classes: austenitic, ferritic, martensitic, du-
plex (ferritic-austenitic), and precipitation-hardening (PH) grades. PH steels are further
subdivided into austenitic, martensitic, and semi-austenitic, as shown in Figure 1 [1].

The enhancement of corrosion resistance has historically represented the primary
impetus for the development of stainless steels. This property is chiefly attributed to the
spontaneous formation of a thin, protective Cr-rich passive oxide film, which significantly
improves their resistance to corrosion across a wide range of environments.
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Figure 1. Qualitative diagram illustrating corrosion resistance versus ultimate tensile strength for
stainless steels. Note that super- and hyper-grades, are excluded. The circles represent the most
common combinations; however, some peculiar exceptions are included for completeness, though
they are not exhaustive.

In this context, as illustrated by Figure 1, PH stainless steels exhibit enhanced corro-
sion resistance compared to their traditional counterparts. This effect is observed in both
austenitic and martensitic PH steels, although it is particularly pronounced in the latter.
The significant improvement in corrosion resistance in martensitic PH steels is primarily a
function of their chemical composition. In fact, these alloys are defined by a very low C con-
tent and the addition of Ni, typically in the 3-8 wt.% range. This unique composition results
in the formation of a different martensitic structure (essentially the one of the Fe-Ni system)
which, coupled with the beneficial effects of low C and increased Ni on corrosion resistance,
provides a substantial improvement in the overall corrosion performance. Beyond their
corrosion resistance, the various classes of stainless steel exhibit significant differences in
processability and mechanical properties. This outcome stems from factors including phase
transitions and precipitation hardening induced by heat treatment, in addition to strain
hardening resulting from cold working. These capabilities for property customization, in
conjunction with corrosion resistance, enable a broad spectrum of property combinations,
as illustrated in Figure 1. Due to their inherent durability and wide range of properties,
which are provided by countless possible combinations of alloying elements, stainless
steels have found widespread application across virtually all industrial sectors, includ-
ing aerospace and defense, architecture and construction, automotive and transportation,
chemical and process industries, household and commercial products, marine engineering,
and oil and gas sector, as well as the pulp and paper industry [2].

Although stainless steels represent a relatively small segment of the global steel
industry, accounting for approximately 3% of total production, they play a strategically
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important role in high-performance applications. From a product typology perspective,
flat products constitute the largest share of stainless steel output (around 60%), followed
by long products, including coils and bars (approximately 20%), while the rest comprises
castings and miscellaneous components [2]. Among these, long products are of particular
interest due to the complexity of their manufacturing routes and the specific metallurgical
and mechanical characteristics imparted by downstream processing following hot working
operations. Irrespective of the specific stainless steel grade, hot rolling remains the main
forming method for long products, conducted either in single-stand configurations or
through continuous rolling mills [3].

Following hot rolling, the subsequent processing route for stainless steel long products
depends on the specific alloy type. In some cases, direct heat treatment is performed
immediately after hot working, whereas in others, the material is stored, either indoors or
outdoors, prior to undergoing thermal treatment at a later stage, upon retrieval from the
warehouse. Frequently, long products are further processed via cold working processes
such as cold drawing or cold forging, enabling the production of cold-drawn bars, coils,
fasteners, and various other components. In preparation for these operations, however,
the surface condition of the material must be addressed, as it is typically covered by a
tightly adherent oxide scale formed during hot rolling and further developed during sub-
sequent thermal treatments. This oxide layer consists of complex oxides derived from
alloying elements, that diffuse from the bulk to the surface at elevated temperatures. As
a consequence of selective oxidation, a depleted layer forms beneath the scale, exhibit-
ing jeopardized properties and, usually, reduced corrosion resistance. Importantly, the
composition, morphology, and adherence of the oxide scale, and, correspondingly, the
characteristics of the underlying depleted region, are highly sensitive to a multitude of
processing parameters. As emphasized by Li and Celis [4], key factors influencing oxide
scale development include the conditions within the reheating furnace prior to hot rolling,
the nature and extent of surface contaminants prior to heat treatment, and the specific
thermal treatment parameters employed. Not only the treatment temperature, but also the
air-to-fuel ratio and soaking time critically affect the kinetics and thermodynamics of scale
formation, thereby modulating the final structure and composition of both the oxide layer
and the substrate [4].

Oxide scale removal from the surface of stainless steel long products is essential for
ensuring adequate surface quality and restoring corrosion resistance and is commonly
achieved through chemical pickling. Pickling is a surface treatment process that employs
acidic solutions, to eliminate oxide scale and surface contaminants formed during high-
temperature processing. In the case of long products, this procedure is typically carried out
by immersing the material in a series of acid baths. For Stainless steels characterized by a
total alloying element concentration above approximately 6 wt.%, the pickling sequence
generally involves immersion in multiple tanks containing various combinations of acids,
including hydrochloric acid (HCl), hydrofluoric acid (HF), nitric acid (HNO3), phospho-
ric acid (H3POy), and sulfuric acid (H,SO4) [2]. The process serves a dual purpose: not
only does it effectively remove the surface oxide scale, but it also eliminates the eventual
underlying Cr-depleted layer. This enables the spontaneous reformation of a uniform,
Cr-rich passive film, thereby reinstating the material’s inherent corrosion resistance [2].
Pickling removes a surface layer that eventually settles at the bottom of the pickling tanks,
forming sludge that accumulates over time and must be managed as special waste in
compliance with local regulations. Additionally, as pickling cycles continue, the pickling
solutions tend to become exhausted. The management of pickling sludge and exhausted
solutions is an imperative requirement for companies performing this process. Of course,
disposal of pickling sludge is not necessarily the only way forward. As pointed out by
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Rogener et al. [5], membrane electrolysis can be valuably employed to recover Cr, Fe and
Ni from industrial stainless steels pickling waste. Pickling solutions are calibrated based
on the materials being processed, and their effectiveness depends on the composition of
the substances present on the surface that need to be removed. Moreover, to achieve the
same surface appearance, the life of the pickling solution is shorter if the surface layer on
the material is thicker, more adherent, and harder to remove. Therefore, characterizing
the oxides on the material’s surface is of particular interest for both developing the cor-
rect pickling mixture and predicting its service life [4,5]. Furthermore, quantifying the
difference in corrosion resistance behavior between the as-rolled or as-treated condition
and the oxide-free material is important for optimal material storage management, which
is often performed outdoors, exposing semi-finished products to more or less corrosive
environments. The characteristics of the high-temperature oxide scale on the surface will
determine its corrosion-related behavior and how the corrosion resistance evolves due to
interaction with the environment. Finally, studies characterizing the surface of long prod-
ucts across various production steps, in terms of morphology, composition, and corrosion
behavior; are notably rare in the literature.

To investigate these aspects, a high-C martensitic stainless steel grade (AISI 440C) usu-
ally produced in wire and wire rod form was selected for laboratory-scale testing. Although
classified within the broader family of stainless steels, this particular grade does not exhibit
outstanding corrosion resistance, as its alloy design prioritizes alternative performance cri-
teria, i.e., high mechanical properties and wear resistance [2]. This study aims to assess and
compare the surface characteristics of the selected martensitic stainless steel grade through
potentiodynamic polarization testing at different stages of its manufacturing process. The
investigation focuses on evaluating the material’s passive behavior and corrosion response
as a function of surface condition and related thermal history.

Initially, the corrosion resistance of the as-rolled material was examined via poten-
tiodynamic polarization in sulfuric acid. Potentiodynamic polarization in 0.5 M H,SO4
solution was employed to investigate the formation of the passive layer on the freshly
exposed, oxide-free surface after polishing of the transverse section. This is because HySO4
is a strong oxidizing agent, making it suitable for promoting passivity. In the following, the
bare, oxide-free cross-sectional surface has been designated as the bulk (sometimes simply
cross-section to avoid repetition in the same sentence). This designation is justified because
the term bulk typically refers to the internal portion of a material that is unexposed to the
external environment and thus free of any corrosion products from process conditions. The
bulk is therefore the part of the material that can express its inherent corrosion resistance
in response to the external environment. This terminology is deliberately chosen to differ-
entiate it from the external surface, which refers to the lateral part of the samples and is
characterized by the presence of various corrosion products from both manufacturing and
experimental sessions.

Subsequently, the material was tested in 3.5 wt.% NaCl solution. This solution was
selected to simulate a chloride-rich corrosive environment, allowing for evaluation of
the material’s behavior under aggressive conditions that are able to damage the Cr-rich
passive layer typical of stainless steels. In fact, in presence of Cl~ ions, stainless steels
are susceptible to passivity breakdown, leading to localized corrosion phenomena such
as pitting and crevice corrosion. Breakdown occurs when the protective passive film is
compromised, exposing the underlying metal to further corrosive attack. The extent of the
breakdown is influenced by factors including C1~ concentration, temperature, and pH [6,7].
The same NaCl-based polarization test was then performed on samples featuring the high-
temperature oxide scale typically formed during heat treatment, representing the material’s
most common supply condition. Finally, potentiodynamic polarization curves were carried



Metals 2025, 15, 1102

50f22

out on heat-treated specimens after oxide removal, i.e., in a bare but thermally processed
state. In parallel with each of the aforementioned characterization steps, micrographic anal-
yses were conducted for each condition and correlated with the electrochemical test results
to elucidate the relationship between surface state, microstructure, and corrosion behavior.

2. Materials and Methods
2.1. Materials

As previously indicated, this study focuses on the long product category. Accordingly,
samples of the stainless steel grade under investigation were obtained from hot-rolled
material in coil form and selected for subsequent analysis. AISI440C is a commercial high-C
stainless steel belonging to the group of martensitics, also popular with the EN 1.4125
nomenclature and whose chemical composition is given in Table 1.

Table 1. Chemical composition of AISI 440C according to EN 10088-1: 2023. Product deviations are
allowed. Element content is expressed in wt.%.

Alloy C Cr Ni Mo Mn Si P S Fe
AISI 440C min 095 16 - 0.4 - - - - Bal.
max 1.2 18 - 0.8 1 1 0.04 0.03

The alloy is characterized by relatively high tensile properties in the annealed condition
and by even higher characteristics in the quenched and tempered supply condition (Table 2).

Table 2. Mechanical properties of AISI 440C. Adapted from [2]

UTS Yield Strength  Elongation

Alloy Condition [MPal [MPal (%] Hardness
(]

Annealed 758 448 14.0 97 HRB

Anl}gaclfd and 862 690 7.0 260 HB
AISI 440C cold drawn

Hardened and

tempered at 315 1965 1896 2.0 580 HB

°C(Q+T)

Typically, the microstructure after quenching consists of martensite and a non-
negligible amount of retained austenite (more than 30% in volume in some cases) along
with primary and secondary carbides finely dispersed in the martensitic matrix [8,9]. The
production sequence (Figure 2) is usually determined by the availability of facilities in the
production plant and allows for several possibilities. After hot working, quenching and
tempering can be carried out directly. Alternatively, if the supply condition is the annealed
one, annealing should be carried out immediately after hot working. In case heat treatment
facilities are not available after hot working, furnace recovery becomes necessary to prevent
the material from cracking due to internal stresses. This latter is the reason why the material
must be handled immediately after high-T processing. As specified in Figure 2, furnace
recovery takes place at temperatures compatible with the early stages of tempering [2].

Despite the Cr content, the corrosion resistance of AISI 440C is lower than that of
ferritic grades (see Figure 1). This is mainly due to the high C content (Table 1). Finally, due
to its characteristics, AISI 440C is employed when mechanical strength, wear resistance, and
acceptable corrosion resistance are required. Possible applications include: ball bearings
and races, cutlery, molds and dies, pump parts [2].
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Furnace recovery = rapid storage of the material within an environment with a temperature typically between 100 and 300 °C
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Figure 2. Typical production sequence of hot-rolled wires and wire-rods made of AISI 440C.

2.2. Experimental

As previously mentioned, the experimental campaign on the material under investiga-
tion was carried out through potentiodynamic polarization tests conducted in both 0.5 M
H,S0,4 and 3.5 wt.% NaCl solutions, according to the following sequence:

Sample cutting from the as-rolled material received.

Microstructure of the as-rolled material in the transverse section.
Potentiodynamic polarization in H,SO4 0.5 M of the bulk.

Potentiodynamic polarization in 3.5 wt.% NaCl solution of the bulk.
Potentiodynamic polarization in 3.5 wt.% NaCl solution of the external surface.
Heat-treatment simulation.

Microstructure of the as-rolled material in the transverse section.
Potentiodynamic polarization in HySO4 0.5 M of the heat-treated bulk.
Potentiodynamic polarization in 3.5 wt.% NaCl solution of the heat-treated bulk.

Potentiodynamic polarization in 3.5 wt.% NaCl solution of the external surface.

After sample cut from the original material, specimens were prepared in a geometry
suitable for optical microscopy and compatible with the suite of subsequent characterization
techniques selected for the study. Specifically, samples from hot-rolled round coil were
cut into cylinders with 7.61 mm average diameter and 6.40 mm length. The sample
diameter corresponds to that of the hot-rolled wire. This resulted in a cross-sectional area
of 37.42 mm? and a lateral surface area of 153.01 mm?.

In this study, potentiodynamic tests were performed using a Gamry Reference 600+
(Gamry Instruments Inc., Warminster, PA, USA) with a standard setup for potentiodynamic
testing. In fact, an Ag/AgCl (+0.197 V vs. SHE) reference electrode (RE) was employed,
while Pt wire was used as counter-electrode (CE). The sample functions as the working
electrode (WE). All the potentiodynamic tests performed in aerated 0.5 M H;SO4 and
3.5 wt.% solutions were characterized by a scan rate of 0.2 mV /s was set, with an initial
potential of —50 mV vs. Egc (open circuit potential). In the context of the electrochemical
tests carried out, it is important to note that all electrochemical tests were performed at
25°C+1°C.

Regarding heat treatment simulation, and with reference to Figure 2 and Table 2, a
laboratory heat treatment was performed to simulate the hardened and tempered (Q + T)
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condition. This cycle was chosen because it maximally exposes the material’s surface
to a high-temperature oxidizing atmosphere, thus being expected to significantly alter
its characteristics. The samples were subjected to a heat treatment cycle to intentionally
alter their microstructure and surface characteristics. Following the typical quenching and
double tempering procedure for AISI 440C [10], the material was processed within a TGA
STA Netzsch 409 Lux (Netzsch, Selb, Germany), where the uncontrolled atmosphere was
intended to replicate the conditions of an industrial furnace. The thermal cycle began with
austenitization at 1050 °C for 5 h, temperature reached at a heating rate of 50 °C/h. This
was followed by air cooling at the maximum rate achievable by the TGA (free cooling of
the furnace equipment), leveraging the self-hardening nature of the AISI 440C steel. Finally,
two tempering cycles were performed at 300 °C for 3 h, each with a heating rate of 50 °C/h.
This simulates a cycle frequently employed in industry for products of this type.

Both optical and electron microscopy were employed to characterize the material’s
surface. Specifically, optical microscopy was used to characterize both the surface and
the microstructure of the material’s cross-section in both the as-rolled condition and after
heat treatment. A Nikon SMZ 25 (Nikon Instruments, Tokyo, Japan) stereomicroscope
was used for low-magnification surface inspection. On the other hand, an Olympus DSX
1000 (Olympus Corp., Tokyo, Japan) microscope was used for optical microscopy at higher
magnification. In this regard, the cross-section of the samples was polished and etched
with Vilella reagent. This etching procedure is able to highlight the presence of secondary
phases, such as carbides. Furthermore, Vilella reagent is also capable of etching martensite,
thereby allowing for a higher possibility of detecting retained austenite, which, in this steel,
is expected to be present in significant quantities [8,9,11].

Scanning electron microscope (SEM) analyses were performed in secondary electrons
(SE) and in backscattered electrons (BSE) modes. Some instruments refer to these modes as
SED and BED, respectively. Additionally, elemental maps of the analyzed areas were exe-
cuted to provide further information for the interpretation of the results and the material’s
behavior under the test conditions. SEM analyses were conducted using a JSM IT300LW
microscope (JEOL, Tokyo, Japan) equipped with EDXS Quantax (Bruker Corp., Billerica,
MA, USA) and XFLASH 630 M detector (Bruker Corp., Billerica, MA, USA).

Finally, to better support the interpretation of the microstructure and of the results, ther-
modynamic calculations based on the chemical composition were conducted using Thermo-
Calc software V5.0 (Thermo Calc Software AB, Rdsundavagen, Sweden) with the TCFE12
database for predicting the types and fractions of equilibrium phases in the material.

3. Results and Discussion

This section reports the results of the experimental activity detailed in Section 2.2. The
discussion is structured by material condition, with an initial focus on the as-rolled one
and a subsequent analysis of the heat-treated condition.

3.1. As-Rolled Material
3.1.1. Microstructure of As-Rolled Samples

To support the interpretation of the microstructural results, thermodynamic calcula-
tions were performed using Thermo-Calc software to predict the type and fraction of the
material’s equilibrium phases. The simulation results are shown in the volume fraction vs.
temperature plot in Figure 3.

After etching with Vilella’s reagent, the material’s microstructure was analyzed using
optical microscopy, as shown in Figure 4. The as-rolled microstructure shown in Figure 4
exhibits a very fine grain, observable only at high magnifications, which is consistent with
dynamic recrystallization of the material during hot rolling [12].
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Figure 3. Volume fraction of all phases vs. temperature plot at equilibrium based on the chemical

Volume fraction of all phases

composition of AISI 440C martensitic stainless steel.

Figure 4. Optical micrograph of the as-rolled AISI 440C sample’s cross-section, etched with
Vilella reagent.

The microstructural analysis further highlights a considerable volume fraction of
carbides, with some exceeding 10 um in maximum extension. This observation, coupled
with the morphology (suggesting primary precipitation from the liquid) and the equilib-
rium simulation given in Figure 3, strongly suggests that these phases are M;C3 carbides.
Although Mj3Cg carbide is also predicted by equilibrium simulation and literature [13], its
precipitation typically occurs from the solid at grain boundaries (GBs) with a morphology
different from that observed in Figure 4. Therefore, it is believed that, under the actual
conditions of the real production process, the volumetric phase fraction ratio deviates from
equilibrium, resulting in a preponderance of M;C3 carbide and the non-detectability or
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absence of M»3Cs. The SEM analysis in BSE mode (Figure 5) shows some polishing lines,
dark branched lines indicating the grain boundary of the microstructure and carbides (dark
gray spots). This evidence, together with EDXS elemental mapping, also suggest that the
carbides are predominantly CryCs; although the Mn signal apparently evidences a hybrid
composition. Given the steel’s chemical composition, which includes up to 1 wt.% Mn, it is
likely that Mn participates in carbide formation. This finding aligns with the assumption
that the carbides are of the M;C; type, where M represents a combination of metallic ele-
ments. Mn, Cr and Fe are neighbor transition metals in the periodic table, which explains
their similar chemical behavior and ability to substitute for one another in crystal structures.
In particular, the literature supports the existence of MnyCs carbide and provides crystallo-
graphic data for it. Its formation is considered plausible because the atomic positions in
MnyC3 and Fe;C3 carbides are identical. This isomorphism seems to allow Mn to readily
substitute for Fe or Cr in the carbide lattice, thus making formation of a mixed metal carbide
(Cr,Mn);C3 possible [13].

Figure 5. Backscattered electrons SEM micrograph and EDXS Cr and Mn elements mapping of

the as-rolled AISI 440C sample’s cross-section. Please note that the backscattered electrons image
shows some polishing lines, carbides (dark gray spots), and dark branched lines indicating the grain
boundary of the microstructure.

3.1.2. Potentiodynamic Polarization in HySO4 0.5 M Solution

Figure 6 shows the potentiodynamic curve in Hy5O4 0.5 M solution.

fcore = 6.96x107 Afem?

200

Ewvs Ag/iAgCl [mV]

Log current density [Afem?]

Figure 6. Potentiodynamic polarization curve of the as-rolled AISI 440C sample’s bulk (i.e., the bare,
oxide-free cross-section) in 0.5 M H,SOy.

It can be observed that the current densities are in the order of milliamps and there
is no tendency for the material to passivate. This is evidenced by a non-noble potential
and the shape of the curve typical of an active state behavior. The corrosion current
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density (icorr) determined using Tafel lines was found to be 6.96 x 107% A/cm? and the
associated corrosion potential (Ecorr) was —427 mV. After the test, the surface was found to
be completely covered with black corrosion products.

3.1.3. Potentiodynamic Polarization in 3.5 wt.% NaCl Solution

The bulk (i.e., bare, oxide-free material’s cross-section) of the as-rolled material was
subjected to potentiodynamic test in 3.5 wt.% NaCl solution. The potentiodynamic curve
resulting from the test is shown in Figure 7. No obvious stable passive behavior was
detected considering the shape of the curve while increasing the anodic polarization. The
icorr determined using Tafel lines was found to be 4.94 x 10~7 A/cm? and the associated
Ecorr was —277 mV.

600

Bulk as-rolled feore=4.94x107 Ajem?
= | = Surface as-rolled i = 6.28x107 Ajcm?
400
300
200
%
= 100
et
en
<
j 0
&
= _100
200
P sl
300 ~—x

400

500
1077 1077 10° 107 10~ 1074 10~ 107+ 1074 1.0

Log current density [A/cm?]

Figure 7. Potentiodynamic polarization curve of the as-rolled AISI 440C sample’s bulk (i.e., the bare,
oxide-free cross-section) and external surface in 3.5 wt.% NaCl solution.

The surface of the sample was completely covered with apparently porous corrosion
products of moderate thickness (see Figure 8). Some areas of the corrosion products
exhibited damage, including craters and cracks. The formation of cracks in the corrosion
products (some of which are visible between the grains in Figures 8 and 9) is attributed to
a combination of three factors: the high volume of the corrosion products, the resulting
internal stress state, and the brittle nature of the products themselves. Based on the
surface morphology, a correlation between the microstructure and oxide growth in an
epitaxial-like process could be hypothesized. The comparison between the microstructures
shown in the optical micrograph (Figure 4) and the SEM micrograph (Figure 5) with
the SEM images of the corrosion products (Figure 8) suggests a correlation between the
material’s microstructure and the growth of corrosion products on its surface. Specifically,
a correspondence seems to exist between the grains and the crystalline structure of the
corrosion products, as their boundaries (GB) seem to align. This latter finding suggests that
the underlying GBs of the metal may play some role, which then dictates the morphology
of the resulting corrosion products layer.
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Figure 8. Secondary electrons SEM micrograph of the as-rolled AISI 440C sample’s bulk (i.e., the bare,

oxide-free cross-section) after potentiodynamic polarization in 3.5 wt.% NaCl solution.

Figure 9. Backscattered electrons SEM micrograph and EDXS Cr and O elements mapping of the
as-rolled AISI 440C sample’s bulk (i.e., the bare, oxide-free cross-section) after potentiodynamic
polarization in 3.5 wt.% NaCl solution.

The analysis shown in Figure 9, seems to indicate that the corrosion products are
primarily composed of Fe oxides. However, the Cr signal presence and distribution
potentially suggest that carbides could play a role in determining the surface morphology.
The Cr signal appears to be located at specific, discrete points, often far from the main
grain boundaries of the corrosion products. This distribution is consistent with the carbide
locations observed in Figure 5. As a consequence of this, it is hypothesized that the corrosion
product formation could be directly influenced by the presence of these carbides, which
may act as nucleation sites or alter the local electrochemical environment. As a complement
to the observations in Figure 8, Figure 9 provides a more detailed view of the crystalline
morphology and the porous or apparently cracked surface of the corrosion products.

To evaluate the behavior of the external surface (i.e., lateral surface of the sample) of
the as-rolled material, potentiodynamic polarization tests were conducted on the lateral
surface of cylindrical samples in 3.5 wt.% NaCl solution. The surface of hot-rolled products
typically features a compact and highly adherent Fe304-based oxide layer formed at high
temperatures during the hot rolling process. The name by which this type of compound
is often identified in industry is calamine, also known as mill-scale [14]. It is of interest
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to determine the behavior of this oxide layer, whether it is protective or not. The results
of the potentiodynamic test are shown in Figure 7 to allow for a direct comparison with
the findings from the bulk analysis. No obvious passive behavior is detected; instead,
the material exhibits an active response to the corrosive process. icorr determined using
Tafel lines was found to be 6.28 x 10~7 A/cm? and the associated Eqorr was —294 mV.
A comparison of the curves in Figure 7 highlights that for potentials lower than about
—250 mV, the bulk exhibits slightly better behavior. This is indicated by its lower icorr and
slightly higher Ecorr. At potentials greater than —250 mV, a sort of reversal in behavior
occurs. Given the absence of obvious passive behavior, this type of response could be
explained by the action of calamine. As previously stated, calamine is a ceramic material
that, by its very nature, does not participate in the electrochemical processes associated
with corrosion phenomena. Its presence typically involves covering most of the material’s
surface with a layer characterized by high adhesion. However, this layer is generally
uneven and discontinuous, with areas of reduced thickness or sections that expose the
underlying substrate. Consequently, it is reasonable to assume that the behavior described
by the surface curve in Figure 7 (i.e., material covered by calamine) is the result of a
shielding action by the calamine itself. In fact, calamine appears to offer a physical barrier
against the electrochemical phenomenon. However, due to its discontinuous nature, it does
not entirely prevent the process. As a result, the exposed area is reduced, and so is the
corrosion-affected region.

After the potentiodynamic test, the outer surface exhibited localized attack morphol-
ogy, with raised corrosion products that seemingly developed at pre-existing defects from
the rolling process (likely overfilling or seams) and due to the presence of defects in the
calamine layer. The formation of these corrosion products resulted in an increase in volume,
and Figure 10 suggests that fragments have spalled from the surface.

Figure 10. Aspect of the external surface of the sample observed through stereomicroscopy with a
schematic representation of the observation region in relation to the rolling direction after potentiody-
namic polarization in 3.5 wt.% NaCl solution.

In fact, Figure 10 shows the surface of the calamine following damage from poten-
tiodynamic testing in 3.5 wt.% NaCl solution. To further investigate the role of calamine
in the electrochemical process, in addition to the evidence provided by the results of the
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potentiodynamic test, the sample was subsequently cleaned using ultrasonic cleaning. A
LIARRE Ultrasonic Cleaner Starsonic 60 (Sysmatec, Eyholz, Switzerland) was employed.

This process effectively removed both the calamine and the corrosion products, re-
vealing areas of the underlying surface, as shown in Figure 11. The surface of the material
has numerous craters. Some of these are interconnected, while others are isolated and of
various sizes. The morphology described seems to be consistent with hypothesis made
regarding the shielding action of calamine. As already stated, the calamine layer, being an
oxide, is not affected by the corrosive process in NaCl solution. However, defects within
this layer, such as cracks or discontinuities, allow the corrosive environment to penetrate
and interact with the metallic surface. This enables the anodic reaction to take place at the
bottom of the defect where the alloy substrate is present. The varied sizes of the craters
further support a process of random nucleation and subsequent growth.

= L

VSED 20.0 kV WD 9.6 mm 50x &=

Figure 11. Secondary electrons SEM micrograph of the external surface after potentiodynamic
polarization in 3.5 wt.% NaCl solution and after removal of surface corrosion products.

3.2. Heat-Treated Material

As mentioned, the laboratory heat treatment had a twofold objective. The first was to
modify the microstructure to produce tempered martensite, thereby enabling a comparative
evaluation of the bulk’s behavior against that of the as-rolled material. The second objective
was to intentionally alter the external surface to study the evolution of the outer scale
calamine layer and to understand its subsequent response to corrosion.

3.2.1. Microstructure of Heat-Treated Samples

The bulk (i.e., the bare, oxide-free cross-section) of the heat-treated samples was pol-
ished and etched with Vilella reagent. As shown in Figure 12, the resulting microstructure
is tempered martensite containing numerous carbides with jagged edges. The maximum
size observed for these carbides was approximately 20 pm in the analyzed sample. These
changes in carbide morphology and size provide additional confirmation for the hypotheses
presented in Section 3.1.1 concerning their nature and type (M7C3).
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. Primary carbides

Figure 12. Optical micrograph of the heat-treated AISI 440C sample’s cross-section, etched with
Vilella reagent.

3.2.2. Potentiodynamic Polarization in HySO4 0.5 M Solution

The potentiodynamic test in a 0.5 M H,SOj solution on the sample’s cross-section was
performed and the test result is shown in Figure 13. Similarly to Figure 6, the potentiody-
namic curve in Figure 13 reveals an active electrochemical behavior.
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Figure 13. Potentiodynamic polarization curve of the heat-treated AISI 440C sample’s bulk (i.e., the
bare, oxide-free cross-section) in 0.5 M H,SOy.

icorr determined using Tafel lines was found to be 8.24 x 10~* A/cm? and the asso-
ciated Ecorr was —456 V. Like the as-rolled material, the surface was completely covered
with black corrosion products after the test. The results allow a comparison of the behavior
of the bulk in HySO4 for both the as-rolled and heat-treated conditions. In this regard,
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Figure 14 shows the overlay of the results presented in Figures 6 and 13. The analysis of
Figure 14 confirms that the material is characterized by an active behavior. The observed
behavior aligns with the existing literature for the heat-treated state of this material [15].
Conversely, no comparable literature data could apparently be found for the as-rolled
condition. This is likely because the material is industrially exclusively supplied in a
heat-treated condition. From a production process perspective, maintaining the as-rolled
condition is unfeasible due to the high risk of cracking caused by the internal stresses
associated with the martensitic transformation, which occurs upon air cooling [2].

e Builk as-rolled 1core= 6.96x107 Ajem?
Bulk heat-treated 1eore = 8.24x1074 A/em?

100

-200

300

Evs Ag/AgCl [mV]

—400

300

600
10" 10 1077 1074 10- 107 1071

Log current density [Afem?]

Figure 14. Potentiodynamic polarization curve of the as-rolled and heat-treated AISI 440C samples
bulk (i.e., the bare, oxide-free cross-section) in 0.5 M H,SOy.

The heat treatment was found to have no positive impact on the material’s corrosion
resistance. The i.orr Value increased from 6.96 x 1074 A/cm? to0 8.24 x 1074 A/cm? from
the as-rolled to the heat-treated condition. Correspondingly, the Ecq,r decreased slightly.
This difference is not significant enough to state that the as-rolled material is superior to
the heat-treated one. The small difference between the two conditions could be due to
microstructural factors. The retained austenite present in the as-rolled sample may be
responsible for the shift observed in Figure 14. The material’s passivity and corrosion
resistance is dependent on the Cr content within the parent austenite and the ability of
the post-treatment structure to retain the maximum possible Cr content in solid solution.
Therefore, the obtained results could indicate that the corrosion resistance of the tempered
martensite microstructure is compromised, possibly due to a Cr imbalance induced by
microstructural transformations and solid-state diffusion of the element during the heat
treatment process. The incomplete transformation of the parent austenite into martensite
may therefore have influenced this condition. A complete transformation for this specific
stainless steel grade is typically achieved only with cryogenic treatments that involve
cooling to —96 °C [16]. These treatments, while technically feasible, are rarely employed in
industrial settings and, as such, do not represent the material’s standard supply condition.
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In any case, when comparing the behavior of AISI 440C to that of the standard austenitic
reference steel AISI 304 (EN 1.4301), the results indicate that the martensitic steel has
inferior corrosion resistance in a 0.5 M H,SO; solution. This is supported by the fact that
the corrosion current density for austenitic stainless steel is typically lower, with reported
values in the 1.4—1.5 x 107* A/cm? range [17].

3.2.3. Potentiodynamic Polarization in 3.5 wt.% NaCl Solution

The bulk (i.e., the material’s bare, oxide-free cross-section) of the heat-treated material
was subjected to potentiodynamic test in 3.5 wt.% NaCl solution. The test result is shown
in Figure 15 together with the curve related to the external surface. In this context, the
potential of the bulk is more noble, suggesting the possible presence of a passivation layer
on the surface, a hypothesis also supported by the current density. However, with anodic
polarization, an immediate increase in current is observed, indicating that any passivation
layer is unstable and that the corrosion process is progressing rapidly. Additionally, observ-
ing the curve, small current peaks are noted that could indicate the beginning of pitting
attack. However, a return to the lower current due to surface repassivation is not observed.
Consequently, no obvious passive behavior can be said to have been detected; instead, the
material exhibits an active response to the corrosive process. icorr determined using Tafel
lines was found to be 4.18 x 107 A/cm? and the associated Eqory was —241 mV.
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Figure 15. Potentiodynamic polarization curve of the heat-treated 440C sample’s bulk (i.e., the bare,
oxide-free cross-section) and external surface in 3.5 wt.% NaCl solution.

After the potentiodynamic polarization test, the cross-sectional surface of the heat-
treated sample was completely covered with apparently porous corrosion products of
moderate thickness, consisting mainly of Fe oxides. Some areas exhibited damage, includ-
ing craters and cracks as shown in Figure 16a, displaying some corrosion products detached
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from the sample during drying, revealing the underlying substrate. This phenomenon is
characteristic of corrosion products that exhibit poor adhesion and form in large quantities
on the material’s surface. Figure 16a presents a view of the boundary region between the
corrosion products and the substrate. This image distinctly reveals the grain boundaries of
the underlying microstructure, previously highlighted in the optical micrography shown
in Figure 12. A higher-magnification image of the boundary zone between the corrosion
products and the substrate is shown in Figure 16b and reveals the presence of intergranular
cracks. The morphology and distribution of the cracks presented in Figure 16b apparently
do not suggest a link to the corrosion process. In fact, the crack morphology, with its sharp
edges and a width of approximately 1 um, suggests a separation of the crack flanks rather
than selective intergranular corrosion.

Zone |1 B

)Omm Std.-P.C55.8 100Pa 100pm

Figure 16. Cross section of the heat-treated sample after potentiodynamic polarization in 3.5 wt.%
NaCl solution; (a) backscattered electrons SEM micrograph with evidence of the boundary region
between corrosion products and underlying substrate; (b) backscattered electrons SEM micrograph
of zone 1.

This evidence allows for a correlation with residual stresses, possibly accumulated
during the polishing process due to the combination of mechanical abrasion and rapid
localized heating and subsequent cooling.

The lateral surface (i.e., oxide layer formed during heat treatment) was characterized
by regions with distinct color variations. The original calamine layer was characterized by
a dark gray color, adhesion and an almost glossy appearance. Following the heat treatment,
the resulting surface oxide exhibited a distinct morphology: a light gray, opaque layer
that appeared to have reduced adhesion. While the predominant surface layer appears to
be an evolution of the original scale, the brown areas suggest the formation of different
oxide compositions due to different oxidation states for Fe. These are likely secondary
oxides that have grown in regions where the calamine was compromised or on top of the
existing layer. A further analysis of the surface via electron microscopy is presented in
Figure 17. Figure 17a shows areas where the oxide layer formed during the heat treatment
process has detached, revealing the underlying substrate. A distinct pattern parallel to
the rolling direction is clearly visible on the exposed substrate, as particularly evident in
Figure 17b. The crystalline structure beneath the oxide layer formed after heat treatment
likely corresponds to the original calamine formed during the hot rolling process. In fact, the
pattern displayed in Figure 17b does not appear to represent the material’s microstructure,
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as the grains lack the typical elongation in the rolling direction. Their nearly equiaxed
morphology is instead consistent with the orthogonal growth of a surface oxide from the
underlying layer.
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Figure 17. Secondary electrons SEM micrograph of the heat-treated AISI 440C external surface
(calamine) after heat treatment; (a) part of the surface where corrosion products have spalled;
(b) zone 1 where corrosion products are detached, exposing the substrate; (c) zone 2 transition
between substrate and corrosion products; (d) zone 3 with detail of the crystalline morphology of
corrosion products and presence of intergranular cracking.

As highlighted in Figure 17c, at the interface between the oxide layer and the sub-
strate the crystalline nature of the oxide formed during heat treatment is evident. Higher-
magnification analysis in Figure 17d provides further confirmation of this crystalline nature,
showing straight grain boundaries consistent with a ceramic material. The presence of
intergranular cracks is also observed within the oxide layer.

The sample of the heat-treated material was then subjected to potentiodynamic test
in 3.5 wt.% NaCl solution to evaluate the consequences on the lateral surface (i.e., oxide
layer formed during heat treatment). The test result is shown by the red curve in Figure 15.
No obvious passive behavior was detected and the material exhibits an active response
to the corrosive process. icorr was determined using Tafel lines and its value was found
tobe 1.79 x 107% A/cm? and the associated Ecorr was —400 mV. A comparison between
the curves for the bulk and the external surface in Figure 15 highlights the non-protective
nature of the oxide layer present on the external surface. This finding is markedly different
from the hypothesized shielding behavior observed with calamine in Figure 7. The oxide
produced by the evolution of calamine during heat treatment is definitely non-protective,
as evidenced by its higher icorr value (4.18 x 1077 A/cm? compared to 1.79 x 107% A/cm?
for the heat-treated bulk). Furthermore, Ecorr is more negative (—400 mV compared to
—241 mV), further indicating its worst performance in the corrosive environment of the test.
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The seemingly less compact and more porous appearance of the oxide formed on the
surface after heat treatment confirms its poorer performance in corrosive environments.
This is supported by the potentiodynamic test results and highlights how post-heat treat-
ment exposure of the material to the external environment can severely compromise the
surface of the semi-finished product (Figure 18a).
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Figure 18. Backscattered electrons SEM micrograph of the heat-treated AISI 440C external surface
after potentiodynamic polarization in 3.5 wt.% NaCl solution; (a) part of the surface where corro-
sion products have spalled; (b) zone 1 where corrosion products have spalled away, exposing the
underlying layer; (c) zone 2 corrosion products; (d) zone 3 with detail of the crystalline morphology
of corrosion products.

As shown in Figure 18b, the exposed substrate surface in regions where the oxide
formed during heat treatment was removed during the potentiodynamic test is jagged
and with apparently high roughness. This morphology appears to be associated with
an abundance of non-adherent corrosion products. The surface composition in regions
where the oxide was removed suggests an oxidized ferrous matrix containing localized
Cr, similar to the findings shown in Figure 10. When compared to Figure 17, the surface
with non-detached oxide (Figure 18c) seemed to have maintained its original morphology.
However, a closer examination of the grain structure (Figure 18d) revealed that the grain
boundaries were less defined and more separated, and there was a more significant presence
of intergranular cracks. This last finding could indicate that the observed alteration of
the oxide is not primarily due to the electrochemical process of the test, but rather to the
typically destabilizing action of chloride ions present in the solution. In fact, analogous to
the effect on the passive layer of stainless steels, the presence of chloride could have made
the oxide layer less stable and thus more prone to deterioration.
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3.3. Summary and Comparison of the Results

The experimental testing campaign produced a significant amount of data for material
characterization, aligning with the requirements outlined in Sections 1 and 2. Table 3
provides a summary of the quantitative results for each of the conditions tested.

Table 3. Summary of the results of the potentiodynamic testing campaign.

Solution Condition S{:ﬁ? [Ai/CCD;Z] [mV vs].sczgré/AgCI]
mSO05M AT e s
sswteNaCl TR e 0 s
SIMNICT et g2 179100 Cano

! External surface corresponding to the calamine formed during hot-rolling. ? External surface corresponding to
the corrosion products formed during heat treatment and resulting from the interaction of the calamine with the
heat treatment atmosphere.

With regard to the material’s performance in potentiodynamic polarization in
0.5 M H,SOy4 solution test, Figure 14 highlighted differences between the as-rolled and
heat-treated conditions. Tests revealed that AISI 440C fails to achieve stable passivity. Con-
trary to expectations, heat treatment did not improve corrosion resistance; in fact, it slightly
increased the icorr value. This behavior was hypothesized to be likely due to microstructural
factors related to the presence retained austenite in the as-rolled sample to the tempered
martensite, whose different behavior may stem from a Cr imbalance caused by diffusion
during the heat treatment process. In any case, the difference between the conditions is not
substantial enough to demonstrate a clear and unambiguous change in behavior.

Potentiodynamic tests conducted in 3.5 wt.% NaCl solution revealed that the material
consistently exhibits active behavior. As evidenced by the curves in Figures 7 and 15, a
passive region is not discernible at any potential value within the tested range.

The steel studied is definitively not suitable for applications in Cl-rich environments,
such as marine settings, regardless of its as-rolled or heat-treated condition. This finding is
supported by the results of the potentiodynamic curves, as well as by the corrosion products
observed on the surface after testing for both the as-rolled and heat-treated conditions
(thick, poorly adherent, porous, and brittle layer of corrosion products, composed primarily
of Fe oxides). The material exhibited generalized corrosion, a result entirely analogous
to that observed in carbon steels. Such behavior is incompatible with the demands of a
marine environment, where materials must exhibit superior performance and minimize
the onset of surface corrosion. As a result, AISI 440C is typically employed in non-marine
applications requiring high wear resistance, such as in ball bearings, rather than high
corrosion resistance [2,16].

The analysis of the response of the external surface of the cylindrical samples also
highlighted some interesting findings. Both calamine (i.e., mill scale) and the oxide formed
after heat treatment were tested in 3.5 wt.% NaCl solution. The heat treatment exposed the
pre-existing calamine to a high-temperature oxidizing atmosphere within the TGA furnace.
While mill scale is industrially recognized as an adherent oxide with sometimes attributed
protective properties, its behavior under the specific test conditions was notably different,
as it did not provide a protective barrier. Specifically, the mill scale exhibited a higher icorr
than the bulk. Calamine was found to be ineffective in preventing corrosion, failing to offer
protection comparable to that of a passive.
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The heat treatment performed on the material in an uncontrolled (oxidizing) atmo-
sphere resulted in significant alterations to the surface layer, which primarily manifested as
a change in its visual appearance. The results from the potentiodynamic polarization tests
in NaCl solution (Figure 15) clearly indicate that the new surface condition of the material
is not protective. Consequently, it is believed that the oxide formed during heat treatment
provides no protective properties against corrosion in humid, and especially chloride-
containing, environments. Instead, its characteristics suggest that it actively participates in
the corrosion process.

Consequently, the industrial practice of indoor storage for heat-treated material can
mitigate the onset of surface corrosion. However, minimizing the time between heat
treatment and pickling is clearly beneficial, as it reduces the risk of additional corrosion
product formation on the surface, which would increase deposits in the pickling baths. In
this context, considering the composition of the surface corrosion products (Fe-based with
traces of Cr), the management of pickling sludge must be handled accordingly. This is also
important to consider when other types of martensitic stainless steels are processed in the
same baths.

4. Conclusions

The corrosion behavior of high-carbon martensitic stainless steel was characterized
using potentiodynamic polarization. After the initial microstructural characterization, the
results were analyzed by examining the potentiodynamic curves, evaluating the corrosion
current (icorr) and potential (Ecorr), and performing a microscopic analysis of the material’s
surface. Based on these findings and in relation to the purpose of this work, the following
conclusions can be drawn:

o  Tests in HySO4 revealed that AISI 440C steel lacks stable passive behavior in all
tested conditions.

e  Tests on the bulkin a 3.5 wt.% NaCl solution showed active behavior in both conditions.
However, a slight improvement, was observed for the heat-treated condition.

e  The corrosion products formed on the bare surface of the bulk following the NaCl
tests were consistently thick, porous, brittle, and had low adhesion. This suggests that
in humid environments, particularly in the presence of chlorides, the material may be
susceptible to generalized corrosion.

e  The mill scale (i.e., calamine) formed during the hot-rolling process exhibits no pro-
tective properties in either NaCl or an oxidizing atmosphere. However, its presence
appears to promote a shielding action against the corrosive process.

e  The exposure of the oxide formed after heat treatment and grown on calamine to
a 3.5 wt.% NaCl solution during the potentiodynamic test highlights its inferior
corrosion behavior compared to all the other conditions tested.

e  The results confirm that storage of this steel grade in humid environments, particularly
those containing chlorides, must be limited.

e  For AISI 440C, the corrosion products that pickling must remove are mainly Fe oxides,
with possible minimal Cr contamination.
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Abbreviations

The following abbreviations are used in this manuscript:

BSE Backscattered electrons

DC Direct current

EDXS Energy-dispersive X-ray spectroscopy
EN EuroNorm

GB Grain boundary

PH Precipitation-hardening

Q+T Quenched and tempered

SE Secondary electrons

SHE Standard hydrogen electrode

TGA Thermogravimetric analysis
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