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High-speed steel (HSS) rolls operate in harsh conditions, making them vulnerable to surface degradation. Ma-
terial removal technology for repairing defective HSS roll surfaces is the most effective way to maintain their
integrity and reduce production costs. Electrochemical corrosion machining, with its excellent machining ca-
pabilities, offers a promising method for repairing HSS roll surfaces. However, the outer working layer of these
rolls is made of premium HSS containing passivating metallic elements, complicating its corrosion behavior,
particularly in passivating electrolytes. To elucidate the corrosion behavior and uncover the underlying mech-
anisms of corrosion and product formation of HSS during electrochemical corrosion machining, this study in-
vestigates the electrochemical corrosion process and behavior of M42 HSS used in rolls within a NaH;PO4-
NaySO4 passivating electrolyte. Metallographic etching experiments indicated that M42 HSS comprises a
tempered martensitic matrix along with MyC and MgC eutectic carbides. Characteristics of oxidative reactions for
M42 HSS in the electrolyte were observed in cyclic voltammetry. By conducting anodic polarization tests, along
with thermodynamic analysis and characterization techniques, the entire electrode system was thoroughly
examined, including corrosion phenomena, varying processes, and underlying mechanisms of corrosion and
product formation. Notably, this study is the first to construct a Pourbaix diagram for the M42 HSS-HaPO4-
SOZ -H,0 system. The thermodynamic analysis revealed that the applied potential variation significantly in-
fluences corrosion behavior of M42 HSS, confirming by the characterization results. The adsorption phenomenon
on the cathodic surface requires a higher potential (such as 6 V) to occur. Electrochemical reactions primarily
occur on the anodic surface, while the cathodic surface (or in the electrolyte) mainly engages in chemical re-
actions with no electronic participation. Furthermore, the electrochemical corrosion process of HSS is driven by
one or more corrosion mechanisms, such as galvanic corrosion, pitting, or intergranular corrosion. Therefore,
these findings from this study contribute to the development of repairing HSS roll surfaces based on electro-
chemical corrosion machining in future engineering applications.

1. Introduction roll surfaces plays a critical role in determining the quality of the final

rolled products. However, premium HSS rolls inevitably develop surface

High-speed steel (HSS) rolls are known for their exceptional me-
chanical properties, including high hardness, strong quenching pene-
trability, and superior wear resistance, making them the primary tools
for hot rolling operations in the modern steel rolling industry (Delaunois
et al., 2022; Wang et al., 2023b). During hot rolling, these rolls are
subjected to various degradation mechanisms (Liu et al., 2020b; Xu
etal., 2021), such as thermal fatigue, oxidative wear, abrasive wear, and
corrosion, all of which can compromise the rolls’ surface integrity and
lead to gradual deterioration and eventual failure. The condition of the
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defects over the course of their operational lifespan, particularly when
subjected to harsh working conditions. To ensure the quality of the
rolled products, rigorous inspection and repairing roll surfaces become
necessary after a certain period of service (Subramanyam et al., 2022).
When the dimensional accuracy of the roll deviates from the engineering
requirements for the rolled products, replacing a new HSS roll is often
required. However, in most cases, repairing HSS roll surfaces is a com-
plex and challenging task.

Several technological approaches are currently being explored for
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repairing HSS roll surfaces. For instance, Liu et al. (Liu et al., 2020b)
introduced a modified overlay technique using submerged arc welding
for resurfacing HSS roll. However, their study does not evaluate the
bonding strength between the coating and the matrix, nor does it test the
technique under practical rolling conditions. Surface additive tech-
niques like this face multiple challenges, including developing coating
methodologies, calibrating equipment, optimizing processing parame-
ters, and establishing reliable quality assessment methods. These chal-
lenges can lead to increased production costs for the steel rolling
industry. In contrast, a more straightforward and effective approach
involves material removal technology. Given that the outer working
layer of HSS rolls comprises a typical tempered martensitic matrix with
various carbides (such as MC, M»C, and MgC) (Delaunois et al., 2022; Liu
et al., 2020b), the material composition significantly influences the
material removal process. Electrochemical grinding (ECG) has emerged
as a promising technology for machining hard-to-machine materials like
HSS (Cao et al., 2022), addressing some of the limitations associated
with traditional grinding methods (Yuan et al., 2020; Chaus et al.,
2021). In ECG, the corrosion machining on the anodic surface, driven by
electrochemical action, results in minimal processing stress, absence of
surface burn defects, and reduced tool wear (Zhengyang and Yudi,
2021). The grinding function removes the corroded product layer from
the anodic surface, yielding a high-quality finish. Therefore, electro-
chemical corrosion machining in ECG plays a critical role in the material
removal process of HSS surfaces.

Understanding electrochemical corrosion process and behavior is the
fundamental premise for achieving high-quality and efficient electro-
chemical corrosion machining. The understanding provides deeper in-
sights into corrosion characteristics, guides the selection of processing
parameters, and facilitates process improvements in electrochemical
corrosion machining. To date, limited research on HSS in the field of
electrochemical corrosion has primarily focused on optimizing corro-
sion processing parameters, selecting suitable electrolytes (or in-
hibitors), and refining the microstructure. For example, Xu et al. (Xu
et al,, 2011) used a back-propagation neural network to model the
nonlinear relationship between the corrosion rate of high-vanadium HSS
in H3PO4 and the electrolyte’s concentration and corrosion time.
Although this study does not delve deeply into the electrochemical
corrosion behavior of this alloy in the given electrolyte, it will lay a
foundation for optimizing corrosion processing parameters. In terms of
electrolytes and inhibitors selection, Brett et al. (Brett and Melo, 1997)
used various electrochemical testing methods to examine the effects of
different anions on the electrochemical corrosion behavior of M2 HSS.
They identified sulfate as the most aggressive anion towards HSS,
providing a basis for further research on electrochemical corrosion in
the presence of these anions. Kwok et al. (Kwok et al., 2007) found that
refining the carbides in HSS and including noble metals like Cr, Mo, and
W improved electrochemical corrosion performance in NaCl and
NaHCOs. This study offers valuable insights into modifying HSS
microstructure and addressing corrosion in environments containing
Cl” and CO%". Shi et al. (Shi and Su, 2016) proposed that biopolymer
derivatives could act as surface inhibitors for HSS, basing their analysis
of electrochemical corrosion behavior solely on electrochemical
impedance spectroscopy and dynamic potential polarization curves
without examining the resulting corroded surface conditions. Further-
more, in our previous studies (Cao et al., 2022; Yuan et al., 2022), a
passivating electrolyte containing HoPO4 and SO showed excellent
electrochemical corrosion performance for a specific roll grade of M42
HSS, yielding promising results in ECG. However, there is still a gap in
understanding the electrochemical corrosion process, behavior, and
associated mechanisms in the M42 HSS-H,POz-SOF -H,0 system.
Microstructural refinement in HSS is commonly achieved through
alloying and heat treatment processes. Ripoll et al. (Ripoll et al., 2016)
demonstrated that adding Nb to HSS hardfacing microstructure helped
refine carbides at grain boundaries, enhancing matrix alloying, which
improved the corroded product layer’s quality in HoSO4. This research
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indicates that doping with certain alloying elements can enhance HSS
quality. Additionally, Voglar et al. (Voglar et al., 2020) reported that
modifying traditional heat treatment processes, including deep cryo-
genic treatment, contributed to microstructural refinement in HSS.
Although this study does not thoroughly examine the corroded surface
condition after different heat treatments, it suggests that these treat-
ments could potentially improve corrosion resistance through micro-
structure modification.

The above literature provides some insights into the complex and
multifaceted nature of HSS in the field of electrochemical corrosion.
However, the reference value of these studies for the electrochemical
corrosion process and behavior of HSS is constrained. Moreover, the
underlying mechanisms of the corrosion behavior for HSS in specific
electrolytes remain unclear. Therefore, based on our previous works
(Cao et al., 2022; Yuan et al., 2022), this study aims to investigate the
electrochemical corrosion of a specific roll grade of HSS in a specific
electrolyte. The primary objectives are to gain a deeper understanding of
the factors influencing the electrochemical corrosion process, to eluci-
date the corrosion relationship within the microstructure, and to un-
cover the mechanisms behind product formation involving passivating
metallic elements.

In this study, metallographic etching experiments were first con-
ducted to reveal the microstructure and composition of HSS in question.
Subsequently, dynamic potential polarization tests were used to ascer-
tain key factors influencing electrochemical corrosion, while cyclic
voltammetry was used to capture the characteristics of electrochemical
reactions. To further investigate the electrochemical corrosion process
and behavior of HSS in the given electrolyte, anodic polarization tests
were performed using dynamic potential polarization tests in different
applied potential regions. Following anodic polarization tests, a suite of
relevant characterization techniques — including scanning electron
microscopy (SEM) with energy-dispersive X-ray spectroscopy (EDX), X-
ray Diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and
inductively coupled plasma optical emission spectrometer (ICP-OES) —
was used to examine product information across the entire electrode
system, including the anode, cathode, electrolyte, and insoluble prod-
ucts. Moreover, a Pourbaix diagram for the system in question was
constructed to provide a theoretical analysis for elucidating the
observed electrochemical behavior. Finally, by combing experimental
observations with the results from characterization analyses and ther-
modynamic studies, we revealed the underlying mechanisms that
contribute to corrosion and product formation in HSS within the given
electrolyte.

2. Material and methods
2.1. Materials

In this study, a certain roll grade of M42 HSS (W2Mo9Cr4VCo8) was
investigated, with its chemical composition detailed in Table S1 (Sup-
plement material). Following standard heat treatment processes of HSS
rolls (Garza-Montes-de-Oca and Rainforth, 2009; Jovicevi¢-Klug et al.,
2021), the hardness reaches 66 HRC, conforming to the requirements for
the working layer material of HSS rolls. The dimensions of the HSS
samples used for metallographic etching and electrochemical testing
were 10 mm x 10 mm x 3 mm. In the electrochemical testing experi-
ments, one broad face of each HSS sample was exposed to create a
working electrode (WE) with an area of 1 cmz, while the remaining
surfaces were sealed with epoxy resin and electrically connected to a
piece of copper wire. Additionally, pure Pt samples measuring 20 mm X
20 mm x 0.1 mm were also prepared. The HSS and Pt samples were
polished in a stepwise manner using a sequence of SiC sandpapers of
varying grits, followed by a final polish with an alumina-based polishing
agent with a particle size of 500 nm. The polished samples were then
degreased and cleaned with petroleum ether and anhydrous ethanol in
an ultrasonic cleaner, and subsequently dried, sealed, and stored for
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latter experimental use. As reported by our previous studies (Cao et al.,
2022; Yuan et al., 2022), a passivating electrolyte suitable for ECG of
M42 HSS was developed. The electrolyte (189.82 g-L ! NaH,PO4-2H,0
+ 40.12 gL 7! NayS0,) was formulated with analytical-grade reagents
(Kermel, China) and deionized water (18.25 Q-cm), with its chemical
composition provided in Table S2 (Supplement material). Notably, for
clarity in the following text, this electrolyte is referred to as the HoPO4 ™ -
SO3~ passivating electrolyte.

2.2. Metallographic etching

The M42 HSS sample underwent chemical etching for 6 s using a 4
vol% nitric acid-alcohol solution at 25 °C. Following etching, the alloy’s
microstructure was examined using a metallographic microscope, with
additional insights provided by electron microscopy. Further, the EDX
technique was used to characterize the composition of the alloy in detail.

2.3. Electrochemical testing experiments

The electrochemical testing system consisted of an electrochemical
workstation (DH7001, China), a computer, a traditional three-electrode
configuration, and a temperature control device, as shown in Fig. 1. The
M42 HSS sample was used as WE, while the reference electrode (RE) was
an Ag/AgCl electrode with 3.5 mol-L™! KCI (Ey = +0.201 V), and the
counter electrode (CE) was a Pt sheet. A temperature control device
ensured a stable testing environment (+0.5 °C), with the electrolyte
remaining static and exposed to air throughout the entire testing pro-
cedure. Unless otherwise noted, all testing potentials were referenced to
RE.

To evaluated the effects of immersion time and temperature on
electrochemical corrosion, dynamic potential polarization tests were
conducted across a range of —2 to 3 V for immersion time and from the
corrosion potential (Ecor) up to 3 V for temperature variations, at a scan
rate of 2 mV-s~! (Zeng et al., 2020). In cyclic voltammetry, the applied
potential was scanned in the positive direction form the potential Ecor
to the pitting potential (ETg), then reversed to the original potential Ecor
at a rate of 20 mV-s~* (Liu et al., 2020a). To investigate the effect of
applied potential on the electrochemical corrosion process, anodic po-
larization was performed in four defined potential regions using dy-
namic potential polarization tests at a scan rate of 2 mV-s ', These
applied potential regions were classified as the active dissolution region
(Ecor~Eap (active potential)), the end of transition (Ecor~Epy (Fred
potential)), the end of passivation (Ecor~Etr), and the end of trans-
passive dissolution (Ecor~Egnp (ending potential)). For clarity in the
following text, once the anode undergoes polarization in these applied
regions, they are labeled as “after active dissolution,” “after the end of
transition,” “after the end of passivation,” and “after transpassive
dissolution,” respectively. Moreover, the constant potential tests were
used to examine products on the cathodic surface, applying a constant
potential of 6 V for 15 min. To ensure a clean testing surface, a potential
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Fig. 1. Schematic of the electrochemical testing system.
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of —1.5 V was applied for 2 min before these electrochemical tests to
remove any oxide film that might have formed on the M42 HSS sample.

2.4. Measurement and characterization methods

The thickness of the corroded product layer was measured using a
coating thickness gauge (LS225, China). The pH value of the electrolyte
was determined by a pH meter (LC-PHB-1A, China), while its conduc-
tivity was assessed with a conductivity meter (DDJB-350, China).
Metallographic analysis of M42 HSS samples after chemical etching was
conducted using a metallographic microscope (ICX41M, China). Char-
acterization of the microstructure and composition of M42 HSS samples
(both before and after corrosion), along with Pt samples, was performed
using an electron microscopy (SEM (Tescan Mira 4, Czech) with EDX
(Xplore 30, UK)). Corroded products on M42 HSS samples was con-
ducted through grazing incidence XRD (SmartLab 9 kW, Japan). The
component of insoluble products in the electrolyte was characterized
using XRD (Bruker D8 Advance, Germany). The composition, chemical
states, and possible substances on the electrode surfaces were analyzed
by XPS (Thermo Scientific ESCALAB Xi+, USA). XPS peak fitting was
performed using the Advantage 5.948 software, with calibration based
on the C 1 s binding energy at 284.8 eV for all spectra. During the XPS
peak fitting, peaks with spin—orbit splitting were adjusted according to
specific intensity ratios and identical full width at half maximum
(FWHM) (Klocke et al., 2018; Liu et al., 2020a). Additionally, the
composition of M42 HSS samples and the used electrolyte were analyzed
through ICP-OES (Agilent 5110, USA).

2.5. Thermodynamic calculation

In materials science, particularly in the context of hydrochemistry,
the Pourbaix diagram (also known as the E-pH diagram) is a critical tool
for analyzing thermodynamic stability (Banu et al., 2019; Wang et al.,
2022a,b). Although the Pourbaix diagram has limitations in providing
insights into corrosion kinetics (Ma et al., 2024), its importance for
thermodynamic analysis is widely acknowledged. The Pourbaix diagram
not only indicates the likelihood of reactions occurring in specific
aqueous environments for metals and their alloys, but also helps
determine the pathways of chemical reactions and identify the prevalent
dominant species (Zhou et al., 2021; Wang et al., 2022a,b). The Pour-
baix diagram is invaluable for discussing and analyzing possible re-
actions, stability regions of dominant species, and variations during the
electrochemical corrosion process for passivating metallic elements
(such as Fe and Cr). Therefore, in this study, constructing a Pourbaix
diagram for M42 HSS in H,PO4~-SO3~ passivating electrolyte is essen-
tial. Notably, in the M42 HSS-H2PO4 -S07"-H,0 system, a general form
of reactions is as follows (Zhou et al., 2021; Wang et al., 2022a,b):

aA + bH" +ne” =cB + dH,0 (@9

where a, b, ¢, and d denote stoichiometric coefficients for reactant A, H,
product B, and H»O, respectively; n is the number of electrons involved
in the reaction. If the formation of water is disregarded, the equilibrium
potential for Reaction (1) under isothermal and isobaric conditions can
be derived from the following equation (Benabdellah et al., 2011).

0 4
_AG(T) _2303bRT . 2303RT B

E=
nF nF nF °[A]

(2

where E denotes the equilibrium potential (V); T denotes the tempera-
ture (K); AGY(T) is the Gibbs free energy of the Reaction (1) (kJ ~mol’1),
derived by extrapolation from the standard state Gibbs free energy
AG®(298.15); R is the ideal gas constant (8.31 J~(K-m01)’1); pH denotes
the acidity and alkalinity of the aqueous solution (pH = lg[H*], [H']is
the activity of H"); F is the Faraday constant (96485.33 C~mol_1); [B] is
the activity of product B (mol‘L’l); and [A] is the activity of reactant A
(mol-L™Y), respectively.
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The Pourbaix diagram derived from Reaction (1) presents four
distinct types: (i) Reactions that involve only H" without electron
transfer (where b # 0, n = 0), appearing as vertical lines; (ii) Reactions
that involve only electron transfer without H' activity (where b = 0, n #
0), appearing as a horizontal line; (iii) Reactions that involve both
electrons and H" activity (where b # 0, n # 0), appearing as diagonal
lines; and (iv) Reactions that are unaffected by both potential and H"
activity, which cannot be appeared within the Pourbaix diagram.

Furthermore, in systems characterized by temperatures exceeding
room temperature under atmospheric pressure conditions (7>>298.15
K), assuming negligible pressure sensitivity, the determination of
AGY(T) is calculated using the Criss-Cobble’s method (Criss and Cobble,
1964; Zhao et al., 2019):

T

AG°(T) = AG®(298.15) — (T — 298.15 )AS(T ) + / ACY(T)AT—T
298.15
T 0
i
298.15
3

where AS’(T) denotes the entropy at temperature T (J -(K-mol)™)), and
ACPO(T) denotes the average heat capacity at temperature T (J-
(K-mol)™). At a given temperature T, AS%(T) can be calculated as
ASY(T) = fr+hr- AS°(298.15). The coefficients fr and ht vary with T,
but they show minimal variations in the range from 25 to 60 °C (Criss
and Cobble, 1964; Yang et al., 2016; Zhao et al., 2019), allowing for an
approximation of ASO(T) ~ ASO(298.15). However, temperature-
induced variations are applied to correct the changes for ACPO(T) (Roy
et al., 2012):

ACP®(T) = k; +k2-1073T 4 k3-10°T 2 4

where kj, ko, and k3 are coefficients. Thus, the equilibrium potential of
Reaction (1) can be ascertained from Equations (2) ~ (4).

3. Results and discussion
3.1. Microstructure and composition of M42 HSS

In the field of electrochemical corrosion, anodic metals or their alloy
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materials undergo degradation by electrocatalysis, resulting in the for-
mation of ionic states or other corroded products. The microstructural
characteristics of the material are crucial in determining electro-
chemical corrosion behavior and process (Klocke et al., 2018). Fig. 2(a)-
(c) show the microstructure of M42 HSS after heat treatment. M42 HSS
comprises a grey needle-like tempered martensite matrix and various
white eutectic carbides. Unfortunately, metallographic microscopy
makes it difficult to identify grain boundaries. Larger carbides tend to
cluster near these boundaries, while smaller spherical carbides (<0.6
pum) are evenly dispersed throughout the matrix. The outstanding me-
chanical properties of HSS stem from these carbides and the matrix’s
solid-solution strengthening phase (Jiao et al., 2022a). Notably, the
variation in precipitate size of M42 HSS is significant, with the larger
precipitates in the images measuring approximately 10 to 15 pm. The
size of these precipitates could substantially affect the corrosion
behavior of the metal. Additionally, residual shrinkage pores near the
grain boundaries are observed, likely resulting from cooling processes
during metallurgical formation and heat treatment. Fig. 2(d)—(f) present
the microstructural composition of M42 HSS. The eutectic carbides
primarily consist of MC (Mo-rich) and MgC (Fe- and Mo-rich) carbides,
where “M” represents alloying elements such as Fe, Mo, and W, as
similarly reported by Jiao et al. (Jiao et al., 2022a,b). However, in
contrast to their observations on the microstructure of as-cast M42 HSS,
the MgC carbides no longer exhibit a fishbone-like structure after heat
treatment but appear as fine spherical particles. MoC carbides display
varied morphologies, including lamellar, blocky, and rod-like shapes.
The MC eutectic carbides are metastable, making them susceptible to
separation and spheroidization during the heating process (Garza-
Montes-de-Oca and Rainforth, 2009; Chaus et al., 2019). Hence, the heat
treatment processing is effective in refining and modifying the micro-
structure of HSS. However, addressing issues like the segregation of
alloying elements during solidification, which may lead to the formation
of large blocky carbides, requires further investigation. This should not
only focus on the heat treatment processes but also consider approaches
like alloy element doping or surface nitriding treatments, topics that
beyond the scope of the present study.

Furthermore, the EDX results indicate the presence of noble elements
such as Co, Cr, W, and V, alongside the primary components of Fe and
Mo, in both the carbides and the matrix of M42 HSS. Table 1 provides
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Fig. 2. Microstructure and composition of M42 HSS: (a) metallographic image, (b) SEM image, (c) local enlargement of area A, (d) EDX spectrum of M5C, (e) EDX

spectrum of MeC, and (f) EDX spectrum of shrinkage pores and matrix.
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Table 1
Electrode reactions and standard electrode potentials of metallic elements in
M42 HSS.

Electrode reactions Standard electrode potentials (V, vs. SHE)

WoW3t 4 3e” +0.101
Mo—Mo®+ + 3e~ —0.130
Ni—-Ni2* + 2e-” —0.236
Co—»Co®" + 2e- —0.282
Fe—>Fe?*™ + 2e” —0.440
Cr—Cr?t 4 2e” —0.890
VoV2+t 4+ 2e° —1.125
Mn—Mn?* + 2e” -1.182

the standard electrode potentials of these elements (Bratsch, 1989). The
standard electrode potentials relative to the standard hydrogen elec-
trode (SHE) vary significantly among these elements. For example, the
electrode potential for Mn is —1.182 V, whereas that for W is 0.101 V.
According to the electrochemical corrosion theory (Ghali, 2010), a more
negative electrode potential indicates a greater propensity for electro-
chemical corrosion, and vice versa. Thus, the variability in electrode
potentials among the metallic elements in M42 HSS can lead to selective
corrosion during the electrochemical corrosion process.

3.2. Determination of experimental parameters

Some literature (Liu et al., 2020a; Zhou et al., 2021) suggests that,
before electrochemical corrosion testing, metals and their alloys are
generally immersed in the electrolyte for a predetermined duration to
stabilize the surface. Fig. 3(a) presents the polarization curves of M42
HSS in the HyPO4~-SO3~ passivating electrolyte at 25 °C after different
immersion times. The results highlight the significant influence of im-
mersion time on the electrochemical corrosion behavior of M42 HSS.
Compared to the non-immersed condition, after 0.5 h of immersion,
alongside a comparable active dissolution process, the potentials for Exp
and Epy, shift slightly to the left, and the current density exhibits a

—=&—0h -——05h —=—2h —0—4h

1 . 1

[ [
Epp 1Er Er 2

Ecor

Eeno3
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gradual increase in the passive region. However, with immersion times
exceeding two hours, the potential ranges of the active dissolution and
passive regions become narrower, resulting in the emergence of two
distinct passive regions. This observation may be attributed to the for-
mation of corroded product film during prolonged immersion, which
stabilizes the surface and retards further dissolution, consequently
reducing the current density. As the applied potential increases, the al-
loy’s surface condition becomes increasingly complex, potentially
involving rupture, dissolution, and formation of corroded products.

The electrolyte temperature also plays a critical role in electro-
chemical corrosion behavior of metals and their alloys. Fig. 3(b) depicts
the polarization curves of M42 HSS in the H,PO4 -SO3 passivating
electrolyte at different temperatures. As the temperature increases, the
potentials for Exp and Epy, shift rightward, with a corresponding increase
in current density, suggesting that higher temperature facilitates the
dissolution of the alloy. However, the potential Erg remains unaffected
by temperature, though there is a narrowing of the potential range
within the passive region, accompanied by a tendency toward higher
relative stable current density. Moreover, compared to temperatures
below 30 °C, excessively high electrolyte temperatures lead to a signif-
icant increase in current density, particularly in the transpassive disso-
lution region. This behavior approximately aligns with Ohm’s law,
demonstrating a linear relationship between applied potential and cur-
rent density (Wang et al.,, 2024). Higher electrolyte temperatures
accelerate the exchange rate of active ions (Wang et al., 2019) and lead
to a linear increase in electrolyte conductivity (Fig. 3(c)), thereby
enhancing the current density. Therefore, the HyPO4 -SO3~ passivating
electrolyte at 30 °C is suitable for the electrochemical corrosion process
of M42 HSS. However, prolonged immersion of the alloy in the elec-
trolyte should be avoided to prevent any detrimental effects on subse-
quent electrochemical corrosion testing.

3.3. Reaction characteristics

Cyclic voltammetry is a crucial electrochemical testing technique

(b)300
— 20°C
— 25°C

L ~ L

1
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-2 -1 0 Ecor 0 2 3
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Fig. 3. (a) Polarization curves of M42 HSS in the H,PO4 -SO3~ passivating electrolyte after different immersion times; (b) Polarization curves of the alloy in the
same electrolyte at different temperatures; (c) Variation in the conductivity of the passivating electrolyte with the temperature.



G. Cao et al.

that helps elucidate the chemical reaction state, adsorption process, and
electron transfer mechanisms on the surface of a given electrode (Liu
et al., 2020a; Munawar et al., 2023). To better understand the reaction
characteristics and behavior of the electrochemical corrosion process for
M42 HSS in the H,POZ;-SO3~ passivating electrolyte, cyclic voltammetry
tests were performed, with results depicted in Fig. 4. Starting from the
potential Ecog, the first subtle oxidation peak, labeled Al, appears
during the forward scan (Fig. 4(b)). The relationship between RE and
SHE is described by Equation (5) (Macdonald et al., 1979):

Eys. sup = Eus. ag/agal +Eo +D(T — Tp) %)
where E, represents the standard potential of RE (V), while the term D
(T—Ty) is considered negligible. Thus, at the peak Al (Eys. syg ~ —0.219
V), all metallic elements except W and Mo undergo oxidation, as shown
in Table 1. As the applied potential increases, the current density dis-
plays an approximately linear increase (Fig. 4(a)). Upon reaching the
potential Exp, a second oxidation peak, A2, emerges. This can be pri-
marily attributed to the passivation of the alloy surface, which limits the
migration of active ions within the electrolyte (Zeng et al., 2020). As a
result, a significant decrease in current density occurs before reaching
the potential Eg;. Although the minimum current density in the passive
region is 75 mA-cm ™2, this suggests that the corrosion product film
might have conductive properties or contain defects (such as porosity),
allowing for continued electrochemical corrosion, ultimately leading to
the appearance of the third oxidation peak, A3. During the reverse scan,
no reduction peaks are observed, and the current density in the passive
region remains nearly zero, indicating that the corroded products on the
alloy surface are not reducible to a lower valence state. However, as the
applied potential enters the active dissolution region, an oxidation peak,
C2, becomes apparent, possibly due to the breakdown response of the
corroded product film at certain weak points on the alloy surface
(Barchiche et al., 2010). Scanning the applied potential to approxi-
mately —0.41 V reveals a subtle oxidation peak, C3, which appears to
correlate with the initial oxidation behavior observed at peak Al.
Furthermore, the effects of surface passivation on oxidation become
apparent with repeated cycles. Unlike the first cycle, the current density
gradually decreases with each subsequent cycle, suggesting that the
corroded product film on the alloy surface does not fully prevent elec-
trochemical corrosion. Nevertheless, near peak C1, a disruption in cur-
rent density is observed, likely caused by the combined effects of the
breakdown and passivation, with inherent defects in the corroded
product film. In summary, the electrochemical corrosion process for
M42 HSS in the HyP05-S03~ passivating electrolyte is primarily char-
acterized by oxidative reactions during forward and reverse scans. The
reverse scan helps determine if the corroded product film on the alloy
surface contains defects or exhibits reduction characteristics.
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3.4. Electrochemical corrosion process under anodic polarization

The multi-element HSS alloys present significant challenges in un-
derstanding electrochemical corrosion, particularly in terms of passiv-
ating metallic elements within specific media environments. To
thoroughly gain insights into the electrochemical corrosion process and
behavior for M42 HSS in the HyPO4 -SO3  passivating electrolyte,
anodic polarization tests were performed using a forward linear scan of
applied potential (i.e., dynamic potential polarization) in different
applied potential regions, based on the results of cyclic voltammetry.
The applied potential regions, as outlined in Section 2.3, included key
potentials such as Eap, Epp, and Etgr that derived from Fig. 3(a). The
potential Egnp was set at 3 V. Alongside polarization tests, a suite of
relevant characterization techniques was used to examine product in-
formation across the entire electrode system (see Fig. 1), including the
anode, cathode, electrolyte, and insoluble products. Additionally, a
Pourbaix diagram of the M42 HSS-H,PO4 -S03 -H,0 system was con-
structed to provide a theoretical analysis for the observed electro-
chemical behavior. Therefore, these combined approaches facilitate a
comprehensive exploration of the mechanisms (including corrosion and
product formation) for M42 HSS in the HyPO4 -SO; passivating
electrolyte.

3.4.1. Microscopic morphology and composition of the anodic corroded
surface

Fig. 5 presents the microscopic morphology of the corroded surface
of M42 HSS after anodic polarization in different applied potential re-
gions. Following electrochemical corrosion, the anodic corroded surface
of M42 HSS displays significant morphological variations. After active
dissolution, the surface develops a uniform and compact corroded
product layer, accompanied by the precipitation of numerous MgC car-
bide particles and a minimal amount of blocky MC carbides (Fig. 5(a)).
This phenomenon correlates with the significant decrease in current
density observed in Figs. 3(a) and 4(a). As reported by Ge et al. (Ge et al.,
2017), carbides do not undergo dissolution during the electrochemical
corrosion process. However, compared to the microstructure of M42
HSS before corrosion (see Fig. 2), the darker-appearing carbides exhibit
a higher oxygen content (Table 2), suggesting susceptibility to oxidation
during the electrochemical corrosion process. Upon reaching the po-
tential Epp, the corroded surface becomes unstable, featuring localized
delamination and a porous appearance of exposed corroded products
(Fig. 5(b)). This supports the breakdown response observed in oxidation
peaks C1 and C2, as shown in Fig. 4, attributed to defects in the corroded
product layer. Nevertheless, after the end of passivation, the corroded
product layer primarily exhibits microcracks, which have expanded
under specific conditions due to corrosion along grain boundaries,
resembling a “mud-crack” style, consistent with the literature findings
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Fig. 4. Cyclic voltammetry curves for M42 HSS in the H,PO4 -SOZ passivating electrolyte at 30 °C: (a) number of cycles, and (b) local enlargement of peaks Al

and C3.
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Fig. 5. Microscopic morphology of the corroded surface of M42 HSS after anodic polarization: (a) after active dissolution, (b) after the end of transition, (c) after the

end of passivation, and (d) after transpassive dissolution.

Table 2

EDX and thickness results of the corroded surface for M42 HSS after anodic polarization.

Stages Components Composition (wt.% > 0.5) Thickness (pm)
C (6] P S \% Cr Fe Co Mo w

After active dissolution MeC 12.5 15.7 0.5 0.4 1.5 3.2 27.2 3.2 28.5 6.3 7.30 + 0.18
M,C 12.8 3.5 0.0 0.6 6.9 8.4 5.1 0.4 56.7 5.3
Corroded products 2.8 39.1 1.4 0.0 0.4 1.5 39.1 4.1 10.5 0.7

After the end of transition MeC 6.2 15.1 1.7 0.8 1.6 4.4 28.1 3.5 315 6.6 15.23 + 0.31
M,C 9.0 18.9 0.8 0.9 6.6 5.0 4.9 0.3 47.0 6.3
Corroded products 3.9 325 7.9 3.5 1.9 8.3 24.4 2.0 13.1 2.1

At the end of passivetion MeC 6.5 14.3 1.6 0.7 1.9 3.5 25.5 3.0 35.4 6.7 13.65 + 0.27
Corroded products 4.9 39.1 10.9 0.9 1.6 7.2 21.0 1.4 11.3 1.2

After transpassive dissolution MgC 5.0 18.1 3.6 0.3 0.5 2.9 58.5 6.3 3.4 0.6 0.64 +0.19
Corroded products 2.9 36.9 14.3 0.7 0.3 1.6 35.1 5.4 2.4 0.2
Spalling zone 0.3 3.6 3.1 0.3 0.9 3.9 74.5 8.1 3.1 1.7

(Ripoll et al., 2016). These microcracks may be associated with internal
stresses enhancement (Liu et al., 2023) or dehydration (Wang et al.,
2022b) in the corroded product layer. Moreover, oxygen bubble-
induced disturbances may lead to poor adhesion between the corroded
product layer and the matrix. Localized dissolution of the corroded
product layer is observed in the electrolyte, resulting in localized
delamination areas and a decrease in layer thickness. Additionally, un-
peeled corroded product layer surfaces display pits, likely remnants of
detached carbide or oxide particles (Fig. 5(c)), providing effective
corrosion pathways for the matrix. These observations help explain the
minor fluctuations in current density in the passive region observed in
Fig. 3(a), as well as the emergence of oxidation peak A3 in Fig. 4(a).
Beyond the potential Erg, an increase in applied potential results in
significant spalling within the corroded product layer, ultimately lead-
ing to the formation of a new colony-like corroded surface. This pro-
gressive spalling ultimately decreases the thickness of the corroded
product layer, with the new layer measuring at 0.64 pm. Unfortunately,
after transpassive dissolution, the exposed corroded surface exhibits
numerous pits with dimple-like features (Fig. 5(d)), likely resulting from

a synergistic effect involving pitting corrosion and the detachment of
carbide (or oxide) particles. Furthermore, isolated micro-protrusions
may be attributed to insufficient removal of residual carbides particles
from the surface of the corroded product layer due to bubble-induced
disturbances.

To determine the chemical composition and distribution on the
surface of the corroded product layer, Fig. 6 shows the XPS full spectrum
of the corroded product layer surface of M42 HSS after anodic polari-
zation in different applied potential regions. It is apparent that the
corroded surface of M42 HSS lacks detectable levels of certain elements,
notably V, Mn, Ni, and W, with particular emphasis on the absence of W
and V. Although the content of W and V elements in the M42 HSS matrix
is already much lower than that in the carbides, the microscopic
morphology and EDX results (see Fig. 5 and Table 2) of the corroded
surface suggest that the carbides act as cathodes and the matrix as an-
odes, resulting in a lower W and V content in the corroded products.
These elements are likely dissolved into the electrolyte, a point which
will be discussed in greater detail later. Consequently, the contribution
of these elements to the corroded products is considered negligible.
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Fig. 6. XPS survey of the corroded product layer’s surface of M42 HSS.

Among non-metallic elements, carbon is observed. Although some car-
bon may have been introduced as contamination during the detection
process, the presence of carbides in the corroded products is also a
contributing factor, as shown in Table 2. Moreover, Table 3 provides the
compositional percentages of the corroded product layer’s surface, as
determined by XPS analysis. Compared to the results from the last three
applied potential regions, the corroded products show the highest pro-
portions of Mo and Cr elements after active dissolution, while the pro-
portion of Co and Fe elements tend to display a general upward trend.
Based on the composition analysis described above, Fig. 7 presents
the primary elemental distribution on the surface of the corroded
product layer of M42 HSS. Compared to the relatively uniform distri-
bution of elements on the unpeeled surface of corroded product layer
after the end of passivation (Fig. 7(c)), the corroded product layer’s
surface after active dissolution is not uniform (Fig. 7(a)), with signifi-
cantly lower content of elements such as Fe and Mo in some regions.
After the end of transition (Fig. 7(b)), the outer surface of the corroded
product layer is rich in P, O, and Cr, suggesting an enrichment of Cr
phosphate or oxide in the outer layer. In the delaminated areas of
exposed porous corroded products, the composition includes P, S, O, Mo,
Fe, Co, and Cr. During transpassive dissolution, a substantial portion of
the corroded product layer delaminates, exposing a new corroded sur-
face rich in Fe, Co, and Cr, surrounded by a colony-like structure with
high content of P, S, O, Mo, Fe, and Co (Fig. 7(d)). Notably, Cr-
containing compounds appear less prevalent compared to the outer
layer of the Cr-rich corroded product layer observed after the end of
transition, which might seem contradictory at first glance. This apparent
discrepancy will be further addressed in subsequent sections. Therefore,
these observations indicate that the corroded product layer is composed
of phosphates, sulfates, and oxides (or hydroxides). However, the limi-
tations of surface spectroscopy techniques, which do not allow for
detailed layering information of the corroded product layer, suggest that
further characterization techniques such as Focused Ion Beam (FIB) or
Transmission Electron Microscopy (TEM) could provide more insights

Table 3

Compositional percentages of the corroded product layer’s surface of M42 HSS.
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into the structure and composition for the corroded product layer.
Overall, variations in applied potential lead to differences in the
composition and distribution of the corroded product layer, indicating
the further research is required to thoroughly illustrate how variations
in applied potential influence the formation of the corroded product
layer and the chemical state of its constituent components.

3.4.2. Thermodynamic analysis of the M42 HSS-HoPO4-SO3 —H,0 system

Many current studies primarily use spectroscopic techniques to
examine corroded products of metals and their alloys in specific media
environments (Zeng et al., 2020; Zhou et al., 2021), aiming to determine
the types and formation mechanisms of corroded products in a given
system. However, these results have been met with controversies. The
Pourbaix diagram is widely recognized as a powerful tool in the field of
electrochemical corrosion. Initially designed for pure metals, the dia-
gram is often applied to alloys in practical engineering by superimposing
individual Pourbaix diagram of the alloy’s metallic elements to evaluate
electrochemical corrosion behavior in specific media environments
(Zhao et al., 2019; Wang et al., 2020). The construction of the Pourbaix
diagram depends on minimizing the Gibbs free energy of the system,
typically under conventional corrosion limit concentrations (107°
mol-L™1). However, there are exceptions, such as nuclear environments,
where the limit concentration is set at 10~8 mol-L ™! (Zhao et al., 2019;
Chen et al., 2021). As discussed in Section 3.4.1, it is imperative to
investigate the potential local (or overall) dissolution of oxides or hy-
droxides in weak acidic environments (Han et al., 2016; Entezari-
Zarandi et al., 2020). Additionally, understanding the product forma-
tion of sulfate and phosphate salts containing HoPOy, HPO3~, PO3 ", and
SO~ and determining the stable corroded products under specific
applied potential conditions is crucial. Due to the stability of sulfate as
an anion and its role as a non-oxidizing agent (El-Naggar, 2006), sulfate
reduction primarily occurs in strongly reducing environments (Xia and
Luo, 2019). In aqueous environments containing phosphate ions,
phosphates generally form in strongly protonated forms such as HoPOg,
HPO%’, and PO%’ (Cetiner et al., 2005; Sahoo and Balasubramaniam,
2008). Consequently, in aqueous environments containing phosphates
or sulfates, these ions are commonly viewed as ligands for metals (Jing
et al., 2019; Bonola et al., 2022). Furthermore, the corrosion of multi-
element alloys in specific aqueous environments may lead to the for-
mation of spinel oxides, such as FeCrpO4 (Liu et al., 2011).

Based on the above discussion, the Pourbaix diagram for the M42
HSS-H,P03-S03 -H,0 system at 30 °C can be constructed by super-
imposing five ternary diagrams (Fe-Mo-H20, Fe-Co-H20, Fe-Cr-Hy0,
Mo-Co-H30, and Co-Cr-H50) to form the Pourbaix diagram of the Fe-
Mo-Co-Cr-H,0 system, along with four quaternary diagrams (Fe-HyPOy4 -
SO -H,0, Mo-H,P0;-SO3 -H,0, Co-H,P0;-SO3 -H,0, and Cr-
H,P0Z-SO3 -H,0). This approach captures the complex interactions
among the various alloying elements and the phosphate and sulfate
environments. Notably, the primary reactions that may occur in the M42
HSS-H,PO4 —SO%’—HZO system were enumerated in Table S.3 (Supple-
mentary material). Furthermore, the thermodynamic relationships at
30 °C (303.15 K) were determined using previously reported thermo-
dynamic data (Table S.4, Supplementary material).

Fig. 8(a) shows the Pourbaix diagram of the primary metallic ele-
ments in M42 HSS within a salt-free aqueous environment at 30 °C (i.e.,
the Fe-Mo-Co-Cr-H,0 system). This Pourbaix diagram was constructed

Stages Composition percentages (%)

Cls O1ls P2p S 2p Fe 2p Mo 3d Co 2p Cr 2p
After active dissolution 21.30 32.26 11.36 0 15.60 10.35 4.98 4.15
After the end of transition 13.80 34.99 11.47 3.49 22.44 4.08 6.98 2.75
After the end of passivation 13.28 33.38 15.29 8.27 19.33 3.09 5.13 2.23
After transpassive dissolution 13.95 35.02 14.07 0 24.03 1.15 9.77 2.01
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Fig. 7. Elemental distribution on the surface of the corroded product layer of M42 HSS: (a) after active dissolution, (b) after the end of transition, (c) after the end of

passivation, and (d) after transpassive dissolution.

by superimposing five ternary diagrams (Fe-Mo-H»0, Fe-Co-H30, Fe-Cr-
H20, Mo-Co-H30, and Co-Cr-H30), each presented separately in Fig. S.1
(Supplementary material). For clarity in the following text, “g”, “aq”,
and “s” in the parenthesis represent gas, water-soluble substances
(including ions and compounds), and solid substances, respectively;
Unless otherwise noted, these designations for substances are often
omitted. It can be found in Fig. 8(a) that at a pH of 4.2 (marked by the
grey dashed line), Fe and Co undergo dissolution at low potentials but
form oxides or hydroxides at higher potentials. In contrast, Mo and Cr
form stable oxides at low potentials but become ionic at higher poten-
tials. However, compared to the salt-free aqueous environment, M42
HSS displays distinct species in the HyPOz-SOF~ passivating electrolyte
(Fig. 8(b)). As mentioned above, the Pourbaix diagram for the M42 HSS-
H,P03-S03 -H,0 system at 30 °C was constructed by the super-
imposing method, with the quaternary diagrams presented in Fig. S.2
(Supplementary material). In Fig. 8(b), it is evident that at low

=]

potentials, SOF~ forms water-soluble FeSO,4 with Fe, whereas at high
potentials, the stable region of FeO-OH/Fe;Os becomes narrower,
allowing for the formation of stable FePO4 precipitates. Under low po-
tentials, both Co and Cr form stable water-soluble sulfates (i.e.,
CoS04(aq), CrSO4(aq), and CrSOZ) in complexed with SO%~, while Cr-
containing oxides are less likely to precipitate; At high potentials, the
stable region of Co-containing and Cr-containing products (including
Co304, Co(OH)3, and HCrOz) remains nearly relatively unchanged.
Notably, spinel oxides such as Fe304, FeCr,04, CoO-Fe;03, and CoCro04
exhibit stability under low potentials and are resistant to the effects of
neutral or alkaline environments. For Mo in aqueous environments, both
Alamdari et al. (Alamdari and Sadrnezhaad, 2000) and Entezari-Zarandi
et al. (Entezari-Zarandi et al., 2020) reported the formation of complex
compounds such as Mo205(S04)3~ and Mo0,SO4 in association with
SO%‘, but the absence of thermodynamic data for these compounds
complicates their analysis in the M42 HSS-H,POZ-SO5 -H,0 system.



G. Cao et al. Arabian Journal of Chemistry 17 (2024) 105940

(2)25]] (b) 25 1
Co(OH),
. FeO-OH/Fe,0, 20 cro®
Co(OH),
1.5 FeO-OH/Fe,0,
S 5 1.0
S B TS Y
S L s Rt Los 2 |coS0, (@) THoRS ~ - -
S 00— | TN " === > Y CoSO4aq) TTITh N "~~~ ==a.
< N lcocro P T -- < crso, [HIMTPI— " 77=---.
¢ 400 e —
= = FeS0,(aq)
- 05 4ad)_
1.0
Fe,0 H
151 Fe €0 15} . Cr(OH),
Cr co e cr Co
2.0 . . . . . . 20 . . . . . .
0 2 4 6 8 10 12 14 0 2 4 6 ) 10 12 14
pH pH
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Yao et al. (Yao et al., 2018) also noted that Mo enhanced the resistance
of tungsten-cobalt alloys to non-oxidizing acids such as HCl and H5SO4,
primarily forming oxides rather than ions. However, no information has
been reported regarding Mo-containing complex products in aqueous
environments with phosphate ions. As a result, the Mo-HyPOy4-
SO% -H,0 system simplifies to the Mo-H,0 system. At low potentials,
Mo oxides to form MoO,, while at higher potentials, it primarily exists as
HMoOj3. In conclusion, from a thermodynamic analysis perspective,
these findings suggest the corrosion behavior and dominant products for
M42 HSS in the HyPOz-SO5  passivating electrolyte can vary with
changes in applied potential, highlighting the elemental distribution
differences by varying potential levels, as discussed in Section 3.4.1.
However, to accurately identify the likely dominant products of the M42
HSS-H,P0O3-S03 —H,0 system, further research is required using spec-
troscopic techniques.

3.4.3. Component analysis of anodic corroded products

Fig. 9 presents the XRD results for M42 HSS both before and after
corrosion. Before corrosion, two eutectic carbide precipitates, MoC and
MgC, are identified within the matrix, consistent with the EDX results of
M42 HSS (see Fig. 2). After active dissolution, the corroded products on
the surface of M42 HSS primarily consist of FeO-OH, FePO4, MoOs, and
Cry03, along with eutectic carbide precipitates, but without spinel ox-
ides. As the polarization process continues, the intensity of the charac-
teristic peaks gradually diminishes, particularly after the end of
transition, ultimately resulting in the near disappearance of character-
istic peaks corresponding to MoO3s and Cre0s3. This observation can be
explained through the thermodynamic analysis described in the
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Fig. 9. XRD results of M42 HSS both before and after corrosion.

preceding section. Beyond a certain applied potential, the stability of Cr-
containing and Mo-containing oxides and in the corroded product layer
is compromised, causing localized dissolution of the corrosion layer in
certain areas. After transpassive dissolution, the corroded product layer
undergoes significant delamination or partial dissolution, and the
exceedingly thin corroded product layer falls below the XRD detection
threshold, exposing only the matrix phase. As reported by Alves et al.
(Alves et al., 2001), corroded product films on alloy surfaces are often
thin, making it challenging to accurately determine crystal structure
properties due to low-intensity diffraction peaks. Moreover, the pres-
ence of some amorphous composition within the corrosion products
might contribute to variations in peak intensity (Anwar et al., 2023).
These could explain why Co-containing compounds in the corroded
products at high potentials are difficult to discern. Furthermore, XRD
analysis has limitations in definitively identifying solid phases of Mo-
containing sulfates, potentially due to their low concentration, leading
to non-detection in the patterns.

To comprehensively characterize the corroded products formed on
the surface of M42 HSS in the H,POz-S03 ™ passive electrolyte, XPS was
carried out to gain more detailed information for the corroded product
layer. Notably, for such uneven surfaces, repeated measurements
consistently yielded identical XPS spectra for the corroded product layer
of M42 HSS. Based on the composition analysis of the corroded product
layer of M42 HSS after anodic polarization in different applied potential
regions (see Fig. 6), Fig. 10 depicts the elemental XPS spectra of the
corroded products. Noise peaks observed in elements such as Cr may
result from surface non-uniformity or low content. Moreover, due to the
complex nature of the chemical state for O 1 s spectrum, peak fitting is
conventionally performed using OH™ (which partially coincides with the
P03~ peak), 0%~ (representing metal oxides), and HyO (which overlaps
with the SiO; peak) (Tardio et al., 2015). For passivating elements such
as Fe, Co, and Cr, which are characterized by multiple split peaks, the
chemical states are typically fitted in conjunction with their satellite
peaks (Biesinger et al., 2011). Furthermore, the P 2p spectrum has
closely spaced spin—orbit components (A = 0.87 eV), typically requiring
a single peak for fitting (Huang et al., 2019). Binding energies of each
component in these spectra are derived from Biesinger’s research (Bie-
singer et al., 2011) and the NIST XPS database (Naumkin et al., 2023).

The XPS analysis results in Fig. 10(a) indicate that, the C 1 s spectrum
primarily arises from inadvertent contamination during the detection
process. Meanwhile, the presence of carbides like Mo,C is consistent
with observations from the EDX-mapping and XRD results (see Figs. 7
and 9). The peak fitting analysis of the P 2p spectrum (Fig. 10(c)) con-
firms the presence of FePO4 and CrPOy in the corroded products. The
existence of FePOy is consistent with thermodynamic predictions and
XRD results. However, the presence of CrPO4 remains inconclusive due
to the current lack of thermodynamic data for CrPO4(s) and the low
chromium content in M42 HSS. Fortunately, after the end of transition
and transpassive dissolution stages, Fig. 7(b) and (c) show that the outer

10
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Fig. 10. XPS analysis results of the corroded product layer’s surface of M42 HSS after anodic polarization: (a) C1s, (b) O 1s, (c) P 2p, (d) S 2p, (e) Fe 2p, (f) Mo 3d,

(g) Cr 2p, and (h) Co 2p.
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Fig. 10. (continued).

surface of the corroded product layer is rich in Cr, P, and O, with rela-
tively diminished Fe, suggesting the presence of CrPO4. Notably, the
peak intensity proportion for CrPOy is higher than that for FePO4. A
plausible explanation for this outer layer enrichment of the corroded
product layer could be the lower Gibbs free energy of FePO4
(Fe** + HoPO, —FePOy + 2H', AG(298.15) = —35.98 kJ-mol™)
compared to CrPO4 (Cr3* + H,PO, —»CrPO4 + 2H", AG(298.15) =
~33.85 kJ-mol™!) (Vieillard and Tardy, 1984), which promotes the
rapid formation of FePOy, in the inner layer, allowing for the gradual
accumulation of CrPQOy in the outer layer. Giver that Na is not detected in
the corroded products (see Fig. 6), the emergence of a distinct S 2p
spectrum (Fig. 10(d)) after the end of transition and passivation stages
suggests the presence of SOF  moieties (Bai et al., 2021), possibly
derived from sulfates like FeSO4 (Yue et al., 2018; Bai et al., 2021),
rather than NaySO4. Although the thermodynamic analysis reveals that
FeSO4(s) is unlikely to form in the system, FeSO4(aq) might still be
produced (Lu and Chen, 2000). Additionally, the EDX-mapping results
in Fig. 7(b) show that corroded products are rich in S and Mo. As re-
ported by Alamdari et al. (Alamdari and Sadrnezhaad, 2000), Mo(VI)
can form complexes with SO%’, such as MoO,SO4. Unfortunately, the
absence of binding energy data for this specific sulfate complicates its
identification in the S 2p and Mo 3d spectra (Fig. 10(f)). Bai et al. (Bai
et al., 2021) reported the formation of Fe;O3 and FeO-OH as corroded
products on the steel surface in Na;SO4. Considering the P 2p spectrum
and XRD analysis results, the Fe 2p spectrum in Fig. 10(e) indicates the
presence of FePOy4, FeO-OH, and Fe,Os in the corroded products, aligns
with the types of iron-based substances identified in the thermodynamic
analysis. Regarding Mo, although XPS analysis fails to identify peaks of
Mo-containing sulfate compounds after the end of transition and
passivation stages, the confirmation of MoO, and MoOs in the Mo 3d
spectrum of the corroded products is consistent with the corroded
products of Mo-containing 316 stainless steel in an HyS corrosion
environment, as reported by Shah et al. (Shah et al., 2020). Notably, an
intriguing observation is that the peak intensity of MoO in the corroded
products detected in the last three applied potential regions gradually
decreases until it disappears. This phenomenon can be explained by the
thermodynamic analysis, indicating that as the applied potential in-
creases a certain potential value, MoO5 becomes unstable and prone to
dissolution. The analysis results from EDX-mapping and P 2p spectrum
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confirm the presence of CrPOy in the corroded products, while the XRD
results reveal the presence of CryOs. Therefore, the Cr 2p spectrum
consists of Cr-containing carbides, CrPOy4, and Cry03 peaks (Fig. 10(g)).
The relative peak intensities suggest CrPOy is the predominant form of
Cr(IID), with Cry03 appearing in a lower proportion. Notably, after active
dissolution, the proportion of CryOs3 in the Cr 2p spectrum is signifi-
cantly higher compared to the results from the last three applied po-
tential regions. As reported by Han et al. (Han et al., 202.3), the stability
of CrPO4 exceeds that of Cr(OH)3 and Crp0s3, indicating that when the
applied potential exceeds the potential Epp, Cr-containing corroded
products are primarily composed of CrPO4, while Cro03 becomes less
table and prone to dissolution. Additionally, Fig. 7(b) suggests that the
outer layer of the corroded product is rich in CrPO4 or Cry0s3, but Fig. 7
(d) shows that the regions with high P and O contents have low Cr
content. A plausible explanation is that in the transpassive dissolution
region, the corroded product layer undergoes gradual spalling, exposing
the alloy surface and initiating the formation of a new, exceptionally
thin corroded product layer. In this context, the competition between
FePO4 and CrPO4 becomes evident, leading to diminished Cr content in
regions of the outer corroded product layer that are rich in P and O. For
Co, conventional synthesis methods for CoO-OH and Co304 involve Co?*
reactions in aqueous environments (Figlarz et al., 1974; Yang et al.,
2010). Moreover, a research by Schubert et al. (Schubert et al., 2013)
indicates that the anodic dissolution of Co leads to the formation of Co
(I, III) oxide (Co304), which subsequently undergoes hydrolysis,
resulting in the formation of Co(OH)s. However, the current lack of
thermodynamic data for CoO-OH calls for further refinement by ther-
modynamics researchers. Consequently, this species is not presented in
the Pourbaix diagram of the system. Although the absence of Co-
containing compounds in XRD, the combined evidence from thermo-
dynamic analysis and previous research suggests that, after anodic po-
larization in different applied potential regions, the corroded products
include CoO-OH, Co304, and Co(OH)3 (Fig. 10(h)).

In summary, from the analysis and discussion of the corroded
product layer’s surface of M42 HSS, it can be apparent that as the
applied potential increases, Mo-containing and Cr-containing com-
pounds (such as MoO; and Cry03) tend to become increasingly unstable
and prone to dissolution, whereas Co-containing and Fe-containing
precipitates not only continue to form at high potentials but also



G. Cao et al.

become progressively stable. Therefore, the Pourbaix diagram for the
M42 HSS-H,P03-S03 -H,0 system suggests that variations in applied
potential lead to form distinct types of corroded products, a finding
validated by the analysis results from XRD and XPS.

3.4.4. Analysis of the used electrolytes

Fig. 11(a) illustrates the concentration distribution of metallic ele-
ments in the used electrolyte after anodic polarization in different
applied potential regions. In response to applied potential, metallic el-
ements in M42 HSS are released from the anode, with their concentra-
tions resulting from various electrochemical processes that lead to the
formation of metal ions or water-soluble substances. The dissolution of
Mn, V, Ni, and W in M42 HSS into the electrolyte is clearly observed, as
confirmed by previous analyses of the composition of corroded products.
It is noteworthy that although the higher content of Vand W in M42 HSS
compared to Mn (see Table S.1, Supplement material), the extent of their
dissolution into the electrolyte is significantly lower than that of Mn.
The Microstructural examinations of M42 HSS (see Fig. 2), along with
EDX results from the corroded products summarized in Table 2, indicate
that V and W elements are primarily contained within carbide pre-
cipitates, which likely accounts for their lower solubility. Although the
content of Ni is comparable to that of Mn in M42 HSS, its extent of
dissolution into the electrolyte is less significant. This discrepancy can
be explained by the more negative standard electrode potential of Mn,
which promotes its preferential dissolution. Furthermore, although the
content of V. and W in M42 HSS is nearly equivalent, and even though W
has higher proportion than V in the MyC and M¢C carbides as well as in
the matrix, the dissolution content of W into the electrolyte is higher
than that of V. This suggests that the likely presence of V-rich carbides
with a non-stoichiometric ratio may exist in M42 HSS, as reported in
previous studies (Serna and Rossi, 2009; Qu et al., 2012).

Subsequently, the dissolution content of Fe, Mo, Co, and Cr is pri-
marily discussed. The Pourbaix diagram for the M42 HSS-HyPOy-
SOZ -H,0 system, presented in Fig. 8(b), reveals that during the early
stages of active dissolution, as the applied potential increases from the
potential Egog to —0.06 V, Cr begins to dissolve ahead of Mo, resulting in
the formation of Cr-containing oxides. However, in the presence of
SO?{, Cr,03 dissolves into the electrolyte as CrSO4, while the dissolu-
tion of Fe and Co continues. In the later stages of active dissolution,
MoO- undergoes further oxidation, leading to the formation of MoOg
and HMoOg, while FePO4 continues to evolve, as shown in Fig. 11(b).
Although the higher Mo content in M42 HSS compared to Co and Cr, its
dissolution content is approximately equivalent to that of Co and Cr.
This is primarily due to the formation of MoO5 and the presence of Mo-
rich carbides. In the applied potential range between Exp and Epy, Cr-
containing ions and oxides undergo further oxidation to form HCrOj.
Moreover, significant dissolution of MoO2 and CryO3 occurs in the
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corroded product layer, contributing to its porous structure, as observed
in Figs. 5(b) and 7(b). This less dense corroded product layer facilitates
the subsequent corrosion of other elements like Fe and Co. After the end
of transition, the dissolution rate of elements Fe, Mo, Co, and Cr in-
creases rapidly (Table 4). As the applied potential increases to the po-
tential range of Ep, and Erg, Co-containing water-soluble species
continue to form Co304, and MoO, in the corroded products is
completely dissolved, as presented in Fig. 10(f). In both spalling and
unpeeled areas (see Fig. 5(c)), the dense corroded product layer signif-
icantly slows the dissolution of the alloy, resulting in a relatively gradual
increase in their concentration in the electrolyte after the end of
passivation. Furthermore, beyond the potential Etg, although the spal-
ling observed in the corroded product layer of M42 HSS, numerous
insoluble corrode products, such as FePO4 and Co(OH)3, remain in the
spalling areas or on the surface of the corroded product layer, contrib-
uting to an extremely slow rate of dissolution for these elements after
transpassive dissolution (around 1200 s). Therefore, the concentrations
of Fe, Mo, Cr, and Co elements in the electrolyte initially increase rapidly
and then grow more gradually, affirming that the dissolution of alloy/
passive film is influenced by both the applied potential and time
(Fredriksson et al., 2012; Wongpanya et al., 2022).

3.4.5. Product analysis on the cathodic surface

In the electrochemical corrosion of metals and their alloys, alongside
the typical reduction of hydrogen or oxygen (Schmickler and Santos,
2010; Gossenberger et al., 2020), there is a considerable interest in
understanding the formation of products on the cathodic surface. Fig. 12
shows the compositional analysis of the Pt sample after anodic polari-
zation. The surface of the Pt sample exclusively displays the presence of
Pt and Fe elements, with minimal oxygen content, making it difficult to
identify Fe-containing products. To further exam the products on the Pt
sample’s surface, electrochemical tests using the constant potential
testing were conducted. The results show a remarkably thin film of
adsorbed products on the Pt sample’s surface, and its XPS analysis is
presented in Fig. 13. Apart from inherent impurities of SisN4 and SiO in
Pt (Fig. 13 (e) and (i)), the adsorbed products contain Fe, Mo, Cr, P, and
O. According to electrochemical interface theory (Schmickler and

Table 4
Average dissolution rate of metallic elements in the used electrolyte (mg-
@s)™.

Fe Mo Co Cr
After active dissolution 0.171 0.056 0.054 0.059
After the end of transition 0.194 0.073 0.062 0.065
After the end of passivation 0.142 0.052 0.048 0.049
After transpassive dissolution 0.095 0.034 0.033 0.033
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Fig. 11. (a) Concentration distribution of metallic elements in the used electrolyte after anodic polarization and (b) Simplified Pourbaix diagram of the M42 HSS-

H,P03;-S0Z —H,0 system.

13



G. Cao et al.

Arabian Journal of Chemistry 17 (2024) 105940

70.0k
(a) — B mC) o
A_fter ac_tlvatlon 4 & 6 ) ) & F Elem Wit% At%
dissolution é K z O & 60.0k - PtM 949 54.9
2] CK 4.4 42.0
[ oK 0.3 21
:@ Aﬂer_the end of 50.0k - SK 0.2 0.6
= transition . | SiK 0.1 0.2
> 340 o FeK 0.1 0.2
g L_, ST PK 00 0.0
© (2] F VK 0.0 0.0
~ | After the end of T
2 | passivation 3 30.0k - crK 00 0.0
D 3 MnK 0.0 0.0
% [ CoK 0.0 0.0
€ 20.0k NiK 0.0 0.0
~ | After transpassive L__/ MoL 0.0 0.0
dissolution 10.0 WM 0.0 0.0
0.0k
L_/ Pt
Fe
1 1 1 1 1 1 0.0 T T T ‘ﬁ l?t
1200 1000 800 600 400 200 0 6 8 10
Binding energy (eV) Energy (keV)
Fig. 12. Composition of the Pt sample: (a) XPS results after anodic polarization in different applied potential regions, and (b) EDX-mapping results after transpassive
dissolution.
(a)
O — ©F e
C-CIC-H - Envelope
co
. See, Sros
2 2| — Bk 2 | 3 Hoisi0,
5 < S| —sk
s 5 H
s s s
Z 2 2 Z
= &) 2 @
2 23 g g
£ z o < c
‘W"J = - -
&
o &%
o& R
1200 1000 800 600 400 200 0 294 292 290 288 286 284 282 280 538 53 534 532 530 528 526
Binding energy (eV) Binding energy (eV) Binding energy (eV)
d
@ — Env‘ek)pe © — ::s.elope 0 - E:Dv‘elope
[ FePO, [ sigN, —— Fe 2py, (Fe,0,)
[ creo, ™ sio, —— Fe2pyp (Fe,05)
2| —sk 2| —sk B | — Fe 20y, (FeO.OH)
€ € € | —— Fe2p,, (FeO.OH)
; 2 2 | — e 2oy (FePOY Fe 2psz
s g € | — Fe2p,, (FePOy
; \é ; — Bk. Fe2pi,
2 £ £
g 5 §
£ £ £
—— A
140 138 13 134 132 130 128 110 108 106 104 102 100 98 96 736 731 7126 721 716 711 706
Binding energy (eV) Binding energy (eV) Binding energy (eV)
((¢)] £, (h) 0} . Prate
= Envelope — Ei Envelope Pt 4f,
Mo 3dg, (Mo,O —— Cr2p32 (CrPO,) =
0 o s ooy Mo 32 0400, Comaiarod er2p: =
@ | [ Mo 3dg; (MoOy) | T Cr2al(®0) 2| —sk
S | [ Mo 3dy, (MoOy) § | T Grralid s
= | — Bk = " G2 5
5 5 s
Z Mo 3d; (Mo,O,,) £ z
s s s
£ = E
240 238 23 234 232 230 228 59 591 566 585 562 5719 576 513 84 81 78 75 72 69 66
Binding energy (eV) Binding energy (eV) Binding energy (eV)

12

Fig. 13. XPS analysis results of the Pt sample’s surface: (a) survey, (b) C1s, (c) O 1s, (d) P 2p, (e) Si 2p, (f) Fe 2p, (g) Mo 3d, (h) Cr 2p, and (i) Pt 4f.
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Santos, 2010), charged electrodes attract counterions from the electro-
lyte. However, in the coexistence of anions, PO; tends to have a
stronger adsorption capability than SO~ (Guo et al., 2022). Conse-
quently, cations such as Fe?*, Cr®*, and Mo®*, along with anions like
OH™ and PO3~, may form adsorption phases through robust chemical
interactions. In the electrolyte, the stable existence of Fe(OH), is un-
likely. Therefore, the adsorbed products on the Pt sample’s surface
primarily consist of phosphate compounds (such as FePO4 and CrPO4)
and oxides (such as Fe303, Cry03, and MoOs), while Co-containing ox-
ides and hydroxides are notably absent. This may be because Co>*, with
a positive Gibbs free energy (see Table S.4, Supplement material), has
reduced adsorption capability on the Pt sample’s surface compared to
other metal ions, making the formation of containing Co(OH)3 adsorbed
products improbable. Furthermore, Co?" is less prone to forming Co3O4
under cathodic reduction potentials. However, for the Mo 3d spectrum
(Fig. 13(g)), the presence of Mo4O;; among the adsorbed products is
plausible (Lyu et al., 2020). Given the considerably stronger adhesion
strength of the adsorbed product film on the Pt sample’s surface
compared to the forces applied during ultrasonic cleaning, there is
minimal risk of damage to the cathode tool during electrochemical
corrosion machining. Nevertheless, the presence of this adsorbed
product film on the cathodic surface could not only impact the cathode’s
functionality, but also potentially alter the corrosive effects on the
anodic workpiece.

3.4.6. Analysis of insoluble products

During the anodic polarization process, the corroded products
gradually begin to detach from the surface of M42 HSS after the end of
transition, eventually leading to complete detachment and precipitation
into the electrolyte in the transpassive dissolution region. To examine
the insoluble products in the electrolyte, they were collected, dried, and
examined using XRD and XPS, as presented in Fig. 14. The XPS analysis
results show that the insoluble products contain non-metallic elements
such as C, O, Si, P, S, along with metallic elements like Co, Cr, Fe, Mo, Na
(Fig. 14(a)). Since the chemical state of these elements generally aligns
with the assessment of the corroded surface of M42 HSS after the end of
passivation, further elaboration is unnecessary. However, the composi-
tion of the insoluble products is significantly complex (Fig. 14(b)), with
some unidentified low-intensity diffraction peaks. It is clear that the
insoluble products include various carbides (M2C and MgC), oxides,
phosphate compounds, and residual electrolytes. Notably, during the
anodic polarization process, a minimal quantity of white precipitates
was observed in the electrolyte. Additionally, white flocculent pre-
cipitates, possibly Fe(OH),, were also noticed during constant potential
electrochemical testing. This occurrence suggests that during the elec-
trochemical corrosion process, H' is consumed, leading to an increase in
the pH of the electrolyte, resulting in the formation of unstable white
flocculent precipitates in the electrolyte. Therefore, the insoluble
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products not only primarily originate from the corroded products that
detached from the anodic surface, but also include a minimal quantity of
white precipitates that formed in the electrolyte during the electro-
chemical corrosion process.

3.5. Mechanisms of product formation and corrosion

3.5.1. Product formation on the cathodic Pt surface

The phenomena observed in Fig. 14(a) during the electrochemical
corrosion process suggest that the cathode primarily undergoes reduc-
tion reactions, primarily involving the reduction of hydrogen or oxygen
in the HyPO3-SOF passivating electrolyte. These reactions can be
described by the following reactions (Schmickler and Santos, 2010;
Gossenberger et al., 2020):

0, + 2H,0 + 4e” —40H - (6)

2H,0 + 2e” —»H,+20H ™ (or2H" + 2e~ —H,) @
According to standard reduction potentials (Grinon-Echaniz et al.,
2021), oxygen reduction (E = 0.4 V, vs. SHE) is more likely to occur on
the cathodic surface than hydrogen evolution. Over time, the release of
OH™ or the consumption of H" on the cathodic surface can cause a
localized pH change (Barchiche et al., 2003). Consequently, cations
adsorbed on the cathodic surface tend to form deposits with anions such
as HPOZ ™, PO3 ", and OH™ in the electrolyte. Furthermore, the electro-
chemical corrosion process primarily occurs under aerated conditions,
where the electrolyte maintains a specific level of oxygen saturation.
Based on the analysis of adsorbed products on the Pt sample’s surface, it
can be inferred that Fe?*/Fe>" adsorbed on the cathodic surface may
undergo the following reactions in the HyPO3-SO3~ passivating elec-
trolyte (Hsiang et al., 2018; Mandal et al., 2020):

Fe’* + 20H ~ —Fe(OH), (8)
4Fe(OH), + 0,—4FeO-OH + 2H,0 9
2Fe0-OH—Fe,0;+H,0 (10
Fe** + PO}  —FePO, 1)

The formation of Cr-containing deposits on the cathodic surface, spe-
cifically CrPO4 and Cr203, can be explained through Reactions (12) and
(13) (Rosas-Becerra et al., 2017; Shah et al., 2020).
2Cr*t + 60H ™ —Cr,03 + 3H,0 (12)
Cr** + H,PO, -CrPO, + 2H' 13)

Moreover, as reported by Lyu et al. (Lyu et al., 2020), under certain
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reduction conditions, MoO3 can be reduced to Mo4O;;, which may
subsequently be reduced to MoOs. However, the reduction of MoO,
depends on the pressure and temperature of the investigated system
(Schulmeyer and Ortner, 2002). Nevertheless, the absence of MoO, in
the Mo 3d spectrum on the cathodic surface suggests that MoO3 formed
on the cathodic surface under hydrogen evolution conditions is more
prone to convert into Mo4011, as shown in Fig. 13(g). The corresponding
reactions may be expressed as follows (Dang et al., 2014; Shah et al.,
2020):

Mo®* + 60H -~ —-MoO; + 3H,O 14

4MoO; + H;—»Mo40;; + H,O0 (15)

However, in the electrolyte, minimal amounts of flocculent pre-
cipitates are formed. The underlying mechanism for these precipitates is
closely similar to the process that leads to the formation of adsorbed
products on the cathodic surface, as discussed earlier. Furthermore, in
the electrolyte containing HoPOy4, several other substances may also be
produced (Hsiang et al., 2018):

Hs;PO4(aq) «H' + H,PO, 16)
H,PO, <H" + HPO}~ a7
HPO?™ < H' + PO}~ 18)

3.5.2. Product formation on the anodic surface of M42 HSS

As the applied potential increases, M42 HSS displays distinct anodic
polarization characteristics in the HyPO3-SO3~ passivating electrolyte,
as shown in Fig. 3(a). These characteristics include regions of active
dissolution, transition, passivation, and transpassive dissolution. More-
over, the M42 HSS-H,POZ-SO5 —H,0 system exhibits regions denoting
immunity, corrosion, passivation, and possible passivation/corrosion, as
presented in Fig. 11(b). Therefore, beyond a certain threshold potential,
the formation of corroded products begins to hinder further anodic
corrosion. Furthermore, when the applied potential exceeds approxi-
mately 0.75 V (see Fig. 8), oxygen evolution reactions also occur
simultaneously (Lohrengel et al., 2003):

2H,0-0, + 4H" + 4e” 19
However, these metallic elements in the M42 HSS matrix, including Mn,
V, Ni, and W, dissolve directly into the electrolyte as ions, primarily
serving a conductive role during the electrochemical corrosion process
(Schmickler and Santos, 2010), with minimal contribution to the for-
mation of corroded products.

The corroded products formed on the surface of M42 HSS vary in
response to changes in applied potential. As illustrated in the Pourbaix
diagram of the M42 HSS-H,PO3-SO3 -H,0 system, Cr initially un-
dergoes dissolution to yield Cr?*, some of which subsequently form
CrSO4(aq) through complexation with SO5~. As the applied potential
increases, Cr-containing products are further oxidized to Cr®*, resulting
in the formation of Cr,03 and CrSO4. However, at an applied potential
of approximately 0.67 V, Cr-containing products are ultimately oxidized
to HCrO4. Additionally, the Cr 2p spectrum of the corroded products on
the surface of M42 HSS, as shown in Fig. 10(g), confirms the formation
of CrPO4 due to the chelating effect of HoPO4. Therefore, during the
electrochemical corrosion process, the formation of Cr-containing
products can be summarized as follows (Figlarz et al., 1974; Marcus
and Protopopoff, 1997; Bonola et al., 2022):

Cr—Cr*" + 2e~ (20)
Cr** »Cr’t + e 21)
2Cr**  + 3H,0-Cr,0; + 6H' + 2~ 22)
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Cr + SO;™ —CrSO4(aq) + 2~ 23)
CrSO4(aq)—CrSO; + e~ 24
crt o+ H,PO, —CrPO4 + 2H" (25)
Cr,03 + 5H,0-2HCrO, + 8H' + 6e” (26)
CrSO; + 4H,0—HCrO, + SO2° + 7H® + 3e~ @27)

Fe initially undergoes dissolution to form Fe?*, which can complex
with SO%~ to form FeSO4(aq). As the applied potential increases to
approximately —0.03 V, Fe-containing products are oxidized, resulting
in the formation of FePOy4, Fe;O3, and FeO-OH. Additionally, once the
applied potential exceeds 0.23 V, Fe?* is further oxidized to Fe>*, with a
possible concomitant formation of FeHPOJ in the electrolyte. Given that
Fe is a primary composition of M42 HSS, these reactions are likely to
occur (Lu and Chen, 2000; Hsiang et al., 2018; Yue et al., 2018; Mandal
et al., 2020; Bai et al., 2021):

Fe—Fe* + 2~ (28)
Fe’* >Fe®t + e~ 29)
Fe + SO3 ™ —FeSO4(aq) + 2e” (30)
Fe** + H,PO, —FePO, + 2H' 31)
FeSO4(aq) + H,PO, —FePO, + SO;~ + 2H" + e~ (32)
2Fe*" 4 3H,0-Fe,05 + 6H" + 2e” (33)
Fe*' + 2H,0-FeO-OH + 3H" + e~ 39
FePO, + 2H,0—FeO-OH + H,PO, + H* (35)
2Fe0-OH—Fe,0; + H,0 (36)
Fe** + H3PO4(aq)—»FeHPO; + 2H'" + e~ 37)

It is evident that Mo initially undergoes oxidation to form MoO,, but
its thermodynamic stability region is relatively narrow. Once the applied
potential exceeds 0.23 V, MoOs, is further oxidized to MoO3 and HMoOj.
Additionally, during the formation of Mo-containing products, other
derivative reactions may occur, such as the oxidation of Mo>* to MoO,
(Yang et al., 1984; Winiarski et al., 2018; Shah et al., 2020).

Mo—Mo*" + 3e”~ (38)
Mo + 2H,0—MoO, + 4H' + 4e” (39)
Mo®*" + 2H,0-MoO, + 4H" + e~ (40)
MoO, + 2H,0-HMoO,” + 3H' + 2e-~ (41)
MoO, + H,O—-MoO; + 2H" + 2e~ (42)
MoO; + H,0—HMoO,” + H' (43)

Moreover, in the weak acidic environment, Mo-containing products may
form MoO%" and complex with SOF~ to form the compound MoO5SO4
(Alamdari and Sadrnezhaad, 2000; Cheema et al., 2018; Entezari-
Zarandi et al., 2020). However, when the applied potential exceeds
Err, indicating entry into the transpassive dissolution region, this
compound cannot be detected in the corroded products, as shown in
Fig. 10(d) and (f). Therefore, the formation of Mo-containing sulfate
may occur in the applied potential range between Eap and Etgr, as
follows:
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MoO; + H,0—H,MoO4(aq) (44)
H,Mo0,(aq) + 2H"-»Mo03; "+ 2H,0 (45)
MoOZ* + SO2” -Mo0,50, (46)

Furthermore, Co initially undergoes oxidative dissolution, appearing
in the electrolyte as water-soluble Co?* and CoSO4 substances. How-
ever, as the applied potential increases to approximately 1.1 V, Co304
and CoO-OH begin to precipitate on the M42 HSS surface, gradually
forming in the corroded products. Additionally, as the applied potential
continues to increase, Co-containing products are ultimately oxidized to
Co(OH)s. Therefore, the corrosion process of Co involves an initial phase
of oxidative dissolution, followed by passivation (Schubert et al., 2013;
Lin et al., 2021; Zhang et al., 2023).

Co—Co*" + 2e” 47)
Co**>Co® + e~ (48)
Co + SO3 —CoSO4(aq) +2e~ (49)
3Co®>" + 4H,0-Co030, + 8H' + 2e” (50)
Co*t 4 2H,0-Co0-OH + 3H" + e~ (51)
Co30, + 2H,0—-3C00-OH + H* + e~ (52)
Co304 + 5H,0-3Co(OH), + H" + e~ (53)
3C0S04(aq) + 4H,0—Co0s0, + 3502 + 8H' + 2 (54)
Co®" + 3H,0-Co(OH), + 3H' (55)

It is noteworthy that the water-soluble sulfates described in Equa-
tions (23), (30), and (49) primarily exist in ionic states within the
electrolyte (e.g., Cr*", Fe?*, Co?t, SO5 ") rather than as complexed forms
with SO%’ (such as CrSO4(aq)). These soluble compounds and ions pri-
marily help explain the potential reaction mechanisms of these elements
at the electrode—electrolyte interface. Moreover, the Pourbaix diagrams
for the system mainly represent the most likely predominant species,
without suggesting that metal ions such as Fe>*/Fe3*, cr?t/Cr®", and
Co%"/Co%" are absent from the electrolyte or do not participate in

Pt (Cathode)

Electrolyte

product Iayer@

L M42 HSS matrix
(Anode) &)

~——» As a product <€—» Reciprocal reaction
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reactions.

In summary, variations in applied potential significantly influence
the formation of corroded products on the anodic surface. Additionally,
alterations in applied potential are expected to affect the cathodic cur-
rent on the Pt surface, potentially resulting in the electrodeposition of
metal ions onto the Pt surface. The adsorption phenomenon on the
cathodic surface requires a higher potential (such as 6 V), with the
adsorbed products formed depending on the types of ions at the cathode-
electrolyte interface. Based on the previous discussion, Fig. 15 presents
the principal mechanisms driving product formation on the electrode
surfaces in the M42 HSS-H,POz -SO%’—HZO system. The product for-
mation on the anodic and cathodic surfaces follows distinct mechanisms:
the anodic surface is primarily driven by electrochemical reactions,
whereas the cathodic surface mainly involves chemical reactions
without electron participation, with the exception of hydrogen or oxy-
gen reduction.

3.5.3. Corrosion mechanism on the anodic surface of M42 HSS

When the applied potential is below the potential Exp, noticeable
uniform corrosion along the grain boundaries is observed, as shown in
Fig. 5(a). The various carbides formed during the heat treatment of M42
HSS lead to the depletion of alloying elements within the solid-solution
strengthening phase, thereby increasing the alloy’s susceptibility to
corrosion (Alves et al., 2001). As reported by Vakili et al. (Vakili et al.,
2015), carbides exhibit distinct corrosion potentials relative to the ma-
trix, which can promote galvanic corrosion at the carbide-matrix
interface. Moreover, Zhu et al. (Zhu et al., 2010) pointed out that the
high free energy at the carbide-matrix interface and the diminished
thermal stability of carbides result in more pronounced oxidation in
carbide-rich regions compared to the surrounding matrix. The phase
boundary between carbides and the matrix is theoretically regarded as a
crystal defect, where substantial considerable energy is stored, leading
to a more active interface (Zhao et al., 2018). Observations of corroded
product layer’s surfaces of M42 HSS show that severe corrosion pri-
marily occurs in regions where carbides are concentrated in the matrix,
potentially causing carbide detachment. This suggests that galvanic
corrosion may occur at the carbide-matrix interface. Additionally, due to
the strong affinity of carbides for oxygen under high oxygen partial
pressure, they are prone to oxidation (Deng et al., 2019), supporting the
observed carbide oxidation in the electrochemical process (see Fig. 5
and Table 2).

As the applied potential increases, corrosion along the grain

------ P> Direction ofelectron motion
------ P Direction of ion motion

Reaction equilibrium

Fig. 15. Schematic diagram of principal mechanisms for product formation between electrodes in the M42 HSS-H,PO3-SO7 —H,0 system. M, M*, MO, MOH (or
MO-OH), HMO™, MSO,4, and MPO, represent the metal atom, metal ion, metal oxide, metal (or oxide) hydrate, acidic metal oxyanions, metal sulfate, and metal

phosphate, respectively.
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boundaries becomes exposed more apparent, as shown in Fig. 5(c),
initiating the formation and propagation of microcracks on the surface
of corroded product layer (Yin et al., 2020). Once the applied potential
exceeds the potential Etg, corroded products progressively detach due to
bubble-induced disturbances and internal stress enhancement. This
process may cause localized dissolution of the corroded products,
leading to the formation of small pits on the corroded surface, giving it a
honeycomb-like appearance. High-energy phase boundaries, with their
high defect density, are more likely to breakdown, showing increased
sensitivity to pitting nucleation (Seyeux et al., 2009). According to the
local corrosion mechanism proposed by Marcus et al. (Marcus et al.,
2008), SO3~, PO3~, and OH™ compete for adsorption at phase boundary
sites, with preferential adsorption and complex formation occurring.
However, based on the XPS analysis results of the surface of corroded
product layer of M42 HSS (see Fig. 10), it is suggested that SO3~ and
OH™ complexes have weaker binding to the matrix, thereby reducing
ionization activation energy. This leads to increased local corrosion
dissolution and diminishes the formation of the corroded products. Be-
sides carbide detachment, localized corrosion and pitting may also occur
on the corroded surface. Nevertheless, as H' is gradually consumed, the
localized increase in pH in the electrolyte promotes the re-passivation of
the alloy, enhancing resistance to pitting (Baba et al., 2002). Therefore,
during the electrochemical corrosion process, the corroded surface of
the anode may exhibit one or more corrosion mechanisms, depending on
the specific conditions. However, as some studies have noted (Ma et al.,
2023; Wang et al., 2023a), electrochemical corrosion machining for
metals and their alloys might not attain an optimal surface quality. To
improve the surface quality for repairing HSS roll surfaces, modifica-
tions to the electrolyte flow state (non-stagnant), workpiece movement
(e.g., rotation), and processing parameters (e.g., applied potential) may
be required. Moreover, combining electrochemical corrosion machining
with grinding (Wang et al., 2023a) or implementing grinding after
electrochemical corrosion machining (Ma et al., 2023) could be used to
enhance the surface quality, among other possible approaches.

4. Conclusions

M42 HSS is a premium alloy extensively used in the manufacturing of
rolls in the steel rolling industry. This study systematically investigates
the electrochemical corrosion process and behavior for M42 HSS in the
H,P0z-SO3~ passivating electrolyte, with a focus on elucidating the
intricate corrosion phenomena, varying processes, and underlying
mechanisms of product formation and corrosion in the M42 HSS-H,PO4 -
SO3 -H,0 system. The following significant conclusions can be drawn
from this study:

(1) The microstructure of M42 HSS comprises a tempered martensitic
matrix with two types of eutectic carbides. Mo-rich M5C carbides
tend to aggregate along grain boundaries, while Fe- and Mo-rich
MeC carbides are uniformly distributed throughout the matrix.
In the H,PO3-SO7 passivating electrolyte, M42 HSS exclusively
shows characteristics of oxidative reactions. A Pourbaix diagram
for the M42 HSS-H,POz-S03 -H,0 system exhibits regions of
immunity, corrosion, passivation, and possible passivation/
corrosion, with variations in applied potential leading to changes
in dominant species. These changes are supported by XPS, XRD,
and ICP analysis results.
Electrochemical corrosion of HSS primarily results in uniform
corrosion along grain boundaries, accompanied by concurrent
carbide oxidation. Selective corrosion may occur in the matrix.
The enhanced reactivity at the carbide-matrix interface signifi-
cantly contributes to carbide detachment, with potentials
exceeding Erg leading to pitting.
(4) Corroded products on M42 HSS surfaces mainly comprise car-
bides, oxides, hydroxides, and phosphates. Thermodynamic
properties and elemental distribution variations across the

2

—

3

-

18

Arabian Journal of Chemistry 17 (2024) 105940

corroded product layer surface are discernible. Higher applied
potential dissolves specific products, contributing to localized
porosity, pits, or small dimples on the corroded surface.
On the cathodic surface, cations such as Fe?*/Fe’* react with
surrounding anions like OH™ and PO}, leading to the formation
of adsorbed products at the cathode. The cathode itself shows no
evidence of degradation or loss. The insoluble products primarily
consist of corroded products that have detached from the anodic
surface, along with minimal flocculent precipitates formed within
the electrolyte.

(6) Variations in applied potential significantly influence the for-
mation of corroded products on the anodic surface, while the
adsorption phenomenon on the cathodic surface requires a higher
potential (such as 6 V) to occur. The adsorbed products depend on
the ion species. The mechanisms of product formation on the
anodic and cathodic surfaces are distinct: the anodic surface is
primarily driven by electrochemical reactions, whereas the
cathodic surface mainly involves chemical reactions without
electron participation, with the exception of hydrogen or oxygen
reduction.

(5)

Furthermore, in this study, Pt was used as the cathode, but its
application in actual electrochemical corrosion machining or ECG pro-
cesses is unlikely due to its high cost. In our previous studies (Cao et al.,
2022; Yuan et al., 2022), the 1Cr18Ni9Ti cathodic tool showed a
noticeable black product film on its surface during the medium-pole-
based ECG process. Therefore, investigating the deposits on the Pt
electrode surface provides valuable insights into practical electro-
chemical corrosion machining applications. In practical electrochemical
corrosion machining applications, the electrolyte is typically in a flow-
ing state. However, in this study, the electrolyte was static, potentially
resulting in variations in the elemental distribution of corroded prod-
ucts, affecting their uniformity. Future research will focus on the
corrosion behavior of HSS during practical electrochemical corrosion
machining processes to understand these mechanisms better and address
practical challenges.
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