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A B S T R A C T   

The present article investigates the influence of chemical composition and phase fractions on the corrosion 
behaviour of industrially produced quenching and partitioning (Q&P) martensitic stainless steels. Localised 
corrosion was analysed by scanning Kelvin probe force microscopy (SKPFM) and scanning electrochemical mi
croscopy (SECM) in 3.5 wt.% NaCl solution. SKPFM revealed a Volta-potential difference of around 40 mV 
between inclusions and the matrix, which is larger than the Volta potential variations within the matrix. This 
difference in surface potential is a driving force for selective dissolution (corrosion initiation) at inclusions and 
inclusion/matrix interfaces. SECM detected early pitting initiation, particularly in alloys containing MnS and TiN 
inclusions. Results suggest that pitting initiation and propagation occur at those specific regions. This study 
emphasised that irrespective of chemical composition and phase fraction, localised corrosion initiation in Q&P- 
processed martensitic stainless steels is predominantly governed by the presence of inclusions.   

1. Introduction 

The wish to reduce energy consumption and the demand for lighter 
vehicles producing lower CO2 emissions has led to considerable progress 
in the development of advanced high-strength steels (AHSS) for auto
motive applications [1–3]. The quenching and partitioning (Q&P) 
treatment has pushed further the boundaries in terms of realisable 
strength and ductility combinations [4–6]. The Q&P treatment involves 
a quenching step in which a controlled fraction of martensite is formed, 
followed by an isothermal treatment aiming at the partitioning of carbon 
from the martensite into the untransformed austenite [7]. The resulting 
microstructure is formed by carbon-depleted martensite and 
carbon-enriched retained austenite. Extensive reports on the Q&P 
treatment applied to carbon steels [2,8–10] have shown a superior 
combination of strength and toughness due to the combination of 
martensite and retained austenite. 

Furthermore, the Q&P treatment can be successfully applied to 
stainless steels, leading to high-strength martensitic stainless steels 
[11–16]. Investigations on Q&P-processed martensitic stainless steels 
have mainly focused on the relationship between microstructure and 

mechanical properties [12,13,16,17] and have evidenced the precipi
tation of carbides in the microstructures [11–16]. The presence of car
bides brings concerns regarding the precipitation of Cr-carbides and 
subsequent Cr depletion, which can affect the corrosion resistance of 
these steels. 

Research on the corrosion performance of Q&P steels reports that 
both Q&P carbon steels [18,19] and stainless steels [14,16,20] exhibit 
better corrosion resistance than traditional quenching and tempering 
(Q&T) steels. In Q&T steels, retained austenite is absent or present in 
very low fractions (typically less than 0.01). Therefore, carbon is dis
solved in the martensite [18,19]. In Q&P steels, the C-depleted 
martensite is electrochemically more active than the C-rich retained 
austenite. The total cathodic area (C-rich retained austenite) in the Q&P 
steels is smaller than in the Q&T steels (C-rich martensite). Thus, the 
corrosion rate for Q&P steels is lower than for Q&T steels [19]. More
over, the long tempering treatments applied to Q&T-processed steels (of 
the order of hours) allow the precipitation of Cr-carbides, leading to 
Cr-depletion at the carbide-matrix interface region, which is susceptible 
to the initiation of pitting corrosion. In the case of Q&P steels, the 
isothermal treatments applied are shorter (typically minutes), reducing, 
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but not eliminating, the chances of Cr-carbide precipitation. Conse
quently, the Q&P-processed steels might present better pitting corrosion 
resistance than the conventional Q&T steels [14,16,20]. 

In industrial production, impurity elements induce inclusions that 
cannot be completely avoided. Manganese sulphides (MnS), in partic
ular, act as an active site for pitting initiation in a chloride environment 
[21–31]. It is generally agreed that the existence of MnS inclusions on 
steel surfaces leads to discontinuities in passive films, and the local 
dissolution at the MnS sites acts as an initiation of pitting corrosion, 
which makes the sample surface more easily attacked by chloride ions 
[25–27]. 

Incorporating microalloying elements, such as Ti and Nb, in steels is 
a common strategy [32–37] to improve impact toughness and strength 
by grain size refinement [33] and precipitation strengthening. This is 
due to the formation of nano-sized TiN and NbC particles. The combined 
effect of nano-sized precipitates and the transformation-induced plas
ticity (TRIP) of retained austenite leads to an exceptional balance be
tween strength and ductility [36]. However, several works have shown 
the detrimental effect of TiN precipitates in corrosion. These works have 
investigated localised corrosion initiation at TiN inclusions in Ni-based 
alloys [38,39], austenitic stainless steel [40], and interstitial-free (IF) 
steel [41]. Overall, these studies have consistently demonstrated a 
decrease in corrosion resistance and an increased susceptibility to 
localised corrosion attacks when TiN inclusions are present. Similar to 
MnS inclusions, TiN inclusion also serves as a preferential site for 
initiating corrosion [41,42]. 

Although corrosion mechanisms involving MnS and TiN inclusions 
have been investigated in the literature, the specific role of MnS and TiN 
inclusions in the corrosion resistance of Q&P steels is still not under
stood. Q&P steels are multiphase steels in which an additional influence 
of the C-enriched austenite and the C-depleted martensite is expected. 

The objective of this study is to evaluate the effect of chemical 
composition and microstructure on the corrosion resistance of Q&P- 
produced martensitic stainless steels and, particularly, the combined 
effect of C-enriched austenite, C-depleted martensite and inclusions on 
the corrosion mechanisms. With that aim, Q&P microstructures of three 
different alloys differing in C, Mn, and microalloying (Ti and Nb) con
tent were characterised. Local surface potential differences were inves
tigated by atomic force microscopy (AFM) and scanning Kelvin probe 
microscopy (SKPFM). The composition of the formed passive film on the 
sample surface was analysed using X-ray photoelectron spectroscopy 
(XPS). The electrochemical behaviour of the Q&P steels was investigated 
with open circuit potential (OCP) and potentiodynamic polarisation 
(PDP) at an aerated 3.5 wt.% NaCl solution. Moreover, the evolution of 
localised corrosion initiation was conducted by in-situ scanning elec
trochemical microscopy (SECM) experiments by operating in substrate 
generation/tip collection (SG/TC) mode. 

2. Experimental procedure 

2.1. Materials 

The Q&P steels investigated in this work were prepared in RINA-CSM 
(Italy), with a length of 250 mm (rolling direction), a width of 200 mm, 
and a thickness of 1.5 mm. The chemical composition of the three 
stainless steel samples is given in Table 1. Alloys 2C and 3C have the 
same alloy content but different carbon content. Alloy 3CMn is similar to 
alloy 3C but with increased Mn and microalloying additions. Specimens 

20 mm in length and 15 mm in width were prepared by electrical 
discharge machining from the sheets with the long axis parallel to the 
rolling direction. The Q&P treatment (Fig. 1), optimised in our prior 
research [43], consisted of austenitising at 1100 ◦C for 15 min, followed 
by quenching to 160 ◦C for alloy 2C, 99 ◦C for alloy 3C and room tem
perature 25 ◦C for alloy 3CMn. The materials are then subjected to 
partitioning at 450 ◦C for 5 min, followed by a final quenching to room 
temperature. 

2.2. Microstructural and compositional analysis 

The surface of the samples was prepared by standard metallographic 
procedures and finished by OPS (Oxide Polishing Suspensions) polishing 
for 15 min. Optical microscopy (Digital Keyence VHX-5000 and optical 
LEICA DMLM) was used to characterise the surface and identify the 
regions of interest for further study. A FEGSEM CarlZeiss Crossbeam 550 
scanning electron microscope (SEM) equipped with energy-dispersive X- 
ray spectroscopy (EDS) detector was used to characterise the micro
structures and analyse the elemental composition of the samples (matrix 
and inclusions/particles). All SEM/EDS data were collected at a working 
distance of 8.5 mm and an accelerating voltage of 10 kV. 

The fraction of austenite in the final microstructure was quantified 
by a LakeShore 7307 Vibration Sample Magnetometer (VSM) calibrated 
with a standard nickel specimen. Specimens for magnetisation mea
surements were machined with a cubic shape from the Q&P specimens 
with a weight of approximately 60 to 100 mg. Magnetisation curves at 
room temperature were measured by a stepwise change in the applied 
magnetic field from +1.6T to − 1.6 T. The volume fraction of retained 
austenite was calculated with the formula below, 

fRA = 1 − MQP
sat

/(
MFe

sat ∗Xalloy
Fe

)
(1a)  

where MQP
sat is the saturation magnetisation of the investigated Q&P 

specimen, Xalloy
Fe is the iron content in the steel (in wt.%), and MFe

sat is the 
saturation magnetisation of pure Fe with BCC structure, which yields 

Table 1 
Chemical composition of the steels, in wt.%.  

Alloy C Mn Si Cr Ni Al N Nb Ti Fe 

2C 0.2 0.7 0.35 12.5 0.2 0.01 0.03 – – Bal. 
3C 0.3 0.7 0.35 13.0 0.2 0.01 0.03 – – Bal. 
3CMn 0.3 3.0 0.35 13.0 0.2 0.01 0.03 0.05 0.05 Bal.  

Fig. 1. A schematic presentation of the Q&P heat treatment, where A3 indicates 
the temperature above which only austenite is present in the microstructure. MS 
is martensite start temperature. QT is quenching temperature. RT is room 
temperature. 
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215 Am2/kg at room temperature [44,45]. 
X-ray photoelectron spectroscopy (XPS) measurements were con

ducted to analyse the chemical composition and relative fractions of the 
formed (hydro)oxide layers. Before XPS measurements, the passive layer 
was formed by potentiostatic polarisation at 0.1 V (vs. Eoc) for two 
hours in 3.5 wt.% NaCl solution. Subsequently, the pre-passivated 
samples were rinsed with ethanol and dried with compressed air. The 
XPS analysis was conducted using a PHI-Versaprobe III spectrometer 
equipped with an Al-source (1486.71 eV photon energy) and automatic 
neutraliser. The irradiation power of the X-ray beam was set to 23.8 W, 
and a take-off angle of 46◦ was applied. All the specimens were 
measured at two different locations on the surface (100 μm in diameter) 
to verify the homogeneity of the layer composition. The elemental 
composition was determined by XPS survey (high-sensitivity) spectra, 
combined with high-energy resolution spectra of O 1 s, C 1 s, N 1 s, Fe 
2p, and Cr 2p atomic concentrations. The Shirley method was used for 
background subtraction, and peak deconvolution was performed using 
the PHI Multipack software (V9.0). Binding energies were corrected for 
possible charging effects by referencing the C 1 s (284.8 eV) peak. 

2.3. Electrochemical analysis 

Conventional electrochemical experiments using potentiodynamic 
polarisation (PDP) were performed. Before the measurements, samples 
were embedded in an epoxy resin. Part of the sample surface was 
masked off by lacquer or covered by tape to control the exposing area 
and prevent possible crevice corrosion during the measurements. The 
exposed area was measured using images taken with a digital optical 
microscope (Keyence VHX-5000). All electrochemical experiments were 
performed using a Biologic VSP-300 potentiostat supported by EC-Lab 
V11.36 software. The experimental setup was a three-electrode cell, 
using an Ag/AgCl/KCl(sat.) electrode as a reference electrode (RE), a 
platinum mesh as a counter electrode (CE), and the sample as the 
working electrode (WE). Prior to PDP measurement, the open circuit 
potential (OCP) was measured for 1.5 h, at which steady-state is ach
ieved. The potential scan rate was 0.167 mV/s from − 200 mV vs. OCP 
until the breakdown potential. Aerated 3.5 wt% NaCl aqueous solution 
was used as the electrolyte, and measurements were carried out at room 
temperature (~20 ◦C). At least four repetitions were carried out to 
confirm the reproducibility of the experiments. 

2.4. Ex-situ and in-situ probe microscopy experiments 

The SKPFM measurements were performed in the tapping mode 
using a Bruker Dimension Edge™ instrument with Nanodrive v8.05 
software. A rectangular conductive cantilever (silicon pyramid single- 
crystal tip coated with PtIr5, SCM-Pit probe) was employed. Utilizing 
the tapping mode, the surface topography signal was recorded in the 
first (or forward) scan. Then, the tip was lifted to 100 nm and the Volta 
potential signal was recorded in the second (or backward) scan by 
following the topography contour in the first scan. All AFM/SKPFM 
measurements were performed at a scanning area of 50 × 50 μm2 with a 
scan rate of 0.3 Hz and a pixel resolution of 512 × 512. The raw data was 
analysed using Gwyddion 2.60 software. 

The SECM measurements were carried out using the Scanning Elec
trochemical Workstation SCV370 model (Princeton Applied Research, 
AMETEK Inc.). The tip for measurements was glass-insulated, disk-sha
ped platinum microelectrode which was fabricated from 10 μm diameter 
Pt wires (Sensolytics Inc.). An Ag/AgCl/KCl (sat.) was used as the 
reference electrode (RE), and a platinum wire as the counter electrode 
(CE). All the potentials in the experiments were referred to the reference 
electrode. The SECM operating in Sample Generation/Tip Collection 
(SG/TC) mode was used. The experiments were carried out in a solution 
containing 10 mM KI as a mediator and 0.1 M NaCl. The probe was 
polarised at 0.6 V to initiate the reaction of the mediator (I− /I3− ). Maps 
were obtained at a scan rate of 10 μm/s and a tip-sample distance of 

approximately 5 μm. In the SECM measurement, the I− /I3− redox medi
ator was used to detect the electroactivity over S-rich inclusions. The 
chemical/electrochemical reactions are summarised in the following 
equations [28–31]. 

MnS Dissolution / Reduction  

MnS + 2Cl− → MnCl2 + S2-                                                            (1)  

S2− + H+ = HS− (2)  

2MnS + 4Cl− + 3H2O → S2O3
2− + 2MnCl2 + 6H+ + 8e− (3) 

SECM Tip oxidation  

3I− → I3− + 2e− (4)  

I3− + HS− → 3I− + H++ S                                                              (5a)  

I3− + 2S2O3
2− → 3I− + S4O6

2− (5b) 

At the inclusion, MnS undergoes chemical or electrochemical 
dissolution to produce either hydrosulfide, as presented in reactions (1) 
and (2), or thiosulfate in reaction (3). To detect HS− or S2O3

2-, I3−

generated at the SECM tip is reduced to I− by either HS− or S2O3
− . Thus, 

the current at the SECM microelectrode is amplified in the presence of 
the dissolved sulfur species due to an increase of I− at the microelectrode 
tip. 

3. Results 

3.1. Microstructure characterisation 

Fig. 2 shows the SEM microstructure after OPS polishing of the three 
alloys after Q&P treatment, respectively. VSM measurements show that 
there is 11 % retained austenite in alloy 2C, and 22 % retained austenite 
in alloys 3C and 3CMn. Retained austenite cannot be distinguished in 
these SEM images. In alloys 2C and 3C, small black particles identified as 
MnS inclusions with sizes less than 1 µm embedded in the matrix are 
observed, as indicated in Fig. 2a and b with red arrows. In alloy 3CMn, 
the microstructure contains MnS inclusions, NbC inclusions (white 
particles with sizes less than 1 µm in Fig. 2c), and TiN inclusions (large 
rectangle and/or triangle with size up to 10 μm in Fig. 2d). Ten random 
OM micrographs (173 μm × 130 μm) were taken from each sample to 
quantify the prior austenite grain size (PAGS) and the density of the 
above-mentioned small MnS inclusion. The PAGS of alloy 3CMn (21.7 ±
4.1 μm) is smaller than that of alloys 2C and 3C (37.7 ± 9.7 μm and 36.2 
± 16.7 μm, respectively), due to the grain refinement role of the pre
cipitates formed from micro-alloying elements [17]. 

A semi-quantitative analysis of the density distribution of small MnS 
(< 1 µm) particles shows that the number of particles per mm2 is 23 ± 6 
in alloy 2C, 16 ± 10 in alloy 3C, and 2 ± 1 in alloy 3CMn. The NbC 
particles are out of the OM view, therefore the NbC was not quantified. 
Therefore, the inclusion (small MnS and NbC) density of alloy 3CMn 
should be higher than the statistical results above. In addition, elongated 
MnS inclusions with a length of 10 μm to 100 μm were also observed in 
all three alloys and were unevenly distributed, so they were not quan
tified either. 

EDS analysis was performed on those particles, and representative 
EDS spectra are presented in the supplementary information 
(Figure S1). The average chemical composition of similar particles in 
each sample is summarised in Table 2. For all three alloys, the ratio of 
Mn to S in the MnS inclusions if of approximately 1:1. The big particles 
with a characteristic square or triangle shape were identified as TiNb(N) 
particles. With negligible Nb content, the TiNb(N) particle represents 
TiN inclusion (Figure S1(c)). 

3.2. Chemical composition of oxide film by XPS analysis 

XPS analysis was conducted to obtain the chemical composition of 
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the formed oxide layer on the pre-passivated samples. The XPS high- 
resolution survey scan showed that the passive film consists of the 
main elements Fe and Cr (Fig. 3). The XPS high-resolution scans show 
intense signals of Fe2p3 and Cr2p3 peaks, which are the main elements 
constituting the passive film [46,47]. The XPS spectra of individual el
ements were deconvoluted into an optimum number of peaks based on 
their binding energies. The deconvoluted fitting results of Fe2p3 and 
Cr2p3 spectrums in all three alloys are displayed in Fig. 3. For all three 
samples, the Fe2p3 spectra are composed of oxide peaks (FeO at ~709 
eV and Fe2O3 at ~711 eV) and a metal peak (Fe(0) at ~707 eV), coupled 
with a Fe-hydroxide peak FeOOH at ~ 713 eV [46,49,50]. Additionally, 
an extra satellite peak at ~ 715 eV is also present, which has been 
previously reported in the literature [51,52]. The Cr2p3 spectra are 
composed of broad oxide peaks (Cr2O3 at ~576 eV, and CrO2 at ~575 
eV) and metal peak (Cr at ~573 eV), coupled with a small hydroxide 
peak (Cr(OH)3 at ~577 eV). 

The quantitative XPS analysis combines the Fe/Cr ratio with a frac
tion of deconvoluted components (Fig. 4). Generally, the passive layer 
showed a high fraction of Fe2O3 without significant differences between 
alloys for all three alloys. Alloys 2C and 3C have an almost identical 
passive layer. Alloy 3CMn contains 10 % less Fe2O3 and 6 % more Cr 
oxide. This might be caused by the grain size refinement (high tangled 
dislocation density) in alloy 3CMn, which provides fast diffusion 

channels for Cr, thereby a relatively homogeneous distribution of Cr, 
and consequently, more Cr oxide can be formed. Although the particle 
density of MnS inclusions in alloy 3CMn is lower than that of alloys 2C 
and 3C, there is no certain correlation between the component and 
particle density in the passive film of these three alloys. 

3.3. Electrochemical characterisation 

To assess the electrochemical behaviour of the samples, OCP and 
potentiodynamic polarisation experiments were performed in an 
aerated 3.5 wt% NaCl solution. The representative results are presented 
in Fig. 5a and b, respectively. The OCP values were measured for 1.5 h to 
ensure a stable value. From the curves in Fig. 5a, all samples have a 
potential that steadily increases with time, suggesting the formation of 
the passive film on the sample surface. The results shown in Fig. 5a are a 
representative curve among the five repetitions for each sample. 

Potentiodynamic polarisation gives insight into the kinetics of the 
corrosion process and the pitting resistance of the samples. From the 
curves in Fig. 5b, all samples exhibit the immediate formation of the 
passive region followed by a breakdown at higher potential. The current 
density increases drastically, indicating that the passive film has failed 
and pitting is detected on the sample surface. For alloys 2C and 3C, the 
passive region shows a stable current density. Alloy 3CMn shows tran
sients in the current density, indicating the presence of metastable 
pitting during polarisation. Furthermore, alloy 3CMn exhibits an earlier 
breakdown of the passive region compared to alloys 2C and 3C. 

For a quantitative comparison of the corrosion performance of the 
three alloys, the corrosion current density (icorr), pitting potential (Epit), 
and potential range of the passive region (Epit-Ecorr) were extracted and 
plotted in Fig. 5c and d. The corrosion current density values, shown in 
Fig. 5c, did not exhibit a significant difference between the samples 
considering the average value and scatter. No relation can be concluded 
between the different compositions or microstructure (phase fraction or 
inclusions). Overall, the three alloys showed very low current density 
(order 10− 8 Acm2) which is expected for these types of stainless steels 

Fig. 2. SEM images of three studied alloys (a) alloy 2C, (b) alloy 3C, (c) & (d) alloy 3CMn.  

Table 2 
Chemical composition of inclusions obtained from EDS in three alloys (at.%).  

Sample Mn S Ti Nb N 

Alloy 2C MnS 16.3 ±
5.9 

15.5 ±
4.9 

– – – 

Alloy 3C MnS 2.5 ± 1.4 2.3 ± 2.1 – – – 
Alloy 

3CMn 
MnS 36.7 ±

2.5 
28.4 ±
1.7 

– – – 

TiN – – 51.4 ±
0.4 

0.8 ±
0 

46.3 ±
1.6  
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[14]. Fig. 5d shows the passive region and the pitting potential for each 
alloy. Alloys 2C and 3C show wider range of passivity compared to alloy 
3CMn. 

3.4. Surface potential characterisation by SKPFM 

The topography and surface potential maps of the matrix for the 
three alloys were obtained by AFM/SKPFM measurements. The resulting 

maps are shown in Fig. 6. The dashed line in the maps highlights some 
selected martensite laths, which are visible in the topography maps 
(Fig. 6a, d, and g). Samples were polished with OPS, which led the hard 
martensite phase (laths) to stand out from the surface, showing a higher 
height and brighter colour on the topography map than the austenite. In 
contrast, the retained austenite phase is relatively softer, showing dark 
colour on the topography map. The Volta potential maps are displayed 
in Fig. 6b, e, and h. Selected line scans corresponding to both 

Fig. 3. Deconvolution results of Fe2p and Cr2p spectra in alloy 2C(a)(b), alloy 3C(c)(d), and alloy 3CMn(e)(f), respectively.  
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topography and Volta potential are displayed in Fig. 6c, f, and i. Volta 
potential maps are plotted using a same potential scale for better com
parison between the samples and to enhance the differentiation between 
martensite and austenite. 

The potential maps reveal that martensite laths of all three alloys 
show lower potential compared to the austenite (darker). The line scan 
obtained from the marked martensite laths clearly shows topography 

peaks coinciding with potential drops. Among the entire scanning re
gion, alloy 2C has Volta potential ranges from 8 to 20 mV; in alloy 3C, 
the potential range is similar to alloy 2C, ranging from 8 to 16 mV. In 
alloy 3CMn, the Volta potential ranges from 10 to 25 mV. The maximum 
potential difference between phases of the matrix is 15 mV. Generally, 
regions exhibiting lower surface potential values (directly linked to 
work function energy) are more prone to preferential dissolution or 
corrosion susceptibility than the matrix [53]. Therefore, the martensite 
in these three alloys may have all the preferential dissolution points 
when exposed to the corrosive environment. 

Instead of the ideal Q&P microstructures containing retained 
austenite and martensite only, inclusions were also observed in the 
investigated heat-treated microstructures, especially MnS and TiN in
clusions. SKPFM maps of the MnS inclusions in the three specimens are 
shown in Fig. 7. Fig. 7a, e, and i display the SEM image of elongated 
MnS inclusion on the sample surface of each alloy, while the topography 
maps in Fig. 7b, f, and j show corresponding size and morphology. 
Fig. 7c, g, and k display the Volta potentials maps of the three alloys. 
MnS inclusions show a lower Volta potential than the matrix. Line scans 
over the MnS inclusions are shown in Fig. 7d, h, and l, displaying po
tential differences of up to 35 mV were measured across MnS in alloy 2C, 
40 mV in alloy 3C, and 30 mV in alloy 3CMn. The potential difference 
measured over the MnS inclusion is greater than the difference observed 
between phases (maximum 15 mV in Fig. 6). This indicates that the 
effect of inclusion is more dominant than phase fraction. Moreover, the 
Volta potential maps show local differences in the particles. 

Fig. 8 presents the SEM/EDS and SKPFM maps of micro-alloying TiN 
inclusion on the surface of alloy 3CMn. Contrary to the MnS inclusions, 
TiN inclusion has a much greater Volta potential value than the matrix, a 

Fig. 4. Quantitative analysis of the composition of the oxide layer formed on 
the three alloys (2C, 3C, 3CMn) from the XPS fitting analysis. 

Fig. 5. Representative (a) OCP and (b) potentiodynamic polarisation curves of the three different alloys. The average values of (c) corrosion current density obtained 
by Tafel extrapolation and (d) pitting potential (Epit) and passive region (ΔE). Experiments were repeated at least four times to confirm reproducibility. 
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difference of above 40 mV. This surface potential value implies a lower 
electrochemical activity of TiN than the matrix during exposure to 
electrolytes. Previous studies on interstitial-free steels, which have a 
ferritic matrix with a body-centered cubic (BCC) crystal structure and an 
low carbon content, have reported that TiN inclusions exhibit cathodic 
behavior [41,42,54], and the potential difference is the driving force for 
galvanic corrosion to occur at the surrounding matrix. 

Round particle inclusions of MnS and NbC with dimensions less than 
1 μm, such as the ones shown in Fig. 2, were not detected by topography 
or Volta potential maps. Due to the existence of large (> 10 µm) MnS and 
TiN inclusions, the round particle inclusions in such a small size do not 
cause a detectable effect. 

3.5. In situ electrochemical measurements by SECM 

Both SKPFM and PDP analyses proved that MnS and TiN inclusions 
may decline the corrosion performance of these alloys due to localised 
corrosion attacks. However, there is still a lack of direct evidence. 
Therefore, SECM measurements were performed to monitor the local 
electrochemical activity of inclusions. A large MnS inclusion was 
marked by indents (hardness tester indentation pit as positioning point) 
in alloy 2C, and a MnS inclusion with a nearby TiN inclusion was marked 
in alloy 3CMn. Fig. 9 shows SECM mappings operating in SG/TC mode 
on the surface of alloys 2C and 3CMn during immersion in 0.1 M NaCl. 

The SECM maps clearly showed the variation of the current peak 
with the increase of the immersion times. For alloy 2C (region 1), 
Fig. 9a, the immersion time was of only 5 min. The current pointed by 
the black arrow corresponding to the MnS inclusion of ~4 nA indicates 
that the dissolution of the MnS inclusion starts immediately. After 1.5 h, 
the peak current is ~8 nA. After 3 h of immersion, the peak current was 
measured of ~15.5 nA, indicating the fastest dissolution rate of the MnS 
inclusion. The higher current indicates deletion of S− in solution. After 
immersion for 5 h, the peak current starts decreasing to ~7 nA, when the 
dissolution process was slow down. The indents marked area includes a 
long MnS inclusion of about 100 μm (region 2) and three TiN particles 
(region 3). For alloy 3CMn, Fig. 9b, in 5 min, the SECM peak current of 
the big MnS inclusion reached ~4 nA. After immersion for 1 hour, the 
peak current increased to ~6 nA, and after immersion for 2 h, the peak 
current increased to ~21 nA. Then, it dropped to ~5 nA after immersion 
for 4 h and remained constant until the end of the measurement (6 h). 
After 6 h, Fig. 9b showed a strong signal around hardness indents. The 
dissolution rate in alloy 3CMn (two hours from 4 to 21 nA) is faster than 
in alloy 2C (three hours from 4 to 16 nA). This explains the earlier pitting 
initiation, i.e., the lower pitting potential in alloy 3CMn that was 
observed in PDP curves. 

Fig. 9c and d present the OM images of both alloys after the SECM 
measurements. In both samples, the MnS inclusion is still present. Post- 
SECM EDS analysis confirmed the presence of S at the MnS sites, as 

Fig. 6. Topography map, Volta-potential map, and extracted line profiles of the matrix without inclusions for (a)–(c) alloy 2C, (d)–(f) alloy 3C, and (g)–(i) alloy 
3CMn, respectively. 
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shown in the OM images of Fig. 9c and d. From region 3, the OM image 
clearly shows the remaining TiN inclusion, and one side of its sur
rounding matrix was corroded. This is in agreement with the surface 
potential results. NbC particles precipitate and epitaxially grow on the 
pre-existing TiN particles, forming a so-called "core-shell" configuration 
[18,33], becoming preferable sites for dissolution. 

4. Discussion 

The comparison between the corrosion performance of alloys 2C and 
3C provides information regarding the effect of carbon content. The 
difference in chemical composition and quenching temperature leads to 
the difference in phase fractions with higher retained austenite in alloy 
3C. Despite this, the SEM observation and XPS analysis indicated that 

Fig. 7. SEM images, Topography and Volta-potential maps, and corresponding surface potential line profiles of elongated MnS inclusions in (a-d) alloy 2C, (e–h) 
alloy 3C, and (i–l) alloy 3CMn. 
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these two alloys have similar microstructural characteristics (Fig. 2) and 
passive layer constituents (Figs. 3 and 4). As a result, the corrosion 
properties based on pitting potentials did not explicitly show a differ
ence (Fig. 5). Alloys 3C and 3CMn have the same carbon content and 
equal phase fractions of retained austenite. However, alloy 3CMn ex
hibits the lowest Epit value and the lowest passive region (Fig. 5d). 
Fig. 5b and d show that the addition of Mn, Nb and Ti makes the alloy 
more susceptible to pitting corrosion, which can be attributed to the 
existence of MnS and/or TiN inclusions, as observed in Fig. 2. As dis
cussed in the literature [14,18,20], the presence of inclusions signifi
cantly influences the properties of the native or electrochemically 
formed passive layer. Not only will they influence the formation and 
stability of the oxide (e.g. composition, electrochemical properties, 
semi-conductor properties), but they also can play a crucial role in the 
initiation of localised corrosion such as pitting corrosion [55]. The Volta 
potential maps in Figs. 6–8 confirmed that the potential difference be
tween inclusion and matrix is more pronounced than between 
martensite and retained austenite, which confirms that the inclusions 
play a dominant influencing role even in multiphase Q&P steels. 

MnS round particles were observed in the three alloys with sizes less 
than 1 μm in diameter. Alloy 3CMn also contains NbC particles of the 
same size. They are fairly distributed in the microstructures, as shown in 
Fig. 2, and no difference in electrochemical behaviour among these 
micro-scale MnS particles was observed. Some of the MnS particles are 
present in elongated shapes with sizes of up to 100 μm. It was found that 
these long MnS inclusions can lead to the defection of the passive film, 
which has barely been reported [48]. 

The elongated MnS inclusions are present in all three alloys, but only 
alloy 3CMn showed transients of current density in potentiodynamic 
(Fig. 5b) polarisations, indicating the metastable pitting and the earlier 
breakdown which could be attributed to the additional pressence of TiN 
inclusions [56–58]. Figs. 7,8 show that the MnS inclusions have lower 
surface potential than the matrix, while the TiN site has much higher 

surface potential than the matrix. These differences in surface potential 
values might drive a selective dissolution of the matrix (in the case of 
TiN) or dissolution of MnS. 

Fig. 10 illustrates schematically the pit initiation mechanism at in
clusions in alloy 2C and 3C (Fig. 10a) and alloy 3CMn (Fig. 10b).  

• Pit initiation in presence of MnS inclusion (alloys 2C and 3C). 
The initial microstructure (stage 1) displays the matrix with one MnS 
inclusion on the sample surface. The existence of inclusion makes the 
passive film discontinuous because of the different constituents 
(Fig. 4). Stage 2 involves the exposition to a corrosive environment, 
in which the passive film and the MnS inclusion start dissolving and 
release sulphur species, which was detected by the SECM (Fig. 9). 
This is driven by its 35 mV lower surface potential with respect to the 
matrix (Fig. 7). The dissolution process of MnS (stage 3) produces 
sulphur (S) that decomposes on the sample surface, which was 
detected after the SECM test. The decrease in current may be related 
to the S decomposition on the sample surface.  

• Pit initiation in the presence of both MnS and TiN inclusions 
(alloy 3CMn). The initial microstructure (stage 1) illustrates more 
discontinuity and less heterogeneity of passive film. The MnS in
clusion displays the same behaviour as alloys 2C and 3C. The well- 
known MnS inclusion triggered localised corrosion in austenitic 
stainless steels [21–31] still applies in Q&P-processed multiphase 
steels. Dissolution of MnS inclusion and trenching of the TiN/matrix 
interface occurs, as shown in stage 2; this is driven by the 40 mV 
surface potential difference. When the trench grows deeper (stage 3), 
a stable pit forms, which explains the lower pitting potential in alloy 
3CMn. Dissolution of MnS, and the trenching around the TiN may 
lead to pitting or repassivation overall, all of this makes alloy 3CMn 
more susceptible to localised attack. 

The effect of TiN inclusions on corrosion performance has been 

Fig. 8. (a) SEM, (b) EDS, (c) topography, (d) Volta potential maps, and (e) corresponding surface potential line profiles of NbTi-riched inclusion in alloy 3CMn.  
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widely investigated [41,42,57,58]. In austenitic stainless steels with an 
FCC structure and high C, Cr, and Ni content, TiN inclusions (often 
co-present with TiN–Ca complex inclusions) were found to have no 
effect on pitting performance [57,58]. However, in ferritic steels with a 
BCC structure, the TiN inclusion-induced pitting corrosion mechanism is 
well explained [41,42]. Step-like corrosion pits induced by TiN in
clusions were observed using in situ techniques. These observations 
reveal that pitting corrosion initiates at the interface between the in
clusion and the matrix [41,42], progressing through initiation, transi
tion, and propagation stages, as summarized in previous studies [41]. 
The SECM measurement and microstructure observation in Fig. 9b and 
d confirmed that the TiN inclusion-induced corrosion mechanism can be 
extended to the multiphase Q&P-processed martensitic stainless steels. 

In addition, microalloying elements refined the prior austenite grain 
size in alloy 3CMn, which further decreased its corrosion resistance 
because grain boundaries act as active sites promoting the metal disso
lution and decreasing the stability of the passive layer on the sample 
surface [59,60]. 

5. Conclusions 

The effect of chemical composition and microstructure on the 
corrosion resistance of Q&P-produced martensitic stainless steels was 
evaluated. Particularly, the combined effect of C-enriched austenite, C- 

depleted martensite and inclusions on the corrosion mechanisms was 
investigated by combining ex-situ and in-situ electrochemical tech
niques. The following conclusions are drawn.  

• The corrosion resistance of Q&P steels is controlled mainly by the 
presence of inclusions, while chemical composition and phase frac
tions play a less prominent role. The strong influence of the in
clusions is confirmed through SKPFM and potentiodynamic 
polarisation.  

• The alloy displaying TiN and MnS inclusions displayed the worst 
corrosion resistance. The higher Mn content and grain refinement 
also contribute to this low corrosion performance. 
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