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1. Introduction

It is well-known that supermar-
tensitic stainless steel (SMSS) offers
superior strength, toughness, weldability
properties, and corrosion resistance when
compared to conventional martensitic
stainless steels like AISI-420 (Da Silva
et al., 2012; Smith et al., 1999). These
types of steel find wide application in
various corrosive environments, such
as chemical industries, pulp and paper
industries, pollution control equipment,
and the oil and gas industries for both
onshore and offshore tubing (Bilmes et al.,
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The aim of this study was to verify the pitting corrosion behavior in the surface
layers obtained by plasma nitrocarburizing at 400 and 450 °C/5 h on two types of
super-martensitic stainless steel, namely micro-alloyed (Nb-SMSS) and unalloyed
(SMSS). The results reveal that in all the nitrocarburized layers, a discontinuous,
thin layer measuring less than Spm in thickness exhibits a microhardness exceeding
950 HV, ., for the two steels. Furthermore, the structure of the surface layer is a com-
bination of expanded austenite (yN), expanded martensite (' N), e-Fe, N, cementite
(6-Fe,C), and traces of CrN. The surfaces exhibit poor corrosion resistance across
all layers, which can be attributed to localized micro-galvanic corrosion between the
iron nitride (e-Fe, ,N) and expanded austenite (yN), since they are known to have
higher corrosion resistance, as well as expanded martensite ((N) and cementite
(6-Fe,C), which have lower corrosion resistance. This corrosion process initiates after
the dissolution of the surface layer in a 3.5% NaCl solution, subsequently leading to
substrate corrosion.
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2001; De-Ning et al., 2010;). The SMSSS
chemical composition is based on the
Fe-Cr-Ni-Mo system, with minimal levels
of carbon, phosphorus, sulfur and nitrogen
(C<0.02 wt. %,N<0.002 wt. % and P,
§$<0.003 wt. %) (Heimann, 2002; Tous-
saint, 2002). The ideal microstructure of
these steels comprises a martensite matrix
(90-95%) with a small percentage of re-
tained austenite (1-10%) at micro and/or
nanoscale sizes, and micro-alloying with
Ti, Nb, and V in combination with C and
N leads to the formation of carbon-nitride
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nanoprecipitates, which plays a crucial
role in enhancing the material's mechani-
cal and corrosion-resistant properties.
Their pitting corrosion potential values
range from 0.180 to 0.300 V., (Volden,
2008; Ma et al., 2013). When the nitrogen
content is high (N > 0.002 wt.%), it pro-
motes the precipitation of carbon ni-
trides (CN), and microalloying results
in the formation of nitrides of type
XN (X = Ti, Nb, V) and/or CrN in
micro/nano sizes, which can reduce cor-
rosion resistance (Lee, 2013; Ma, 2012).
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Low-temperature plasma treatments,
such as nitriding and nitrocarburizing,
can significantly enhance the surface
hardness and wear resistance of stainless
steels without compromising their cor-
rosion properties (Xi, 2008; Fernandes,
2013). Nitriding martensitic stainless
steel at high temperatures for extended
periods can lead to the precipitation of

2. Experiment

Two SMSS types of steel were pro-
duced by the Villares Metals Research
and Development Center (Villares
Metals S.A., Brazil): SMSS micro-
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chromium carbides and/or nitrides within
the layers, significantly reducing corrosion
resistance (Kim, 2003; Allenstein, 2012).
Plasma nitriding, gas nitriding and
plasma immersion ion of martensitic
precipitation hardening stainless steels
(type 17-4 PH) improves the surface
hardness, wear, and frictional proper-
ties (Mandl, 2005; Kochmanski, 2008).

alloyed with niobium, referred to as
Nb-SMSS, and unalloyed steel, referred
to as SMSS. These steels present a high
strength and toughness, as published by

Previous studies on SMSS involved the
development, structural characterization,
heat treatment, and mechanical and cor-
rosion properties Rodrigues, et al., (2006;
2016). This study aims to investigate
the pitting corrosion resistance of the
nitrocarburized layer's microstructure in
niobium-microalloyed SSMS (Nb-SMSS)
and unalloyed steel (SMSS).

Rodrigues et al. (2006 and 2016). The
chemical composition of the two steels,
obtained through atomic absorption
spectroscopy, is summarized in Table 1.

Table 1 - Chemical Compositions (Weight %) of Nb-SMSS and SMSS in the study.

Sample C Cr Ni Mo Mn Si ) Nb P N
Nb-SMSS 0.019 12.50 5.36 2.10 0.31 0.21 0.005 0.20 0.005 0.001
SMSS 0.013 12.50 5.03 2.12 0.30 0.18 0.001 - 0.005 0.001

Two SMSS steel round bars with
dimensions of 150 mm height and 29 mm
diameter were heat treated: Nb-SMSS (1000
°C/45 min/water + 620 °C/2 h/air) and SMSS
(1000 °C/45 min/water + 570 °C/2 h/air),
then, cut it into wafer-shaped samples of
5 mm thickness and 14 mm diameter. All
samples for structural characterization
and plasma nitrocarburizing (PNC) treat-
ments were prepared through progressive
grinding with wet abrasive SiC sandpapers
ranging from grit numbers 200 to 2000
and then polished using 20 pm chromium
oxide powder. The SMSS microstructure
was revealed by etching in “Vilella’s” solu-
tion. The plasma nitrocarburized (PNC)
treatment consisted of:, first, the samples
were cleaned inside the plasma chamber
by argon sputtering under a pressure of
500 Pa, at 50 °C lower than the treatment
temperature for 30 min.; and second
(PNC) treatments were carried out with
the direct current (DC) method using a
gas mixture (77 vol. % H,, 20 vol. % N,

3. Results

and 3 vol. % CH,), with a pressure of 500
Pa, at temperatures of 400 and 450 °C
for 5 h (being these temperatures below
the limit for the formation of retained
austenite during tempering temperatures
(~500 °C) Scheuer, et al. 2015). Here-
after, the PNC treated samples will be
called SM400, SM450, Nb-SM400 and
Nb-SM450, respectively. Pitting corro-
sion tests were carried out in 3.5 % NaCl
solution, pH = 7.05, using an Autolab
potentiostat (model PGSTAT-302). Ex-
periments were performed using a classical
three-electrode cell (capacity of 150 mL),
a counter electrode of platinum foil of
2 cm?, and the saturated calomel reference
electrode (SCE). Firstly, the open-circuit
potential (OCP) was measured during
a rest time of 60 min for both composi-
tions. However, after a first assessment,
it was observed that for all samples, the
OCP reached a steady-state value after
13 min. Therefore, a 15-minute interval
was adopted as the stabilization time

3.1. Characteristics of SMSS samples

Microstructural analysis was
observed through the cross-section, in
the near-surface region of the SM400,
SM450, Nb-SM400, and Nb-SM450
nitrocarburized layers, as shown in
Figures (1a to 1c). In all the samples,
a thin nitrocarburized layer can be
observed on the top of the substrates,
and below presents the martensitic

matrix. In Figure 1(a), shows a discon-
tinuous thin-layer, ranging from 2.0 to
3.0 pm, that is observed in the SM400
and SM450 layers, while in the Nb-
SM400 and Nb-SM450 layers, the
thickness varies between 2.0 to 5.0 pm,
as shown in Figure 1 ((b) and (c)) and
magnified by SEM image (representing
the regions of Figure 1(c)). Moreover,
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to achieve the OCP before starting the
potentiodynamic polarization tests im-
mediately after the immersion start. Also,
the polarization curves were collected from
from —1.0V vs. SCE up to- 1.2 V, at room
temperature (25 °C = 1 °C). All tests were
carried out in duplicate. In this study, all
corrosion potentials, corrosion current
densities and pitting potential values for
the different steels were calculated directly
from the polarization curves (Pinedo,
2004). All microstructural analyses by
optical microscopy (OM), model Zeiss —
Axiotech, scanning electron microscope
(SEM-LEO440) or (MEB-FEI-Magellan
400 L), coupled with an energy dispersive
X-ray spectroscopy (EDS) system (EDS
OXFORDISIS LINK 300). X-ray diffrac-
tion (XRD) patterns were obtained from
the surface of the samples in (XRD-Rigaku
Rotaflex - Japan) using (Cu - Ko) radiation.
The Vickers microhardness (HV, ) was
measured in a Buehler 1600 instrument
using a load of 50 gf for 10 seconds.

the pores (micro defects), indicated by
the white arrows in both Figure 1(a) and
(b), show defects that are commonly
observed in martensitic and nitrocar-
burized supermartensitic steels but not
observed in other steel types, such as
austenitic stainless steel. In this way, the
occurrence of defects can occur due to
the base steel composition



(a) SM400

Figure 1 - OM images of (a)

the SM substrate and SM400 layer,

(b) Nb-SM450
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(b) the Nb substrate and Nb-SM450 layer,

and (c) the Nb-SM substrate and Nb-SM400 layer. Also, (d) SEM image of the Nb-SM400 layer, representing regions magnified in Figure 1(c).

Figures 2 (a) and (b) show the
X-ray diffraction (XRD) patterns ob-
tained for the substrate, SM400, SM450,
Nb-SM400, and Nb-SM450 nitrocar-
burized layers. The SM substrate (Figure
2(a)), shows the diffraction peaks of Fe-(cr)
and lower-intensity peaks of the retained
austenite Fe-(y). In contrast, the XRD
pattern of the Nb-SM substrate (Figure
2(b)) exclusively presents the diffraction

peaks of the martensite phase Fe-(a). In
the SM400 layer, the primary peaks of
iron carbide (6-Fe,C, cementite) were
identified. These peaks overlap with those
of iron nitride (e-Fe, ;N), expanded mar-
tensite (¢ N), and expanded austenite (yN),
albeit with lower intensities. Similarly, the
SM450 layer exhibits the same diffraction
peaks, but with slightly increased intensi-
ties (see Figure 2(a)). The Nb-SM400 layer

exhibits peaks corresponding to iron
carbide (8-Fe,C), (e-Fe, ,N), expanded
martensite (¢ N) and expanded austenite
(yN), and expanded austenite (YN) with
lower intensities; additionally, traces
of the chromium nitride (CrN) phase
were observed. On the other hand, the
Nb-SM450 layer displays identical dif-
fraction peaks with a slight increase in
intensities (refer to Figure 2(b)).
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Figure 2 - X-ray diffraction patterns: (a) SM-substrate the SM400 layer
and SM450 layers, and (b) Nb-SM-substrate, the Nb-SM450 layer and Nb-SM400 layers.

Figure 3(a) and (b) show the
polarization curves for the nitrocar-
burized layers on SM400, SM450,
Nb-SM400, Nb-SM450, and their re-
spective SM-substrates in 3.5% NaCl.
Figure 3 (a) shows the polarization
curve of the SM-substrate, presenting
a pitting potential of 0.40 V¢, while,

SCE)

for the SM400-layer of 0.0 V.,
and SM450-layer of —0.19 V(, the
SM400-layer exhibits two corrosion
potential peaks at —0.47 V ;, and at
—0.38 V¢, (1"and 2™, as indicated in
Figure 3 a), respectively. The first peak
corresponds to the SM400-layer, ac-
companied by a slight decrease in both
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passive potential and passive current
density. The emergence of the second
peak is attributed to the breakdown
of the SM400-layer surface, marking
the initiation of the corrosion process
on the substrate. Notably, the SM450-
layer exhibits a single corrosion poten-
tial peak at -0.38 V,

SCE)*
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Figure 3 - Polarization curves determined in 3.5% NaCl: (a) SM-substrate,
SM400 and SM450 layer, (b) Nb-SM-substrate, Nb-SM450 and Nb-SM400 layer.

Furthermore, the anodic curves of
two layers, SM400 and SM450, exhibit
a shift towards higher current densities,
approximately half to one order of mag-
nitude compared to the substrate anodic
curve. In Figure 3(b), the anodic polar-
ization curve of the substrate (Nb-SM)
indicates a pitting potential of 0.80 V.,
and a corrosion potential of —0.37 V..
In contrast, the Nb-SM450-layer displays
a pitting potential of ~0.40V;., and a

SCE)

corrosion potential peak of —0.46 V(.

The Nb-SM400-layer displays a
pitting potential of 0.77 Vs, but it does
exhibit two corrosion potential peaks at
—0.48 Vi, and -0.33 V., (1 and 2,
as indicated in Figure 3b). The first peak
corresponds to the Nb-SM400-layer,
marking the initiation of the passivation
process with a sudden decrease in current
density. Subsequently, the breakdown of

the Nb-SM400-layer surface occurs in the

first peak. The second peak corresponds to
the substrate, indicating the beginning of
the passivation process for the substrate. In
contrast, the Nb-SM450-layer shows only
a corrosion potential peak (=0.33 V)
and undergoes rapid corrosion, depicting
a typical profile of direct corrosion in
the polarization curve. All values for the
corrosion potential, pitting potential, and
corrosion current density are provided in
Table 2.

Table 2 - Summarizes the values of corrosion current density (lcorr),

corrosion potential (E_ ), and pitting potential (

corr

EPi[), which are extracted from the polarization curves in Figure 3.

Steel E. Vi E, Vi) I_(Acm?)
SM-Substrate -0.31 0.40 6.65x10°
SM400 -0.43 0.00 1.20x10°
SM450 -0.47 -0.19 3.55x107
Nb=-SM-substrate -0.37 0.80 1.55x107
Nb-SM400 -0.33 0.77 4.70x107
Nb-5M450 -0.46 -0.40 9.60x107

4. Discussion

Microhardness (HV ) measure-
ments were directly taken on the nitro-
carburized layers of SM400, SM450,
Nb-SM400, and Nb-SM450 using
optical micrographs along the layers.
The results indicate that at elevated
temperatures, the layer thickness in
SM450 and Nb-SM450 leads to a slightly
thicker case compared to SM400 and
Nb-SM400 at similar temperatures.
However, for both layers, a significant
threefold increase in hardness is observed
for all applied temperatures (microhard-
ness of nitrocarburized layers closer
to the top = 1131.80 for SMNb450,
1017.50 for SM400, 973.70 for Nb450,
and 835.20 for SM400in HV, ). These

)
0.05
values sharply decrease with increasing

depth (up to 20 pm), reaching the sub-
strate hardness of 270 H, .. It is widely
recognized that iron-nitride (e-Fe,-,N)
demonstrates high hardness (exceed-
ing 1100 HV), while chromium-nitride
(CrN) exceeds 1200 HV. Other no-
table hardness values include expanded
austenite-yN at approximately 850 HV,
cementite-8-Fe,C at around 800 HV, and
expanded martensite-o’N at a slightly
lesser hardness of approximately 550 HV
(O’Brien, 1991; Allenstein, 2012). There-
fore, all nitrocarburized layers exhibit
elevated hardness levels attributed to the
presence of the iron nitride and cementite
phase mixture, as evident in the broad
and overlapping XRD peaks (intensities
are depicted in Figure 2 (a) and (b)).
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In Figure 4 (a), (OM) images of
the Nb-SM substrate reveal the pres-
ence of very fine retained austenite (a
lighter-colored phase, measuring 0.5-1
pm) distributed along the boundaries of
the martensite interlaths. Additionally,
EDS scan line analysis of the Nb-SM
substrate does not reveal significant
changes in the Cr, Mo, and Ni contents
(partitioning behaviors). The quantita-
tive analysis by EDS over the retained
austenite and martensite matrix (depicted
in Figure 4 (a)), indicating weight percent-
ages. In the martensite, the composition
comprises 13.17 wt.% Cr, 4.97 wt.%
Ni, 2.18 wt.% Mo, and 79.69 wt.% Fe.
The retained austenite, on the other hand,
exhibits concentrations of 13.16 wt.%



Cr, 549 wt.% Ni, 2.55 wt.% Mo, and
78.81 wt.% Fe. Notably, the elevated
content of Ni atoms (5.49 wt.%) en-
riches the reversed austenite phase
(Olson, 1985). Moreover, EDS scan
line analysis of the Nb-SM400-layer,
depicted in Figure 4 (b) (highlighted

by the yellow arrow in Figure 4 (b), ex-
tending to a depth of 10 pm), reveals a
composition of 30.42 wt.% C, 8.66 wt.%
Cr, 3.99 wt.% Ni, 1.59 wt.% Mo,
and 55.34 wt.% Fe. This composition
indicates a higher carbon content in
the top layer, which is reduced and

Cesar Augusto Duarte Rodrigues et al.

stabilized with a uniform distribu-
tion. Conversely, there is an inverse
behavior observed for the Cr and Ni
elements. The clear detection of carbon
atoms suggests that all carbon atoms
are directed towards the formation of
cementite (6-Fe,C).

SE. 3.758093E+07

Molal. 30

sttt iyl

FeKa. 237

Figure 4 - (a) SEM image showcasing the retained austenite (lighter-colored phase) within the
martensite grain boundaries of the Nb-SM substrate. (b) EDS line-scan profiles obtained along the yellow
line to the Nb-SM400 layer. (c) Distribution of C, Mo, Fe, Ni, and Cr atoms along the analysed length (10 pm in depth).

This observation serves as a clear
indicator that nitrogen atoms play a mini-
mal role in the formation of iron nitride
(e-Fe, ,N) and chromium nitride (CrN),
with nitrogen present in significantly lower
quantities. Notably, the nitrogen content
in the substrate SMSS steel is exceptionally
low (N= 0.001 wt. %). Nitrogen, well-
known for its strong austenite-forming
characteristics, thereby favors the creation
of expanded austenite (YN) over expanded
martensite ('N) due to its low solubility
in the martensite phase (Hamano, et al.,
2007; Ha, 2007). The presence of Ni, Cr,
and Mo in both the martensite matrix and
retained austenite indicates proximity to
the stable chemical composition of the
substrate (SM-Nb-steel). This composi-
tion exhibits high stability and possesses
limited available C, Ni, Cr, and Mo atoms,
which also limits the effective diffusion-
reaction of nitrogen and carbon into the
substrate interior. According to Kimura
et al. (2001), retained austenite actively
promotes the dissolution of carbon and
nitrogen, and as a consequence, this phase
acts as an obstacle in the continuous
formation of a thicker layer. However,
in contrast, Li Bell (2007) demonstrated
that a nitrocarburized layer formed at
450°C for 20 hours on martensitic stain-

less steel comprises cementite (6-Fe,C)
and iron nitride (e-Fe, ;N), whose com-
position presents clearly defined peaks
of high intensities in the XRD pattern.
In the case of the nitrocarburized layer,
pitting curve behavior revealed a poor
corrosion performance attributed to the
presence of cementite (6-Fe,C) and traces
of chromium carbide (CrC). Specifically,
the nitrocarburized layer (SM450/5h and
Nb-SM450/5h) with a shorter process
time compared to Li & Bell (2007) treated
at 20 hours resulted in a more efficient
diffusion reaction of carbon compared
to nitrogen at the elevated temperature
of 450°C. Thus, efficiency favored the
formation of cementite (6-Fe,C) which
significantly reduced corrosion resistance,
as in our case. It can be observed that
the anodic polarization curve behavior
indicates lower resistance, characteristic
of direct corrosion, whereas the current
density rapidly increases without the
passivation process, revealing the pitting
potential negative values. The poor pit-
ting corrosion performance can primarily
be ascribed to the presence of cementite
(6-Fe,C), and includes the instability re-
sulting from the phase mixtures of iron
nitride (e-Fe,-.N), expanded martensite,
and expanded austenite (o' N, yN), which
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react to each other in the form of coupled
pairs; a phenomenon known for its pro-
pensity towards micro-galvanic corrosion.
Moreover, under the nitrocarburized
thin-layered discontinuous structure, the
initial pitting process reaction tends to
occur in the thinner regions, i.e., regions
with high corrosion susceptibility. In
their study, Basso et al.; 2009, explored
the nitrocarburized layer on martensitic
stainless steel (AISI-H13) at 2, 5, 7, 10,
15, and 20 hours at 563°C). The result-
ing structure layers were comprised
of iron nitrides (e-Fe, N, y'-Fe,N) and
CrN, with intensity peak redefinition of
these phases, that increased with longer
treatment times. However, for the short
treatment time (2 hours), a thin layer
(1-5 pm) formed, leading to diminished
corrosion resistance, and longer treatment
times (5 and 7 hours) resulting in a thicker
layer (5-10 pm), significantly improving
corrosion resistance in a NaCl solution.
Interestingly, the structural morphology of
the thin layer (1-5 pm) closely resembled
the findings of our own study, as depicted
in Figure 1 (d) through SEM observation.
This similarity suggests a comparable
behavior in terms of lower corrosion
resistance in the nitrocarburized layers
of SM450 and Nb-SM450 (thin-layered
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< 3.0 pm) and SM400 and Nb-SM400
(thin-layered < 2.0 pm). Additionally,
beneath the nitrocarburized layers, it was
observed that all samples lacked distinct
transition layers, signifying the absence
of an evident diffusion zone. Particularly
in martensitic stainless steels, where such
transitional zones typically form due to
the significant contribution of high carbon
contents (>0.1% wt.), this characteristic
has been previously characterized by other
researchers (Alphonsa et al., 2002; Yan,
2010; Liu, 2010). The study of Fernandes
etal. (2018), on the nitrocarburized SMSS
steel at 400°C, 450°C, and 500°C, result-
ed in three distinct nitrocarburized layers,
with similar results to our study, regarding
terms of layers and phases formed. But,

(A Nb-SM400

() SM 400

it
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the intensity of these phase peaks pres-
ents an increase with rising temperature,
paralleled by a corresponding increase in
layer thickness (8pm at 400°C, 10pm at
450°C, and 27pm at 500°C). Moreover,
the cementite phase in all nitrocarburized
layers has been associated with lower cor-
rosion performance, and the polarization
curve behavior is found to be inferior
compared to our study.

In Figure 5a and 5b, OM images
depict the cross-sectional layers of Nb-
SM400 and Nb-SM450 after corrosion
tests. Figure 5 (a) specifically illustrates
the morphology of the corroded surface in
the Nb-SM400 layer, revealing the pres-
ence of micro-pits (highlighted by white
arrows) scattered throughout the entire

®) Nb-SM450

Nb-SM450

area. Notably, this layer underwent
complete dissolution in the saline solu-
tion. The Nb-SM450 layer, as depicted
in Figure 5b, reveals larger and more
widely scattered pits across the entire
observed area, indicative of rapid pit-
ting corrosion. Similarly, the presence
of numerous deep and larger pits was
observed across the area, indicating
rapid pitting corrosion, as illustrated
in Figure 5 (c) SM400 and (d) SM450
samples. The corrosion aspects are
shown in Figure 5 (e) Nb-SM400 and
Figure 5 (f) Nb-SM450 samples. Lighter
regions highlight where the pits initiate
and expand, and corrosion morphology
in Figure 5 (f) mirrors that of the SM400
and SM450 samples, respectively.

Figure 5 - OM images depicting cross-sectional layers of surfaces after pitting corrosion tests:
(a) Nb-SM400, where the entire layer is dissolved in saline solution with the presence of micro-pits, and (b) Nb-SM450,
characterized by larger and deeper pits along with complete layer dissolution and, similarly, (c) SM400 and (d) SM450 samples
present larger and deeper pits along. The (e) Nb-SM400 and (f) Nb-SM450 samples show the surfaces corroded after corrosion tests.

5. Conclusions

The substrate's high stability,
consisting of martensite and austenite
with limited C and Cr atomic content,

restricts the formation of a significant
quantity of nitrides. Consequently, this
hinders the growth of thicker layers,
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resulting in discontinuous and thin lay-
ers. In the nitrocarburized thin-layered
structures of SM450 and Nb-SM450,



the predominant presence of cementite
(6-Fe,C) contributes to the rapid corro-
sion of these layers. The nitrocarburized
thin-layered structures of SM400 and
Nb-SM400 showcase phases, such as
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