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ABSTRACT: Supermartensitic stainless steels deduced from the refinement of the composition of
martensitic steels, have a low carbon content with 13% chromium, 5% nickel and 2% molybdenum, this new
generation of steel has an improved ductility with good mechanical strength and excellent corrosion
resistance. The objective of this paper is to prove this resistance to hydrogen diffusion in the austenitic
phase, and to study the resistance to sulfate corrosion and chloride pitting. The corrosion properties will be
discussed in relation to their metallurgical microstructure. Stationary (polarization curves) and transient
(electrochemical impedance) electrochemical methods were applied. The corrosion rate as a function of time
was determined by the mass loss method and the characterization of the surface state was studied by optical
microscopy. Two types of corrosion were observed: a uniform corrosion in which the half-reactions are
homogeneously distributed in 0.5M H,SO,, followed by a localized corrosion observed in 0.5M NaCl for both
steels. According to the polarization curves, the corrosion potential differs between martensitic and
supermartensitic steel where it shows a higher potential with -0.342V/Ag/AgCl in 0.5M H,SO4 and -0.339
V/Ag/AgCI in 0.5M NaCl. In parallel, the polarization resistance given by EIS shows that in both media,
supermartensitic steel is more resistant than martensitic steel where it has an Rp equal to 7200 Ohm in 0.5M

H2S04 and 8340 Ohm 0.5M NaCl. These results are confirmed by the optical microscope images.
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I. INTRODUCTION

In the oil industry (oilfields and marine environment
applications), steel is widely used [1], but the
replacement of carbon steels started in the 1970s by
martensitic stainless steels due to their affordability and
better corrosion resistance compared to most of the
materials used [2, 3]. In order to improve the weldability
factor and to have a better corrosion resistance, the
composition of martensitic steels has been refined in
recent years, with a reduction of the carbon content [4]
and then the addition of elements promoting the
presence of the austenitic phase after welding, which
improves the toughness of these welded joints [5]. This
new generation of steel is called supermartensitic [6].
These steels combine good weldability and strength
with excellent corrosion resistance. This name was
given to them because their microstructure is mainly
composed of adiabatic martensite. Its formation
depends only on the temperature reached below the
martensitic transformation starting temperature (Ms)
and not on the cooling rate obtained to reach Ms [7].
The martensite of conventional martensitic steels is not
adiabatic, this is the main difference with
supermartensitic steels.

Supermartensitic steels contain many alloying elements
that have the effect of lowering Ms [8].

Essentially, supermartensitic stainless steels are
chromium (Cr), nickel (Ni) and molybdenum (Mo) based
steels with a low concentration of carbon (C). Chromium
is an important element for corrosion resistance and the
addition of nickel and molybdenum is mainly used to
compensate for the decrease in carbon to promote
austenite formation [9]. This allows them to retain good
strength, like conventional martensitic steels such as
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AISI 410 and low cost compared to duplex steels with
higher chromium content [10, 11]. Molybdenum, Mo,
like copper, improves corrosion resistance in most
corrosive environments, especially acidic ones, but also
in phosphoric solutions, sulfur, etc. It increases the
stability of passivation films and is mainly added to
control carbide embrittlement of the alloy after the
martensite tempering treatment [12].

martensite [12]. In this work, we studied the behavior of
these two stainless steels, martensitic and
supermartensitic, in a sulfide medium and another
chloride medium. In the same vein, Kimura et al., [13].
The impact of residual austenite on corrosion rate and
pitting susceptibility was studied. These authors found
that residual austenite had a slightly positive effect on
corrosion resistance. They explain these results by the
fact that hydrogen diffuses more rapidly into martensite.
This was confirmed just after in 2020 [14]. The complex
metallurgical structure of martensitic stainless steel
causes failures in the industry such as sulfide stress
cracking and intergranular corrosion [15], hence the
limitation of using this martensitic grade.

In the first part, we used the mass loss method to
evaluate the degree of degradation by estimating the
corrosion rate. In the second part, we performed the
electrochemical study by describing the attack
mechanism at the metal/electrolyte interface.

Il. MATERIALS AND METHODS

The variation of the corrosion rate has been studied
using the mass loss test, which is a first approach to the
corrosion of a metal immersed in an electrolyte in order
to determine their corrosion rate as a function of time
[16]. Mass loss measurements are performed at
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different immersion times and at an ambient
temperature of 25°C [17].
Two samples, one of which is a martensitic steel and
the other a supermartensitic steel, were prepared and
weighed prior to analysis and before immersion in 0.5M
H>SO4 and 0.5M NaCl, respectively, to study the
evolution of the corrosion rate as a function of time,
from 24hr to 420hr. The mass loss test gives a direct
estimate of the corrosion rate of the steel immersed in
the electrolyte [18, 19]. The corrosion rate is calculated
by the following formula:

V=AM/S .t (mg/h.cm2) (1)
With: AM = M1 — M2
AM is the difference between the initial mass M1 and
the final mass M2 after a time t. S is the surface of the
metal exposed to the electrolyte. Once the surfaces of
the samples are polished, the initial masses of each
sample immersed in the solution are measured in 25ml
of 0.5M H>SO.and 25ml of 0.5 M NaCl separately in
covered beakers at a temperature of 25°C. After each
immersion time, the samples are rinsed with distilled
water, brushed with acetone and dried with an electric
dryer. Finally, the mass M2 is weighed.
This technique gives us the values of the corrosion
potential and allows us to access the values of the
corrosion current density (Tafel's law) thanks to which
we can calculate the corrosion rate. The curves are
plotted by the Autolab 302 corrosion chain, the scan
was performed at a speed of 60mV/min between 1
mV/Ag/AgCI. It should be noted that for all the tests, a
waiting period of 1h after immersion corresponding to

the time of formation and stability of the electrical
double layer was respected.

Throughout the study, the impedance measurements
were performed in potentiostatic mode around the
polarization point Ecorr, with a sinusoidal perturbation
equal to 5mV, knowing that the frequencies swept
during the impedance measurements are between 100
kHz and 10 mHz.

In order to highlight and compare the surface
microstructure of martensitic and super martensitic
steels, this method of metallography of well polished
surfaces before and after electrolytic etching is used.
We used a NIKON ECLIPSELV 100 ND optical
microscope equipped with 50, 100, 200 and 500 times
magnification lenses. The micrographs are acquired
with a video camera attached to the microscope and
connected to a computer.

In order to study and visualize closely the morphological
change of the surface of martensitic and
supermartensitic steels exposed to electrolytes, the
samples were immersed in the electrolytes for one hour.
They were then rinsed with distilled water and dried
immediately with a dryer. SEM images were taken with
a ZEISS-EVO/MA25.

lll. RESULTS AND DISCUSSION

A. Weight loss

Table 1 shows the corrosion rate results for the two
steels in the two corrosive environments, calculated by
equation (1).

Table 1: Variation of the corrosion rate of the two steels in 0.5M H.SO,4 and 0.5M NaCl.

0.5M H.SO, 0.5M NacCl
V (g/m°.h) V (g/m°.h)
Immersion time (h) Martensitic stainless Supermartensitic stainless | Martensitic stainless | Supermartensitic stainless
steel steel steel steel
0 / / / /
24 0.0041 0 0.0041 0
48 0.0045 0.0020 0.0062 0.0020
72 0.0055 0.0027 0.0069 0.0021
96 0.0072 0.0031 0.0083 0.0032
120 0.0083 0.0033 0.0091 0.0034
420 0.0088 0.0035 0.0092 0.00047
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Fig. 1. Variation in corrosion rate with time (a) martensitic steel et (b) : supermartensitic steel in0.5M H2SOs4.
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In both environments, H2SO4 and chloride, the
corrosion rate is higher for martensitic steel than for
supermartensitic steel, it increases with time, which
translates into an aggression of the metal by the rapid
diffusion of sulfate ions in H.SO4 0.5 M and by CI' ions
in NaCl 0.5M. At a time equal to 420h this speed
decreases, which translates the presence of a barrier at
the surface of the metal, which lets believe that there is
a protection whereas the corrosion is camouflaged and
always deteriorates the two steels by oxidation of iron
under this barrier.
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Fig. 2. Variation in corrosion rate with time for: (a):
martensitic stainless steel and (b): supermartensitic
stainless steel steel in 0.5M NaCl

In general, the anodic and cathodic reactions of an iron
alloy (carbon steel) in an aerated neutral solution are
-Cathodic reaction: 0O,+2H04e + —40H (1)
-Anodic reaction:  Fe - Fe*+2e (2
Fe?*+20H — Fe(OH), 3)

The diagrams presented in Fig. (1) in a sulfated
environment show that the corrosion rate increases with
time. In the case of martensitic steel at (1120h) where
the rate reaches 0.0083g/m2.h, a slowdown of the latter
is observed until stabilization. This reflects the presence
of a protective film that covers the entire surface of the
steel. For supermartensitic steel, the values of the
corrosion rate in sulfate medium are very low and reach
their maximum values at t120. These negligible values
show the high corrosion resistance of this steel
compared to martensitic steel. The same is true for the
chloride medium where the corrosion rate values
between the two steels are different, the
supermartensitic steel having a high resistance to
polarization even with the attack of Cl- ions.

A. Electrochemical measurements

(i) Potentiodynamic curves. The results of the various
electrochemical tests of the two martensitic and
supermartensitic steels respectively in 0.5M NaCl and
0.5M H2SO, are shown in Fig. 3 and 4.
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Fig. 3. Polarisation curves of martensitic and
supermartensitic stainless steel in0.5M NaCl.
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Fig. 4. Polarisation curves of martensitic and
supermartensitic stainless steel in 0.5M H>SOs.

characterized by the oxidation of iron and the reduction
of oxygen dissolved in the medium according to:

Tables 2 and 3 combine the results of the Tafel curves of the two steels studied in 0.5M NaCl and 0.5M H>SOs:
Table 2: Electrochemical parameters deducted from polarisation curves in 0.5M NaCl.

Ecorr Icorr Ba Bc
(mV) (mA/cm?) (mV) (mV)
Martensitic stainless
steel -464.5 0.043 58.6 170.9
Supermartensitic
stainless steel -328.2 0.027 84.9 121.4
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Table 3: Electrochemical parameters deducted from polarisation curves in 0.5M H,SO,.

Ecorr (mV) Icorr (mA/cm®) Ba (mV) Bc (mV)
Martensitic stainless -456.5 0.058 69.6.6 132.7
steel
Supermartensitic
stainless steel -335.2 0.015 715 116.2

Examination of the polarization curves obtained for the
steels immersed in 0.5 M NaCl, shows that the
corrosion potential of the supermartensitic steel tends
towards more positive values with 328.2 mV compared
to the electrode potential of 464.5 mV of the martensitic
steel, at the same time a decrease in the current density
for the anodic branch due to the dissolution of iron. The
same behavior is noticed in the medium H2SO4at 0.5 M,
the reduction of current densities up to 0.015 mA/cm®
and the onction of potentials for supermartensitic steel
at 335.2 mV where the dissolution of iron is less rapid
because it is blocked by the oxides of chromes that
form a protective surface film of the metal [20-22].
These results explain the results found with the mass
loss technique and confirm the presence of an anti-

corrosive layer of the metal interface for
supermartensitic steel.
(ii) Electrochemical impedance spectroscopy.

Impedance measurements were carried out under the
same conditions on two working electrodes, martensitic

and supermartensitic  steels, in two different
environments.
10000
8000 o
6000
£
s
i 4000
' . R .
o m-E-E-m-g g e,
2000 ::.".,-/I . . -‘._.. \....
4 ™~ A\

T T T T T T T T T
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Z'(ohm)

-1000 0

Fig. 5. Electrochemical impedance diagrams (Nyquist
representation) of Martensitic and super martensitic
Stainless steel in0.5M NaCl.

The EIS diagrams obtained on the substrates immersed
in NaCl showed at least the presence of two time
constants. Indeed, the weak capacitive HF loop leads
us to believe that it is simply due to a parasitic or
additional process of the electronic interface (negligible
current, cable resistance, distances between
electrodes).

The HF capacitive loop is attributed to the corrosion
process taking place at the electrochemical interface

Table 1: Impedance parameters of martensitic

characterized by a constant phase element Cped! in
parallel with the charge transfer resistance Rct [23].
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Fig. 6. Electrochemical impedance diagrams (Nyquist
representation) of Martensitic and super martensitic
Stainless steel in 0.5M HzSO..

Indeed, the presence of chromium in the composition of
both substrates, together with molybdenum and nickel,
stimulates the spontaneous formation of oxides and
spinels by combining with Fe2+ from the dissolution of
the substrate. For supermartensitic steel, the size of the
capacitance loop is larger compared to martensitic
steel, resulting in a higher polarization resistance, and
according to Table 1, it is 9130 Ohm, while it is around
7350 Ohm for martensitic steel. The EPC capacitance
values, which decrease with supermartensitic steel,
confirm these results with a value equal to 102.10-9
F.S1/n.

For martensitic and supermartensitic steel immersed in
0.5M H3SO., after 1 hour of immersion of the
substrates, corrosion products are deposited on the
surface of the metal, It is assumed that nickel sulfides,
which are inhibitors of hydrogen recombination, are
present in the sulfated medium, showing a beneficial
effect that reduces in particular the defects of the
passive film. The charge transfer strength of the
supermartensitic steel is higher with 5970 Ohm and a
lower capacitance than for the martensitic steel, which
is equal to 115 10-9 F.S1/n. Similar values of CPEc
have already been reported for a Fe17Cr stainless steel
[24].

Table 4 and 5, group together the electrochemical
parameters derived from the Nyquist diagrams, in 0.5M
NaCl and 0.5M H>SO4 respectively.

and supermartensitic stainless steel in 0.5 M NaCl.

Re CPEg n Ret CPE. n Re
((®)] (F.s™) ’ Q) (F.s™) ‘ Q)
Martensitique 6 9 +3
stainless steel 8.03 8.54 10 0.7 154 21410 0.9 7.3510
super
martensitique 6.96 5.96 10° 0.7 140 102.10° 0.9 9.13 10"
stainless steel
Oulabbas et al., International Journal on Emerging Technologies 12(2): 269-276(2021) 272




Table 2: Impedance parameters of martensitic and supermartensitic stainless steel in 0.5 M H.SO4

R. CPEy n Ret CPE. (F.8™ n Rc
Q) (F.S™) “ Q) ) ° Q)
Martensitique 6 -6 +3
stainless steel 23.5 6.07.10 0.7 694 12.510 0.9 4.98 10
super martensitique 6 +3 -9 +3
stainless steel 34.3 3.97 10 0.8 1.31.10 11510 0.9 5.97 10

For corrosion in a saline environment, the
electrochemical kinetics are rapid in the moments
following immersion, then slowed down by the
appearance and growth of corrosion products. The
modeling of these systems is therefore not easy and
must take into account the permanent reduction of the
surface.

Many authors have tried to characterize the corrosion of
steel in different electrolytes, in this case H2SO4 [7],
Na2S04 [9], NaCl saturated with H2S, by EIS
measurements. No universal model has been proposed
for the corrosion of martensitic and supermartensitic
steels.

The model describing the electrochemical behavior of
the stainless steel-solution interface in NaCl during the
formation of the corrosion product layer is schematically
as follows:

Re CPEc
[N

by
Rc CPEdI

Fig. 7. Equivalent circuit of stainless steel immersed in
NaCl

Thus, the proposed equivalent circuit, giving the
response of the electrochemical interface relative to the
substrate immersed in H2SQO4 is as follows:

Re CPEc
N
L
Rc CPEdI

Fig. 8. Equivalent circuit of stainless steel immersed in
H2SO4

C. Characterization of surface by optic spectroscopy
The surface condition after corrosion tests in different
media for the two steels studied is presented in Figures
5 and 6. The surfaces of the samples were observed by
optical microscopy after 1 hour of immersion for both
steel samples and in both electrolytes. It was found that
corrosion develops after immersion in both aggressive
media. The images clearly show the difference in CI
and SO.” attack, which can be seen by the density and
size of the corrosion defects increasing more in the
chloride medium than in the sulfate medium. It is
therefore clear that supermartensitic steel is more
resistant than martensitic steel in both media, which
confirms the results obtained by the mass loss and
polarization curve.

D. Characterization of surface by electron microscopy
(SEM)

The micrographs of the two martensitic and
supermartensitic steels immersed in H.SO. and
immersed in NaCl are in Fig. 7.

(b)

Fig. 9. Optic spectroscopy Micrography of (a)
martensitic and (b) supermartensitic stainless steel
before and after immersion in 0.5 M NaCl.

(@)

(b)
Fig. 10. Optic spectroscopy Micrography of (a)
martensitic and (b) supermartensitic stainless steel
before and after immersion in 0.5 M HoSOs.

Oulabbas et al., International Journal on Emerging Technologies 12(2): 269-276(2021)

273




Initial stat

Martensitic stainless steel

100 pm

Supermartensitic stainless steel

100 pm

immersedin HSO4

Martensitic stainless steel

100 um

Supermartensitic stainless steel

100 pm

Immersedin NaCl

100 pm
e

Supermartensitic stainless steel

100 pm

Fig. 11. SEM micrographs of supermartensitic and martensitic stainless steel in NaCl and H.SO,4 media.

First and foremost and in a sulfate environment, the
surface of martensitic steel clearly shows a significant
degradation of the surface compared to the initial state
of martensitic steel, with the presence of crevice
corrosion sites that have the appearance of enlarged
tips. Compared to supermartensitic steel where the
attack results in the presence of deposits of corrosion
products on the surface and whose degradation is less
significant.

Oulabbas et al.,

Secondly, in the case of stainless steels immersed in
the chloride medium, pitting corrosion in both cases is
due to the attack of Cl ions, and obviously the number
of pits is higher in the case of martensitic steel, which is
well known for martensitic stainless steels in neutral
medium [25-30]. These results are in good agreement
with what has been discussed and found, with the
previous methods (weight loss and electrochemical).
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IV. CONCLUSION

The main objective of this work is to compare the
corrosion  behavior from the martensitic and
superartensitic point of view. The conclusions that can
be drawn are the following:

- From the mass loss technique, we obtained a
difference in corrosion rates that favors the
supermartensitic steel.

- The polarization curves (Tafel) show that the corrosion
potentials are different. The dropout potential of the
supermartensitic steel is more noble than that of the
martensitic steel. Thus the current intensities are lower
in the case of supermartensitic steel.

- Optical microscope characterization of the surface
confirms these results.

- Nyquist diagrams show higher polarization strengths in
the case of supermartensitic steel.

- The EPC values decrease with supermartensitic steel
reflecting the good corrosion resistance.

- SEM micrographs of martensitic steel in both study
media clearly show that the corrosion process is more
apparent compared to supermartensitic steel.

V. FUTURE SCOPE

- These surface characterization methods are in addition
to the methods previously carried out in the literature
that study the mechanical and structural properties of
supermartensitic steel to clearly show the strength of
super martensitic steel.

-The study of the microstructure, wear and corrosion
resistance of supermartensitic stainless steel (SMSS) is
yet to be explored in other corrosive environments such
as seawater and acidic environment.
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