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a b s t r a c t

The corrosion behavior of the 18Ni 300-grade maraging steel in 0.6mol L�1 NaCl solution, containing
1mmol L�1 H2S, and saturated with CO2, was investigated by measurement of the open circuit potential,
potentiodynamic polarization and electrochemical impedance spectroscopy techniques. The maraging
steel was solution-treated at 840 �C for 1 h and aged at 650 �C for 3 h. All corrosion electrochemical tests
proved that the austenitic phase formed during the aging thermal treatment was detrimental to
corrosion resistance of the 18Ni 300-grade maraging steel. The analysis of the XPS spectra suggested that
FeCO3, Fe2O3, FeS2, FeSO4, NiO, Ni(OH)2, NiS, NiSO4, MoO2, MoO3 and MoS2 were the corrosion products
deposited on the surface of both maraging steel samples after 29 days of immersion in the testing so-
lution. Lastly, for industrial application requiring the corrosion resistance property of the 18Ni 300 grade
maraging steel, it is recommended that it be thermal solution-treated before its use.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

It is well known that maraging steels gain hardness after aging
thermal treatment between 400 and 650 �C [1]. Some authors re-
ported that the phases formed between 400 and 480 �C, Ni3Ti and
Ni3Mo, are responsible for the hardness gained during the initial
stages of thermal treatment [2e4]. On the other hand, aging pro-
cedures at higher temperatures, e.g. 650 �C for 3 h, promotes the
dissolution of both phases and the formation of Fe2Mo stable pre-
cipitates and a Ni enrichment of the matrix, which causes the for-
mation of the austenite phase [5e7]. Due to their mechanical
resistance associated to the annealing process, maraging steels are
used in pressure vessels, aircraft components, missile and rocket
motor cases, nuclear and gas turbine applications [8].

In the current decade, it is increasing the interest on corrosion
resistance properties of these alloys. For instance, it was showed
that thermal aged maraging specimens were more susceptible to
corrosion than the thermal solution-treated specimens in slightly
acid radioactive water [9], in phosphoric acid and in sulfuric acid
media [10,11] and that Ce3þ ions and some organic molecules
inhibited the corrosion of maraging steels in acid solutions [12e17].
In addition, Santos et al. [18] showed that the specimens of 18% Ni
300-grade maraging steel aged at 480 �C and at 570 �C, for a period
of 3 h, were more susceptible to hydrogen embrittlement than
solution annealed ones, Manwatkar et al. [19] investigated the
stress corrosion resistance of a maraging steel 250-grade shear bolt
used in the interstage structure of a satellite launch vehicle and
showed that the crack initiated from pits, Seikh et al. [20] produced
a cobalt-free maraging steel by electroslag remelting (ESR) tech-
nique and demonstrated that the produced maraging steel was
more corrosion resistant than the commercial C250 maraging steel
in 1mol L�1 H2SO4 solution, Tian et al. [21] produced a new mar-
aging stainless steel to evaluate the synergistic effect between Co
and Cr and showed that the produced alloy presented higher
corrosion resistance in 3.5% NaCl solution than the 15-4PH stainless
steel and, finally, Meshram et al. [22] used the friction stir welding
process for welding the 18%Ni 250-grade maraging steel and they
showed that the welded joints presented fine grain structure,
absence of segregation of alloying elements and higher resistance
to stress corrosion crack compared to base metal and gas tungsten
arc weldments.
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Fig. 1. X-ray diffractograms obtained for solution-treated (A) and aged (B) 18Ni 300
grade maraging steel samples.
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In oilfield production, oilfield formation water is co-extracted
with the oil and it contains chloride ions and can also contain
CO2 (sweet corrosion) and H2S (sour corrosion) dissolved in the
produced fluids, which represents a significant problem for the oil
and gas industry since 1940 [23]. The mild steel is usually the most
cost-effective for oil and gas facilities, but its corrosion resistance is
strongly affected by the presence of these chemical species in the
aqueous medium. The maraging steels can be a potential alterna-
tive to the carbon steel, since these alloys have better corrosion
resistance than the carbon steel. However, the corrosion behavior
of the maraging steel in aqueous media containing CO2 and H2S is
unknown. For carbon steel, results have shown that H2S exhibited
an acceleration of the anodic reactions (carbon steel dissolution).
However, under certain special conditions, such as H2S concen-
tration less than 0.04mmol L�1 and with pH value varying between
3 and 5, the H2S causes an inhibition of the steel corrosion [24e27].
The occurrence of this inhibition effect was related to the deposi-
tion of the ferrous sulfide on steel surface, which acts as a protective
layer. The formation of the protective barrier is related to the H2S
concentration in the electrolyte, to the pH of the solution and to the
immersion time of steel in the corrosive medium [28e31]. The
chemical composition of the protective film revealed the presence
of several ferrous sulfide, such as pyrite (FeS2, cubic), troilite (FeS),
pyrrhotite (FeS1-x) and mackinawite (Fe3S4) [32,33].

Dissolved in brine aqueous solution, CO2 is deleterious to the
corrosion resistance of the metallic materials, since the dissolved
CO2 reacts with water to form the carbonic acid, leading to the
decrease of the pH about 4 [34e41]. Investigations have identified
that iron carbonate (FeCO3) was the main corrosion product
deposited on steel surface [40e42].

In presence of CO2 and H2S, both iron carbonate and iron sul-
phide scales can be formed on the steel surface, acting as a barrier
that causes the reduction of the corrosive process and preventing
the underlying steel from further dissolution. Studies on the effect
of very small H2S concentrations on CO2 corrosion at low pH have
been reported [24,27,43e46] and the data strongly suggested that
the presence of very small amounts of H2S leads to a significant
reduction of the iron corrosion in CO2 environments [47].

Thus, the aim of this investigation was to study the influence of
the aging thermal treatment at 650 �C for 3 h on the corrosion
resistance of 18Ni 300-grade maraging steel in 0.6mol L�1 NaCl
solution, saturated with CO2 and containing 1mmol L�1 H2S. This
investigation will be beneficial to understand the feasibility of this
steel be applied in oil industry.
2. Experimental details

2.1. Sample preparation

A 18Ni 300 grade maraging steel was used as working electrode,
and its chemical composition is displayed in Table 1. The steel
samples had the dimensions of 10mm� 10mm� 8mm and were
solution-treated at 840 �C for 1 h, rapidly cooled in water and fol-
lowed by an aging treatment at 650 �C for 3 h and subsequently
quenched in water.

For electrochemical corrosion tests, the 18Ni 300 grade marag-
ing steel samples were embedded in epoxy resin, leaving exposed a
quadrangular geometric surface area (circa 0.1 cm2). Prior to each
Table 1
Composition of the 18Ni 300 grade maraging steel.

Element Fe Ni Co Mo Ti Al C

w % Balance 18.7 9.62 4.84 0.87 0.39 <0.03
electrochemical experiment, the coupons were sanded with 100,
220, 360, 400 and 600 SiC emery papers, washed with distilled
water, degreased in acetone and dried with heated air flow.
Fig. 2. EBSD phase map obtained for 18Ni 300 grade maraging steel aged at 650 �C for
3 h. The austenite phase is the white color and martensite phase is the gray color.



Fig. 3. Variation of the open circuit potential obtained for 18Ni 300 grade maraging
steel with immersion time in aqueous solution containing 0.6mol L�1 NaCl, 1mmol L�1

H2S and saturated with CO2 gas. The studied samples were: solution-treated at 840 �C
for 1 h (O) and aged at and 650 �C (D) for 3 h.
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2.2. Electrochemical corrosion tests

The electrochemical measurements were carried out by using a
Metrohm AUTOLAB PGSTAT 302N potentiostat controlled by a
computer using the software NOVA 11.1, which allowed the
acquisition and analysis of the electrochemical data. All experi-
ments data were performed in triplicate.

The electrochemical experiments were performed in a single-
compartment Pyrex® glass cell with a Teflon cover containing
holes to fix the electrodes and to allow the gas bubbling. The
reference and auxiliary electrodes were the Ag(s)/AgCl(s)/Cl�(aq)
(saturated KCl) and a 2 cm2 platinum plate, respectively, while the
solution-treated and the aged samples were the working elec-
trodes. The corrosion tests were carried at room temperature
(about 25 �C) and using open circuit monitoring, potentiodynamic
polarization and electrochemical impedance spectroscopy tech-
niques. The polarization curves were recorded at a constant sweep
rate of 1mV s�1 from open circuit potential (Eoc) towards more
positive potentials. The impedance diagrams were obtained in the
steady open circuit potential disturbed with amplitude of 10mV
peak-to-peak AC sine wave at frequencies from 20 kHz to 6mHz.
Fig. 4. - SEM images obtained for 18Ni 300 grade maraging steel solution-treated at (A) 84
containing 0.6mol L�1 NaCl, 1mmol L�1 H2S and saturated with CO2 gas.
The preparation of the testing solution followed the following
steps: 0.6mol L�1 NaCl was dissolved in a buffered acetic acid/so-
dium acetate solution (pH 4.2). After, the solutionwas placed inside
the electrochemical cell and N2 gas was bubbled for 1 h to deoxy-
genize the solution. Next, CO2 was bubbled and a mass corre-
sponding to a 2.83� 10�4mol L�1 Na2S$9H2O (Vetec) was dissolved
only when the solution pH reached about 4.2. This amount of
Na2S$9H2O was used to have 1mmol L�1 H2S in solution [43]. This
solution was prepared to simulate the oilfield water formation
containing chloride ions, CO2 and H2S, since CO2 and H2S are pre-
sent in the oil extracted from deep ocean areas, such as the pre-salt
region. Thus, the concentration of 0.6mol L�1 NaCl was taken to
simulate the chloride concentration in sea water.
2.3. Characterization

X-ray diffractograms were obtained using a Panalytical diffrac-
tometer, model X-Pert PRO MPD®, in step scan mode with step size
of 0.01�, time per step of 3 s and angular interval 10�e120�. Radi-
ation CoKa (1.7890 Å) was usedwith 40 kV and 40mAwith a hybrid
monochromator. The crystallographic phases were identify using
the software X-pert HighScore Plus® version 3.0.5 and the crystal-
lography data for all phases were obtained using the Inorganic
Crystal Structure Database (ICSD).

The XPS data were collected using non-monochromatic Al Ka
radiation at 1486.6 eV and 152W. A survey spectrum together with
high resolution regions of C 1s, O 1s, S 2p, Fe 2p, Ni 2p, Mo 3d and Ti
2p were recorded. All binding energies used in this work were
referenced to the binding energy of the carbon C 1s peak at
284.0 eVwhich is from the presence of adsorbed hydrocarbons. The
XPS spectra were obtained for both solution-treated and aged
maraging steel samples, after 29 h of immersion in aqueous solu-
tion containing 0.6mol L�1 NaCl, 1mmol L�1 H2S and saturated
with CO2 gas.

The investigation of the surface morphology of the 18Ni 300
grade maraging steel was carried out using a INSPECT S50-FEI
scanning electron microscope (SEM) before and after the corro-
sion tests.

Lastly, EBSD maps were obtained in an Oxford Channel 5-EBSD
system coupled to a Philips® XL-30 SEM. Sample preparation
sequence was a pre-grind to 600 SiC and polished to 3, 2 and 1 mm
diamond paste. The final polishing was done using a colloidal silica
suspension of particle size of 0.05 mm during extended periods of
time.
0 �C for 1 h and aged at (B) 650 �C for 3 h after 29 h of immersion in aqueous solution



Fig. 5. - Anodic potentiodynamic polarization curves obtained in aqueous solution
containing 0.6mol L�1 NaCl solution, 1mmol L�1 H2S aqueous and saturated with CO2

gas for the 18Ni 300 grade maraging steel samples which were solution-treated at
840 �C for 1 h (O) and aged at 650 �C (D) for 3 h.

Fig. 6. SEM images showing the surface morphologies of the corrosion product deposited on
the end of the potentiodynamic polarization tests and carried out in aqueous solution cont
Typical SEM images obtained for the surface of the solution-treated (E) and aging (F) samp
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3. Results and discussion

3.1. X-ray diffractograms and EBSD phase map

Fig. 1 shows the X-ray diffractograms obtained for maraging
steel that was solution-treated at 840 �C for 1 h (Fig. 1a) and aged at
650 �C for 3 h (Fig. 1b). The X-ray diffraction pattern shown in
Fig. 1a presents three well defined peaks located at 2qz 52�, 77�

and 99�, corresponding to the planes {110}, {200} and {211} from
the body centered cubic martensitic matrix (a') (ICSD no. 76747).
Moreover, these peaks are also detected in the diffractogram of the
aged sample. Besides the peaks of the a' phase, the X-ray diffraction
pattern of the aged sample (Fig. 1b) presented four well-defined
characteristic peaks around 2qz 51�, 60, 90� and 112�, which are
attributed to {111}, {200}, {220} and {311} set planes related to face
centered cubic structure (Fig. 1b) (ICSD no. 185066) corresponding
to the reverted austenite (g) formed from the partial trans-
formation of martensite. Finally, these results are in close agree-
ment with others reports already published in literature [7,8]. The
EBSD technique was also used to characterize the presence of
austenite phase in the aged sample at 650 �C for 3 h. The obtained
EBSD image, shown in Fig. 2, shows that the g phase (white color) is
solution-treated (A, B) and on aged (C, D) 18Ni 300 grade maraging steel samples after
aining 0.6mol L�1 NaCl solution, 1mmol L�1 H2S aqueous and saturated with CO2 gas.
les, before the electrochemical corrosion tests, are also shown.



Fig. 7. - Typical Nyquist and Bode diagrams obtained for the solution-treated 18Ni 300
grade maraging steel samples in a 0.6mol L�1 NaCl solution, containing 1mmol L�1

H2S and saturated with CO2 gas. The lines in these plots correspond to the simulated
data.
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formed on the grain boundaries of the martensite matrix (gray
color).

3.2. Electrochemical corrosion tests

The variations of the open circuit potential (Eoc) with the im-
mersion time (t) for both investigated 18Ni 300 grade maraging
steel samples in 0.6mol L�1 NaCl solution, containing 1mmol L�1

H2S and saturated with CO2, are displayed in Fig. 3. The results were
obtained in triplicate, and the error bar related to the standard
deviation of the solution-treated sample showed a significant de-
viation in the first hours of immersion. This behavior is attributed
to the differences in the surface roughness between the samples
caused by sanding process. Initially, it can be noted that Eoc values
obtained for the solution-treated samples were nobler in compar-
ison with those obtained for aged sample. Furthermore, while the
Eoc values of the solution-treated samples followed a rising ten-
dency towards more positive potentials, the Eoc values of the aged
sample slightly shifted towards less positive potentials. The shift of
the Eoc values towards more positive potentials is related with the
formation of a protective film that covered the whole surface of the
solution-treated sample (visual observation). After the immersion
test, the SEM examination of solution-treated sample revealed that
the protective film formed on the surface of steel was homoge-
neous and uniform. Additionally, no cracks in this passive barrier
were observed (Fig. 4A). On the other hand, the shift towards more
negative potentials is associated with the formation of a non-
protective film that covered the whole surface of the aged sample
(visual observation) and, as revealed by the SEM image (Fig. 4B),
one can observe a surface with more defects, including cracks,
which made easier the penetration of the electrolyte through the
film.

Thus, the analyses of Figs. 3 and 4 suggest that at Eoc condition, a
protective film was formed on the surface of the solution-treated
sample and a non-protective film was deposited on the surface of
the sample aged at 650 �C. Since the aging heat treatment led to the
formation of the austenitic phase, the decreasing the Eoc for less
noble values, observed for the aged samples, was associated to the
occurrence of the heterogeneities in the grains matrix that led to
the broken of the film deposited on surface of the aged sample.

The anodic potentiodynamic polarization curves achieved for
the solution-treated and for aged samples are shown in Fig. 5.
Initially, it can be noted, in the entire potential range, that the
current densities displayed by the solution-treated sample are
lower in comparison with those obtained for the aged sample. The
current plateaus observed between �440mV and �350mV indi-
cate the deposition of corrosion product on alloy surfaces. For
applied potentials higher than �350mV, the current densities are
rising, which is related to the dissolution of the surface film. Thus,
the polarization curves show that the solution-treated sample is
more corrosion resistant than the aged sample.

Fig. 6 shows the SEM images obtained to assess surface mor-
phologies and the cross-section views of the both investigated
maraging steel samples after the end of the potentiodynamic po-
larization tests. For the solution-treated samples (Fig. 6A), the SEM
image shows an uniform film deposited on the surface with some
superficial defects (Fig. 6A), while for the aged samples, the SEM
image shows that the deposited film is cracked (Fig. 6C). The cross-
section SEM images (Fig. 6B and D) revelled that the corrosion
products deposited on both solution-treated and aged samples
were uniform and cracks from the top until the bottom were not
observed, indicated that the cracks, displayed in Fig. 6C, are su-
perficial. In addition, the SEM cross-section analyses allowed the
estimate the thickness of the film deposited on the both sample
surface, which were about 4.54 mm and 2.10 mm for the solution-
treated and aged samples, respectively, proving that the corrosion
products deposited on aged sample surfaces were electrochemi-
cally less stable than those deposited on the surface of the solution-
treated sample. Additionally, SEM micrographs of the surface of
maraging steel at both solution-treated and aged conditions, before
the potentiodynamic polarization tests, are displayed in Fig. 6E and
6F, respectively. As can be seen, before the corrosion tests, clean
surfaces with sanding marks were observed.

The representatives Nyquist and Bode plots, obtained for
solution-treated and for aged maraging steel at open circuit po-
tential are shown in Figs. 7 and 8. Since an unique capacitive loop



Fig. 8. Typical Nyquist and Bode diagrams obtained in 0.6mol L�1 NaCl aqueous so-
lution, containing 1mmol�1 H2S and saturated with CO2 gas, for the 18Ni 300 grade
maraging steel samples aged at 650 �C for 3 h. The lines in these plots correspond to
the simulated data.

Fig. 9. Electric circuit used to fit the experimental electrochemical impedance
diagrams.
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was observed in all obtained impedance diagrams, the experi-
mental impedance data (symbols in Figs. 7 and 8) were fitted by
equivalent electric circuit shown in Fig. 9. The observed capacitive
loop is associated to the electron transfer reaction occurring at
electrode/solution interface.

In Fig. 9, Rs is the solution resistance, Rct is the charge transfer
resistance and Q is the constant phase element (CPE), which is
related to the capacitance or resistance of the electric double layer
at electrode/solution interface. The solid lines in Figs. 7 and 8
correspond to the overlayed curve obtained by equivalent circuit
analysis obtained by NOVA® software. Equation (1) was applied to
convert the CPE to pseudo capacitance (Cpseudo).

Cpseudo ¼
ffiffiffiffiffiffiffiffiffiffi
Y0

Rn�1
ct

n

s
(1)
In this equation, Y0 is the admittance value of the constant phase
element and n is the fitted exponential of the CPE. The average
values of all electric impedance parameters using the equivalent
circuit for 18Ni 300 grade maraging steel in both solution-treated
and aged conditions are listed in Tables 2 and 3, respectively.
Both tables showed that the obtained values of Rct and Cpseudo in-
creases with the immersion time for the maraging steel in both
heat-treatment conditions. Previous reports [48,49] pointed out
that the increases of Rct and Cpseudo values with the immersion time
are related to the improvement of the barrier properties due to the
film deposited on the surface of steel and to the water and ions
uptake through the micropores and defects of the deposited films,
respectively. During the entire duration of the immersion tests, the
solution-treated samples always displayed higher Rct and lower
Cpseudo values in comparison with the corresponding values ob-
tained for the aged material. Thus, the obtained impedance data
suggest that the film deposited on aged sample is less protective
than that deposited on solution-treated sample, which is corrobo-
rated by the SEM images shown in Fig. 4, since, after the end of the
immersion tests, the film deposited on aged samples present more
defects, making this film less protective and allowing permeation of
water be easier.

Finally, a comparison between the Rct values obtained for the
solution-treated and aged 18Ni 300 grade maraging steel with
those recorded for carbon steel is given in Table 4. As can be seen in
this table, the charge transfer resistance of maraging steel is higher
than carbon steel in both heat-treated conditions investigated.
After 3 h of immersion, the Rct values of solution-treated steel is
around twice than the carbon steel, moreover, these difference
increase with the immersion time. The charge transfer resistance of
solution-treated maraging steel become about ten times higher
than carbon steel after 23 h of immersion.
3.3. XPS analysis

XPS analyses were performed to obtain information about the
chemical nature of films deposited on surface of both solution-
treated and aged samples surfaces after 30 h of immersion in
0.6mol L�1 NaCl solution containing 1mmol L�1 H2S and saturated
with CO2 medium. The high resolution XPS spectra were obtained
from deconvolution of peaks in the C 1s, O 1s, S 2p, Fe 2p, Ni 2p, Mo



Table 2
Electric circuit parameters calculated from the adjust of the impedance spectra obtained for the solution-treated 18Ni 300-grade maraging steel samples in 0.6mol L¡1 NaCl
aqueous solution, containing 1mmol¡1 H2S and saturated with CO2 gas. The listed values correspond to the average value of three replicates.

Immersion Time/h Rs/U cm2 Rct/U cm2 Cpseudo/mF cm�2 c2/�10�3

3 2.50 (±0.65) 715.8 (±230.6) 3.51 (±2.54� 10�4) 12.6
5 2.50 (±0.68) 905.2 (±275.5) 5.40 (±1.03� 10�4) 11.7
7 2.50 (±0.58) 989.1 (±71.91) 7.22 (±2.32� 10�4) 18.2
9 2.60 (±0.58) 1199.4 (±283.7) 8.93 (±3.93� 10�4) 9.86
11 2.60 (±0.57) 1265.0 (±371.9) 9.42 (±1.66� 10�4) 9.04
13 2.60 (±0.49) 1420.7 (±570.3) 11.50 (±6.76� 10�4) 11.3
15 2.70 (±0.40) 1619.5 (±719.1) 12.80 (±9.12� 10�4) 10.9
17 2.80 (±0.44) 1845.5 (±852.0) 13.61 (±9.40� 10�4) 8.93
19 2.80 (±0.29) 2083.5 (±1126.4) 14.48 (±10.80� 10�4) 12.7
21 2.90 (±0.30) 2144.5 (±1119.3) 15.14 (±11.46� 10�4) 10.2
23 2.90 (±0.17) 2137.5 (±1140.6) 16.30 (±13.00� 10�4) 10.2
25 2.80 (±0.09) 2040.5 (±1096.7) 17.00 (±14.50� 10�4) 4.85
27 2.80 (±0.05) 2042.5 (±1037.3) 17.70 (±15.92� 10�4) 5.25
29 2.80 (±0.01) 2096.0 (±973.0) 18.50 (±16.60� 10�4) 6.45

Table 3
Electric circuit parameters calculated from the adjust of the impedance spectra obtained for the aged 18Ni 300-grade maraging steel samples in 0.6mol L¡1 NaCl aqueous
solution, containing 1mmol¡1 H2S and saturated with CO2 gas. The listed values correspond to the average value of three replicates.

Immersion Time/h Rs/U cm2 Rct/U cm2 Cpseudo/mF cm�2 c2/�10�3

3 2.50 (±0.01) 285.5 (±55.4) 7.75 (±8.75� 10�4) 38.9
5 2.60 (±0.15) 318.7 (±42.6) 12.1 (±5.63� 10�4) 19.4
7 2.70 (±0.19) 362.7 (±18.3) 15.0 (±5.00� 10�4) 11.9
9 2.70 (±0.21) 402.7 (±22.0) 16.9 (±5.48� 10�4) 9.40
11 2.70 (±0.22) 413.6 (±51.3) 19.2 (±1.17� 10�4) 8.10
13 2.70 (±0.27) 450.8 (±70.2) 21.0 (±1.51� 10�4) 9.65
15 2.70 (±0.30) 477.0 (±52.0) 22.7 (±5.07� 10�4) 9.55
17 2.80 (±0.35) 515.3 (±46.0) 24.4 (±8.20� 10�4) 11.0
19 2.80 (±0.33) 537.2 (±55.4) 26.4 (±11.40� 10�4) 15.0
21 2.80 (±0.34) 564.1 (±45.3) 28.1 (±11.46� 10�4) 14.5
23 2.80 (±0.37) 589.6 (±40.4) 29.4 (±13.5� 10�4) 16.0
25 2.80 (±0.39) 625.5 (±45.6) 30.8 (±14.4� 10�4) 18.6
27 2.80 (±0.40) 645.3 (±47.2) 32.3 (±17.2� 10�4) 22.0
29 2.80 (±0.40) 671.3 (±43.1) 33.1 (±18.0� 10�4) 24.0
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3d and Ti 2p regions for both solution-treated and aged samples
were very similar and shown in Figs. 10e16.

The typical obtained C1s XPS spectrum is displayed in Fig. 10.
This figure shows three deconvoluted peaks. The first peak, located
at 284.8 eV, is attributed to C-C and C-H groups present in the hy-
drocarbon adsorbed on film surface. Unfortunately, it is not possible
Table 4
Comparison between the Rct values obtained for the solution-treated and aged 18Ni 300
other alloys materials.

N� Ref. Material Solution

1 Choi et al. [24] Carbon steel (AISI C1018) 1wt% NaCl containing 10
2 Choi et al. [24] Carbon steel (AISI C1018) 1wt% NaCl containing 10
3 Yu et al. [26] Low alloy steel 3.5 wt% NaCl containing H
4 Abelev et al.

[27]
Iron (99.98%) 3.0 wt% NaCl containing 5

5 Wang et al. [31] Low alloy steel 3.5 wt% NaCl containing H
6 Zimer et al. [43] Carbon steel (AISI 1040) 3.5 wt% NaCl containing 1

7 Zimer et al. [43] Carbon steel (AISI 1040) 3.5 wt% NaCl containing 1

8 This work Solution-treated maraging steel grade
300

3.5wt% NaCl containing 1
saturated

9 This work Aged maraging steel grade 300 3.5wt% NaCl containing 1
saturated

10 This work Solution-treated maraging steel grade
300

3.5wt% NaCl containing 1
saturated

11 This work Aged maraging steel grade 300 3.5wt% NaCl containing 1
saturated

a This value was obtained from extrapolation of the capacitive arc to the real impedan
to state the source of the measured C signal, since, before the XPS
measurements, the samples were washed, dried, and exposed to
air. The second peak is positioned at 286.4 eV and it is associated to
carbon bonded to oxygen, such as C-O, C-OH. The third peak,
positioned at 288.4 eV, correspond to carbon in the carbonate
[42,50].
grade maraging steel, in this investigation, and those reported in the literature for

Temperature/�C pH Immersion time/
h

Rct/U cm2

0 ppm H2S and 0.097MPa CO2 25 3.0 2 z250a

0 ppm H2S and 0.097MPa CO2 25 3.0 2 z250a

2S and CO2 75 4.2 24 z261
00 ppmH2S and CO2 saturated Room

temperature
e 1 z600a

2S, CO2 and N2 (1:7:5) 75 4.2 24 z151.6
00 ppm H2S Room

temperature
3.5 1 z386.2

000 ppm H2S Room
temperature

3.5 1 z489.9

mmol L�1 H2S and CO2 25 4.2 3 z715.8

mmol L�1 H2S and CO2 25 4.2 3 z285.5.8

mmol L�1 H2S and CO2 25 4.2 23 z2037.5

mmol L�1 H2S and CO2 25 4.2 23.0 z586.9

ce axis, at low frequency range, and that it is displayed in the cited reference.



Fig. 10. Typical C 1s XPS spectrum obtained for the solution-treated and aged 18Ni 300
grade maraging steel samples, after 30 h of immersion in 0.6mol L�1 NaCl solution
containing 1mmol L�1 H2S and saturated with CO2.

Fig. 12. S2p XPS spectra obtained for the solution-treated and aged 18Ni 300 grade
maraging steel samples, after 30 h of immersion in 0.6mol L�1 NaCl solution con-
taining 1mmol L�1 H2S and saturated with CO2.
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The typical obtained O1s XPS spectra are shown in Fig. 11. The
spectra obtained for the surface films deposited on both solution-
treated and aged 18Ni 300 grade maraging steel display peaks at
530.0, 531.5 and 533.2 eV, which are associated to O2� chemically
bonding to metal ions, O2� chemically bonding to carbon and
adsorbed water [42,50e52], respectively.

The typical obtained S2p XPS spectrum is shown in Fig. 12. Four
deconvoluted peaks are shown and they are located at about 161.6,
163.2, 166.6 and 168.4 eV. The peak at about 161.6 eV is related to
the presence of sulphide (S2�) [53e59], and that located at 163.2 eV
was attributed to disulphide (S22�) [27,57e59]. The peaks observed
at about 166.6 eV and 168.4 eV are associated to the sulphate (SO4

2�)
[57,59]. Therefore, the analysis of the S2p XPS spectra suggests that
sulphide, disulphide and sulphates compounds were present in the
film deposited on the surface of both investigated maraging steel
samples.
Fig. 11. O1s XPS spectra obtained for the solution-treated and aged 18Ni 300 grade
maraging steel samples, after 30 h of immersion in 0.6mol L�1 NaCl solution con-
taining 1mmol L�1 H2S and saturated with CO2.
The typical Fe2p 3/2 XPS spectrum obtained for the corrosion
products deposited on both investigated maraging steel surfaces is
shown in Fig. 13. The peaks positioned at 710.7 eV and at 712.6 eV
are related to the Fe2þ chemically bonded to CO3

2� [42], or to S2�

[60]. In addition, these peaks can also be assigned to the Fe3þ

bonded to O2� [27,42,50,51,61] species. The peaks with the binding
energies of 719.2, 723.5 and 725.4 eV are also related to the Fe3þ

bonded to O2� [27,42,50,51,60] species.
Thus, the association of the peaks positioned at 286.4 eV in the

C1s XPS (Fig. 10), at 530.0, 531.5 and 533.2 eV in the O1s spectra
(Fig. 11) and the peaks at 710.7, 719.2, 712.6, 723.5 and 725.4 eV,
indicates the presence of FeCO3 in corrosion products. Another
association that can be made is between the peaks at 530.0 eV, in
O1s XPS spectrum (Fig. 11) and the peaks at 710.7, 719.2, 712.6,
723.5 and 725.4 eV in Fe2p spectrum (Fig. 13), suggesting the
presence of Fe2O3 in the corrosion products [37,43,44]. Finally, the
association of the peaks positioned at 161.6 eV, at 166.6 eV and at
168.4 eV, in S2p XPS spectrum (Fig. 12), with that located at
712.6 eV, in the Fe2P XPS spectrum (Fig. 13), suggesting the for-
mation of FeS and FeSO4.

Fig. 14 shows the typical Ni2p XPS spectra obtained for the as-
solution-treated and aged maraging steel samples. Six well
defined peaks at 852.6, 855.4, 861.3, 870.1, 873.0 and 879.1 eV are
shown in Fig. 14. The peak positioned at 852.6 eV is associated to
metallic nickel [62e66], which is due to the steel substrate. The
peaks positioned at 855.4, 861.3, and 879.1 eV were related to Ni2þ

bonded with S2� [60,64,66], while the peaks with binding energies
at 861.3 and 873.0 eV can be associated to Ni2þ bonding with O2�,
or SO4

2�, or OH� [64]. Thus, the analysis of the Ni2p XPS suggests
that NiS, NiSO4, Ni(OH)2 and NiO are present in the corrosion layer
deposited on both maraging steel samples.

Fig. 15 shows the Mo3d XPS spectra achieved for the corrosion
products deposited on solution-treated (Fig. 15A) and aged mar-
aging steel (Fig. 15B) samples. In Fig. 15A, the peak that appears at
about 226.4 eV is very close to that observed at 226 eV in the XPS
spectrum of amorphous molybdenum sulfide quantum dots by
Dinda et al. [67] and, therefore, this peak observed at 226.4 eV is
associated to the presence of MoS2 in the film deposited on the
surface of the solution-treated sample. Two peaks are displayed at
232.2 eV and at 235.2 eV and they are related to the Mo6þ forming



Fig. 13. Fe 2p XPs spectra obtained for the solution-treated and aged 18Ni 300 grade
maraging steel samples, after 30 h of immersion in 0.6mol L�1 containing 1mmol L�1

H2S and saturated with CO2.

Fig. 14. Ni 2p XPs spectra obtained for the solution-treated and aged 18Ni 300 grade
maraging steel samples, after 30 h of immersion in 0.6mol L�1 containing 1mmol L�1

H2S and saturated with CO2.

Fig. 15. Mo3d XPS spectra obtained for the solution-treated (A) and aged (B) 18Ni 300
grade maraging steel samples, after 30 h of immersion in 0.6mol L�1 containing
1mmol L�1 H2S and saturated with CO2.
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chemical bonding with O2� [68e70]. Therefore, the analysis Mo3d
XPS spectrum, obtained for the solution-treated maraging steel
(Fig. 15A), indicates that MoS2 and MoO3 are present in the corro-
sion products deposited on solution-treatedmaraging steel sample.
On the other hand, four peaks can be observed in the XPS spectrum
displayed in Fig. 15B. The peak located at 228.2 eV is related to the
Mo4þ in MoO2 and inMoS2, while the others two peaks at 231.6 and
234.6 eV correspond to theMoO3. Thus, the XPS spectrum, obtained
for aged sample, suggest the MoO2, MoS2 and MoO3 were formed
on aged sample surface during the immersion test.

Finally, the Ti2p XPs spectra obtained for both studied maraging
samples were similar and that obtained for the solution-treated
sample is shown in Fig. 16. Two well defined peaks located at
458.5 and 463.5 eV are displayed in this spectrum and they are
related to the presence of TiO2 [62], indicating this oxide was
present in the corrosion products deposited on surface of both
solution-treated and aged maraging steel.
4. Conclusions

Solution-annealed and aging 18Ni 300 grade maraging steel
samples were successful obtained at 840 �C, for 1 h, and at 650 �C,
for 3 h, respectively. X-ray diffraction and EDSB techniques evi-
denced the formation of austenitic phase due to the aging heat
treatment. Among the investigated samples, the aged presented
the worst corrosion resistance performance in 0.6mol L�1 NaCl
solution, containing 1mmol L�1 H2S and saturated with CO2.
Therefore, the electrochemical results indicated that the formation
of the austenitic phase was deleterious for the corrosion resistance
of the investigated maraging steel. SEM images made possible to
characterize the deposition of corrosion products on the surface of



Fig. 16. Typical Ti 2p XPs spectrum obtained for the solution-treated and aged 18Ni
300 grade maraging steel samples, after 30 h of immersion in 0.6mol L�1 containing
1mmol L�1 H2S and saturated with CO2.
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both maraging steel samples after the end of immersion assays and
potentiodynamic polarization experiments. In addition, XPS
spectra suggested that the deposited films were composed by
FeCO3, Fe2O3, FeS2, FeSO4, NiO, Ni(OH)2, NiS, NiSO4, MoO2, MoO3
and MoS2 compounds. Finally, the investigation showed that for an
industrial application that requires the corrosion resistance prop-
erty of the 18Ni 300 grade maraging steel, it must be thermal
solution-treated before its use.
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