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Abstract: Molybdenum (Mo) is an important alloying element in maraging steels. In this study, we
altered the Mo concentration during the production of four cobalt-free maraging steels using an
electroslag refining process. The microstructure of the four forged maraging steels was evaluated
to examine phase contents by optical microscopy, scanning electron microscopy (SEM), and X-ray
diffraction (XRD) analysis. Additionally, we assessed the corrosion resistance of the newly developed
alloys in 3.5% NaCl solution and 1 M H2SO4 solution through potentiodynamic polarization and
electrochemical impedance spectroscopy (EIS) techniques. Furthermore, we performed SEM and
energy-dispersive spectroscopy (EDS) analysis after corrosion to assess changes in microstructure and
Raman spectroscopy to identify the presence of phases on the electrode surface. The microstructural
analysis shows that the formation of retained austenite increases with increasing Mo concentrations.
It is found from corrosion study that increasing Mo concentration up to 4.6% increased the corrosion
resistance of the steel. However, further increase in Mo concentration reduces the corrosion resistance.

Keywords: molybdenum; ESR; potentiodynamic polarization; EIS; Raman spectroscopy

1. Introduction

Maraging steels are developed to combine superior high strength (yield strength
commercially ranging from 1030 to 3450 MPa) and fracture toughness [1]. The small
amount of carbon makes maraging steels different from regular steels; that is, they are
reinforced by intermetallic compounds derived from supersaturated martensite during the
age hardening of the malleable low-carbon iron (Fe)–nickel (Ni) lath martensitic matrix [2].

Recently, super-high-strength maraging steels have been broadly utilized in appli-
cations including the manufacture of airplanes, missiles, rocket motor cases, and gas
turbines [3–6]. Maraging steels are normally low-carbon, Fe–Ni-based alloys with sub-
stantial amounts of cobalt (Co) and molybdenum (Mo) along with a small percentage of
titanium (Ti) and aluminum (Al). However, the material can be altered by changing its
composition according to the application [7,8]. Due to the low carbon content, maraging
steels mostly exhibit a high degree of machinability [9]. Manufacture of such steels has
been performed by adding or completely removing certain alloying elements to create
maraging steel with good mechanical and corrosion-resistance properties.

Previous studies report that the durability of Fe–18% Ni matrix alloyed by Ti signifi-
cantly decreases at higher strength levels due to the formation of low-temperature, Ti-rich,
metastable NiTi (B2) or Ni3Ti during the aging process [10–12]. Similarly, higher Ti levels
can decrease durability via grain-boundary precipitation of the TiC or TiCN, except in
cases where the carbon content is kept low and thermomechanical processing is profoundly
controlled. Therefore, this suggests that recently created maraging steels likely have low Ti
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content. Mo is another alloying component that is valuable for both strength and durability.
Previous studies showed that Mo-rich zones precipitate during the aging of maraging steel
and play an exceptionally critical role in maintaining the strength of steel [13–16]. The role
of Mo in these processes has been evaluated in ranges of 3–5% based on its inhibition of
embrittlement due to intergranular isolation of contaminants in grain boundaries and as a
potential precipitation hardener [17].

The corrosion and corrosion resistance of maraging steels in sulfuric acid solution have
been examined previously [18–21], revealing their elevated corrosion resistance in acidic
solution relative to tempered martensite alloy steels. In the present study, we incorporated
varied contents of Mo into four maraging steels using an electroslag refining (ESR) process
in order to evaluate its effect on the corrosion-resistance and microstructure properties of
the resulting steels. These four new low-Ni, Co-free maraging steels containing 0, 2.9, 4.6,
and 9.8 wt% Mo were investigated to determine their corrosion behavior in 1 M H2SO4 and
3.5% NaCl solution using potentiodynamic polarization and electrochemical impedance
spectroscopy (EIS) techniques.

2. Materials and Methods
2.1. Materials

In this approach, investigated steel specimens were prepared through open-air melting
followed by remelting in electroslag furnace. The consumable electrodes for ESR were
made in a 20 kg air induction furnace with estimated amounts of scrap and ferroalloys.
The pouring temperature was about 1600 ◦C, and the metal was cast into 40 mm diameter
and 600 mm high vertical chill molds. These were remelted through ESR process with
and without inoculation of 0.05–0.07% Ti. The process was carried out in a water-cooled
steel mold of 80 mm diameter connected to the negative end of a DC power source. The
applied current and voltage were about 730 A and 25 ± 2 V, respectively, with mold water
flow rate of 30 L/min and base-plate water flow of 20 L/min. After ESR, cooled ingots
were taken out from the mold and homogenized in a muffle furnace at 975 ◦C for 8–9 h.
To eliminate the probability of the presence of any cavities or pipes or any other internal
defects, about 20 mm and 10 mm lengths were cut from the bottom and top of the ingots,
respectively. Each ESR ingot was 20 kg in weight. The ESR ingots underwent forging.
The chemical compositions of the four produced steels are given in Table 1. The chemical
compositions are similar except for Mo content, which was changed from 0 to 10%. The
steels are identified as M0, M2.9, M4.6, and M9.8 with 0.0, 2.9%, 4.6%, and 9.8% Mo,
respectively (Table 1).

Table 1. Chemical composition (wt%) of produced steels.

Composition (%)
C Mn Si S P Ni Cr Mo Ti Al Fe

Sample

M0 0.026 0.10 0.082 0.009 0.012 10.9 4.6 0.0 1.19 0.082 Bal.

M2.9 0.029 0.09 0.08 0.011 0.014 11.05 4.8 2.9 1.22 0.078 Bal.

M4.6 0.027 0.11 0.078 0.012 0.011 11.1 4.7 4.6 1.21 0.085 Bal.

M9.8 0.025 0.12 0.084 0.015 0.009 10.8 4.75 9.8 1.24 0.081 Bal.

2.2. Optical Microscopic Observation

Initially, specimens were cut into pieces (1 × 1 × 0.5 cm3) from the sheets, and two
samples of each grade were used for the tests. The specimens were properly polished
with different grades of emery paper (120, 180, 500, and 1000) and cloth polishers. After
mechanical polishing, the samples were etched in 10% ammonium persulfate and 10% nital
solutions. Microstructural analysis was then performed using a Leica optical microscope
(Leica, Wetzlar, Germany).
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2.3. X-ray Diffraction (XRD)

The crystalline structure and phases of the forged steels were characterized by XRD
using a Rigaku Ultima III X-ray Diffractometer (Rigaku, Tokyo, Japan) to record diffraction
traces from monochromatic Cu Kα radiation applied at room temperature and at a scan
rate of 2◦/min. The crystallographic planes of X-ray diffraction were obtained from the
inbuilt software of the X-ray machine.

2.4. Potentiodynamic Polarization

Potentiodynamic polarization was performed at a scan rate of 1 mV/s using a po-
tentiostat (PC/750; Gamry Instruments, Warminster, PA, USA). Samples were degreased
with acetone and ethanol solution after polishing, and a standard three-electrode system
was used to measure the icorr and Ecorr of the samples. The reference electrode was a
saturated calomel electrode, with graphite used as the counter electrode (the sample was
used as the working electrode). NaCl solution (3.5 wt%) and 1 M H2SO4 solution were
used as the electrolytes at room temperature. The corrosive mediums of 3.5% NaCl and
1.0 M sulfuric acid solution were prepared from analytical-reagent-grade sodium chloride,
sulfuric acid, and double-distilled water. Both the NaCl solution and H2SO4 solution were
kept in open-air condition. All the experiments were carried out at room temperature in the
open atmosphere, under unstirred conditions. The surface area of samples exposed to the
solution differed from sample to sample; however, during plotting, this was standardized
according to the same sample area. Tables 2 and 3 present the icorr and Ecorr values obtained
by the Tafel extrapolation.

Table 2. Ecorr and icorr values of maraging steel in 3.5% NaCl solution.

Sample icorr (A/cm2) Ecorr (VSCE)

M0 60 −0.553

M2.9 4 −0.356

M4.6 2 −0.400

M9.8 202 −0.329

Table 3. Ecorr and icorr values of maraging steel in 1 M H2SO4 solution.

Sample icorr (A/cm2) Ecorr (VSCE)

M0 100 −0.615

M2.9 200 −0.518

M4.6 51 −0.318

M9.8 602 −0.416

2.5. Electrochemical Impedance Spectroscopy (EIS)

EIS was performed using the potentiostat (Gamry Instruments) in a three-electrode
system and at an amplitude range of 10 mV rms and a frequency interval of 0.1–30 kHz.
These experiments were also done in the same solutions, i.e., 3.5% NaCl solution and 1.0 M
H2SO4 solution. Here also all experiments were done at room temperature where solutions
were kept in open air and unstirred condition. At each frequency, the absolute impedance
and a Nyquist plot were obtained. The obtained impedance data were fit to an appropriate
equivalent electrical circuit, with the fitting performed using a simplex fit mode and using
both the real and imaginary components of the data. The impedance data were interpreted
based on an equivalent electric circuit, and Nyquist plots were obtained at the open-circuit
potential for all samples at different solutions.
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2.6. Raman Spectroscopy

Raman estimations were performed using a RAMAN HR800 confocal micro-Raman
spectrometer (Horiba Scientific, North Edison, NJ, USA) with backscattered calculation
through a 10× (NA = 0.25) magnifying lens objective. An argon laser transmitting at a
frequency of 514.5 nm was used as the excitation source, and the quantity of grating in
the Raman spectrometer was 1800 grooves/mm. The Raman band of a silicon wafer at
520 cm−1 was utilized to align the spectrometer. Raman spectra were recorded in the broad
range of 200–2000 cm−1. Corrosion products formed on the specimens were characterized
with the help of Raman spectrometer using an excitation laser of 514.5 nm wavelength
coupled with an Olympus optical microscope.

2.7. Scanning Electron Microscopy (SEM) and Energy-Dispersive Spectroscopy (EDS)

In this present work, scanning electron microscopy (SEM) was used to study the
surface morphology of the maraging steel with different wt% of Mo, and EDS was used to
determine the composition of the corrosion products on the surface of maraging steel. All
the studies were carried out with Model JEOL JSM-6360. In this present study, 200×mag-
nification was used. All the SEM images before and after corrosion are presented in
results section.

3. Results and Discussion
3.1. Optical Microscopic Observation

Figure 1 shows the optical micrographs of the maraging steel produced by ESR and
with different Mo contents. The microstructure displayed a lamellar morphology with
packets of martensite within prior austenite grains. As the Mo concentration increased, the
martensite packets became visible both due to the special etching along their boundaries
and the martensite packets inside an austenite grain that failed to extend beyond the
austenite grain boundary. The microstructure of M9.8 differed from the other samples
according to the existence of interlath austenite, which was not fully resolved. However,
we speculated that this interlath structure affected the corrosion-resistance properties.

These findings suggested that increasing the concentration of the alloying element (Mo)
resulted in an increased tendency to form retained austenite. Compared with conventional
casting methods, ESR enables lower local solidification time, allowing the formation of
a very fine and well-distributed microstructure not present in other production methods
used to produce maraging steel.

Metals 2021, 11, x FOR PEER REVIEW 4 of 15 
 

 

were interpreted based on an equivalent electric circuit, and Nyquist plots were obtained 
at the open-circuit potential for all samples at different solutions. 

2.6. Raman Spectroscopy 
Raman estimations were performed using a RAMAN HR800 confocal micro-Raman 

spectrometer (Horiba Scientific, North Edison, NJ, USA) with backscattered calculation 
through a 10× (NA = 0.25) magnifying lens objective. An argon laser transmitting at a fre-
quency of 514.5 nm was used as the excitation source, and the quantity of grating in the 
Raman spectrometer was 1800 grooves/mm. The Raman band of a silicon wafer at 520 
cm−1 was utilized to align the spectrometer. Raman spectra were recorded in the broad 
range of 200–2000 cm−1. Corrosion products formed on the specimens were characterized 
with the help of Raman spectrometer using an excitation laser of 514.5 nm wavelength 
coupled with an Olympus optical microscope. 

2.7. Scanning Electron Microscopy (SEM) and Energy-Dispersive Spectroscopy (EDS) 
In this present work, scanning electron microscopy (SEM) was used to study the sur-

face morphology of the maraging steel with different wt% of Mo, and EDS was used to 
determine the composition of the corrosion products on the surface of maraging steel. All 
the studies were carried out with Model JEOL JSM-6360. In this present study, 200× mag-
nification was used. All the SEM images before and after corrosion are presented in results 
section. Figures 8–10. 

3. Results and Discussion 
3.1. Optical Microscopic Observation 

Figure 1 shows the optical micrographs of the maraging steel produced by ESR and 
with different Mo contents. The microstructure displayed a lamellar morphology with 
packets of martensite within prior austenite grains. As the Mo concentration increased, 
the martensite packets became visible both due to the special etching along their bounda-
ries and the martensite packets inside an austenite grain that failed to extend beyond the 
austenite grain boundary. The microstructure of M9.8 differed from the other samples 
according to the existence of interlath austenite, which was not fully resolved. However, 
we speculated that this interlath structure affected the corrosion-resistance properties. 

These findings suggested that increasing the concentration of the alloying element 
(Mo) resulted in an increased tendency to form retained austenite. Compared with con-
ventional casting methods, ESR enables lower local solidification time, allowing the for-
mation of a very fine and well-distributed microstructure not present in other production 
methods used to produce maraging steel. 

  

Figure 1. Cont.



Metals 2021, 11, 852 5 of 14
Metals 2021, 11, x FOR PEER REVIEW 5 of 15 
 

 

  

Figure 1. Microstructure analyses of (a) M0, (b) M2.9, (c) M4.6, and (d) M9.8. 

3.2. XRD Analysis 
Figure 2 shows the XRD patterns for the as-received and differently heat-treated mar-

aging-steel samples produced using ESR. The diffraction peaks α(110), α(200), and α(211) 
of the martensitic phase corresponded to diffraction angles of 44.5°, 65°, and 82.2°, respec-
tively. Additionally, there was a weak diffraction peak (�(111)) for the austenite phase at 
a diffraction angle of 43.5°. The samples mainly comprised a martensitic phase and a small 
amount of retained austenite phase, which arose from the microsegregation of solute ele-
ments (particularly Ni) at cellular boundaries during solidification. The enrichment of Ni 
stabilized the retained austenite, thereby allowing the detection of the austenite phase. 
Moreover, the diffraction peak intensity for the austenite phase in the sample became 
higher as Mo concentration increased. In the M9.8 sample, we observed reversion of the 
martensitic phase into the austenite phase. The austenite in maraging steel comprises re-
tained austenite, and the reverted austenite forms mostly during the aging process by a 
diffusion-controlled reaction for overaging conditions. 

 
Figure 2. XRD analysis of maraging steel with different molybdenum concentrations. 

It is clear from Figure 2 that the amount of retained austenite in ESR remelted steels 
depends mainly on the chemical composition of investigated steels. An increase in the 
amount of alloying element, i.e., Mo, is accompanied by an increase in the tendency to 
form retained austenite. 

Figure 1. Microstructure analyses of (a) M0, (b) M2.9, (c) M4.6, and (d) M9.8.

3.2. XRD Analysis

Figure 2 shows the XRD patterns for the as-received and differently heat-treated
maraging-steel samples produced using ESR. The diffraction peaks α(110), α(200), and
α(211) of the martensitic phase corresponded to diffraction angles of 44.5◦, 65◦, and 82.2◦,
respectively. Additionally, there was a weak diffraction peak (
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ϒ (111)) for the austenite

phase at a diffraction angle of 43.5◦. The samples mainly comprised a martensitic phase and
a small amount of retained austenite phase, which arose from the microsegregation of solute
elements (particularly Ni) at cellular boundaries during solidification. The enrichment of
Ni stabilized the retained austenite, thereby allowing the detection of the austenite phase.
Moreover, the diffraction peak intensity for the austenite phase in the sample became
higher as Mo concentration increased. In the M9.8 sample, we observed reversion of the
martensitic phase into the austenite phase. The austenite in maraging steel comprises
retained austenite, and the reverted austenite forms mostly during the aging process by a
diffusion-controlled reaction for overaging conditions.
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Figure 2. XRD analysis of maraging steel with different molybdenum concentrations.

It is clear from Figure 2 that the amount of retained austenite in ESR remelted steels
depends mainly on the chemical composition of investigated steels. An increase in the
amount of alloying element, i.e., Mo, is accompanied by an increase in the tendency to
form retained austenite.
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3.3. Potentiodynamic Polarization Analysis

We then assessed the effect of Mo on the corrosion-resistance properties of the devel-
oped steel. We found that this component improved the passive behavior of the protective
films. Previous studies report that Mo improves chromium enrichment in the film with-
out being incorporated [22,23]. Additionally, studies suggest that Mo in the compound
breaks down into Mo particles, speeding the repassivation rate (anodic inhibitor) [24–26].
Furthermore, Mo expands the stability of the inner layers of oxide film [26] and dimin-
ishes the unfavorable action of sulfides on pitting resistance [27]. Figure 3 shows the
potentiodynamic polarization curve of maraging steel in 3.5% NaCl solution.
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In 3.5% NaCl solution, as seen in Table 2, the icorr value of the maraging steel gradually
increased along with increases in the Mo content in the alloy, with similar results observed
in 1 M H2SO4 solution. In both cases, with 9.8% Mo content, the M9.8 sample showed
an increase in the icorr value. By studying the X-ray patterns, it can be seen that retained
austenite of experiment steels increases with the increase in Mo content. On the other hand,
the microstructure in Figure 1 shows that even at high magnification, retained austenite is
not recognized in the studied steels except in specimen M9.8. In samples with lower Mo
contents, austenite presents as lath austenite; on the other hand, the specimen containing
9.8 wt% Mo retained austenite aggregate in separate grains. So, the high corrosion of
sample M9.8 may be attributed to the large amount of retained austenite and its morphology.
Previous studies reported that Mo alone does not directly affect corrosion resistance but
rather indirectly influence this property [28–32].

Figure 4 and Table 3 present the results of the potentiodynamic polarization study of
maraging steel in 1 M H2SO4 solution. Interestingly, the rate of corrosion for M9.8 was
worse in 1 M H2SO4 solution as compared with 3.5% NaCl solution, possibly due to the
NaCl solution allowing Mo to produce a more protective layer.
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3.4. EIS Analysis

We then used EIS to examine the corrosion resistance of the ESR steel samples in
1 M H2SO4 solution to determine their mechanistic and kinetic parameters and compare
them with the results of potentiodynamic polarization. The Nyquist plots (Figures 5 and 6)
were examined by fitting the trial results to an equivalent circuit model (Figure 7). The
circuit comprises a parallel combination of a consistent phase element (CPE, Q), the charge
transfer resistance (Rct) relating to the corrosion response at the metal/electrolyte interface,
and the solution resistance (Rs) between the working and reference electrode [33,34]. To
diminish the effects of surface anomalies in the metal, CPE (Q) was brought into the circuit
instead of a pure double-layer capacitance (Cdl), allowing a more precise fit [35,36]. Among
these parameters, Rct is the factor that determines the corrosion resistance of composites.
Because Rct is conversely relative to icorr, a higher Rct value correlates to a lower icorr value.
The impedance of CPE can be presented as follows:

ZCPE = 1/Y0(jω)n, (1)

where Y0 is the CPE constant, n is the exponent (phase shift),ω is the angular frequency,
and j is the imaginary unit. CPE can represent resistance, capacitance, and inductance
according to the estimations of n [37]. In all analyses, the estimated n ranged from 0.8 to
1.0, suggesting a capacitive response of CPE. From this circuit, we determined Rs, Rct, and
Cdl (Tables 4 and 5).

The Nyquist plots indicated that the impedance response of the samples gradually
increased along with increases in Mo concentration. However, the smallest capacitive
loop in a high-frequency region was observed in the M9.8 sample in both 3.5% NaCl
and 1 M H2SO4 solutions, indicating that this sample showed the highest corrosion rate.
Tables 4 and 5 present all EIS parameters for all of the maraging steels. We found that the
Rct value decreased gradually for samples up to M4.6, with the highest value observed for
M9.8, confirming the lowest corrosion-resistance property in M9.8 sample as Rct is inversely
proportional to the icorr value as mentioned earlier. Furthermore, this was supported by the
potentiodynamic polarization results for M9.8. Comparing the diameters of the Nyquist
plots, the curves in 3.5% NaCl solution showed increased diameters relative to those in
1 M H2SO4 solution, verifying the potentiodynamic results.
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Table 4. Electrochemical impedance parameters of maraging-steel samples in 3.5% NaCl solution.

Sample Rct (ohm-cm2) n Rs (ohm-cm2) Cdl (mMho)

M0 12.8 0.85 1.3 3

M2.9 9.2 0.86 1.7 6

M4.6 4.5 0.84 1.5 29

M9.8 30 0.85 1.2 2

Table 5. Electrochemical impedance parameters of maraging-steel samples in 1 M H2SO4 solution.

Sample Rct (ohm-cm2) n Rs (ohm-cm2) Cdl (mMho)

M0 14.6 0.77 1.4 3

M2.9 8.7 0.86 1.2 3

M4.6 5.4 0.83 1.45 5

M9.8 32.2 0.76 1 1

3.5. Scanning Electron Microscopy (SEM) Analysis

Figures 8 and 9 show SEM images of the samples after corrosion in 3.5% NaCl solution
and 1 M H2SO4 solution, respectively. It is well known that Mo affects the pitting resistance
of the maraging steel by reducing pitting on the sample surface. Chloride is primarily
responsible for surface pitting on materials. However, in the present study, the presence
of more salt resulted in decreased corrosion resistance in NaCl solution relative to H2SO4
solution. Moreover, Mo increased the stability of the inner layers of the oxide film, resulting
in minimal effect on the Ecorr value in both solutions. Furthermore, the surface of the M9.8
sample showed significant effects from both solutions relative to the other samples as a
result of the decreased corrosion resistance associated with Mo.
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3.6. Energy-Dispersive X-ray Spectroscopy (EDS) Analysis

Figure 10 shows the results of EDS analysis of the as-received and heat-treated
maraging-steel samples in 3.5% NaCl solution. The EDS was completed on the yellow
boxed portion as given in the SEM images in Figure 8. The EDS analysis data are given in
Table 6 in wt%. The results showed that the Mo peak increased from samples M0 to M9.8,
with peaks for Ti, C, Ni, and Fe also observed. The chloride peak was higher in the M9.8
sample relative to others, which is likely related to its decreased corrosion resistance and
the associated increased number of chloride ions on the M9.8 surface.
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Table 6. EDS analysis data in 3.5% NaCl solution.

Sample Fe Mo Cl Ni Ti C Total

M0 55.8 0 10.9 15.3 8.8 9.2 100

M2.9 40.7 3.1 18.5 17.7 9.7 10.3 100

M4.6 38.9 4.8 25.3 13.8 10.8 6.4 100

M9.8 35.6 9.9 32.6 11.8 5.3 4.8 100

Figure 11 shows the results of EDS analysis of the as-received and heat-treated
maraging-steel samples in 1 M H2SO4 solution. The EDS was completed on the yel-
low boxed portion as given in the SEM images in Figure 10. The EDS analysis data are
given in Table 7 in wt%. Similarly, peaks for Ti, C, Fe, and Ni were observed following
their precipitation as carbides. Additionally, we observed an increase in the intensity of the
Mo peak from samples M0–M9.8, with peaks for sulfur and oxygen ions also observed as
the surface reacted with the SO4 ions present in the solution. Given the unfavorability of
sulfur ions on pitting resistance, we found greater corrosive effects on the surface of the
maraging-steel sample in H2SO4 solution.
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Table 7. EDS analysis data in H2SO4 solution.

Sample Fe Mo S Ni Ti C Total

M0 57.5 0 20.2 10.3 5.8 6.2 100

M2.9 42.3 2.8 25.5 11.8 9.4 8.2 100

M4.6 36.9 4.5 30.9 12.6 7.2 7.9 100

M9.8 35.2 9.8 35.6 9.4 4.2 5.8 100

3.7. Raman Spectroscopy Analysis

Raman spectroscopy analyses of the corroded surfaces of the samples following
potentiodynamic polarization are shown in Figures 12 and 13, for both solutions. Standard
normal variate (SNV) model is an effective procedure to make the output data more
comparable. In this method, the spectrum mean subtraction and standard spectrum
deviation procedure is used. As long as the original scale of the spectra is not interesting,
this is an efficient way of removing constant baseline effects and scaling differences from
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spectra. Previous studies reported that increases in the proportion of α-FeOOH and
gamma * (total mass of γ-FeOOH, β-FeOOH, and magnetite) in the corrosion products
suggest a decline in the corrosion rate [38,39]. In the present study, we identified α-FeOOH
(280 cm−1) as a significant phase of the corrosion product present on a superficial level,
and it was more prominent in the M9.8 sample relative to the others. This suggested that a
higher level of α-FeOOH in the M9.8 sample promoted an increase in the corrosion rate.
Additionally, higher amounts of α-FeOOH and gamma * (Figure 13) were observed in 1 M
H2SO4 solution, indicating that the maraging steel showed a higher degree of corrosion in
the presence of H2SO4 solution as compared to the NaCl solution. In the case of sulfate
solution, a phase shift occurs at 310 cm−1 and a new peak is seen at 1000 cm−1. More
γ-FeOOH occurs in sulfate solution at 80, 1320, and 1410 cm−1. For the same composition,
only one peak at 1380 cm−1 occurs for the sample in chloride solution. The β-FeOOH
phase occurs at 480 cm−1 only in the case of sulfate solution. No phase shift occurs for the
δ-FeOOH phase, and it shows a peak at 400 cm−1. Only an extra peak at 610 cm−1 occurs
in sulfate solution for δ- FeOOH.
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4. Conclusions

Mo plays an important role as an alloying element by increasing the strength and
toughness of maraging steel. Moreover, the tendency to form retained austenite increases
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along with increasing Mo concentrations. In the present study, we found that in both
3.5% NaCl solution and 1 M H2SO4 solution, the generated maraging steel exhibited
improvements in corrosion resistance according to increasing Mo content up to 4.6%.
However, corrosion resistance decreased at 9.8% Mo due to increased embrittlement in
the alloy. These results were confirmed by the Nyquist plots, showing the same trends in
corrosion behavior. Furthermore, Raman spectroscopy verified decreases in the corrosion
rate due to the presence of higher fractions of corrosion products (α-FeOOH) in the M9.8
(9.8% Mo) sample.
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