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In this study, two different grades (M23 and M29) of cobalt-free low nickel maraging steel have been
produced through electroslag remelting (ESR) process. The corrosion resistance of these ESR steels was
investigated in 1 M H2SO4 solution using linear potentiodynamic polarization (LPP) and electrochemical
impedance spectroscopy (EIS) techniques. The experiments were performed for different immersion time
and solution temperature. To evaluate the corrosion resistance of the ESR steels, some significant char-
acterization parameters from LPP and EIS curves were analyzed and compared with that of conventional
C250 maraging steel. Irrespective of measurement techniques used, the results show that the corrosion
resistance of the ESR steels was higher than the C250 steel. The microstructure of ESR steels was composed
of uniform and well-distributed martensite accompanied with little amount of retained austenite in com-
parison with C250 steel.

Keywords corrosion resistance, electrochemical impedance spec-
troscopy, maraging steels, microstructure, polarization

1. Introduction

During the last few decades, ultra-high strength maraging
steels have been used in a wide applications including missile
and rocket motor cases, aircraft, aerospace nuclear and gas
turbine applications (Ref 1-4). In general, maraging steels are
usually low-carbon nickel-based alloys with substantial amount
of Co, Mo along with small percentages of Ti and Al. However,
depending on the application, the composition of the material
can be modified (Ref 5, 6). Due to the low carbon content,
maraging steels generally possess high machinability (Ref 7).
Addition of chromium leads to the production of corrosion-
resistant grades (Ref 8). The maraging steels have high
strength, good weldability and superior fracture toughness than
the conventional steels (Ref 9). The maraging steels exhibit
good dimensional stability at high temperatures due to their
high thermal conductivity. The characteristic ultra-high strength
of maraging steels is mostly attributed to the precipitation of
intermetallic compounds during the aging process (Ref 10-12).
High nickel maraging steels are very sensitive to two phenom-
ena, namely austenitic reversion phenomenon and over-aging
problem that deteriorate their mechanical properties. Vander-
walker (Ref 13) observed that the finest particle of Ni3Ti

nucleates more easily and faster than the Ni3Mo particles. This
observation is very valuable because, new grades of maraging
steels can be produced by partial or complete substitution of
Mo with Ti. This substitution would not only reduce the cost of
maraging steels but negate the problem of over-aging as well. It
is known that the primary strengthening effect in conventional
maraging steel is mainly due to the presence of nickel and
molybdenum. Cobalt is used to increase the transformation
temperature and to facilitate the formation of molybdenum
intermetallic precipitation (Ni3Mo, Fe2Mo and Fe7Mo6). Thus,
the presence of cobalt in maraging steels is highly desirable, but
its presence results in substantial increase in the manufacturing
costs. To reduce the manufacturing costs, it is desired to
produce cobalt-free maraging steels by replacement with Ti as
the primary strengthening element. The addition of titanium to
such steels promotes the precipitation of Ni3Ti intermetallic
compound instead of Fe2Mo or Fe7Mo6. Furthermore, to
overcome the problem of retained austenite, it is suggested that
the nickel content be reduced to 12% or less (Ref 14, 15).

The electroslag remelting (ESR) process has been success-
fully used to remelt maraging steel instead of the double-
vacuum technique which is recommended by Bohler Edelstahl
GmbH & Co. The improvement in the quality of refined steels
produced by ESR process arises from the production of sound
ingots with the complete absence of pipes and porosity, clean
smooth surface and high product yield. The structure of ESR
ingots is improved through the uniformity, elimination of
banding and zone segregation and control of grain size (Ref 11-
13). By using ESR technique, the reduction in segregation,
grain size and nonmetallic inclusions (NMI) will be reflected
positively on the corrosion and mechanical properties of the
developed steels (Ref 15).

The maraging steels when exposed to several acids during
pickling, descaling and acidizing processes lead to the forma-
tion of scales and corrosion on its surface. The currently
available literature presents a brief report on the corrosion
behavior of 18 Ni maraging steel which is reportedly in
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martensite phase and the atmospheric exposure of 18 Ni
maraging steel leads to uniform corrosion. Bellanger and
Rameau (Ref 16) have studied the effect of slightly acidic pH
with or without chloride ions in radioactive water on the
corrosion resistance of maraging steel. They have reported that
the corrosion behavior of maraging steel depends on pH of the
solution and the intermediates formed on the maraging steel
surface in the active region. The effect of carbonate ions in a
slightly alkaline medium on the corrosion of maraging steel
was studied by Bellanger (Ref 17). It is known that the
diffusion of hydrogen in maraging steels is pretty low. This is
due to the fact that maraging steels are less liable to hydrogen
embrittlement when compared to low-carbon steel (Ref 18).
The investigation of corrosion behavior of aged and annealed
18 Ni 250 grade maraging steel in a phosphoric and sulfuric
acid medium revealed that the corrosion rate of the annealed
sample is less than the corrosion rate of the aged sample (Ref 4,
19).

In this work, two new grades of cobalt-free maraging steels
(M23 and M29) were developed using ESR process. The
corrosion behavior of the developed steels was further inves-
tigated and compared against the response of conventional
C250 maraging steel in 1 M H2SO4 solution using LPP and EIS
techniques.

2. Experimental

2.1 Materials Preparation

In this work, two different grades of maraging steels (cobalt-
free, low nickel) produced by ESR technique process was
studied. The detailed description on the method and processing
conditions was published elsewhere (Ref 14, 15). Table 1
shows the chemical composition of investigated steels.

Initially, the two grades (M-23 and M-29) of cobalt-free
maraging steel and conventional C-250 maraging steel were cut
into small pieces with dimension 1 9 1 9 0.5 cm from the
delivered sheets. Two pieces of each grade were used as the test
material.

2.2 Phase Identification

One of the surfaces of the test specimens of each grade were
mechanically polished with silicon carbide abrasive papers
ranging from 60 to 1000 grit followed by cloth polishing using
colloidal silica solution to produce a scratch-free mirror surface.
The polished specimens were later cleaned and washed with
alcohol and air-dried. The etching of the specimens was done
using 2% nital solution (2% HNO3 in methanol). The
microstructure of the etched samples was investigated using
an optical microscope. Alternatively, x-ray diffraction (XRD)
was used to determine quantitatively the phases present in the
processed material.

The XRD was performed on the heat treated steel in a
diffractometer using Cu-ka radiation for quantitative determi-
nation of retained austenite. The percentage of retained
austenite formed during the aging treatment was determined
by the direct comparison of the integrated intensities of (110)
and (200) planes of the martensite phase with the intensities of
(111) and (200) planes of the austenite phase (Ref 20).

2.3 Experimental Procedure

The electrochemical experiments were performed in a three-
electrode cell system where the developed maraging steel
specimens were used as the working electrode (WE), a
platinum foil as the counter electrode (CE) and Ag/AgCl as
the reference electrode. The solution used was 1 M H2SO4

solution, prepared from analytical grade reagents and distilled
water. To prepare the WE, one of the surfaces of the steel
specimens was connected to a copper wire by soldering
technique. The soldered specimen was then mounted in an
epoxy resin with hardener. After curing, the free surface of the
sample was polished with silicon carbide abrasive papers
ranging from 60 to 1000 grit followed by cloth polishing.

The linear potentiodynamic polarization (LPP) and electro-
chemical impedance spectroscopy (EIS) experiments were
performed using an Autolab system. The EIS tests were
performed after immersing the steel specimens in the test
solution for 10 min, 60 min, 120 min and 24 h at open-circuit
potential (EOC) to confirm its stability with time. The EIS were
measured with electrochemical cell at EOC with an applied
5 mV sinusoidal perturbations in the frequency range of
100 kHz� 100 mHz with 10 steps per decade. The LPP was
conducted from the EOC at the same positions and immediately
after the EIS measurements. These tests were conducted by
stepping the potential at a scan rate of 1 mV s�1 in the range of
�1000 to +100 mV against SCE at OCP. Each test was
performed at least three times to obtain statistically significant
results.

3. Results and Discussion

3.1 Microstructural Characterization

The microstructure of ESR steels and standard C250 (18 Ni
250) steel after full heat treatment (optimum solid solution
annealing and aging conditions) was composed of martensite
and retained austenite. Figure 1 shows that the microstructure
of ESR steels is very fine and free from segregation or band
structure, while the microstructure of C250 steel showed
lamellar morphology with unresolved bright patchy area
(retained austenite-black arrows). The quantity of retained
austenite for the developed steels was measured by XRD using
comparison method, as shown in Fig. 2.

Figure 1(a) shows the optical micrographs of the C250 steel
produced by vacuum arc remelting and aged under optimum

Table 1 Chemical composition of C-250, M-23 and M-29 maraging steel

C Cr Co Mo Ni Ti W Al Fe

C-250 0.03 … 7.5 4.8 18 0.4 … 0.4 Balance
M-23 0.0325 0.004 … 1.76 11.16 0.641 1.11 0.102 Balance
M-29 0.077 0.0153 … 1.62 10.67 0.511 1.01 0.059 Balance
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condition. The microstructure consisted of lamellar morphol-
ogy with unresolved bright patchy areas. These areas represent
regions that possess substantial volume fraction of reverted
austenite and the prior-austenite grain boundaries could not be
resolved easily. The existence of inter-lath austenite, though not
fully resolved, is also shown in the microstructure. On the other
hand, microstructure of the ESR steels (M23 and M29) after
full heat treatment at optimum conditions showed packets of
martensite, within prior-austenite grains. In case of ESR steels,
Fig. 1(b), (c) shows that the martensite packet could be
recognized not only due to the preferential etching along their
boundaries but also due to martensite packets within an
austenite grain that did not extend beyond the respective prior-
austenite grain boundary.

The amount of retained austenite that formed C250 and ESR
steels were studied using x-ray diffraction (XRD) technique.
The XRD results showed the presence of about 10± 0.5%
retained austenite in C250 steels after solid solution annealing
treatment, while the ESR steels after full heat treatment
contained about 1± 0.5% retained austenite. Based on the
experimental results obtained from XRD it is observed that, the
solution-treatment has resulted in the complete martensite
transformation in ESR steels. Table 2 shows the austenite
contents for various steels as detected by XRD analysis.

It well known that the maraging steel is a high-strength
precipitation steel which get full strength after aging through
precipitation hardening reactions at optimum condition. It was
reported in several investigations (Ref 15, 20, 21) that Ni3Mo,

(a)

(b)

(c)

M29

C250 C250 

M23 M23

M29

Fig. 1 Microstructure of investigated steels [C250 (a), M23 (b) and M29 (c)] in full heat treatment condition
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Fe2Mo or the r phase intermetallic compound was precipitated
for cobalt-free molybdenum containing maraging steel. For
cobalt-free maraging steel containing molybdenum at optimum
aging condition (480 �C), the precipitation occurs as Ni3Mo
while over-aging process leads to the replacement of Ni3Mo by
either Fe2Mo or the r phase. For maraging steel containing
titanium, it was reported that the titanium may totally or
partially replace the molybdenum in precipitated intermetallic
compound, i.e., as Ni3Ti or Ni3(Mo, Ti) (Ref 22).

It is clear from Table 2 and Fig. 2 that the amount of
retained austenite in the ESR steels does not depend entirely on
the chemical composition of the investigated steels but also on
its production condition. Increasing the amount of alloying
elements, i.e., Co, Mo, Cr and Ti is accompanied by increasing
the tendency to form retained austenite. ESR has advantages
that it has low local solidification time (LST) than the
conventional casting method. The cooling rates estimated using
the Rosenthal theory (Ref 23, 24) is of the order of 100 �C s�1,
while the local cooling rate in vacuum ingots is 5-25 �C s�1.
This is an important difference of the ESR process compared to
the vacuum melting technique that leads to a very fine and well-
distributed microstructures compared to vacuum melting steels
as shown in Fig. 1.

3.2 Electrochemical Measurements

3.2.1 Effect of Immersion Time. The polarization curves
for ESR steel specimens (M23 and M29) in 1 M H2SO4

solution after 10 min, 60 min, 120 min and 24 h of immersion
at room temperature are shown in Fig. 3(a), (b). The values of
corrosion potential (Ecorr), corrosion current density (Jcorr) and
polarization resistance (Rp) that were obtained from the LPP
curves are listed in Table 3. From polarization curve, it is
evident that the cathodic current of the ESR steels move to less
negative value with increasing the potential till the current
reaches its minimum at the corrosion current density, Jcorr.

The corrosion current density, Jcorr, was determined graph-
ically by extrapolating the cathodic and anodic Tafel slopes to
the Ecorr (versus Ag/AgCl). From the polarization diagram
(Fig. 3) and Table 3, it is observed that with an increase in
immersion time, values of anodic and cathodic currents Jcorr
increases and the values of Ecorr shifted toward the more
positive direction. It is also confirmed from Table 3 that with
immersion time the polarization resistance (Rp) decreases.
Thus, it can be concluded that with an increase in immersion
time, the dissolution or rate of corrosion in the maraging steels
increases due to the aggressive action of sulfuric acid. The
reaction mechanisms of the dissolution of iron in acid medium
can be found elsewhere (Ref 25). However, due to the
continuous attack of sulfuric acid onto the steel surface, the
formation of oxides/or corrosion products is hampered. Further
increasing the applied potential in the positive direction allow

Fig. 2 X-ray pattern of investigated steel after full heat treatment
(optimuim solid solution and aging conditions)

Table 2 Retained austenite measurements by x-ray for
investigated steel

Steel No. Process

Net austenite, % by x-ray

Annealed Aged

C250 Vacuum 10 13
M23 ESR3 1.5 1.9
M29 ESR1 1.1 1.3

Fig. 3 Potentiodynamic polarization curves for M-23(a) and M-
29(b) maraging steel samples in 1 M H2SO4 solutions at room tem-
perature
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the steels to corrode more due to increase in anodic current as
shown in the polarization curves (Fig. 3).

The corrosion response of ESR steel specimens in 1 M
H2SO4 solution was studied using EIS technique in order to
determine their mechanistic and kinetic parameters and to
compare the results obtained from potentiodynamic polariza-
tion. Nyquist plot obtained at the open-circuit potential for M23
and M 29 grades at different exposure times are shown in
Fig. 4(a), (b). The Nyquist plots were analyzed by fitting the
experimental results to an equivalent circuit model shown in
Fig. 5. The circuit consists of a parallel combination of a
constant phase element (CPE, Q), the charge-transfer resistance
(Rct) corresponding to the corrosion reaction at metal/elec-
trolyte interface and the solution resistance (Rs) between the

working and reference electrode (Ref 26, 27). To reduce the
effects due to surface irregularities of metal, constant phase
element (CPE, Q) is introduced into the circuit instead of a pure
double-layer capacitance (Cdl) which gives the more accurate fit
(Ref 28). Among these parameters, Rct is the factor that
determines corrosion resistance of alloys. Since, Rct is inversely
proportional to Jcorr, a higher value of Rct corresponds to a
lower value of Jcorr. The impedance of CPE can be expressed as
ZCPE = 1/Y0 (jx)n, where Y0 is the CPE constant, n is the
exponent (phase shift), x is the angular frequency and j is the
imaginary unit. CPE may be resistance, capacitance and
inductance depending upon the values of n (Ref 25). In all
experiments, the observed value of n ranges between 0.8 and
1.0, suggesting the capacitive response of CPE. From this
circuit Rs, Rct and Cdl were determined and are shown in
Table 4.

The Nyquist plots for ESR steels consist of a depressed
capacitive loop which could be related with the charge-transfer
reaction from the alloy into the electrolyte through the
electrochemical double layer. From the Nyquist plot, it is noted
that the diameter of the loop/arc decreases with the increase in
immersion time indicating that the double-layer capacitance
(Cdl) increases and charge-transfer resistance (Rct) decreases
substantially with the increase in immersion time. The results
from Table 4 confirm that the values of Rct decrease with the
immersion time. These observations indicate that the corrosion
in steel is controlled by a charge-transfer process (Ref 29).

Bode plots shown in Fig. 6(a), (b) indicate the presence of
one time constant, corresponding to the one depressed semi-
circle that obtained in case of Nyquist plots. The Bode plot was
examined to observe the changes on the surface of the sample
during EIS experiment. The decrease in impedance values of
Bode plot implies that the corrosion resistance of the steels
decreases with immersion time.

Table 3 Potentiodynamic polarization parameters of maraging specimens in 1 MH2SO4 at room temperature after
10-min, 60-min, 120-min and 24-h immersions

Tafel data
LPP data

Materials Time ba mV/decade bc mV/decade Ecorr mV Jcorr lA Rp X

M23 10 min 37.31 24.41 �324 206.10 31.09
60 min 26.08 22.69 �321 217.36 24.24
120 min 32.46 26.26 �316 555.23 11.36
24 h 20.26 22.91 �304 846.47 5.52

M29 10 min 37.86 21.87 �332 172.55 34.89
60 min 34.59 20.09 �334 197.60 28.70
120 min 39.24 26.33 �328 454.96 15.04
24 h 41.02 26.62 �326 758.08 9.25

Fig. 4 EIS [Nyquist plot] for M-23(a) and M-29(b) maraging steel
samples in 1 M H2SO4 solutions at room temperature

Fig. 5 Equivalent circuit fitting for EIS
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3.2.2 Effect of Solution Temperature. The corrosion
resistances of ESR steels in 1 M H2SO4 solution were carried
out at higher temperatures. Figures 7 and 8 show the poten-
tiodynamic polarization curves and Nyquist plots, respectively,
at different temperatures between 20 and 50 �C. The param-
eters obtained from polarization curves and EIS plots are listed
in Tables 5 and 6.

It has been seen from Fig. 7 and 8 that with an increase in
temperature of solution, the corrosion resistance of the steels
decreases. This observation may be due to the effect of
temperature on the corrosion resistance of steel. With an
increase in temperature, the hydrogen evolution over potential
decreases and leads to the enhancement in the cathodic reaction
rate (Ref 30). Changes in the cathodic and anodic slopes (bc
and ba) of the polarization curves with the increase in

Fig. 6 Bode plot for M-23(a) and M-29(b) maraging steel samples
in 1 M H2SO4 solutions at room temperature

Fig. 7 Potentiodynamic polarization curves for M-23(a) and M-
29(b) maraging steel samples in 1 M H2SO4 solutions at different
temperature

Table 4 Electrochemical impedance parameters of
maraging specimens in 1 MH2SO4 at room temperature
after 10-min, 60-min, 120-min and 24-h immersions

Materials Time Rs X CPE mMho n Rct X

M23 10 min 1 0.956 0.847 30
60 min 1.5 1.69 0.845 23.8
120 min 1.2 3.23 0.897 10
24 h 1.4 28 0.92 2.8

M29 10 min 1.2 1.22 0.762 32.2
60 min 1.2 1.41 0.817 24.5
120 min 1.2 2.90 0.801 14.6
24 h 1.65 5.49 0.728 7.5

Fig. 8 EIS [Nyquist plot] for M-23(a) and M-29(b) maraging steel
samples in 1 M H2SO4 solutions at different temperature
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immersion time and temperature indicate that the acid concen-
tration and solution temperature play an important role on the
kinetics of hydrogen evolution and metal dissolution. The
observed negative inductive loops in the fourth quadrant of
Nyquist plots are associated with the dissolution of steel in acid
solution with an increase in time and temperature.

3.3 Corrosion Resistance Comparison with Conventional
Maraging Steel

The corrosion-resistant properties of the investigated ESR
steels have been compared with the C250 steel. The polariza-

tion curves for ESR (M23 and M29) steels C250 steel in 1 M
H2SO4 solution after 10 min of immersion at room temperature
are shown in Fig. 9. The polarization parameters obtained from
the curves are as shown in Table 7. Comparing the polarization
curves of cobalt-free ESR steels with the conventional C250
steel, the polarization curve of C250 maraging steel shifted
toward more anodic (positive) region and the Jcorr values of
C250 was higher than ESR steels as shown in Fig. 7. It is also
seen that the corrosion resistance (Rp) of ESR steel is more than
that of C250 grade. The percentage of retained austenite
significantly influences the corrosion properties of C250 steel,
limiting its usefulness as a high-strength material. Further
deterioration in the corrosion properties of maraging steels is
obtained by micro-segregation of retained austenite in localized
area, i.e., the solute segregation to the existing areas that causes
galvanic corrosion. It has been discussed previously (sec-
tion 3.1) that amount of retained austenite for the investigated

Table 5 Potentiodynamic polarization parameters of M-23 and M-29 maraging steel in 1M H2SO4 at different
temperature

Tafel data
LPP data

Materials Temperature �C ba mV/decade bc mV/decade Ecorr mV Jcorr lA Rp X

M23 20 37.31 24.41 �334 206.10 31.09
30 33.44 30.29 �332 775.64 8.89
40 22.89 16.61 �330 894.54 3.93
50 10.06 12.01 �329 931.25 2.96

M29 20 37.86 21.87 �332 172.55 34.89
30 34.21 25.06 �336 734.45 9.44
40 31.89 17.16 �333 884.12 5.55
50 14.98 11.65 �335 909.08 3.27

Table 6 Electrochemical impedance parameters of M-23
and M-29 maraging steel in 1M H2SO4 at different
temperature

EIS data

Materials Temperature, �C Rs X CPE mMho n Rct X

M-23 20 1 0.956 0.847 30
30 1.2 1.06 0.854 12.8
40 1.07 1.21 0.863 9.2
50 0.86 1.48 0.837 4.45

M-29 20 1.2 1.02 0.762 32.2
30 0.8 1.15 0.778 14.6
40 0.94 1.22 0.858 8.7
50 0.87 1.29 0.828 5.40

Fig. 9 Potentiodynamic polarization (a) and EIS [Nyquist plot] (b)
for maraging steel samples after 10-min immersion in 1 M H2SO4

Table 7 Polarization parameters of maraging specimens
in 1MH2SO4 at room temperature

Tafel data
LPP data

ba mV/decade bc mV/decade
Ecorr

mV
Jcorr
lA Rp X

C-250 38.07 25.74 �338 620.35 10.75
M23 37.31 24.41 �324 206.10 31.09
M29 37.86 21.87 �332 172.55 34.89
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ESR (M23 and M29 grade) steels is much less than the C250
steel produced by vacuum melting. Due to lower percent of
retained austenite in ESR steels, their corrosion resistance is
higher than the C250 steel.

It is evident from the Nyquist plots that the impedance
response of C-250 specimens showed a marked difference
when compared with ESR steels. The smallest capacitive loop
in high frequency range is noticed in C-250 steel as shown in
Fig. 9 after 10 min immersion, which reveals the highest
corrosion rate for C-250 steel. The EIS parameters such as Rct,
Rs and CPEdl for all maraging steels are listed in Table 8
indicating that the values of Rct are less for C250 than ESR
steel, i.e., corrosion resistance properties of ESR steel are
higher.

4. Conclusions

The electrochemical behavior of ESR maraging steel was
investigated at different immersion time and solution temper-
ature in 1 M H2SO4 solution using LPP and EIS techniques.
These two grades (M23 and M29) of maraging steel were
produced through ESR method, and their corrosion resistance
behavior has been compared with the conventional maraging
steel (C250). The result show that the microstructure of the
investigated ESR steels composed of uniform and well-
distributed martensite accompanied with little amount of
retained austenite in comparison with C250 steel. This could
be attributed to the effect of high cooling rate during
solidification of produced ingot. From polarization data, it is
found that the Ecorr (versus Ag/AgCl) values shifted toward
more anodic (positive) region and Jcorr values increase due to
the dissolution of steel in aggressive sulfuric acid solution. It is
also seen that with an increase in the solution temperature, the
corrosion resistance of the steels decreases. The corrosion
resistance of both cobalt-free maraging ESR steels is higher
than that of C250 maraging steel and this may be attributed to
electroslag steels characterized by lower amount of retained
austenite in microstructure and chemical segregation than the
conventional maraging steels.
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