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Abstract The corrosion inhibition of the aged 18 Ni 250
grade maraging steel in 0.5 M sulfuric acid by 3,4-dime-
thoxybenzaldehydethiosemicarbazone(DMBTSC) has been
investigated by potentiodynamic polarization and electro-
chemical impedance spectroscopy(EIS) techniques. The
inhibition efficiency increased with the increase in inhibitor
concentration and decreased with the increase in temper-
ature. Polarization curves indicated mixed type inhibition
behavior affecting both cathodic and anodic corrosion
currents. The thermodynamic parameters of corrosion and
adsorption processes were evaluated. The adsorption of
DMBTSC on the aged maraging steel surface was found to
obey the Langmuir adsorption isotherm model, and the
calculated Gibb’s free energy values confirm the sponta-
neous adsorption. The results obtained by the two tech-
niques were in good agreement.
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1 Introduction

Corrosion of structural elements is a major issue for any
industry because of the chemical environment of chemical
processing. Inhibition is one of the most important methods
in corrosion protection. Inhibitors protect the metal by
adsorbing onto the surface and retard metal corrosion in
aggressive environments. Selecting the appropriate inhibi-
tor for specific environment and metal is of great impor-
tance, since the inhibitor which protects one particular
metal may accelerate the corrosion of another. Maraging
steels are special class of ultra high strength steels that
differ from conventional steels in that they are hardened by
a metallurgical reaction that does not involve carbon [1].
They derive high strength from age hardening of low car-
bon, Fe-Ni martensitic matrix [2]. The needs of highly
reliable substances of high strength and high ductility have
gradually increased with the development of aerospace
industry. The characteristics of this gray and white steel are
high ductility, formability, high corrosion resistance, high
temperature strength, ease of fabrication, weldability, and
maintenance of an invariable size even after heat treatment
[3]. According to the available literature, atmospheric
exposure of 18 Ni maraging steel leads to their being
corroded in a uniform manner and becoming completely
rust covered [4]. Pit depths tend to be shallower than high
strength steels [5]. Bellanger and Rameau [6] have studied
the effect of slightly acidic pH with or without chloride in
radioactive water on the corrosion of maraging steel, and
reported that corrosion behavior of maraging steel at the
corrosion potential depended on pH, and intermediated
remaining on maraging steel surface in the active region
favoring the passivity. The effect of carbonate ions in
slightly alkaline medium on the corrosion of maraging steel
was determined by Bellanger [7]. Heat treatment affects
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corrosion rate. Critical and passive current densities
increase as the structure is varied from one of being fully
annealed to one of fully aged [8]. Maraging steels are
found to be less susceptible to hydrogen embrittlement than
high-strength steels owing to significantly low diffusion of
hydrogen in them [9]. Several technical articles covering
alloy design, material processing, thermo-mechanical
treatments, welding, strengthening mechanisms, etc., have
been published [10]. The maraging steels have emerged as
alternative materials to conventionally used quenched and
tempered steels for advanced technologies such as aero-
space, nuclear, and gas turbine applications. They fre-
quently come into contact with acids during cleaning,
pickling, descaling, acidizing, etc. Materials used in acidic
environment should have good corrosion resistance.
Thiosemicarbazones and their derivatives have contin-
ued to be subjects of extensive investigation in chemistry
and biology owing to their broad spectrum of anti-tumor
[11, 12], antimalarial [13], and many other applications
including corrosion inhibition of metals [14—16]. These
compounds can be adsorbed on metal surface through lone
pairs of electrons present on nitrogen or sulphur atoms but
also through pi electrons present in these molecules [17-
20]. Search in the existing literature reveals a very insig-
nificant amount of studies reporting on the corrosion
behavior and on the use of inhibitors in controlling corro-
sion of maraging steel. This study aimed to study the cor-
rosion inhibition of aged 18 Ni 250 grade maraging steel in
0.5 M sulfuric acid medium using DMBTSC as inhibitor.

2 Experimental methods
2.1 Materials

The maraging steel samples (M 250 grade) in aged condition
were taken from plates. The solution-annealed and air-
cooled plates were subjected to aging treatment at
480 % 5 °Cfor 3 hand air cooled. Chemical composition of
18 Ni 250 grade aged maraging steel samples is given in
Table 1. Cylindrical test coupons were cut from the plate and

Table 1 Composition of the aged maraging steel specimen

Element Composition Element Composition
C 0.015% Ti 0.3-0.6%

Ni 17-19% Al 0.005-0.15%
Mo 4.6-5.2% Mn 0.1%

Co 7-8.5% P 0.01%

Si 0.1% S 0.01%

(0] 30 ppm N 30 ppm

H 2.0 ppm Fe Balance
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sealed with epoxy resin in such a way that the area exposed to
the medium is 0.503 cm?”. These coupons were polished as
per standard metallographic practice—belt grinding fol-
lowed by polishing on emery papers of 400, 600, 800, 1000,
1200, and 1500 grades, finally on polishing wheel using
legated alumina to obtain mirror finish—degreased with
acetone, washed with double-distilled water, and dried in hot
air blower before immersing in the corrosion medium.

The inhibitor 3,4-dimethoxybenzaldehyde thiosemicar-
bazone (DMBTSC) was synthesized as per the reported
procedure in one-step reaction of 3,4-dimethoxybenzalde-
hyde with thiosemicarbazide [13]. An equimolar mixture of
ethanolic solution of 3,4-dimethoxybenzaldehyde and thi-
osemicarbazide was taken in a round-bottomed flask. The
reaction mixture was refluxed on a hot water bath for about
less than 3 h. The precipitated product was purified by
recrystallization from ethanol and was identified by melt-
ing point (200-201 °C), elemental analysis, and infrared
spectra. The molecular weight of the compound is 239.3.
The structure of the molecule is given below.

HaCO o NH NH,
N W/
DA [
HCO

3, 4 dimethoxyb Idehyde thi icarb

2.2 Medium

Standard solution of 0.5 M sulfuric acid was prepared by
diluting analar grade 98% sulfuric acid by using double
distilled water. The solutions of inhibitor with 1 x 107,
2x107%, 4 x 107, 6 x 107 and 8 x 10™* M concen-
tration were prepared in 0.5 M sulfuric acid. Experiments
were carried out using calibrated thermostat at tempera-
tures 30 °C, 35 °C, 40 °C, 45 °C,and 50 °C (£ 0.5 °C).

2.3 Electrochemical measurement

Electrochemical measurements were carried out using an
electrochemical work station Auto Lab 30, GPES, and FRA
software. Both polarization studies and EIS measurements
were carried out using conventional three-electrode Pyrex
glass cell with platinum counter electrode and saturated
calomel electrode (SCE) as reference electrode. All the
values of potential are referred to the SCE. The polariza-
tion studies were done immediately after the EIS studies on
the same electrode without any further surface treatment.

2.3.1 Tafel polarization studies

Finely polished maraging steel specimens were exposed to
corrosion medium of sulfuric acid in the presence and
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absence of inhibitor at different temperatures (30-50 °C)
and allowed to establish a steady-state open circuit poten-
tial(OCP). The potentiodynamic current—potential curves
were recorded by polarizing the specimen to —250 mV
cathodically and 4250 mV anodically with respect to OCP
at a scan rate of 1 mV s~

2.3.2 Electrochemical impedance spectroscopy (EIS)
studies

In EIS technique, a small amplitude ac signal of 10 mV
and frequency spectrum from 100 kHz to 0.01 Hz was
impressed at the OCP, and impedance data were analyzed
using Nyquist plots. The charge transfer resistance, R was
extracted from the diameter of the semicircle in Nyquist
plot.

In all the above measurements, at least three similar
results were considered, and their average values are
reported.

2.4 Scanning electron microscope studies (SEM)

The SEM images were recorded using JEOL JSM-6380LA
analytical scanning electron microscope.

3 Results and discussion
3.1 Tafel polarization measurement

The corrosion inhibition of aged maraging steel was
investigated in 0.5 M sulfuric acid containing various
concentrations of DMBTSC inhibitor at different temper-
atures using Tafel polarization technique. Figure 1 repre-
sents Tafel polarization curves of the specimen in 0.5 M
sulfuric acid containing different concentrations of inhibi-
tor under study at 30 °C. The percentage inhibition effi-
ciency (IE %) was calculated from expression (1):

Lo — Icorr(inh)

IE% = x 100 (1)

ICOIT
where 1o and Ieorinny are the corrosion current densities in
the absence and in the presence of inhibitor, respectively.
The corrosion rate is calculated using Eq. 2:

3270 X M X Leon

C i t -1
Oor1rosion rate (rnm y ) p <7

(2)
where 3270 is a constant that defines the unit of corrosion
rate, .o = corrosion current density in A cm 2, p = den-
sity of the corroding material, 8.23 g cm™>, M = Atomic
mass of the metal, and Z = Number of electrons transferred
per metal atom [21].
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Fig. 1 Tafel polarization curves for the aged maraging steel in 0.5 M
sulfuric acid containing different concentrations of inhibitor

The valuable potentiodynamic polarization parameters
including corrosion potential (E..), corrosion current
(Icorr), corrosion rate (CR), anodic and cathodic slopes
(b, and b.), and inhibition efficiency (%IE) were calculated
from Tafel plots and are summarized in Table 2. The
polarization resistance (R,) increased with increase in
inhibitor concentration, suggesting a hindrance to charge
transfer reaction (metal dissolution). The value of I .
decreases with increase in the concentration of inhibitor.

As can be seen from the data, addition of DMBTSC
decreases the corrosion of the annealed maraging steel
sample. Inhibition efficiency increases with increasing
DMBTSC concentration. The changes in both the anodic
and cathodic Tafel slopes observed on the addition of
DMBTSC indicate that both anodic and cathodic reactions
are affected by the addition of inhibitor. The addition of
DMBTSC affects anodic dissolution of metal and also the
hydrogen evolution reaction at the cathode.

No definite trend is observed in the shift of E.., values,
which suggests that DMBTSC acts as a mixed type inhibitor
[22]. According to Ferreira et al and Li et al.[23, 24], if the
displacement in corrosion potential is more than £85 mV
with respect to corrosion potential of the blank, then the
inhibitor can be considered as a cathodic or anodic type.
However, the maximum displacement in this study is 10 mV,
which indicates that DMBTSC is a mixed type inhibitor.

The parallel cathodic Tafel curves suggest that
the hydrogen evolution is activation controlled, and the
reduction mechanism is not affected by the presence of
the inhibitors [22]. The values of b, changes with increase
in inhibitor concentration which indicates the influence of
DMBTSC on the kinetics of hydrogen evolution. The shift
in the anodic Tafel slope b, may be due to the sulfate/
inhibitor molecules adsorbed on the steel surface [25].
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Table 2 Results of Tafel

.. . Temp. (°C) Conc. of Ecor —b, b, Lo CR 1IE%
polarization studies on aged inhibitor (VISCE) (Vdec™) (Vdec™) (mAcm™>) (mmy
maraging sfe@l in 05 M sulfuric (x10~* M)
acid containing different
concentrations of DMBTSC 30 0 0318 0.107 0.103 7.52 87.23

1 —0317  0.120 0.075 334 38.74 482
2 —0318  0.133 0.097 2.26 26.22 64.9
4 0309  0.112 0.113 0.97 11.25 84.8
6 0311 0.113 0.124 0.71 8.24 89.0
8 0310 0.112 0.083 0.64 7.42 91.5
35 0 0312 0122 0.127 8.39 97.32
1 ~0314  0.118 0.080 445 51.62 43.0
2 0315 0122 0.078 2.62 30.39 63.4
4 ~0.308  0.106 0.085 1.53 17.75 81.9
6 0310  0.112 0.081 1.13 13.11 85.8
8 0311 0072 0.088 0.54 6.26 90.1
40 0 0309  0.112 0.127 9.65 111.94
1 0312 0.109 0.108 5.04 58.46 39.0
2 0311 0.157 0.112 3.05 35.38 63.2
4 0307 0.123 0.124 175 20.30 78.8
6 0309  0.119 0.119 1.39 16.12 83.0
8 0313 0.102 0.110 1.03 11.95 89.4
45 0 0312 0.118 0.118 1075 124.70
1 0308  0.125 0.121 7.03 81.55 29.8
2 0310 0.100 0.102 3.78 43.85 57.1
4 ~0.308  0.118 0.082 2.79 32.36 69.2
6 ~0.308  0.109 0.088 1.62 18.79 81.6
8 0312 0.125 0.116 1.24 14.38 88.4
50 0 0311 0112 0.110 11.72 135.95
1 0302 0.099 0.089 7.50 87.00 25.4
2 —0308  0.118 0.088 4.69 54.40 532
4 ~0305  0.114 0.124 3.86 4478 61.7
6 0307 0.117 0.138 1.88 21.81 81.2
8 0309  0.124 0.116 1.56 18.10 84.7

For anodic polarization curves of specimen with
0.0006 M and 0.0008 M DMBTSC (in Fig. 1), it seems
that at the working electrode potential, higher than
—200 mV/SCE, the presence of inhibitor does not change
the current versus potential characteristics. This potential
can be defined as desorption potential [26]. The phe-
nomenon may be due to the obvious metal dissolution,
which leads to desorption of the inhibitor molecule from
the electrode surface. In this case, the desorption rate of
the inhibitor is higher than its adsorption rate, and so the
corrosion current increases more obviously with rising
potential [27].

3.1.1 Effect of temperature

The effect of temperature on the inhibited acid—metal
reaction is highly complex because many changes occur on
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the metal surface, such as rapid etching and desorption of
the inhibitor and the inhibitor itself, which in some cases
may undergo decomposition and/or rearrangement [28].
However, it facilitates the calculation of many thermody-
namic functions for the inhibition and/or the adsorption
processes which contribute to determine the type of
adsorption of the studied inhibitors. In this study, with
increase in solution temperature, corrosion potential (E.q.,),
anodic Tafel slope (b,), and cathodic Tafel slope (b.) val-
ues are not affected much. This indicates that increase in
temperature does not change the mechanism of corrosion
reaction. However, I, and hence the corrosion rate of the
specimen increase with increase in temperature for both
blank and inhibited solutions. The inhibition efficiency
decreases with increase in temperature which indicates
desorption of inhibitor molecules [29]. However, this
decrease is small at higher concentration of inhibitor.
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The apparent activation energy (E,) for the corrosion
process in the presence and absence of inhibitor can be
calculated using Arrhenius law Eq. 3 [30].

In(CR) = B — (E./RT) (3)

where B is a constant which depends on the metal type, and
R is the universal gas constant. The plot of In(corrosion
rate) versus reciprocal of absolute temperature 1/7 gives
straight line whose slope = —E,/R gives activation energy
for the corrosion process. The Arrhenius plots for the
annealed specimen are shown in Fig. 2.

The entropy and enthalpy of activation values for the
dissolution of alloy (AH, & AS,) were calculated from
transition state theory Eq. 4 [31].

CR = (RT/Nh)exp(AS,/R)exp(—AH,/RT) (4)

where & is Plank’s constant, and N is Avagadro’s number.
A plot of In(corrosion rate/T) versus 1/T gives straight line
with slope = —AH,/R and intercept = In(R/Nh) + AS,/R.
The calculated values of AH, and AS, are given in Table 3.
The plot of In(corrosion rate/T) versus 1/T for the annealed
samples of maraging steel in various concentrations of
inhibitor in 0.5 M sulfuric acid is shown in Fig. 3.

The calculated values of activation parameters are given
in Table 3.

The effect of chemically stable surface active inhibitors
is to increase the energy of activation and to decrease the
surface area available for corrosion [32]. The value of
activation energy (E,) in 0.5 M sulfuric acid solution
containing inhibitor is greater than that without inhibitor.
The extent of increase is proportional to the inhibitor
concentration, indicating that the energy barrier for the
corrosion reaction increases with increase in DMBTSC
concentration. The increase in apparent activation energy
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Fig. 2 Arrhenius plots for the dissolution of aged maraging steel in
0.5 M sulfuric acid containing different concentrations of inhibitor

Table 3 Activation parameters for the corrosion of aged maraging
steel in 0.5 M sulfuric acid containing different concentrations of

inhibitor

Conc. of inhibitor E, AH, AS,
(x 107*M) (kJ mol™h) (kJ mol™h) (I mol™' K™h
0 18.1 15.5 —156.7
1 30.0 27.4 —126.3
2 334 30.8 —111.8
4 39.9 37.3 —105.5
6 452 43.6 —66.8
8 47.4 54.4 —44.6
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Fig. 3 In(corrosion rate)/T versus 1/T for aged maraging steel in
0.5 M sulfuric acid containing different concentrations of inhibitor

E, may be interpreted as due to physical adsorption [33] of
the inhibitor, which results in increase in surface coverage
with the increase in the concentration of the inhibitor. The
decrease in the inhibition efficiency of DMBTSC with
increase in temperature can be attributed to an appreciable
decrease in the adsorption of the inhibitor on the metal
surface with increase in temperature and a corresponding
increase in corrosion rate because greater area of metal is
exposed to the acid [34].

The entropy of activation values in the absence and
presence of inhibitor are large and negative. This implies
that the activated complex in the rate-determining step
represents an association rather than dissociation step,
resulting in a decrease in randomness on going from
reactants to activated complex [35, 36]. The entropy of
activation values are less negative for inhibited solutions
than that for the uninhibited solutions. This suggests that an
increase in randomness occurred while moving from
reactants to the activated complex. This might be the result
of the adsorption of organic inhibitor molecules from the
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acidic solution, which could be regarded as a quasi-
substitution process between the organic compound in the
aqueous phase and water molecules at electrode surface
[37]. In this situation, the adsorption of organic inhibitor is
accompanied by desorption of water molecules from the
surface. Thus, the increase in entropy of activation was
attributed to the increase in solvent entropy [38].

3.2 Adsorption isotherm

Organic corrosion inhibitors are known to decrease metal
dissolution via adsorption on the metal/corrodent interface
to form a protective film which separates the metal surface
from the corrosive medium. The adsorption route is usually
regarded as a substitution process between the organic
inhibitor in the aqueous solution [Inh;)] and water mol-
ecules adsorbed at the metal surface [H,O,q5)] as given
below[39]:

Inh(sol) + XH2O(ads) = Inh(ads) =+ XHZO(SOI) (5)

where y represents the number of water molecules replaced
by one molecule of adsorbed inhibitor. The adsorption
bond strength is dependent on the composition of the
metal, corrodent, inhibitor structure, concentration and
orientation as well as temperature. Basic information on
the interaction between the inhibitor and alloy surface can
be provided by adsorption isotherm. In order to obtain
isotherm, the linear relation between surface coverage (6)
value and Cj,;, must be found. Attempts were made to fit
the 0 values to various isotherms including Langmuir,
Temkin, Frumkin, and Flory—Huggins isotherms. By far,
the best fit is obtained with the modified Langmuir
adsorption isotherm. The following Eq. 6 can be used:

C 1

o Tx G (©)
where C;,, is the concentration of inhibitor, K is the
equilibrium constant for adsorption process, and 0 is the
degree of the surface coverage, which is calculated using
Eq. 7.

IE%
= 7
100 @
where [E% is percentage inhibition efficiency as calculated
using Eq. 1.

This model has also been used for other inhibitor sys-
tems [39—41]. The plot of C;,,/0 versus Cj,;, gives a straight
line with intercept 1/K as shown in Fig. 4.

The values of standard free energy of adsorption are
related to K by the relation (8).

_ %A‘) (8)

K
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Fig. 4 Langmuir adsorption isotherm of DMBTSC on aged maraging
steel in 0.5 M sulfuric acid at different temperatures

where the value 55.5 is the concentration of water in
solution in M (mol/L), R is the universal gas constant and
T is absolute temperature [42-44]. The thermodynamic
data obtained from adsorption isotherm are tabulated in
Table 4. The correlation coefficient (R*) was used to
choose the isotherm that best fit the experimental data [28].
The linear regression coefficients are close to unity, and the
slopes of straight lines are nearly unity, suggesting that
the adsorption of DMBTSC obeys Langmuir’s adsorption
isotherm, and there is negligible interaction between the
adsorbed molecules [24]. The high values of K for the
studied inhibitor indicate strong adsorption of inhibitor on
the alloy surface. Negative values of AGY; are the char-
acteristic feature of strong spontaneous adsorption for the
studied compounds, which also reflect the high values of
inhibition. The negative AGY values calculated from
Eq. 8 are consistent with the spontaneity of the adsorption
process and the stability of the adsorbed layer on the
maraging steel surface. In general, the standard free energy
values of —20 kJ mol™" or less negative are associated
with an electrostatic interaction between charged mole-
cules and charged metal surface, resulting in physisorption,
and those of —40 kJ mol™' or more negative involve
charge sharing or transfer from the inhibitor molecules to
the metal surface to form a coordinate covalent bond,
resulting in chemisorption [44-46]. The AGY, values
obtained for the studied inhibitor on the alloy surface in
0.5 M sulfuric acid range from —30 to —32 kJ/mol, indi-
cating both physical and chemical adsorptions [47].

A plot of Angs versus 7T in Fig. 5 was used to calculate
the heat of adsorption AH,. and the standard adsorption
entropy ASoy, according to the thermodynamic Eq. 9.
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Angs = AI—Iél)ds - TAS;)ds (9)

Figure 5 clearly shows that the good dependence of
AGY on T indicates good correlation among thermody-
namic parameters. The thermodynamic data obtained for
DMBTSC using Langmuir adsorption isotherm are depic-
ted in Table 4.

The values of thermodynamic parameters for the
adsorption of inhibitors can provide valuable information
about the mechanism of corrosion inhibition. While an
endothermic adsorption process (AH > 0) is attributed
unequivocally to chemisorption [48], an exothermic
adsorption process (AHgdS < 0) may involve either physi-
sorption or chemisorption or a mixture of both the processes.
In an exothermic process, physisorption is distinguished
from chemisorption by considering the absolute value of
adsorption enthalpy. Typically, the enthalpy of a physi-
sorption process is lower than 41.86 kJ mol ™', while that of
a chemisorption process approaches 100 kJ mol™' [49].
In the present case, the calculated value of AHYy s
—69.014 kJ mol_l, which is an intermediate case [47],
probably involving both physisorption and chemisorption.
The ASY value is large and negative, indicating that an
ordering takes place when the inhibitor gets adsorbed on the
metal alloy surface.

3.3 Electrochemical impedance spectroscopy

The results of potentiodynamic polarization experiments
were compared with the results of impedance measure-
ments, since EIS is a powerful technique in studying cor-
rosion mechanism. In order to get more information about
the corrosion inhibition of aged maraging steel specimens
in 0.5 M sulfuric acid containing different concentrations
of DMBTSC, EIS measurements were carried out at dif-
ferent temperatures. The Nyquist plots obtained for aged
samples of maraging steel specimens in 0.5 M sulfuric acid
containing various concentrations of DMBTSC are as
shown in Fig. 6.

It is clear from the figures that the shapes of the
impedance plots for inhibited specimen are not substantially

Table 4 Thermodynamic parameters for the adsorption of DMBTSC
on aged maraging steel surface in 0.5 M sulfuric acid at different
temperatures

Temp. K (x10% —AGY,  R? AHY;, AS

(°C) (mol™'L) (kJ mol™}) (kJ mol™") (I mol~! K71
30 0.9070 33.1 0.9993

35 0.7802 32.7 0.9442 —69.014 —118

40 0.6905 324 0.9401

45 0.4505 314 0.9942

50 0.3647 30.8 0.9818
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Fig. 5 Plot of AG.y, versus temperature for the adsorption of
DMBTSC on aged maraging steel in 0.5 M sulfuric acid
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Fig. 6 Nyquist plots for aged maraging steel specimen in 0.5 M
sulfuric acid containing different concentrations of inhibitor. Insert
blank

different from those of uninhibited one. The presence of
inhibitor increases the impedance but does not change other
aspects of the behavior. These results support the results of
polarization measurements that the inhibitor does not alter
the mechanism of electrochemical reactions responsible for
corrosion. It inhibits corrosion primarily through its
adsorption on the metal surface [50]. The impedance plots
are with a depressed capacitive loop at high-frequency
range (HF) whose diameter increases with increase in
inhibitor concentration, followed by an inductive loop at
low-frequency (LF) region. The depressed capacitive loop
with its center below the real axis may be due to the con-
tribution from surface roughness, distribution of active
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sites, adsorption of inhibitors, and formation of porous
layers as reported by others [51]. The HF capacitive loop
can be attributed to charge transfer reaction and time con-
stant of the electric double layer [47]. These are not perfect
semicircles, because the Nyquist plots obtained in the real
system represent a general behavior where the double layer
at the metal solution interface does not behave as an ideal
capacitor [52, 53]. The LF inductive loop can be attributed
to the relaxation process obtained by adsorbed sulfate ions
and protons [50, 54]. It may also be attributed to the re-
dissolution of the passivated surface at low frequencies
[55]. In the present case, the LF inductive loop can be
attributed to surface dissolution process. It is also seen from
the Fig. 6 that the size of the inductive loop decreases with
the increase in inhibitor concentration and almost disap-
pears at the highest concentration of the inhibitor added.
The above observations suggest that with the increase in the
surface coverage of the alloy as the inhibitor concentration
is increased, the rate of alloy dissolution decreases.

The impedance spectra were analyzed by fitting the
experimental data to the equivalent circuit model as given
in Fig. 7 which has been used previously to model iron/
acid interface [50, 56]. In this equivalent circuit, Rg is the
solution resistance, and R is the charge transfer resistance,
Ry and L represent the inductive elements. This also con-
sists of constant phase element, CPE (Q) in parallel to the
resistors R, and Ry which are in series to each other. The
CPE is in parallel with the inductor L. The polarization
potential, Rp is given by the expression:

R = R+ RL (10)

The point of intersection between inductive loop and the
real axis represents (Rs + R.). R, represents the solution
resistance due to the ohmic resistances of corrosion product
films and the solution enclosed between the working
electrode and the reference electrode. R represents the
charge transfer resistance whose value is a measure of
resistance against electron transfer across the surface and is
inversely proportional to corrosion rate [57]. The presence
of inductor L in the equivalent circuit in the presence of
inhibitor indicates that alloy is still dissolved by the direct

Fig. 7 Equivalent circuit used to fit experimental EIS data for the
corrosion of maraging steel specimen in sulfuric acid

@ Springer

charge transfer at the inhibitor-adsorbed alloy surface [58].
The CPE is introduced in the circuit instead of pure double
layer capacitor to give more accurate fit [59]. The
impedance of CPE is expressed as

1

Zcpg Yoljoo)" (11)
where the amplitude Y, and n are frequency independent,
and o is the angular frequency for which —Z reaches its
maximum values, n is dependent on the surface morphol-
ogy: —1 < n < 1. The HF loops have depressed semicir-
cular appearance, with 0.5 <n <1, which is often
referred to as frequency dispersion as a result of the non-
homogeneity or roughness [54, 60].

The corrosion current density /.., can be calculated
using charge transfer resistance R, together with Stern—
Geary Eq. 11 [57].

Lo bab.
N 2.303R4A (bytbe)

(12)

The charge transfer resistance R. and double layer
capacitance Cq were determined by the analysis of Nyquist
plot and their values are given in Table 5.

The inhibition efficiency in different concentrations of
DMBTSC was calculated from the charge transfer resis-
tance according Eq. 13

Ry — R
IE%:<C‘C*> x 100 (13)
R

where R, and R%, represent the charge transfer resistance in
the presence and absence of inhibitor. The values of R,
increases with increase in the inhibitor concentration, and
the results indicate that charge transfer process mainly
controls the corrosion process.

The double layer capacitances Cg;, for a circuit includ-
ing CPE were calculated from the following Eq. [61]:

Cdl - Y()(Wmax)n71 (14)

where Wiax = 27 max, and fiax 1S the frequency at which
the imaginary component of the impedance is maximal.

According to the expression of the double layer
capacitance presented in the Helmholtz model [25],

&8
Cy = 705 (15)

where d is the thickness of the film, § is the surface area of
the electrode, ¢, is the permittivity of air, and ¢ is the local
dielectric constant.

The value of Cy decreases due to the adsorption of
inhibitor molecules, which displaces water molecules
originally adsorbed on the mild steel surface and decreases
the active surface area. The values of double layer capac-
itance decreases with increase in inhibitor concentration
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Table 5 EIS data of aged maraging steel in 0.5 M sulfuric acid in the
absence and presence of different concentrations of inhibitor,
DMBTSC

Temp. Inhibitor conc. R Ca 1E%
(°C) (mol™! dm?) (ohm cm?)  (mF cm™2)
30 0 1.8 29.6
1 33 103 45.0
2 6.4 9.4 71.9
4 95 8.8 81.1
6 13.0 49 86.6
8 20.0 2.7 91.1
35 0 1.7 48.0
1 2.8 19.2 39.3
2 5.7 14.4 70.2
4 7.6 6.7 77.6
6 10.2 4.8 83.3
8 18.6 3.4 90.9
40 0 1.6 100.0
1 26 52.0 38.5
2 45 27.0 64.5
4 5.7 21.0 71.9
6 6.8 15.0 76.5
8 10.4 10.0 85.7
45 0 1.4 430.0
1 2.1 340.0 33.6
2 3.2 215.0 56.3
4 45 111.8 68.8
6 5.6 77.4 74.9
8 11 64.2 87.2
50 0 1.2 502.0
1 15 381.0 20.1
2 22 276.0 45.5
4 2.8 180.0 57.1
6 49 88.8 75.5
8 7.2 75.2 83.3

indicating that inhibitor molecules function by adsorption
at the metal/solution interface, leading to formation of a
protective film on the alloy surface, and decreasing the
extent of dissolution reaction [62]. The inhibition effi-
ciency values obtained by the electron impedance method
are in good agreement with the ones obtained by Tafel’s
method.

3.4 Mechanism of corrosion inhibition

Aged maraging steel results from the precipitation of
intermetallics. Since these intermetallics have different
composition than the bulk metal matrix, their electro-
chemical behavior is expected to be different from that of
the matrix [63]. Also, there will be strain fields around

these coherent precipitates as a result of lattice mismatch
between the precipitate and the matrix due to the difference
in the crystal structure and lattice parameters. These strain
fields in combination with the galvanic effect due to the
composition difference lead to the enhanced corrosion of
aged maraging steel in acid medium. Considering the
inhomogeneous nature, the surface of alloy is generally
characterized by multiple adsorption sites having different
activation energies and heats of adsorption. Inhibitor
molecules may thus be adsorbed more readily at surface
active sites having suitable adsorption enthalpies.

The adsorption mechanism for a given inhibitor depends
on factors, such as the nature of the metal, the corrosive
medium, the pH, and the concentration of the inhibitor as
well as the functional groups present in its molecule, since
different groups are adsorbed to different extents. For
instance, S-containing substances have been shown to
preferentially chemisorb on the surface of iron in acidic
medium, whereas N-containing substances tend to favor
physisorption [64]. It is reported that protective value of
S-containing compounds is superior to that of N-containing
compounds. This may be due to the greater polarizability
of the sulphur atom and the presence of two electron pairs
available for co-ordination [65].

The inhibition effect of DMBTSC in sulfuric acid
solution can be explained as follows: BDTSCO might be
protonated in the acid solution as follows:

DMBTSC + xH" — [DMBTSCH,|** (16)

Thus, in aqueous acidic solution, DMBTSC exists partly
in the form of protonated species and partly as neutral
molecules. In general, two modes of adsorption could be
considered. Taking into consideration of many reported
results, Popova et al. [56] concluded that the surface charge
of iron in sulfuric acid solution at the free corrosion
potential is positive. Therefore, the adsorption of pro-
tonated species would be through electrostatic attraction
between the positively charged molecule and the
negatively charged sulfate ions adsorbed on the metal
surface via physisorption. In the study of the effect of
inorganic anions and organic compounds on corrosion
inhibition of mild steel in various acids, Hackerman et al.
[66] have reported that the degree of adsorption of anions
was in the order I~ > Br~ > CI~ > SO,>~ > CIO*". The
sulfate ions with low degree of adsorption could not cover
the metal surface fully and therefore there is always
possibility of the neutral inhibitor molecules occupying the
vacant adsorption sites on the metal surface via the
chemisorption mode of protection of the corroding
surface [67]. The possible bonding sites of the neutral
inhibitor are the free electron pairs on sulphur and nitrogen
atoms, as well as oxygen, which could interact with vacant
d orbital of iron [68].
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3.5 Scanning electron microscope studies

The SEM images were recorded to establish the interaction
of acid medium with the metal surface using JEOL JSM-
6380LA analytic scanning electron microscope. The sur-
face morphology of the aged samples was examined by
SEM immediately after the sample is subjected to corro-
sion in H,SO4 medium in the absence and in the presence
of inhibitor. The SEM image of corroded aged maraging
steel sample in Fig. 8 shows degradation of alloy in the
absence of inhibitor. The attack by H,SO, is seen to be
more at grain boundary since these regions are highly
susceptible to corrosion. In aged samples, the intermetallic
precipitation at grain boundary may be responsible for the
higher rate of corrosion. Figure 9 represents SEM image of
aged maraging steel after the corrosion tests in a medium of
sulfuric acid containing DMBTSC. The image clearly

Fig. 8 SEM image of the corroded aged maraging steel after
immersion in 0.5 M sulfuric acid

Fig. 9 SEM image of the aged maraging steel after immersion in
0.5 M sulfuric acid containing DMBTSC

@ Springer

shows the adsorbed layer of inhibitor molecules on the
alloy surface thus protecting the metal from corrosion.

4 Conclusions

Potentiodynamic polarization and electrochemical imped-
ance methods were used to evaluate the ability of
DMBTSC to inhibit corrosion of aged maraging steel in
0.5 M sulfuric acid. The principal conclusions are

(1) The corrosion of aged maraging steel in 0.5 M
sulfuric acid is significantly reduced by the addition
of DMBTSC even at low concentration.

(2) The inhibition efficiency increases with increase in
inhibitor concentration.

(3) The inhibition efficiency decreases with increase
temperature of medium.

(4) DMBTSC acts as mixed type of inhibitor, affecting
both anodic and cathodic reactions.

(5) The adsorption of DMBTSC on aged maraging stel
surface obeys Langmuir’s adsorption isotherm model.

(6) The negative values of AGoy obtained indicate that
DMBTSC adsorbed spontaneously on the aged mar-
aging steel. The adsorption process is exothermic and
accompanied by decrease in entropy.

(7) SEM images revealed protection of alloy surface in
sulfuric acid medium by the adsorption of DMBTSC.

(8) The inhibition efficiency obtained from potentiody-
namic polarization, and EIS techniques are in rea-
sonably good agreement.
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