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ABSTRACT

Electrochemical corrosion behavior and hydrogen evolution reaction of weld aged mar-
aging steel have been investigated, in 1.0 M sulfuric acid solution containing different
concentrations of 2-(4-chlorophenyl)-2-oxoethyl benzoate (CPOB). The data obtained from
polarization technique showed that the corrosion current density (icory) and the hydrogen
evolution rate decrease, indicating a decrease in the corrosion rate of weld aged maraging
steel as well as an increase in the inhibition efficiency (n%) with the increase in inhibitor
concentration. Changes in impedance parameters were indicative of adsorption of CPOB on
the metal surface, leading to the formation of protective film. Both activation (E,) and
thermodynamic parameters (AG94s, AHSgs and ASS4s) were calculated and discussed. The
adsorption of CPOB on the weld aged maraging steel surface obeyed the Langmuir
adsorption isotherm model. Scanning electron microscopy (SEM) and energy dispersive
X-ray spectroscopy (EDS) study confirmed the formation of an adsorbed protective film on

Impedance the metal surface.

Copyright © 2012, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

1. Introduction

Maraging steels are a class of ultra-high strength steels devel-
oped mainly for aerospace, military, aircraft and tooling appli-
cations. The name maraging derives from “martensite-aging,”
referring to the heat treatment carried out to induce the
precipitation of intermetallics in the Fe—Ni martensitic matrix,
responsible for the excellent mechanical properties [1]. The alloy
is a low carbon steel that contains about 18 wt% Ni, substantial
amounts of Co and Mo, together with small additions of Ti.
However, depending on the requirements of the application, the
composition of the material can be modified. The high strength
of maraging steel is achieved by aging the specimen at
400—500°C, where the precipitation of intermetallics takes place

* Corresponding author. Tel.: +91 9448779922; fax: +91 824 2474033.
E-mail address: nityashreya@gmail.com (A. Nityananda Shetty).

[2]. Corrosion of maraging steel is a fundamental academic and
industrial concern that has received a considerable amount of
attention. According to the available literature, 18 Ni maraging
steel, when exposed to atmosphere, undergoes more or less
uniform corrosion and gets completely covered with rust [3].
Maraging steels are found to be less susceptible to hydrogen
embrittlement than high-strength steels owing to significantly
low diffusion of hydrogen in them [4]. Due to the variety of
applications, these steels frequently come in contact with
corrosive environments; the strategy is to isolate the metal from
corrosive agents. The addition of inhibitors to the corrosion
medium serves the purpose. Only a few reports on the corrosion
inhibition of maraging steel in acid solution using organic
inhibitors are available in the literature [5,6].
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Application of corrosion inhibitors is the most economical
and practical method to mitigate electrochemical corrosion.
Organic substances such as heterocyclic compounds con-
taining one or more nitrogen, oxygen, and sulfur atoms,
multiple bonds in the molecule can adsorb on the metallic
surface and can act by blocking the active sites or generating
a physical barrier to reduce the transport of corrosive species
to the metal surface [7]. These compounds are rich in
heteroatoms, such as sulfur, nitrogen, and oxygen, which can
be used as effective inhibitors because of their strong chem-
ical activity. The present research is aimed at evaluating
a new organic inhibitor with good inhibition efficiency against
weld aged maraging steel corrosion [8].

In acidic medium, the corrosion of the metal generally
involves the liberation of hydrogen as the cathodic reaction.
Therefore, the inhibition of corrosion should also inhibit the
hydrogen evolution. Evolved hydrogen may recombine and
leave the surface as a gas or may enter the metal causing the
hydrogen-induced degradation of the metal. In order to
reduce the susceptibility to hydrogen uptake, the modification
of solution by addition of inhibitors or the modification of the
metal surface may be applied [9]. In continuation of our search
for developing corrosion inhibitors with high effectiveness
and efficiency, the present paper explores the use of 2-(4-
chlorophenyl)-2-oxoethyl benzoate (CPOB) as corrosion
inhibitor for weld aged maraging steel surface in 1.0 M sulfuric
acid solution. Potentiodynamic polarization and electro-
chemical impedance spectroscopy (EIS) techniques were used
to determine the inhibition efficiency of CPOB; and scanning
electron microscopy (SEM) was used to get the surface profiles
of the corroded surfaces. Energy dispersive X-ray spectros-
copy (EDS) investigations were carried out in order to identify
the elemental composition of the species formed on the metal
surface after its immersion in 1.0 M sulfuric acid in the pres-
ence and absence of inhibitor. The effect of temperature was
assessed in order to propose a suitable mechanism for
hydrogen evolution and the inhibition action of CPOB on weld
aged maraging steel sample.

2. Experimental

2.1. Material

The compositions of the maraging steel (18 Ni 250 grade) is as
follows (wt%): C = 0.015, Ni = 18, Mo = 4.8, Co = 7.75, Si = 0.1,

O =30 ppm, H = 2.0 ppm, Ti = 0.45, Al = 0.005—0.15, Mn = 0.1,
P = 0.01, S = 0.01, N = 30 ppm and the balance is Fe. The

o] o]
~

H
+
benzoic acid

2-bromo-1-(4-chlorophenyl)ethanone

maraging steel plates of composition as mentioned above
were welded by GTAW—-DCSP (Gas tungsten arc welding —
Direct-current straight polarity) using filler material of
compositions (wt%): C = 0.015, Ni = 17, Mo = 2.55, Co = 12,
Ti=0.015, Al = 0.4, Mn = 0.1, Si = 0.1 and the balance is Fe. The
specimen was taken from the plates which were welded as per
above and aged at 480 + 5 °C for 3 h followed by air cooling.

2.2. Preparation of test coupons

The working electrode was cut from the plate and sealed with
epoxy resin, leaving only 0.64 cm? of the surface area exposed
to the electrolyte. Prior to each experiment, the working
electrode was mechanically polished with a fine grade of
emery papers (400—2000 grade), finally on polishing wheel
using legated alumina to obtain mirror finish. Then it was
degreased with acetone, washed with double distilled water
and dried before immersing in the corrosion medium. All the
experiments were carried out at different temperatures in the
open atmosphere, under unstirred conditions.

2.3. Medium

The corrosive medium was 1.0 M sulfuric acid solution
prepared from analytical-reagent-grade sulfuric acid and
double distilled water. Inhibitive action of CPOB on the
corrosion of weld aged maraging steel in 1.0 M sulfuric acid
solution was studied by introducing different concentrations
of the inhibitor into the solution. The concentration range of
CPOB used in this study was 0.2 mM—1.0 mM. The experi-
ments were carried out at temperatures 30 °C, 35 °C, 40 °C,
45 °C and 50 °C (£0.5 °C), in a calibrated thermostat.

2.4. Synthesis of 2-(4-chlorophenyl)-2-oxoethyl
benzoate (CPOB)

The inhibitor CPOB was synthesized as reported in the liter-
ature [10,11]. A mixture of benzoic acid (1.0 g, 0.0081 mol),
potassium carbonate (1.23 g, 0.0089 mol) and 2-bromo-1-(4-
chlorophenyl) ethanone (1.81 g, 0.0081 mol) in dime-
thylformamide (10 ml) was stirred at room temperature for
2 h. On cooling, colorless needle-shaped crystals of 2-(4-
chlorophenyl)-2-oxoethyl benzoate begin to separate out.
The crude product was filtered off and re-crystallized from
ethanol. The product was characterized by elemental anal-
yses, melting point (119-120 °C) and infrared spectra. The
synthesis scheme is shown below.

0 Br
0
K,CO4 o
_—
DMF
0
Cl
Cl

2-(4-chlorophenyl)-2-oxoethyl benzoate
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2.5. Electrochemical techniques

Electrochemical measurements were carried out using elec-
trochemical work station, Gill AC having ACM instrument
Version 5 software. The arrangement used was a conventional
three-electrode compartment glass cell with a platinum
counter electrode and a saturated calomel electrode (SCE) as
reference. The working electrode was made of weld aged
maraging steel. All the values of potential are referred to the
SCE. The polarization studies were carried out immediately
after the EIS studies on the same electrode without any
further surface treatment.

2.5.1. Potentiodynamic polarization studies

Finely polished weld aged maraging steel specimen was
exposed to the corrosion medium of 1.0 M sulfuric acid solu-
tion in the presence and absence of the inhibitor at different
temperatures (30—50 °C) and allowed to establish a steady-
state open circuit potential (OCP). The potentiodynamic cur-
rent—potential curves were recorded by polarizing the spec-
imen to —250 mV cathodically and +250 mV anodically with
respect to the OCP at a scan rate of 1 mV s~

2.5.2.  Electrochemical impedance spectroscopy studies (EIS)
The impedance measurements were carried out in the
frequency range of 10 kHz to 0.01 Hz, at the rest potential, by
applying 10 mV sine wave AC voltage. The double-layer capaci-
tance (Cqy), the charge-transfer resistance (R, film capacitance
(C¢) and film resistance (R¢) were calculated from the Nyquist plot.

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

2.6. SEM/EDS investigations

The surface morphology of the weld aged maraging steel
specimen immersed in 1.0 M sulfuric acid solution in the
presence and absence of inhibitor were compared by
recording the SEM images of the samples using JEOL JSM-
6380LA analytical scanning electron microscopy. Energy
dispersive X-ray spectroscopy (EDS) investigations were
carried out in order to identify the elemental composition of
the species formed on the metal surface after its immersion in
1.0 M sulfuric acid in the presence and absence of inhibitor.

3. Results and discussion
3.1. Potentiodynamic polarization measurements

Potentiodynamic polarization curves for the corrosion of weld
aged maraging steel in 1.0 M sulfuric acid solution in the
presence of different concentrations of CPOB are shown in
Fig. 1. It can be observed that both the cathodic and anodic
reactions are suppressed with the addition of CPOB, which
suggested that the inhibitor exerted an efficient inhibitory
effect both on anodic dissolution of metal and on cathodic
hydrogen liberation reaction. Electrochemical parameters
such as corrosion potential (Ecor), COrrosion current density
(icorr), @and anodic and cathodic Tafel slopes (b,, bc) obtained
from the polarization measurements are listed in Table 1.
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Fig. 1 — Tafel polarization curves for the corrosion of weld
aged maraging steel in 1.0 M sulfuric acid containing
different concentrations of inhibitor at 30 °C.

The corrosion rate (veorr), in mm/year, is calculated from
following equation [12]:

. i
Corrosion rate(veor) = KZEW (1)
p

where K is 3.27 x 1073, mm g/uA cm y, a constant that defines
the unit for the corrosion rate, iy iS current density in
A cm 2, p density is in g cm > and EW is equivalent weight of
the alloy. Equivalent weight for alloys was calculated from
following equation:

1

e
W;

(2)

where f; is the mass fraction of the ith element in the alloy, W;
is the atomic weight of the ith element in the alloy and n; is the
valence of the ith element of the alloy. It is usually assumed
that the process of oxidation is uniform and does not occur
selectively to any component of the alloy.

The inhibition efficiency was calculated from following
equation [13]:

7 (90) = o~ Teomtinh) (3)
Leorr
where icorr and icorr(inh) Signify the corrosion current density in
the absence and presence of inhibitors, respectively.
Inhibition efficiency increases with the increase in the
inhibitor concentration up to an optimum value. Thereafter
the increase in the inhibitor concentration resulted in negli-
gible increase in inhibition efficiency. The maximum quantity
of the inhibitor reported in Table 1 corresponds to the
optimum concentration of the inhibitor. It is seen from Table
1, that the value of b. does not change significantly with the
increase in inhibitor concentration, which indicates that the
addition of CPOB does not change the hydrogen evolution
reaction mechanism [14]. Hydrogen evolution reaction has
been reported to be generally the dominant local cathodic
process in the corrosion of weld aged maraging steel alloy in
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Table 1 — Results of potentiodynamic polarization studies on weld aged maraging steel in 1.0 M sulfuric acid containing

different concentrations of CPOB.

Temperature (°C) Inhibitor Ecorr (V/SCE) b, (mVdec®) —b.(mVdec™) icor(MACm 2 Ueor (mmy ) 7 (%)
concentration
(mM)
30 Blank —-323 247 301 8.56 85.9
0.2 —322 243 303 3.5 35.1 59.11
0.4 —319 238 298 2.8 28.1 67.28
0.6 —314 240 291 2.3 23.1 73.13
0.8 -312 235 288 1.4 14.0 83.64
1.0 —309 231 285 0.51 5.1 94.04
35 Blank —318 276 305 12.8 128.5
0.2 —314 271 301 5.7 57.2 55.46
0.4 —312 274 297 4.6 46.2 64.06
0.6 —315 267 302 3.7 37.1 71.09
0.8 —309 259 291 2.2 22.3 82.03
1.0 —302 263 287 1.4 14.0 89.06
40 Blank —309 292 307 16.9 169.7
0.2 —308 287 310 8.2 82.3 51.47
0.4 —306 279 299 6.3 63.2 62.72
0.6 —302 283 292 5.2 52.2 69.23
0.8 —299 274 295 3.7 37.1 78.10
1.0 —295 270 288 2.5 25.1 85.20
45 Blank —308 298 303 19.4 194.8
0.2 —305 295 299 9.9 99.4 48.96
0.4 —307 287 301 8.1 81.3 58.24
0.6 —299 291 295 6.8 68.3 64.94
0.8 —297 283 287 5.1 51.2 73.71
1.0 —293 278 282 3.6 36.1 81.44
50 Blank —305 312 311 22.1 221.9
0.2 —303 314 306 12.3 1235 4434
0.4 —300 307 309 9.6 96.4 56.56
0.6 —297 302 303 8.4 84.3 61.99
0.8 —292 297 300 6.7 67.2 69.68
1.0 —288 294 291 5.1 51.2 76.92

aqueous acidic solutions, via H* ion or H,0 molecule reduc-
tion, respectively [9]. The amounts of hydrogen evolved by the
cathodic reaction are proportional to the corroded amounts of
iron. It is also seen from the data that the anodic slope b, also
does not change significantly on increasing the concentration
of CPOB, indicating its non-interference in the mechanism of
anodic reaction. This indicates that the inhibitive action of
CPOB may be considered due to the adsorption and formation
of barrier film on the electrode surface. The barrier film
formed on the metal surface reduces the probability of both
the anodic and cathodic reactions, which results in decrease
in corrosion rate [15]. The inhibition efficiency increases with
the increase in inhibitor concentration, reaching a maximum
value of 94.04% at 1.0 mM.

It can also be seen from Table 1 that there is no appreciable
shift in the corrosion potential value (Ecoyy) on the addition of
CPOB to the corrosion medium and also on increasing the
concentration of CPOB. 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 [9]. However, the maximum
displacement in the present study is +£20 mV, which indicates
that CPOB is a mixed type inhibitor. As the concentration of
the inhibitor increases from 0.2 mM to 1.0 mM, it is noticed
that the corrosion potential shifts slightly toward more posi-
tive potential. This indicates that the inhibitor promotes

passivation of weld aged maraging steel through adsorption
and decreases hydrogen evolution. The increase in the inhi-
bition efficiency with the increase in inhibitor concentration is
attributed to the increased surface coverage by the inhibitor
molecules as the concentration is increased.

The liberation of hydrogen at the cathodic region can be
formulated in three steps as follows [16]:

1. A primary discharge step (Volmer reaction)

M + H3;0" + e — MHags + H,0 (4)

2. An electrochemical desorption step (Heyrowsky reaction)

MHggs + H;O0" + e~ - M + H, + H,0 (5)

3. A recombination step (Tafel reaction)

MHags + MHags — 2M + H, (6)

The three steps formulated above do not take place as
a single step, but combines with another. The presence of
inhibitor may prevent the formation of MH,4s and suppress
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reaction (5) or prevent the electron transfer and to H;O" and
suppress reaction (6).

3.2. Electrochemical impedance spectroscopy (EIS)

Nyquist plots for the corrosion of weld aged maraging steel in
1.0 M sulfuric acid solution in the presence of different
concentrations of CPOB are shown in Fig. 2. It can be observed
from the figure that the diameter of the semicircle increases
with the increase in the concentration of CPOB, indicating
a decrease in the corrosion rate of the alloy sample. It is seen
from the Fig. 2 that the impedance spectra did not present
perfect semicircles. The depressed semicircle is often attrib-
uted to the surface roughness, dislocations and distribution of
the active sites or adsorption of inhibitors [5]. The impedance
data were analyzed using an equivalent circuit (EC) that
tentatively models the physical processes occurring at the
metal—electrolyte interface. The EC, as shown in Fig. 3 was
used to simulate the measured impedance data for the
corrosion of the alloy in 0.1 M sulfuric acid. The circuit fitment
was done by ZSimpWin software of version 3.21. The Nyquist
curve contains a single semicircle capacitive loop. The
equivalent circuit model shown in Fig. 3(a) was used for the
corrosion of the alloy in the absence of CPOB. The EC consists
of the electrolyte solution resistance (R;), charge-transfer
resistance (R.) and constant-phase element (CPE, Q). A
constant-phase element (CPE) is employed instead of the
double-layer capacitance (Cq) to describe the
homogeneities in the system. R is a resistance to the corro-
sion process. That resistance can be present as the charge-
transfer resistance at the metal/oxide film interface, the
resistance of the oxide film, and/or the charge-transfer resis-
tance at the oxide film/solution interface [17]. The CPE
impedance (Zcpg) is given by the expression:

non-

1 1
Zepr = = X 7
CPE Q X ()" )
where Q is the CPE coefficient, n is the CPE exponent (phase
shift), v is the angular frequency (v = 2xf, where f is the AC
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Fig. 2 — Nyquist plots for the corrosion of weld aged
maraging steel in 1.0 M sulfuric acid containing different
concentrations of inhibitor at 30 °C.

CPE
R: |

W

Fig. 3 — Equivalent circuit used to fit the experimental EIS
data for the corrosion of weld aged maraging steel
specimen in 1.0 sulfuric acid at 30 °C (a) in the absence of
inhibitor and (b) in the presence of inhibitor.

frequency) and j is the imaginary unit. When the value of n is
1, the CPE behaves like an ideal double-layer capacitance (Cq)).
The correction of capacitance to its real values is calculated
from the expression [18]:

Ca= Q(wmax)n71 (8)

where wmayx is the frequency at which the imaginary part of
impedance (—Z;) has a maximum.

However, the impedance plots recorded for the corrosion
of the alloy in the presence of CPOB were modeled by using the
equivalent circuit depicted in Fig. 3(b), which consists of the
Rs, Cay, Cs (film capacitance) and R¢ (film resistance). The R, Ry,
Ca and C¢ were determined by the analysis of Nyquist plots
and their values are given in Table 2. The results show that the
values of C4q; and Cr decrease, while the values of R.; and R¢
increase with the increase in the concentration of CPOB,
suggesting that the amount of the inhibitor molecules adsor-
bed on the electrode surface increases as the concentration of
CPOB increases. The decrease in C4; and C¢ could be attributed
to the decrease in local dielectric constant and/or an increase
in the thickness of the electrical double layer, signifying that
the CPOB molecules act by adsorption at the interface of
metal/solution. The change in Re, Ry, Cq and Cr values are
caused by the gradual replacement of adsorbed water mole-
cules by the inhibitor molecules on the metal surface. The R
was used to calculate the inhibition efficiency (n%) from the
following equation [19]:

77(%) _ Rct(inh) - Rct
ct(inh)

x 100 ©)

where Reyinn) and Re: are the charge-transfer resistances
obtained in inhibited and uninhibited solutions, respectively.
Thus, when the inhibitor concentration increases, more
inhibitor molecules will be adsorbed on the surface through
the active centers in the compound which may be double
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Table 2 — EIS data of weld aged maraging steel in 1.0 M sulfuric acid containing different concentrations of CPOB.

Temperature (°C) Inhibitor Ret (Q cm?) Cal (mF cm?) R¢ (@ cm?) Ct (mF cm ) n (%)
concentration (mM)
30 Blank 8.56 22.5
0.2 20.1 13.6 1.67 1.3 57.4
0.4 24.7 8.2 2.05 0.79 65.3
0.6 29.8 6.1 2.48 0.58 713
0.8 48.1 3.7 3.75 0.36 82.2
1.0 125.7 1.7 5.1 0.16 93.1
35 Blank 6.7 26.7
0.2 14.8 17.5 1.23 1.69 54.7
0.4 18.6 11.3 1.55 1.09 64.0
0.6 225 8.6 1.87 0.83 70.2
0.8 35.2 6.0 3.20 0.64 80.9
1.0 53.2 5.9 3.68 0.57 87.4
40 Blank 5.1 28.2
0.2 10.1 22.6 0.84 2.37 49.5
0.4 13.0 24.5 1.08 2.18 60.7
0.6 16.4 13.8 1.36 1.34 68.9
0.8 233 8.4 212 0.81 78.1
1.0 37.0 6.5 3.07 0.62 86.2
45 Blank 4.1 30.8
0.2 7.9 27.5 0.68 2.66 48.1
0.4 9.7 234 0.81 2.25 58.1
0.6 12.4 19.2 1.03 1.86 66.9
0.8 14.9 124 1.17 1.20 724
1.0 23 8.7 191 0.84 82.1
50 Blank 3.5 36.8
0.2 6.6 33.1 0.55 3.18 46.9
0.4 7.8 27.4 0.65 2.64 55.1
0.6 9.6 23.2 0.80 2.24 63.5
0.8 12.0 17.3 1.05 1.67 70.8
1.0 15.5 15.2 1.29 1.47 774

bonds or heteroatom oxygen, which leads to the increase in
film thickness and decrease in hydrogen evolution. The
inhibitor molecule CPOB has the most electron rich environ-
ment in phenyl group due to resonance of w-electrons of
double bonds that can be adsorbed well on the sample surface.
Also methoxy and carbonyl groups are electron donating
groups containing oxygen atom as an active site.

The Bode plot for the corrosion of the alloy in the presence
of different concentrations of CPOB is shown in Fig. 4. The
high frequency (HF) limits correspond to Rg (Q), while the
lower frequency (LF ) limits correspond to (Rct + Rs), which are
associated with the dissolution processes at the interface.
Phase angle increases with the increase in the concentrations
of CPOB in sulfuric acid medium. This might be attributed to
the decrease in the capacitive behavior on the metal surface
due to decrease in the dissolution rate of the metal. The
difference between the HF limit and LF limit, corresponding to
Rct value for the inhibited system in the Bode plot increases
with increase in the concentration of CPOB [20]. At the highest
inhibitor concentration of 1.0 mM, the inhibition efficiency
was reached at 93.1%. The impedance results are in good
agreement with the results achieved from potentiodynamic
polarization studies.

3.3. Effect of temperature

The results of potentiodynamic polarization and electro-
chemical impedance spectroscopy given in Tables 1 and 2

indicate that the inhibition efficiency of CPOB decreases
with increase in temperature. It is also seen from the data in
the Tables that the increase in solution temperature, does not
alter the corrosion potential (Ecorr), anodic Tafel slope (b,) and
cathodic Tafel slope (b.) values significantly. This indicates
that the increase in temperature does not change the mech-
anism of corrosion reaction. However, i.. and hence the
corrosion rate of the specimen increases with the increase in
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Fig. 4 — Bode plots for the corrosion of weld aged maraging
steel specimen in 1.0 M sulfuric acid containing different
concentrations of inhibitor at 30 °C.
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temperature for both blank and inhibited solutions. The
decrease in inhibition efficiency with the increase in temper-
ature may be attributed to the higher dissolution rates of weld
aged maraging steel at elevated temperature and also
a possible desorption of adsorbed inhibitor due to the
increased solution agitation resulting from higher rates of
hydrogen gas evolution. The higher rate of hydrogen gas
evolution may also reduce the ability of the inhibitor to be
adsorbed on the metal surface. The decrease in inhibition
efficiency with the increase in temperature is also suggestive
of physisorption of the inhibitor molecules on the metal
surface [21].

The apparent activation energy (E,) for the corrosion
process in the presence and absence of the inhibitor was
calculated using Arrhenius law Equation [5]:

E

In(veorr) =B — RT

where B is a constant which depends on the metal type, R is
the universal gas constant and T is the absolute temperature.
The plot of In(veorr) Versus reciprocal of absolute temperature
(1/T) gives a straight line with slope =—E/R, from which, the
activation energy values for the corrosion process were
calculated. The Arrhenius plots for the corrosion of weld aged
maraging steel in the presence of different concentrations of
CPOB in 1.0 M sulfuric acid are shown in Fig. 5.

The entropy of activation (AH") and enthalpy of activation
(AS") for the corrosion of alloy were calculated from the
transition state theory Equation [21]:

fgex A—S#ex —AH
Veor =y P77 )P TR

where h is Plank’s constant, and N is Avagadro’s number. The
plots of In(veor/T ) versus 1/T in 1.0 M H,SO, acid in the pres-
ence of different concentrations of CPOB are shown in Fig. 6.
The calculated values of E,, AH* and AS* are given in Table 3.

The data in the Table 3 show that the values of E, for the
corrosion of weld aged maraging steel in 1.0 M sulfuric acid in
the presence of CPOB are higher than those in the uninhibited
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Fig. 5 — Arrhenius plots for the corrosion of weld aged
maraging steel in 1.0 M sulfuric acid containing different
concentrations of inhibitor.
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Fig. 6 — Plots of In(veor/T ) versus 1/T for the corrosion of

weld aged maraging steel in 1.0 M sulfuric acid containing
different concentrations of inhibitor.

medium. The increase in the E, values, with increasing
inhibitor concentration indicates the increase in energy
barrier for the corrosion reaction, with the increasing
concentrations of the inhibitor [14]. It is also indicated that the
whole process is controlled by surface reaction, since the
activation energies of the corrosion process are above
20 kJ mol~*. The adsorption of the inhibitor on the electrode
surface leads to the formation of a physical barrier between
the metal surface and the corrosion medium, blocking the
charge transfer, and thereby reducing the metal reactivity in
the electrochemical reactions of corrosion.

The large negative values of entropy of activation (AS*) in
the absence and presence of inhibitor imply that the activated
complex in the rate determining step represents an associa-
tion rather than dissociation, resulting in a decrease in
randomness on going from the reactants to the activated
complex [20].

3.4.  Adsorption isotherm

The information on the interaction between the inhibitor
molecules and the metal surface can be provided by adsorp-
tion isotherm. The adsorption of CPOB molecule on the metal

Table 3 — Activation parameters for the corrosion of weld

aged maraging steel in 1.0 M sulfuric acid containing
different concentrations of inhibitor.

Inhibitor Eq AH* As?
concentration (k) 'mol™) () 'mol™!) (Jmol 'K}
(mM)

Blank 37.80 35.20 —91.07
0.2 51.71 47 .46 —57.98
0.4 49.48 47.00 —61.39
0.6 52.20 49.60 —22.97
0.8 64.61 62.02 —17.99
1.0 90.70 88.10 -11.24
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surface can occur either through donor—acceptor interaction
between the unshared electron pairs and/or m-electrons of
inhibitor molecule and the vacant d-orbitals of the metal
surface atoms, or through electrostatic interaction of the
inhibitor molecules with already adsorbed sulfate ions. The
adsorption bond strength is dependent on the composition of
the metal, corrodent, inhibitor structure, concentration and
orientation as well as temperature [6]. The adsorption of an
organic adsorbate at metal/solution interface can be pre-
sented as a substitution adsorption process between the
organic molecules in aqueous solution (Org,g), and the water
molecules on metallic surface (H,044s), as given below [22]:

0rg ) + xH,0 < 0rg 4, + xH,0 (12)

ads

where y, the size ratio, is the number of water molecules
displaced by one molecule of organic inhibitor. x is assumed to
be independent of coverage or charge on the electrode.

The surface coverage (¢) was calculated from potentiody-
namic polarization data using the equation [21]:

n(%)

b =700

(13)

where 7(%) is the percentage inhibition efficiency. The values
of # at different concentrations of inhibitor in the solution
(Cinn) were applied to various isotherms including Langmuir,
Temkin, Frumkin and Flory—Huggins isotherms. It was found
that the data fitted best with the Langmuir adsorption
isotherm, which is given by the relation,

Cinh 1
0 Cinn K ( )

where K is the adsorption/desorption equilibrium constant,
Cinn is the corrosion inhibitor concentration in the solution,
and ¢ is the surface coverage.

The plot of Cinn/6 versus Cinn gives a straight line with an
intercept of 1/K. The Langmuir adsorption isotherms for the
adsorption of CPOB on the maraging steel surface are shown
in Fig. 7. The plots are linear, with an average correlation
coefficient of 0.991.

0.0014

0.0013 ;
0.0012 ;
0.0011 :
0.0010 -
0.0009 —-
0.0008 ;

0.0007 {

c,/o (M

0.0006
0.0005 -{

0.0004 |

0.0003 -{

T v T T T Y T ¥ T
0.0002 0.0004 0.0006 0.0008 0.0010

Can (M)

Fig. 7 — Langmuir adsorption isotherms for the adsorption
of CPOB on weld aged maraging steel in 1.0 M sulfuric acid
at different temperatures.

The standard free energy of adsorption, (AGJ4) was

calculated using the relation [9]:

1 —AG4
K= s exp< RT ) (15)

where the value 55.5 is the concentration of water in solution
in mol dm 3, R is the universal gas constant and T is absolute
temperature. Standard enthalpy of adsorption (AH34) and
standard entropies of adsorption (ASS4s) were obtained from
the plot of (AG24,) versus T according to the thermodynamic
equation [13]:

AGYy = AHY; — TASYy, (16)

ads

The plot of (AG34¢)/T is shown in Fig. 8. The thermodynamic
data obtained for the adsorption of CPOB on the surface the
alloy are tabulated in Table 4. The negative sign of AH34 in
sulfuric acid solution indicates that the adsorption of inhibitor
molecules is an exothermic process. Generally, an exothermic
adsorption process signifies either physisorption or chemi-
sorptions while endothermic process is attributable
unequivocally to chemisorption. Typically, the standard
enthalpy of physisorption process is less negative than
41.86 kJ mol™!, while that of chemisorptions process
approaches to —100 kJ mol™" [23]. In the present study the
value of AHYy, is —10.38 kJ mol~!, which shows that the
adsorption of CPOB on weld aged maraging steel involves
physisorption phenomenon. The negative values of AG34e
indicate the spontaneity of the adsorption process and the
stability of the adsorbed layer on the metal surface. Generally
the values of AG24s less than —20 k] mol ! are consistent with
physisorption, while those greater than —40 kJ mol™' are
corresponding to chemisorptions [24,25]. The calculated
values of AGY4 obtained in this study range between
—31.42kJ mol * and —32.82 kJ mol?, indicating both physical
and chemical adsorption behavior of CPOB on the metal
surface. These values indicate that the adsorption process
may involve complex interactions involving both physical and
chemical adsorption of the inhibitor [18]. The fact that both
AG24s and inhibition efficiency decrease with the increase in
temperature, indicates that the adsorption of CPOB on the
weld aged maraging steel surface in sulfuric acid are not
favored at high temperature and hence can be considered to
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Fig. 8 — The plot of (AG24.)/T for the adsorption of CPOB on
weld aged maraging steel in 1.0 M sulfuric acid.


http://dx.doi.org/10.1016/j.ijhydene.2012.02.165
http://dx.doi.org/10.1016/j.ijhydene.2012.02.165

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 37 (2012) 9431—9442

9439

Table 4 — Thermodynamic parameters for the adsorption

of CPOB on weld aged maraging steel surface in 1.0 M
sulfuric acid.

Temperature —AGY% AH%4 ASS4s
Q) (®mol™ (kKmol')  (mol 'K
30 31.42 —10.38 —69.6

35 31.80

40 32.33

45 33.48

50 32.82

be predominantly physisorption [26]. The AS34s value is large

and negative; indicating that decrease in disordering takes
place on going from the reactant to the alloy adsorbed species.
This can be attributed to the fact that adsorption is always
accompanied by decrease in entropy [26].

3.5.  Mechanism of corrosion inhibition

The inhibitive effect of CPOB on the corrosion of weld aged
maraging steel can be accounted for on the basis of its
adsorption on the alloy surface. The adsorption of CPOB
molecules on the metal surface can be attributed to the
presence of electronegative elements like oxygen and chlorine
and also to the presence of w-electron cloud in the benzene
ring of the molecule. 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. Weld aged maraging steel consists of segregated
alloying elements along the grain boundaries. Since these
segregations have different composition, their electro-
chemical behavior is expected to be different from that of the
matrix [27]. Also, the lattice mismatch between the precipitate
and the matrix causes strain field around the segregated
precipitates. These strain fields in combination with the
galvanic effect due to the composition difference leads to the
enhanced corrosion of weld aged maraging steel in acid
medium. Considering the inhomogeneous nature, the surface
of the alloy is generally characterized by multiple adsorption
sites having different activation energies and enthalpies of
adsorption. Inhibitor molecules may thus be adsorbed more
readily at surface active sites having suitable adsorption
enthalpies.

To understand the mechanism of inhibition and the effect
of inhibitor in aggressive acidic environment, some knowl-
edge of interaction between the protective compound and the
metal surface is required. Many organic corrosion inhibitors
have at least one polar unit with a heteroatom,; this polar unit
is regarded as the reaction center for the adsorption process.
Furthermore, the size, orientation, shape and electric charge
on the molecule determine the degree of adsorption and
hence the effectiveness of inhibitor. On the other hand, iron is
well known for its coordination affinity to ligands possessing
heteroatom. Increase in inhibition efficiencies with increase
in inhibitor concentration shows that the inhibition action is
due to the adsorption on the maraging steel surface. Adsorp-
tion may take place by organic molecules at metal/solution

interface due to electrostatic attraction between the charged
molecules and charged metal, interaction of unshared elec-
tron pairs in the molecule with the metal, interaction of =-
electrons with the metal or the combination of the above.

In acidic solution, the following mechanism is proposed for
the corrosion of iron and steel [7].

Fe + H,O—FeOHy + H + e~ (17)
FeOH,4s —FeOH" + e~ (rate determining step) (18)
FeOH" + H* - Fe?" + H,0 (19)

The cathodic hydrogen evolution follows the steps:

Fe+H*' < (FeH")_, (20)
(FeH"),,, +e < (FeH),q4 (21)
(FeH),qs + H" + e~ —Fe+H, (22)

In the aqueous acidic solutions, CPOB exists partly in the
form of protonated species and partly as neutral molecules.
Generally, two modes of adsorption could be considered. It is
well known that steel surface bears a positive charge in acid
solutions [6,28,29]. The adsorption of the negatively charged

18nm BE49 18

1aku

Fig. 9 — SEM images of the weld aged maraging steel after
immersion in 1.0 M sulfuric acid (a) in the absence and (b)
in the presence of CPOB.
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sulfate ions renders the metal surface negative and suscep-
tible for the physical adsorption of the positively charged
protonated inhibitor species. Therefore, the adsorption of
protonated species would be through electrostatic attraction
between the positively charged inhibitor molecule and the
negatively charged sulfate ions adsorbed on the metal surface,
resulting in physisorption. The neutral inhibitor molecules
may occupy the vacant adsorption sites on the metal surface
through the chemisorption mode involving the displacement
of water molecules from the metal surface and sharing of
electrons by the heteroatoms like oxygen and/or chlorine with
iron. The presence of ATPI in the protonated form and the
presence of negative charge centers on the molecule are also
responsible for the mutual interaction of inhibitor molecules
on the alloy surface. This is reflected in the deviation of slopes
of Langmuir adsorption isotherms as discussed in the
previous section.

a 001

3.6. SEM/EDS studies

In order to differentiate between the surface morphology and
to identify the composition of the species formed on the metal
surface after its immersion in 1.0 M sulfuric acid in the
absence and in the presence of CPOB, SEM/EDS investigations
were carried out. Fig. 9(a) represents SEM image of the
corroded weld aged maraging steel sample. The corroded
surface shows detachment of particles from the surface. The
corrosion of the alloy may be predominantly attributed to the
inter-granular corrosion assisted by the galvanic effect
between the precipitates and the matrix along the grain
boundaries. Fig. 9(b) represents SEM image of weld aged
maraging steel after the corrosion tests in a medium of
sulfuric acid containing 1.0 mM of CPOB. The image clearly
shows a smooth surface due to the adsorbed layer of inhibitor
molecules on the alloy surface, thus protecting the metal from
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Fig. 10 — EDS spectra of the weld aged maraging steel after immersion in 1.0 M sulfuric acid (a) in the absence and (b) in the

presence of CPOB.
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corrosion. EDS investigations were carried out in order to
identify the composition of the species formed on the metal
surface in 1.0 M sulfuric acid in the absence and presence of
CPOB. The corresponding EDS profile analyses for the selected
areas on the SEM images of Fig. 9(a) and (b) are shown in
Fig. 10(a) and (b), respectively. The atomic percentage of the
elements found in the EDS profile for corroded metal surface
was 12.29% Fe, 3.47 Ni, 4.32% Mo, 73.65% O, 1.75% Co and 6.57%
S and indicated that iron oxide is existing in this area. These
elemental composition prove that the corrosion of weld aged
maraging steel through the formation of oxide layer. The
atomic percentage of the elements found in the EDS profile for
inhibited metal surface was 4.07% Fe, 0.62% Ni, 1.85% Mo,
52.90% O, 1.03% Cl, 34.21% C and 5.31% S and indicated the
formation of inhibitor film in this area. The elemental
compositions mentioned above were mean values of different
regions.

4, Conclusions

e The CPOB acts as a mixed type inhibitor, which affects both
the anodic dissolution of weld aged maraging steel and
cathodic hydrogen evolution reactions.

e The inhibition efficiency of CPOB decreases with the
increase in concentration of CPOB and decreases with the
increase in temperature.

e The adsorption of CPOB was found to follow the Langmuir’s
adsorption isotherm. The calculated thermodynamic
parameters indicate that the inhibition process occurs via
physical adsorption.

e The results obtained from EIS and polarization studies are in
a good agreement.

e The SEM/EDX observation proves that the inhibition of
corrosion is due to formation of an adsorbed passive film on
the metal surface.
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