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4-(N,N-diethylamino)benzaldehyde thiosemicarbazone (DEABT) was studied for its corrosion inhibition
property on the corrosion of aged 18 Ni 250 grade maraging steel in 0.67 M phosphoric acid at 30–
50 �C by potentiodynamic polarization, EIS and weight loss techniques. Inhibition efficiency of DEABT
was found to increase with the increase in DEABT concentration and decrease with the increase in tem-
perature. The activation energy Ea and other thermodynamic parameters (DG0

ads, DH0
ads, DS0

ads) have been
evaluated and discussed. The adsorption of DEABT on aged maraging steel surface obeys the Langmuir
adsorption isotherm model and the inhibitor showed mixed type inhibition behavior.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

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]. These
alloys derive their high strength from the age hardening of low car-
bon, Fe–Ni martensitic matrix [2]. These gray and white steels are
characterized with high ductility, formability, corrosion resistance,
high temperature strength and ease of fabrication, weldability and
maintenance of invariable size even after heat treatment [3]. These
steels have emerged as alternative materials to conventionally
used quenched and tempered steels for advanced technologies
such as aerospace, nuclear and gas turbine applications. They fre-
quently come into contact with acids during cleaning, pickling,
descaling, acidizing, etc. 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
[4]. The pits formed in this were found to be shallower than in high
strength steels [5]. The corrosion of maraging steel in slightly
acidic radioactive water in the presence and absence of chloride
ions, at the corrosion potential depended on pH, and the interme-
diates remained on the maraging steel surface in the active region,
favoring the passivity [6]. The effect of carbonate ions in slightly
alkaline medium on the corrosion of maraging steel was studied
by Bellanger [7]. Reports are also available, indicating that the
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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 were found to be less susceptible to hydrogen
embrittlement than the common high strength steels owing to
the significantly low diffusion of hydrogen in them [9].

Phosphoric acid solutions are used in pickling of delicate and
costly components and precision items where re-rusting after pick-
ling has to be avoided [10]. Phosphoric acid has the unique prop-
erty of dissolving rust quickly while etching iron very slowly. The
other advantage of phosphoric acid is that it leaves fine iron phos-
phate coating on the surface of the alloy, preventing further corro-
sion. However, the iron phosphate coating is not very thick and
durable. Some additional protection like use of corrosion inhibitor
is necessary. Phosphoric acid shows corrosiveness on steel and
steel alloys. However no literature seems to be available on the
corrosion behavior of maraging steel in the acid medium except
our own previous study [11]. Although the maraging steel alloys,
in general, are corrosion resistant compared to conventional steels,
our previous study has revealed substantial corrosion of aged mar-
aging steel in phosphoric acid medium. We have earlier reported
the use of 3,4-dimethoxy benzaldehyde thiosemicarbazone as an
effective inhibitor for aged 18 Ni 250 grade maraging steel in
sulfuric acid medium [12]. The present work addresses the assess-
ment of corrosion inhibition of aged 18 Ni 250 grade maraging
steel in phosphoric acid medium using DEABT as inhibitor.

The majority of the well known inhibitors are organic com-
pounds containing hetero-atoms, such as O, N, or S and multiple
bonds or aromatic rings, which allow an adsorption on the metal
surface through lone pair of electrons and/or pi electrons present
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in these molecules [13,14]. The inhibition efficiency increases in
the order O < N < S < P [15]. The molecules that contain both nitro-
gen and sulfur in their structures are of particular importance,
since they provide an excellent inhibition effect compared with
the compounds that contain only sulfur or nitrogen [16]. Thiosemi-
carbazones and their derivatives have continued to be a subject of
extensive investigation in chemistry and biology owing to their
broad spectrum of anti-tumor [17], antimalarial [18], antiviral
[19], antibacterial [20], antifungal [21] and many other applica-
tions including corrosion inhibition of metals [22–25].
2. Experimental

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 �C for 3 h
and air cooled. Chemical composition of 18 Ni 250 grade aged mar-
aging steel samples is given in Table 1. Test coupons in the cylin-
drical form were cut from the plate and sealed with epoxy resin
in such a way that the area exposed to the medium was
0.503 cm2. These coupons were polished as per standard metallo-
graphic practice – belt grinding followed by abrading on emery pa-
pers, 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.

The inhibitor DEABT was synthesized as per the reported proce-
dure [26] in a single step reaction between 4-(diethylamino) benz-
aldehyde with thiosemicarbazide. An equimolar ethanolic mixture
of 4-(diethylamino) benzaldehyde and thiosemicarbazide in a
round bottom flask was refluxed on a hot water bath for about
60 min. The light yellow colored product formed was separated
by filtration, recrystallised from ethanol and characterized by ele-
mental analysis and melting point. Elemental analysis: found (cal-
culated): C 57.9 (57.6), H 5.5 (5.6), N 22.6 (22.4), S 13.1 (12.8). The
structure of the molecule is given below.

N

N
NH

NH2

CH3

C3

S

H

2.2. Medium

Standard 0.67 M phosphoric acid solution was prepared by
diluting Analar grade 85% phosphoric acid with double distilled
Table 1
Composition of the aged maraging steel specimen.

Element Composition (wt. %) Element Composition (wt. %)

C 0.015 Ti 0.52
Ni 18.19 Al 0.11
Mo 4.82 Mn 0.1
Co 7.84 P 0.01
Si 0.1 S 0.01
O 30 ppm N 30 ppm
H 2.0 ppm Fe Balance
water and standardized. The solutions of the inhibitor in the con-
centration range of 2.0 � 10�4 to 12 � 10�4 M were prepared in
standard 0.67 M phosphoric acid. Experiments were carried out
using calibrated thermostat at temperatures 30, 35, 40, 45 and
50 �C (±0.5 �C).

2.3. Electrochemical measurements

Electrochemical measurements were carried out using an elec-
trochemical work station, Auto Lab 30, GPES software and FRA soft-
ware. Tafel measurements and EIS measurements were carried out
using conventional three-electrode Pyrex glass cell with platinum
counter electrode as the auxiliary electrode and saturated calomel
electrode (SCE) as reference electrode. All the values of potential
are referred to the SCE. The Tafel polarization studies were carried
out immediately after the EIS studies on the same electrode with-
out any further surface treatment.

2.3.1. Tafel polarization studies
Finely polished and dried maraging steel specimens were ex-

posed to the corrosion medium of 0.67 M phosphoric acid in the
presence of different concentrations of inhibitor at different tem-
peratures and allowed to establish a steady state open circuit po-
tential (OCP). The potentiodynamic current–potential curves
were recorded by polarizing the specimen to �250 mV cathodi-
cally and +250 mV anodically with respect to OCP at a scan rate
of 1 mV s�1.

2.3.2. Electrochemical impedance spectroscopy (EIS) studies
In EIS technique, a small amplitude ac signal of 10 mV and fre-

quency spectrum from 100 kHz to 0.01 Hz was impressed at the
OCP, and the impedance data were analyzed using Nyquist plots.
The charge transfer resistance, Rct was extracted from the diameter
of the semicircle in the Nyquist plot.

2.3.3. Weight loss method
Finely polished and dried cylindrical maraging steel specimens

of dimension 0.503 cm2 � 1.5 cm were weighed in a digital balance
with sensitivity of 0.0001 mg and immersed in 0.67 M phosphoric
acid solution in the absence and presence of different concentra-
tions of the inhibitor at different temperatures. After 3 h the spec-
imens were removed from the acid solution, the surface was
thoroughly cleaned, dried and weighed. The weight loss was calcu-
lated as the difference in weight of the specimen before and after
immersion in the corrosion medium.

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

2.3.4. Scanning electron microscopic (SEM) analysis
The SEM images were recorded using JEOL JSM – 6380 LA ana-

lytical scanning electron microscope.

3. Results and discussion

3.1. Tafel polarization measurement

Fig. 1 shows the potentiodynamic polarization curves for the
corrosion of aged maraging steel in 0.67 M phosphoric acid con-
taining different concentrations of DEABT, at 30 �C. Similar plots
were obtained at other temperatures also. The electrochemical
parameters such as corrosion potential (Ecorr), corrosion current
density (icorr), corrosion rate (tcorr) and cathodic Tafel slope (bc)
associated with the polarization measurements for the alloy at dif-
ferent temperatures in the presence of different concentrations of
DEABT are summarized in Table 2. Since the linear portion of the
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Fig. 1. Tafel polarization curves for the corrosion of aged maraging steel in 0.67 M
phosphoric acid containing different concentrations DEABT.
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anodic region is not well defined, the corrosion current densities in
all the above cases were determined by the extrapolation of catho-
dic Tafel slopes to the respective corrosion potentials.

The surface coverage h of the inhibitor at different inhibitor con-
centrations were calculated from the equation:

h ¼
icorr � icorrðinhÞ

icorr
; ð1Þ

where icorr and icorr(inh) are the corrosion current densities in the ab-
sence and in the presence of inhibitor respectively.

Inhibition efficiency was then calculated using the equation:

gð%Þ ¼ h� 100: ð2Þ
Table 2
Results of Tafel polarization studies for the corrosion of aged maraging steel in 0.67 M
temperatures.

Temperature (�C) Inhibitor (mM) Ecorr (V/SCE) icorr

30 0.0 �0.354 ± 2.5 1.43
0.2 �0.370 ± 1.3 0.52
0.4 �0.355 ± 3.3 0.20
0.8 �0.351 ± 3.6 0.17
1.2 �0.347 ± 2.3 0.14

35 0.0 �0.371 ± 1.8 1.58
0.2 �0.366 ± 4.2 0.63
0.4 �0.351 ± 3.2 0.29
0.8 �0.352 ± 2.5 0.24
1.2 �0.350 ± 2.5 0.17

40 0.0 �0.371 ± 3.1 1.86
0.2 �0.370 ± 3.6 0.89
0.4 �0.363 ± 4.3 0.40
0.8 �0.348 ± 3.1 0.32
1.2 �0.350 ± 1.6 0.24

45 0.0 �0.366 ± 2.2 2.18
0.2 �0.358 ± 2.5 1.10
0.4 �0.356 ± 3.1 0.53
0.8 �0.349 ± 2.4 0.41
1.2 �0.347 ± 4.2 0.31

50 0.0 �0.346 ± 4.1 2.43
0.2 �0.358 ± 2.4 1.28
0.4 �0.356 ± 4.2 0.65
0.8 �0.349 ± 2.2 0.58
1.2 �0.342 ± 1.6 0.47
The inhibition efficiency (g) of DEABT is also given in Table 2.
The data in the Table 2 clearly show that the DEABT effectively de-
creases the corrosion current density of the aged maraging steel,
even when added in small concentrations. Inhibition efficiency in-
creases with the increase in the inhibitor concentration up to an
optimum value. There after the increase in the inhibitor concentra-
tion resulted in negligible increase in inhibition efficiency. The
maximum quantity of the inhibitor reported in Table 2 corre-
sponds to the optimum concentration of the inhibitor. The pres-
ence of inhibitor does not cause any significance shift in the Ecorr

value. This implies that the inhibitor, DEABT, acts as a mixed type
inhibitor, affecting both anodic and cathodic reactions [27].
According to Riggs and others [28], if the displacement in corrosion
potential is more than ±85 mV/SCE with respect to the corrosion
potential of the blank, the inhibitor can be considered as a cathodic
or anodic type. But the maximum displacement in the present case
is less than 20 mV/SCE, which indicates that DEABT is a mixed type
inhibitor. According to Cao [29] if the shift in Ecorr is negligible, the
inhibition is most probably caused by a geometric blocking effect
of the adsorbed inhibitive species on the surface of corroding
metal.

Fig. 1 indicates that the cathodic polarization curves are parallel
and cathodic Tafel slope bc changes only slightly with the increase
in the inhibitor concentration. This suggests that the reduction
mechanism is not affected by the presence of inhibitor [30,31]
and hence the hydrogen evolution is slowed down by the surface
blocking effect of the inhibitor. The variation in anodic Tafel slope
ba may be due to the adsorption of phosphate ions/or inhibitor
molecules on the alloy surface [32]. This indicates that the inhibi-
tive action of DEABT 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. Thus, the inhibitor, DEABT can be
regarded as a mixed type of inhibitor.

It is seen from Fig. 1 that at the working electrode potentials,
greater than �250 mV/SCE, on the anodic polarization region, the
current–potential characteristics do not change in the presence
of the inhibitor. Above this potential there is a sharp increase in
phosphoric acid in the presence of different concentrations of DEABT at different

(mA cm�2) �bc (V dec�1) tcorr (mM y�1) g (%)

1 ± 0.12 0.185 ± 4.3 16.59 ± 1.2
2 ± 0.06 0.172 ± 3.2 6.05 ± 0.6 63.55
8 ± 0.03 0.174 ± 2.7 2.41 ± 0.3 85.48
6 ± 0.07 0.179 ± 3.1 2.04 ± 0.7 87.71
1 ± 0.01 0.183 ± 2.1 1.63 ± 0.1 90.18
6 ± 0.09 0.185 ± 5.2 18.40 ± 0.9
6 ± 0.04 0.201 ± 4.2 7.38 ± 0.4 59.89
5 ± 0.06 0.200 ± 5.1 3.42 ± 0.6 81.41
1 ± 0.04 0.189 ± 1.3 2.80 ± 0.4 84.78
8 ± 0.02 0.179 ± 2.8 2.07 ± 0.2 88.75
2 ± 0.05 0.198 ± 3.3 21.60 ± 0.5
7 ± 0.01 0.211 ± 4.1 10.40 ± 0.1 51.85
2 ± 0.03 0.198 ± 5.2 4.66 ± 0.3 78.43
8 ± 0.02 0.191 ± 4.4 3.80 ± 0.2 82.41
7 ± 0.01 0.185 ± 5.2 2.87 ± 0.1 86.71
0 ± 0.02 0.188 ± 3.2 25.29 ± 0.2
0 ± 0.02 0.214 ± 3.1 12.76 ± 0.2 49.55
9 ± 0.03 0.198 ± 4.1 6.25 ± 0.3 75.29
8 ± 0.04 0.199 ± 4.1 4.85 ± 0.4 80.82
2 ± 0.06 0.188 ± 3.6 3.62 ± 0.6 85.69
0 ± 0.01 0.191 ± 4.2 28.19 ± 0.1
4 ± 0.03 0.214 ± 4.2 14.90 ± 0.3 47.14
2 ± 0.02 0.206 ± 5.1 7.56 ± 0.2 73.18
1 ± 0.05 0.199 ± 4.9 6.73 ± 4.9 76.13
4 ± 0.01 0.184 ± 0.01 5.50 ± 4.5 80.49
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current density with the increase in the potential, as indicated by
the flat region on the anodic curve. This potential can be defined
as desorption potential [33]. This phenomenon may be understood
by considering the adsorption of the inhibitor molecules on the al-
loy surface and desorption of the inhibitor molecules due to the
dissolution of the metal in the corrosion medium; both taking
place simultaneously. In this case, the desorption rate of the inhib-
itor is higher than its adsorption rate, resulting in the increase in
the corrosion current with the increase in the potential [34]. At still
higher polarization potential the anodic current density change
drastically, resulting in sharp increase in Tafel slope.
3.2. Electrochemical impedance spectroscopy

The Nyquist plots obtained for the aged samples of maraging
steel in 0.67 M phosphoric acid in the presence of different concen-
trations of DEABT at 30 �C are shown in Fig. 2. Similar plots were
obtained at other temperatures also.

The shapes of the impedance plots for the alloy in the presence
of the inhibitor are quite similar to that in the absence of the inhib-
itor. The presence of the inhibitor only increases the impedance
without changing other aspects of the behavior. These results are
in agreement with the results of polarization measurements that
the inhibitor does not alter the mechanism of electrochemical
reactions responsible for corrosion. The inhibition action of DEABT
is primarily through its adsorption on the metal surface [35], form-
ing a barrier film between the metal surface and the corrosion
medium. The Nyquist plots, both in the absence and presence of
the inhibitor are characterized by two time constants, with a de-
pressed capacitive semicircle at high frequency (HF) region fol-
lowed by an inductive loop at low frequency (LF) region. 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 [36]. The depressed capacitive loop with its center below
the real axis often refers to the frequency dispersion of interfacial
impedance which has been attributed to the roughness and non-
homogeneity of the solid surfaces, and also to the adsorption of
inhibitors [37]. The HF capacitive loop is attributed to the charge
transfer of the corrosion process and time constant of the electric
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Fig. 2. Nyquist plots for the corrosion of aged maraging steel in 0.67 M phosphoric
acid containing different concentrations of DEABT.
double layer [38]. The LF inductive loop can be attributed to the
relaxation process obtained by the adsorbed phosphate ions and
protons [39]. It may also be attributed to the re-dissolution of
the passivated surface at the low frequencies [40]. In the present
case, the low frequency inductive loop in the inhibitor free acid
medium can be attributed to the surface dissolution process at
low frequencies. The low frequency inductive loop in the inhibited
acid solution might be attributed to the surface dissolution at low
frequency, indicating that the alloy still dissolved by the direct
charge transfer at the inhibitor adsorbed steel surface [41].

Based on the shape of Nyquist plots, the equivalent circuit used
is as given in Fig. 3, which has been previously used to model iron/
acid interface [42]. In this equivalent circuit Rs is the solution resis-
tance and Rct is the charge transfer resistance. RL and L represent
the inductive elements. This also consists of constant phase ele-
ment, CPE (Q) in parallel to the parallel resistors Rct and RL, and
the later is in parallel with the inductor L. The surface roughness,
degree of polycrystallinity and also the anion adsorption on the
surface leads to the capacitance dispersion at solid electrodes
and hence the real iron/acid interface system deviates from ideal
capacitive behavior, which can be empirically represented by the
CPE [43]. Rs represent the solution resistance due to the ohmic
resistances of corrosion product films and the solution enclosed
between the working electrode and the reference electrode. Rct

represents the charge transfer resistance whose value is a measure
of electron transfer across the surface and is inversely proportional
to the corrosion rate [44].

The charge transfer resistance Rct and double layer capacitance
Cdl were determined by the analysis of Nyquist plots and their val-
ues are given in Table 3. As can be seen from Table 3, Rct value in-
creases and Cdl value decreases with the increase in the
concentration of DEABT, indicating that inhibitor molecules func-
tion by adsorption at the metal/solution interface, leading to the
formation of a protective film on the alloy surface.

The inhibition efficiencies in the presence of different concen-
trations of inhibitors were calculated from the charge transfer
resistance values, according to the equation,

gð%Þ ¼ Rct � R0
ct

Rct

 !
� 100; ð3Þ

where Rct and R0
ct represent the charge transfer resistance in the

presence and absence of the inhibitor. The inhibition efficiency val-
ues obtained by the electrochemical impedance method are in good
agreement with the ones obtained by Tafel’s polarization studies.

3.3. Weight loss measurements

Weight loss method of monitoring the corrosion rate and calcu-
lating the inhibition efficiency is useful because of its reliability.
The percentage inhibition efficiency of DEABT was calculated from
the equation:
Fig. 3. Equivalent circuit used to fit experimental EIS data for the corrosion of aged
maraging steel specimen in 0.67 M phosphoric acid with and without inhibitor.



Table 3
EIS data for the corrosion of aged maraging steel in 0.67 M phosphoric acid in the
presence of different concentrations of DEABT at different temperatures.

Temperature (�C) Inhibitor (mM) Rct (ohm cm2) Cdl (mF cm�2) g (%)

30 0.0 2.6 ± 0.2 25.2 ± 3.4
0.2 8.8 ± 1.1 4.9 ± 0.4 70.45
0.4 23.4 ± 2.2 3.2 ± 0.4 88.89
0.8 41.8 ± 2.3 3.0 ± 0.7 93.78
1.2 53.4 ± 2.2 2.0 ± 0.8 95.13

35 0.0 1.9 ± 2.1 71.3 ± 10.4
0.2 5.3 ± 2.1 4.4 ± 1.0 63.67
0.4 14.5 ± 1.5 3.4 ± 0.8 86.62
0.8 23.6 ± 2.4 2.7 ± 0.6 91.78
1.2 38.2 ± 3.2 2.0 ± 0.8 94.92

40 0.0 1.5 ± 0.5 95.0 ± 14.6
0.2 3.7 ± 1.6 3.8 ± 1.1 59.89
0.4 10.7 ± 2.4 2.3 ± 0.8 85.98
0.8 15.6 ± 2.8 3.6 ± 0.8 90.36
1.2 23.7 ± 3.7 3.6 ± 0.6 93.67

45 0.0 1.0 ± 0.4 892.6 ± 25.8
0.2 2.4 ± 1.1 11.9 ± 2.1 57.45
0.4 5.2 ± 1.0 4.0 ± 0.8 80.86
0.8 8.6 ± 2.3 3.9 ± 0.8 88.41
1.2 10.2 ± 3.1 2.1 ± 0.6 90.22

50 0.0 0.9 ± 0.3 1270.3 ± 45.3
0.2 1.9 ± 1.4 9.5 ± 2.4 51.58
0.4 4.0 ± 2.2 5.5 ± 1.5 76.71
0.8 5.4 ± 2.6 4.6 ± 1.2 82.90
1.2 7.5 ± 3.1 3.3 ± 0.7 87.77
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gð%Þ ¼W0 �W
W0

� 100; ð4Þ

where W0 and W are the weight losses of the maraging steel per
unit area in the absence and presence of inhibitor, respectively.

Table 4 lists the inhibition efficiencies obtained by weight loss
measurements in 0.67 M phosphoric acid in the presence of differ-
ent concentrations of DEABT at different temperatures. From the
Table it is seen that the inhibition efficiency values are in good
agreement with the ones obtained by electrochemical studies.

3.4. Effect of temperature

The corrosion of a metal in the presence of an inhibitor involves
many changes occurring on the metal surface, such as rapid etch-
ing and desorption of the inhibitor and the inhibitor itself, in some
cases, may undergo decomposition and/or rearrangement [42].
Therefore the effect of temperature on the inhibited acid-metal
reaction is highly complex. However, the study of the effect of tem-
perature on the corrosion system facilitates the calculation of
many thermodynamic functions for the inhibition and/or the
adsorption processes which contribute in determining the type of
adsorption of the studied inhibitors.

From Table 2, it can be seen that the inhibition efficiency de-
creases with the increase in temperature which indicates the prob-
able desorption of inhibitor molecules from the surface of the alloy
as the temperature increases [45]. This is suggestive of physisorp-
tion of DEABT molecules on the alloy surface [46]. But the decrease
Table 4
Inhibition efficiency of DEABT for the corrosion of aged maraging steel in 0.67 M
phosphoric acid as determined by weight loss method.

Inhibitor (mM) g (%)

30 �C 35 �C 40 �C 45 �C 50 �C

0.2 68.48 62.46 56.47 54.45 50.54
0.4 86.00 85.62 82.77 78.82 74.75
0.8 90.46 87.78 85.44 83.41 79.98
1.2 92.17 91.09 90.63 88.24 86.72
in inhibition efficiency with the increase in temperature becomes
gradual at higher concentrations of the inhibitor.

The activation energy (Ea) for the corrosion process in the pres-
ence and absence of the inhibitor, DEABT, were calculated using
Arrhenius law Eq. (5) [13].

ln mcorr ¼ B� Ea

RT
ð5Þ

where B is a constant which depends on the metal type and R is the
universal gas constant. The plot of ln tcorr versus reciprocal of abso-
lute temperature, 1/T, gives a straight line with slope = �Ea/R, from
which the activation energy for the corrosion process can be calcu-
lated. The Arrhenius plots for the corrosion of aged maraging steel
in the phosphoric acid containing DEABT are shown in Fig. 4.

The entropy of activation (DH#) and enthalpy of activation
(DS#) for the corrosion of alloy were calculated from the transition
state theory Eq. (6) [13].

mcorr ¼
RT
Nh

exp
DS#

R

 !
exp

�DH#

RT

 !
ð6Þ

where h is Planck’s constant and N is Avagadro’s number. A plot of
ln (tcorr/T) versus 1/T gives a straight line with the slope = �DH#/R
and the intercept = ln(R/Nh) + DS#/R. The plots of ln(tcorr/T) versus
1/T for the aged maraging steel in the presence of different concen-
trations of DEABT are shown in Fig. 5. The calculated values of Ea,
DH# and DS# are given in Table 5.

The chemically stable surface active inhibitors increase the en-
ergy of activation and decrease the surface area available for corro-
sion [47]. From Table 5 it is seen that the value of activation energy
(Ea) for the corrosion of the alloy in the phosphoric acid solution in
the presence of the inhibitor is higher than that in the absence of
the inhibitor. Also, the extent of increase is proportional to the
inhibitor concentration, indicating that the energy barrier for the
corrosion reaction increases with the increase in the concentration
of DEABT. The increase in the activation energy Ea may be consid-
ered to be due to the physical adsorption [48] of the inhibitor,
which results in the increase in surface coverage with the increase
in the concentration of the inhibitor. The values at different tem-
peratures also reveal that the inhibition efficiency decreases with
the increase in temperature. This may be due to the decrease in
the adsorption of the inhibitor on the alloy surface as the
temperature increases and a corresponding increase in the
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Fig. 4. Arrhenius plots for the corrosion of aged maraging steel in 0.67 M
phosphoric acid containing different concentrations of DEABT.
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Table 5
Activation parameters for the corrosion of aged maraging steel in 0.67 M phosphoric
acid in the presence of different concentrations of DEABT.

Inhibitor (mM) Ea (kJ mol�1) DH# (kJ mol�1) DS# (J mol�1 K�1)

0.0 22.42 19.82 �156.42
0.2 38.29 35.69 �112.3
0.4 47.10 44.50 �90.66
0.8 47.79 45.19 �89.99
1.2 48.60 46.00 �89.57
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Fig. 6. Langmuir adsorption isotherm for the adsorption of DEABT on aged
maraging steel surface in 0.67 M phosphoric acid at different temperatures.
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corrosion rate due to the greater area of metal being exposed to the
acid [49].

The large negative values of entropy of activation in the absence
and presence of inhibitor imply that the activated complex in the
rate determining step represents an association rather than disso-
ciation, resulting in a decrease in randomness on going from the
reactants to the activated complex [50,51]. The entropy of activa-
tion value is higher in the inhibited solutions than that in the unin-
hibited solution, and the value increases with the increase in the
inhibitor concentration. This might be the results of the adsorption
of organic inhibitor molecules from the solution which could be re-
garded as a quasi-substitution process between the organic com-
pound in the aqueous phase and water molecules at the
electrode surface [52]. The adsorption of organic inhibitor is
accompanied by desorption of water molecules from the surface.
Thus the increasing in entropy of activation may be attributed to
the increase in solvent entropy [53].

3.5. Adsorption isotherm

The corrosion inhibition actions of organic inhibitors are as-
signed to their ability to form a protective film between the metal
surface and the corrosive medium through their adsorption on the
metal/solution interface. The adsorption process of the inhibitor is
usually regarded as a substitution process between the organic
inhibitor in the aqueous solution [Inh(sol)] and water molecules ad-
sorbed at the metal surface [H2O(ads)] as follows [54]:

InhðsolÞ þ vH2OðadsÞ $ InhðadsÞ þ vH2OðsolÞ; ð7Þ

where v represents the number of water molecules replaced by one
molecule of the adsorbed inhibitor. The adsorption bond strength is
dependent on the composition of the metal, corrosion medium,
inhibitor structure, concentration and orientation as well as tem-
perature. The basic information on the interaction between the
inhibitor and the alloy surface can be provided by the adsorption
isotherm. In order to obtain the adsorption isotherm, the linear rela-
tion between surface coverage (h) value and Cinh must be found. The
surface coverage h is given by

h ¼ gð%Þ
100

; ð8Þ

where g% is the percentage inhibition efficiency as calculated using
Eq. (2).

Attempts were made to fit the surface coverage (h) values to
various isotherms including Langmuir, Temkin, Frumkin and Flo-
ry-Huggins isotherms. By far the best fit was obtained with the
Langmuir adsorption isotherm. Langmuir adsorption isotherm for
monolayer adsorption is given by the following equation:

Cinh

h
¼ 1

Kads
þ Cinh; ð9Þ

where Cinh is the concentration of inhibitor, Kads is the equilibrium
constant for the adsorption process, and h is the degree of surface
coverage which is calculated using Eq. (8).

This model has also been used for other inhibitor systems [54].
The plots of Cinh/h versus Cinh gives a straight line with intercept 1/
Kads as shown in Fig. 6.

The value of standard free energy of adsorption (DG0
ads) is

related to Kads by the relation (13),

DG0
ads ¼ �RT lnð55:5KadsÞ; ð10Þ

where the value 55.5 is the concentration of water in the solution in
mol dm�3, R is the universal gas constant and T is absolute temper-
ature [54].

A plot of DG0
ads versus T was used to calculate the standard heat

of adsorption, DH0
ads and the standard entropy of adsorption, DS0

ads

according to the thermodynamic Eq. (11) [13].

DG0
ads ¼ DH0

ads � TDS0
ads ð11Þ

The thermodynamic parameters calculated for the adsorption of
DEABT on the alloy surface are tabulated in Table 6. The correlation
coefficient (R2) was used to choose the isotherm that best fit the
experimental data [37]. The linear regression coefficient values



Table 6
Thermodynamic parameters for the adsorption of DEABT on aged maraging steel surface in 0.67 M phosphoric acid.

Temperature (�C) K (mol�1 dm3) DG0
ads (kJ mol�1) R2 Slope DH0

ads (kJ mol�1) DS0
ads (J mol�1 K�1)

30 12422 �33.86 0.999 1.04
35 9910 �33.29 0.999 1.04 �59.47 �85
40 7681 �32.66 0.999 1.04
45 6667 �32.30 0.999 1.04
50 6481 �32.23 0.997 1.11
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are close to unity and the slopes of straight lines are nearly unity,
suggesting that the adsorption of DEABT obeys Langmuir’s adsorp-
tion isotherm and there is negligible interaction between the ad-
sorbed molecules [28].

The values of thermodynamic parameters for the adsorption of
inhibitors are of significant importance in providing a good insight
into the mechanism of corrosion inhibition. In general, an endo-
thermic adsorption process (DH0

ads > 0) is attributed unequivocally
to chemisorption [55], an exothermic adsorption process
(DH0

ads < 0) may involve either physisorption or chemisorption or
a combination of both the processes. In an exothermic process,
the physisorption is distinguished from the chemisorption by con-
sidering the absolute values of standard enthalpies of adsorption.
The standard enthalpy of a physisorption process is lower than
41.86 kJ mol�1, while that of a chemisorption process approaches
to 100 kJ mol�1 [56]. In the present case, the calculated value of
DH0

ads is �59.47 kJ mol�1, which is an intermediate case [57], prob-
ably involving both physisorption and chemisorption. Generally,
the standard free energy values of �20 kJ mol�1 or less negative
are associated with physisorption, involving electrostatic interac-
tion between charged molecules and charged metal surface, and
those of �40 kJ mol�1 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 [58]. The
DG0

ads values obtained for DEABT on the aged maraging steel sur-
face in 0.67 M phosphoric acid are between �32 and �34 kJ mol�1.
These values indicate that the adsorption process may involve
complex interactions involving both physical and chemical adsorp-
tion of the inhibitor, as reported by Li et al. [28]. The fact that both
DG0

ads and inhibition efficiency decrease with the increase in tem-
perature, indicates that the adsorption of DEABT on the maraging
steel surface in phosphoric acid are not favored at high tempera-
ture and hence can be considered to be predominantly
physisorption.

The DS0
ads value is large and negative; indicating that decrease in

disordering takes place on going from the reactant to the alloy ad-
sorbed species. This can be attributed to the fact that adsorption is
always accompanied by decrease in entropy.
3.6. Mechanism of corrosion inhibition

Aged maraging steel results from the precipitation of inter-met-
allics. Since these inter-metallics have different composition, their
electrochemical behavior is expected to be different from that of
the matrix [59]. Also, there will be strain fields around these coher-
ent precipitates as a result of lattice mismatch between the precip-
itate 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 leads to the
enhanced corrosion of aged maraging steel in acid medium. Con-
sidering the inhomogeneous nature, the surface of the alloy is gen-
erally characterized by multiple adsorption sites having different
activation energies and enthalpies of adsorption. Inhibitor mole-
cules may thus be adsorbed more readily at surface active sites
having suitable adsorption enthalpies.
In order to predict the mechanism of inhibition, the interaction
between the inhibitor compound and the metal surface must be
known. Many organic corrosion inhibitors have at least one polar
unit with a hetero atom; this polar unit is regarded as the reaction
center for the adsorption process. Furthermore, the size, orienta-
tion, shape and electric charge on the molecule determine the de-
gree of adsorption and hence the effectiveness of inhibitor. For
instance sulfur containing substances have been shown to prefer-
entially chemisorb on the surface of iron in acidic medium,
whereas nitrogen containing substances tend to favor physisorp-
tion [60]. It is reported that protective values of sulfur containing
compounds are superior to that of nitrogen containing compounds.
This may be due to the greater polarizability of sulfur atom and the
presence of two electron pairs available for co-ordination [24]. 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. Four
types of adsorption may take place by organic molecules at metal/
solution interface namely,

1. Electrostatic attraction between the charged molecules and
charged metal.

2. Interaction of unshared electron pairs in the molecule with the
metal.

3. Interaction of p-electrons with the metal.
4. Combination of (1) and (3) [61].

At the interface of iron and acid electrolyte, the dissolution of
iron can be written as follows [62]:

FeþH2O () FeOHads þHþ þ e� ð12Þ
FeOHads ! FeOHþ þ e� ð13Þ
FeOHþ () Fe2þ þ OH�: ð14Þ

At medium and high concentrations of phosphoric acid, precip-
itation of iron phosphate occurs at the interface [63] as follows:

6H3PO4 þ 3Fe ! 3FeðH2PO4Þ2 þ 3H2 ð15Þ
3FeðH2PO4Þ2 ! Fe3ðPO4Þ2 þ 4H3PO4 ð16Þ

However, this precipitation can be weakly observed when steel
is treated with phosphoric acid solutions of low concentrations
[63]. The present study deals with low concentration of phosphoric
acid and the inhibition effect of DEABT in the phosphoric acid solu-
tion can be explained as follows.

In aqueous acidic solution, DEABT 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 [38,64,65].
According to L. Wang [65] although the potential at zero charge
(PZC) is not available for steel in H3PO4, it may be considered that
the adsorption of phosphate ions displace PZC to the more positive
value than Ecorr for steel in phosphoric acid. This would make the
steel surface negatively charged and susceptible to physical
adsorption of positively charged inhibitor species [66]. Therefore,



Fig. 7. SEM images of the surfaces of aged maraging steel after immersion in 0.67 M phosphoric acid: (a) in the absence and (b) in the presence of DEABT.
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the adsorption of protonated species would be through electro-
static attraction between the positively charged inhibitor molecule
and the negatively charged phosphate 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 hetero atoms like nitrogen and/or sulfur with iron. Chemi-
sorption is also possible by the donor–acceptor interactions be-
tween p electrons of the aromatic ring and the vacant d orbitals
of iron, providing another mode of protection [38,66]. Thus DEABT
molecules anchor to the alloy surface through the protonated
nitrogen atom resulting in physisorption and through the sulfur
and/or aromatic benzene ring resulting in chemisorption.
3.7. Scanning electron microscope (SEM) studies

The surface morphology of the aged samples was examined by
SEM immediately after the sample is subjected to corrosion tests in
H3PO4 medium in the absence and in the presence of inhibitor. The
SEM image of the surface of the corroded aged maraging steel sam-
ple in Fig. 7a shows degradation of alloy in phosphoric acid in the
absence of inhibitor. The attack by H3PO4 is seen to be more at
grain boundary since these regions are highly susceptible to corro-
sion. In aged samples the intermetallic precipitation at grain
boundary may be responsible for the higher rate of corrosion.
Fig. 7b represents the SEM image of the aged maraging steel after
the corrosion tests in a medium of phosphoric acid containing
DEABT. The image clearly shows the adsorbed layer of inhibitor
molecules on the alloy surface thus protecting the metal from
corrosion.
4. Conclusions

The corrosion of aged maraging steel in 0.67 M phosphoric acid
is significantly reduced by the addition of DEABT. The inhibition
efficiency of DEABT increases with the increase in the inhibitor
concentration and decreases with the increase in temperature of
the corrosion medium. Energy of activation for the corrosion pro-
cess increases in the presence of inhibitor. DEABT acts as a mixed
type inhibitors, affecting both anodic and cathodic corrosion reac-
tion rates. The adsorption of DEABT on the aged maraging steel
surface obeys Langmuir’s adsorption isotherm model. The variation
of inhibition efficiency with temperature and the values of DG0

ads

and DH0
ads predict both physisorption and chemisorption of DEABT

on the alloy surface, but predominantly physisorption.
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