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a b s t r a c t

The corrosion inhibition characteristics of 4-(N,N-dimethylamino) benzaldehyde thiosemicarbazone
(DMABT) on the corrosion behavior of 6061 Al–15 vol. pct. SiC(p) composite and its base alloy were studied
at different temperatures in acid mixture medium containing varying concentrations of hydrochloric acid
and sulphuric acid using Tafel extrapolation technique and ac impedance spectroscopy (EIS). The effect
eywords:
. Alloys
. Electrochemical techniques
. Adsorption
. Corrosion

of inhibitor concentration, temperature and concentration of the acid mixture media on the inhibitor
action was investigated. It was found that inhibition efficiencies increase with the increase in inhibitor
concentration, but decrease with the increase in temperature and with the increase in concentration of
the acid media. Thermodynamic parameters for dissolution process were determined. The adsorption of
DMABT on both the composite and base alloy was found to be through physisorption obeying Freundlich

adsorption isotherm.

. Introduction

Reinforcing 6061 Al alloy with SiC particles results in their
etter performance [1,2]. Aluminum matrix composites (AMCs)
ave received considerable attention for military, automobile and
erospace applications because of their low density, high strength
nd high stiffness [3–9]. One of the main drawbacks in the use
f metal matrix composite is the decrease in corrosion resistance
ompared to the base alloy. For the base alloy, protective oxide sur-
ace film imparts corrosion resistance; but, addition of a reinforcing
hase could lead to discontinuities in the film, thereby increasing
he number of sites where corrosion can be initiated and making
he composites more vulnerable [8,10]. However, the high corro-
ion rates of these composites, particularly in acid media can be
ombated using inhibitors [11,12]. Due to the wide applications of
uch composites, they frequently come in contact with acid dur-
ng cleaning, pickling, descaling, etc. The inhibition of aluminum
orrosion in acid solutions was extensively studied using organic

nd inorganic compounds. It has been reported that the addition of
hloride ions to sulphate solutions enhances aluminum corrosion
13]. A wide variety of compounds are used as inhibitors in acid

edia. These are mainly organic compounds containing N, S or O
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atoms [14–16] and critical use of these compounds in industries
has also been reviewed [17–19]. Organic compounds containing
both N and S atoms function as better adsorption inhibitors because
of their lone pair of electrons and polar nature of the molecules
[20,21].

The present work aims at investigating the inhibitive action of 4-
(N,N-dimethyl amino) benzaldehyde thiosemicarbazone (DMABT)
on the corrosion of 6061 Al–15 vol. pct. SiC(p) composite and its
base alloy in acid media containing hydrochloric acid and sulphuric
acid at different concentration levels of the acids as well as at
different temperatures. The investigations were carried out using
electrochemical techniques such as potentiodynamic polarization
and electrochemical impedance spectroscopy (EIS) techniques.
Corrosion parameters were derived in the presence and absence
of the inhibitor and inhibition efficiency was calculated in different
acid mixture concentrations.

2. Experimental

2.1. Material

The experiments were performed with specimens of 6061 Al–15 vol. pct. SiC(p)
composite and its base alloy in extruded rod form (extrusion ratio 30:1). The com-

position of the base metal 6061 Al alloy is given in Table 1. Cylindrical test coupons
were cut from the rods and sealed with epoxy resin in such a way that the areas of the
composite and the base alloy exposed to the medium were 0.95 cm2 and 0.785 cm2,
respectively. These coupons were polished as per standard metallographic practice,
belt grinding followed by polishing on emery papers, and finally on polishing wheel
using levigated alumina to obtain mirror finish. It was then degreased with acetone,

dx.doi.org/10.1016/j.matchemphys.2010.10.006
http://www.sciencedirect.com/science/journal/02540584
http://www.elsevier.com/locate/matchemphys
mailto:nityashreya@gmail.com
dx.doi.org/10.1016/j.matchemphys.2010.10.006


G.M. Pinto et al. / Materials Chemistry and Physics 125 (2011) 628–640 629

Table 1
T

w
m

2

p
s
r
E
3
5

2

2

s
u
t
o
a
h
a
c
c
s

2

w
L
a
i
R

c

2

r
e
i
f
t
r

2

r

3

3

r

0.10.011E-3

-1.0

-0.8

-0.6

-0.4

 0 ppm
 50 ppm
 250 ppm
 500 ppm
 1000 ppm

E
, 

V
 (

V
s.

 S
C

E
) 

-2

Since the plateau of anodic current is not well defined, the corrosion
current density values in all the above cases were determined by the
extrapolation of cathodic Tafel slopes to the respective corrosion
potentials.

-1.0

-0.9

-0.8

-0.7

-0.6

-0.5

-0.4

 0 ppm
 50 ppm
 100 ppm
 250 ppm
 500 ppm

E
, 

V
 (

V
s.

 S
C

E
) 
he composition of the base metal Al 6061 alloy.

Element Cu Si Mg Cr Al

Composition (wt.%) 0.25 0.6 1.0 0.25 97.9

ashed with double distilled water and dried before immersing in the corrosion
edium.

.2. Medium

Standard solutions of hydrochloric acid and sulphuric acid mixture were pre-
ared from analytical grade (Nice) acids by mixing them in 2:1 molar ratio. The three
olutions used for the study were with the following concentrations of hydrochlo-
ic acid and sulphuric acid, respectively: 0.5 M + 0.25 M, 1 M + 0.5 M and 2 M + 1 M.
xperiments were carried out using calibrated thermostat at temperatures 30 ◦C,
5 ◦C, 40 ◦C, 45 ◦C, 50 ◦C (±0.5 ◦C). The inhibitive effect was studied by introducing
0–1000 ppm (0.2–4 mM) of DMABT into the acid mixture solutions.

.3. Electrochemical measurements

.3.1. Tafel polarization studies
Electrochemical measurements were carried out using electrochemical work

tation, Auto Lab 30 and GPES software. Tafel plot measurements were carried out
sing conventional three electrode Pyrex glass cell with platinum counter elec-
rode and saturated calomel electrode (SCE) as reference electrodes. All the values
f potential are therefore referred to the SCE. Finely polished composite and base
lloy specimens were exposed to corrosion medium of different concentrations of
ydrochloric acid–sulphuric acid mixtures at different temperatures (30–50 ◦C) and
llowed to establish a steady state open circuit potential. The potentiodynamic
urrent–potential curves were recorded by polarizing the specimen to −250 mV
athodically and +250 mV anodically with respect to open circuit potential (OCP) at
can rate of 1 mV s−1.

.3.2. Electrochemical impedance spectroscopy (EIS) studies
The corrosion behaviors of the specimens of the composite and the base alloy

ere also obtained from EIS technique using electrochemical work station, Auto
ab 30 and FRA software. In EIS technique a small amplitude ac signal of 10 mV
nd frequency spectrum from 100 kHz to 0.01 Hz was impressed at the OCP and
mpedance data were analyzed using Nyquist plots. The charge transfer resistance,
t, was extracted from the diameter of the semicircle in Nyquist plot.

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

.4. Synthesis of 4-(N,N-dimethyl amino) benzaldehyde thiosemicarbazone

4-(N,N-dimethylamino) benzaldehyde thiosemicarbazone was synthesized and
ecrystallised as per the reported procedure [22]. A mixture containing equimolar
thanolic 4-(N,N-dimethylamino) benzaldehyde and thiosemicarbazone was taken
n a round-bottomed flask. The reaction mixture was refluxed on a hot water bath
or about 60 min. The pale yellow colored product obtained was separated by fil-
ration and dried. The product was recrystallised from ethanol. The purity of the
ecrystallised product was checked by IR, elemental analysis and melting point.

CHO

N(CH3)2

NH2CSNH2NH2

NH2

S
N

NH

N(CH3)2

1hrΔ

(1)

.5. Scanning electron microscopy (SEM) analysis

The scanning electron microscopic images and EDX spectra of the samples were
ecorded using JEOL JSM – 6380 LA analytical scanning electron microscope.

. Results and discussion
.1. Potentiodynamic polarization (PDP) measurements

The polarization studies of aluminum specimens were car-
ied out in three different solutions containing 0.5 M, 1 M,
i, A cm

Fig. 1. Tafel polarization curves for the corrosion of composite in 2 M HCl + 1 M
H2SO4 mixture at 30 ◦C in the presence of different concentrations of DMABT.

2 M hydrochloric acid and 0.25 M, 0.5 M, 1 M sulphuric acid,
respectively, in the absence and in the presence of different con-
centrations of DMABT (50–1000 ppm). Figs. 1 and 2 represent
potentiodynamic polarization curves of 6061 Al–SiC composite and
its base alloy for various concentrations of DMABT in a solution con-
taining 2 M hydrochloric acid and 1 M sulphuric acid solutions at
30 ◦C in the absence and in the presence of DMABT. Similar results
were obtained in the same concentrations of acid mixtures at four
other temperatures and also in the other two concentrations of the
acid mixtures at the five temperatures studied. The electrochemical
parameters (Ecorr, icorr, ba and bc) associated with the polarization
measurements at different DMABT concentrations as well as at dif-
ferent temperatures for the composite and the base alloy in three
different concentrations of the acid mixture are listed in Tables 2–4.
0.10.011E-31E-4

i, A cm-2

Fig. 2. Tafel polarization curves for the corrosion of base alloy in 2 M HCl + 1 M H2SO4

mixture at 30 ◦C in the presence of different concentrations of DMABT.
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Table 2
Electrochemical parameters obtained from PDP measurements of Al composite and its base alloy in 2 M hydrochloric acid and 1 M sulphuric acid mixture in the absence and presence of various concentrations of DMABT.

Temp. of
medium (◦C)

Composite Base alloy

Conc. of inhibitor
in ppm

Icor (×10
−3 A cm−2) −bc (mV dec−1) Ecorr (mV SCE−1) IE% Conc. of inhibitor

in ppm
Icor (×10

−3 A cm−2) −bc (mV dec−1) Ecorr (mV SCE−1) IE%

30

0 12.63 86 −716 0 8.52 74 −743
50 7.12 110 −715 43.6 50 5.23 90 −741 38.6

250 5.80 136 −714 54.1 100 4.41 97 −740 48.2
500 3.51 140 −711 72.2 250 3.40 105 −738 60.1

1000 1.26 148 −712 90.0 500 2.18 124 −736 74.4

35

0 16.72 80 −719 0 11.49 68 −747
50 10.02 98 −719 40.1 50 7.40 77 −746 35.6

250 8.56 116 −715 48.8 100 6.41 91 −744 44.2
500 6.03 128 −713 63.9 250 5.18 105 −742 54.9

1000 2.21 137 −710 86.8 500 3.46 130 −741 69.9

40

0 21.95 74 −725 0 13.82 63 −750
50 13.97 92 −724 36.4 50 9.51 79 −749 31.2

250 11.55 98 −720 47.4 100 8.54 86 −747 38.2
500 9.42 112 −718 57.1 250 7.00 101 −745 49.3

1000 5.52 126 −719 74.9 500 4.88 115 −740 64.6

45

0 31.02 65 −730 0 15.40 58 −752
50 23.11 85 −729 25.5 50 12.20 75 −749 24.8

250 19.31 96 −728 37.7 100 10.43 86 −746 32.0
500 16.40 106 −725 47.8 250 8.8 95 −747 42.6

1000 10.98 112 −724 64.6 500 6.27 109 −744 59.1

50

0 38.05 60 −736 0 16.58 55 −759
50 29.78 76 −735 21.7 50 13.31 66 −758 19.7

250 26.25 92 −734 31.0 100 12.11 77 −755 27.0
500 22.03 98 −733 42.1 250 10.82 88 −750 34.7

1000 16.52 105 −730 56.6 500 7.90 100 −750 52.4
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Table 3
Electrochemical parameters obtained from PDP measurements of Al composite and its base alloy in 1 M hydrochloric acid and 0.5 M sulphuric acid mixture in the absence and presence of various concentrations of DMABT.

Temp. of
medium (◦C)

Composite Base alloy

Conc. of inhibitor
(ppm)

Icor (×10
−3 A cm−2) −bc (mV dec−1) Ecorr (mV SCE−1) IE% Conc. of inhibitor

(ppm)
Icor (×10

−3 A cm−2) −bc (mV dec−1) Ecorr (mV SCE−1) IE%

30

0 9.01 109 −679 0 3.22 109 −714
50 5.45 120 −676 39.5 50 2.06 127 −714 36.0

250 4.04 128 −676 55.2 100 1.72 135 −713 46.6
400 2.80 141 −675 68.9 200 1.00 146 −712 68.9
600 2.02 153 −674 77.6 250 0.81 145 −710 74.8

35

0 9.42 99 −686 0 4.40 98 −712
50 6.02 118 −685 36.1 50 2.92 119 −712 33.6

250 4.68 125 −685 50.3 100 2.50 129 −709 43.2
400 3.51 137 −684 62.7 200 1.44 135 −707 67.3
600 2.42 149 −682 74.3 250 1.20 142 −706 72.7

40

0 9.82 80 −693 0 5.91 74 −723
50 6.33 102 −692 35.5 50 4.33 113 −723 26.7

250 5.10 115 −690 48.1 100 3.54 121 −720 40.1
400 3.94 133 −687 59.9 200 2.59 135 −719 56.2
600 2.73 141 −686 72.2 250 2.20 133 −719 62.8

45

0 12.51 71 −699 0 6.84 70 −725
50 8.94 96 −698 28.5 50 5.68 110 −725 16.9

250 8.03 118 −693 35.8 100 4.86 120 −723 28.9
400 6.42 126 −691 48.7 200 3.81 124 −722 44.3
600 5.18 132 −690 58.6 250 3.58 133 −721 47.7

50

0 15.60 64 −703 0 7.88 65 −727
50 11.53 91 −703 26.1 50 6.75 105 −727 14.3

250 10.00 101 −701 35.9 100 6.41 116 −726 18.7
400 8.32 113 −698 46.7 200 5.20 119 −724 34.0
600 7.51 118 −697 51.8 250 4.55 122 −720 42.3
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Table 4
Electrochemical parameters obtained from PDP measurements of Al composite and its base alloy in 0.5 M hydrochloric acid and 0.25 M sulphuric acid mixture in absence and presence of various concentrations of DMABT.

Temp. of
medium (◦C)

Composite Base alloy

Conc. of inhibitor
(ppm)

Icor (×10
−3 A cm−2) −bc (mV dec−1) Ecorr (mV SCE−1) IE% Conc. of inhibitor

(ppm)
Icor (×10

−4 A cm−2) −bc (mV dec−1) Ecorr (mV SCE−1) IE%

30

0 2.32 87 −643 0 5.24 96 −667
50 1.76 100 −653 24.1 50 4.15 100 −669 20.8

100 1.46 107 −659 37.1 100 3.46 105 −669 33.9
200 1.15 113 −655 50.4 200 3.00 107 −671 42.7
300 0.86 115 −662 62.9 250 2.78 108 −673 46.9

35

0 2.61 83 −649 0 6.85 83 −669
50 2.03 98 −656 22.2 50 5.48 96 −670 20.0

100 1.71 104 −657 34.5 100 4.80 96 −670 29.9
200 1.34 107 −660 48.7 200 4.12 102 −673 39.8
300 1.00 106 −666 61.7 250 3.70 104 −675 46.0

40

0 3.83 80 −658 0 7.25 74 −678
50 3.01 91 −658 21.4 50 5.87 89 −678 19.0

100 2.68 99 −660 30.0 100 5.32 92 −679 26.6
200 2.11 101 −662 44.9 200 4.51 96 −682 37.8
300 1.72 103 −666 55.1 250 4.05 99 −683 44.1

45

0 5.53 73 −664 0 10.03 66 −683
50 4.63 85 −668 16.3 50 8.51 80 −684 15.1

100 4.12 96 −669 25.5 100 7.44 82 −684 25.8
200 3.14 97 −675 43.6 200 6.60 87 −685 34.2
300 2.53 100 −671 54.2 250 6.05 88 −687 39.7

50

0 7.81 63 −670 0 18.2 56 −690
50 6.63 81 −670 15.1 50 15.68 65 −690 13.8

100 6.12 89 −673 21.6 100 14.33 67 −691 21.3
200 4.49 94 −674 42.5 200 12.52 70 −693 30.6
300 3.71 98 −676 52.5 250 11.63 74 −695 35.4
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The surface coverage � of the inhibitor at different inhibitor
oncentrations was calculated from the equation:

= icorr(uninh) − icorr(inh)
icorr(uninh)

(2)

Inhibition efficiency was then calculated using the equation:

E (%) = � × 100 (3)

The data in the tables clearly show that the addition of DMABT
ecreases the corrosion rates of both the composite and the base
lloy. Inhibition efficiency increases with increasing DMABT con-
entration. It is also seen that the addition of DMABT does not
ignificantly shift the Ecorr values. Further it is seen from the data
n Tables 2–4 and Figs. 1 and 2 that cathodic and anodic Tafel
lopes change only slightly on the addition of DMABT. The above-
escribed observations suggest that the inhibitor molecules are
dsorbed on the surface of the composite/base alloy and mechani-
ally block the metal surface from the action of corrosion media. The
nhibitor decreases the surface area for corrosion without altering
he mechanism of corrosion and only causes inactivation of part of
he surface. This fact is an important observation, since the presence
f SiC particles in the composite initiates cathodic sites is responsi-
le for the higher corrosion of the composite than that of the base
lloy [8,10]. Therefore blocking these sites via DMABT adsorption
ould result in decreasing the corrosion rate of composite to a

reater extent as compared to the base alloy. The comparison of
nhibition efficiency of DMABT for the composite and base alloy at
ifferent concentrations and different temperatures shows that the

nhibition effect is more on the composite than on the base alloy.
he increase in the efficiency of the inhibitor in the case of compos-
te may be due to its heterogenic nature, where the incorporation
f silicon carbide acts as the potential active site for the adsorption
f the inhibitor. The increase in inhibition efficiency with increas-
ng inhibitor concentration indicates that more inhibitor molecules
re adsorbed on the metal surface, thus providing wider surface
overage.

Though the Ecorr values do not show any appreciable shift,
he data in the tables reveal that, at higher concentrations of
cid mixtures (2 M + 1 M and 1 M + 0.5 M), the values are slightly
hifted to positive direction and at lower concentration of acid mix-
ure (0.5 M + 0.25 M), the shift is slightly shifted to the negative
irection. Therefore DMABT acts as a mixed inhibitor with pre-
ominantly anodic action at higher concentration of acid mixture
nd with predominantly cathodic action at lower concentration
f acid mixture [23,24]. This can probably be due to the higher
dsorption of protonated DMABT molecules on the anodic sites
t higher concentration of the acids. The results presented in the
ables also reveal that inhibition efficiency of DMABT decreases
ith increase in temperature. The maximum attainable inhibition

fficiency increases with increase in acid mixture concentration.

.2. Electrochemical impedance spectroscopy (EIS) measurements

In order to gain more information about the corrosion inhibition
henomenon, electrochemical impedance spectroscopy measure-
ents were carried out for the 6061 Al–SiC composite and its base

lloy in three different concentrations of acid mixtures in the pres-
nce and absence of DMABT at different temperatures. Figs. 3 and 4
epresent Nyquist plots of composite and its base alloy in the pres-
nce of various concentrations of DMABT in a solution containing
M hydrochloric acid and 1 M sulphuric acid mixture at 30 ◦C,
espectively. Similar results were obtained in other two concen-
rations of acid mixture and also at other temperatures studied.

As can be seen from Figs. 3 and 4, the impedance diagrams show
emicircles, indicating that the corrosion process is mainly charge
ransfer controlled. The general shape of the curve is similar for
Fig. 3. Nyquist plots for the corrosion of composite in 2 M HCl + 1 M H2SO4 mixture
at 30 ◦C in the presence of different concentrations of DMABT.

samples of the base alloy and composite, with large capacitive loop
at high frequencies (HFs) and an inductive loop at low frequencies
(LFs). Similar impedance plots have been reported in the literature
for the corrosion of pure aluminum and aluminum alloys in var-
ious electrolytes such as sodium sulphate [25–27], sulphuric acid
[26,27], acetic acid [26], sodium chloride [28,29] and hydrochloric
acid [30–36].

The high frequency capacitive loop could be assigned to the
charge transfer of the corrosion process and to the formation of
oxide layer [37,38]. The oxide film is considered to be a paral-
lel circuit of a resistor due to the ionic conduction in the oxide
film and a capacitor due to its dielectric properties. According to
Brett [31,33], the capacitive loop is corresponding to the inter-
facial reactions, particularly, the reaction of aluminum oxidation
at the metal/oxide/electrolyte interface. The process includes the
formation of Al+ ions at the metal/oxide interface, and their migra-
tion through the oxide/solution interface where they are oxidized
to Al3+. At the oxide/solution interface, OH− or O2− ions are also
formed. The fact that all the three processes are represented by only
one loop could be attributed either to the overlapping of the loops
of processes, or to the assumption that one process dominates and,
therefore, excludes the other processes [27]. The other explanation
offered to the high frequency capacitive loop is the oxide film itself.
This was supported by a linear relationship between the inverse of
the capacitance and the potential found by Bessone et al. [28] and
Wit and Lenderink [27]. The origin of the inductive loop has often
been attributed to surface or bulk relaxation of species in the oxide
layer [29]. The LF inductive loop may be related to the relaxation
process obtained by adsorption and incorporation of sulphate ions,
oxide ion and charged intermediates on and into the oxide film [26].

The impedance parameters derived from Nyquist plots and
inhibition efficiency of DMABT in 2 M hydrochloric acid and 1 M sul-
phuric acid mixture at different temperatures are given in Table 5.
Similar results were obtained for other concentration of acid mix-
tures also. The measured values of polarization resistance increase
with the increasing concentration of DMABT in the solution, indi-
cating decrease in the corrosion rate for the composite and base

alloy with increase in DMABT concentration. This is in accordance
with the observations obtained from potentiodynamic measure-
ments. However, the semicircles of the impedance spectra for the
composite in the presence and in the absence of the inhibitor
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Table 5
Electrochemical parameters obtained from EIS measurements of Al composite and its base alloy in 2 M hydrochloric acid and 1 M sulphuric acid mixture in the absence and presence of various concentrations of DMABT.

Temp. of
medium (◦C)

Composite Base alloy

Conc. of inhibitor
(ppm)

Rs (� cm2) Rp (� cm2) CPE (×102 �F) n IE% Conc. of inhibitor
(ppm)

Rs (� cm2) Rp (� cm2) CPE (×101 �F) n IE%

30

0 1.15 1.31 16.1 0.81 0 1.13 2.86 20.5 0.93
50 1.14 2.31 11.1 0.80 43.3 50 1.11 4.75 12.6 0.91 39.4

250 1.18 3.00 9.9 0.82 56.3 100 1.13 6.25 11.2 0.94 54.2
500 1.17 4.91 6.8 0.85 73.3 250 1.19 7.50 10.9 0.95 61.9

1000 1.26 9.02 5.4 0.86 85.5 500 1.15 12.20 7.81 0.96 76.6

35

0 0.94 0.78 19.2 0.80 0 0.93 2.00 22.5 0.91
50 0.90 1.32 12.4 0.81 40.2 50 0.98 3.22 13.8 0.92 37.3

250 0.98 1.60 10.1 0.83 51.3 100 0.91 3.95 12.4 0.94 49.4
500 1.00 2.53 8.3 0.88 69.2 250 0.94 4.93 11.8 0.93 59.4

1000 0.88 4.41 6.1 0.89 82.3 500 0.92 7.81 8.8 0.95 74.4

40

0 0.86 0.48 24.6 0.78 0 0.84 1.73 33.2 0.88
50 1.01 0.78 19.4 0.80 38.5 50 0.87 2.73 18.4 0.89 36.4

250 0.93 0.92 17.9 0.85 47.5 100 0.88 3.01 16.6 0.90 42.5
500 0.94 1.20 15.1 0.88 60.0 250 0.82 3.88 14.9 0.92 55.4

1000 0.90 2.05 11.4 0.89 76.4 500 0.81 4.98 10.9 0.94 65.3

45

0 0.88 0.31 30.2 0.75 0 0.77 1.62 41.6 0.85
50 0.87 0.47 26.8 0.74 34.0 50 0.75 2.31 26.7 0.84 29.9

250 0.92 0.58 24.2 0.79 43.0 100 0.71 2.66 23.3 0.87 39.1
500 0.99 0.69 21.9 0.83 55.1 250 0.79 3.28 21.8 0.88 49.5

1000 0.89 0.98 18.6 0.84 68.4 500 0.74 4.11 16.1 0.89 60.4

50

0 0.63 0.22 36.6 0.72 0 0.62 1.48 50.4 0.83
50 0.70 0.29 36.0 0.70 24.1 50 0.65 2.01 33.8 0.82 26.4

250 0.68 0.33 35.4 0.71 33.3 100 0.69 2.38 32.4 0.85 33.2
500 0.65 0.40 33.8 0.76 45.0 250 0.63 2.50 28.8 0.87 40.8

1000 0.69 0.53 30.9 0.79 58.5 500 0.69 3.08 21.7 0.88 50.9
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Fig. 4. Nyquist plots for the corrosion of base alloy in 2 M HCl + 1 M H2

re depressed. Deviation of this kind is referred to as frequency
ispersion, and has been attributed to inhomogeneties of solid
urfaces, as the aluminum composite is reinforced with SiC par-
icles. Mansfeld et al. [37,38] have suggested an exponent n in the
mpedance function as a deviation parameter from the ideal behav-
or. By this suggestion, the capacitor in the equivalent circuit can
e replaced by a so-called constant phase element (CPE), which is
frequency-dependent element and related to surface roughness.
he impedance function of a CPE has the following equation [26]:

CPE = 1
(Y0jω)n (4)

here the amplitude Y0 and n are frequency independent, and ω is
he angular frequency for which −Z′′ reaches its maximum value, n

s dependent on the surface morphology: −1 ≤ n ≤ 1. Y0 and n can
e calculated by the equations proved by Mansfeld et al. [39]. In
he case of base alloy, due to the homogenous surface, frequency
ispersion is very less. Therefore the obtained semicircles in the

mpedance spectra are not depressed.

Fig. 5. The equivalent circuit model u
hm cm 2

ixture at 30 ◦C in the presence of different concentrations of DMABT.

An equivalent circuit of five elements depicted in Fig. 5 was used
to simulate the measured impedance data on the composite and the
base alloy. In this equivalent circuit, Rs is the solution resistance and
Rt is the charge transfer resistance. RL and L represent the induc-
tive elements. This also consists of constant phase element, CPE (Q)
in parallel to the parallel resistors Rt and RL, and the latter is in
series with the inductor L. When an inductive loop is present, the
polarization resistance Rp can be calculated from [5]:

Rp = RL × Rt

RL + Rt
(5)

Since Rp is inversely proportional to the corrosion current and it
can be used to calculate the inhibition efficiency from the relation,( )

IE% = R′

p − Rp

R′ × 100 (6)

where R′
p and Rp are the polarization resistances in the presence

and absence of inhibitors.

sed to fit the experimental data.
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The Bode plots (Bode phase plots and Bode magnitude plots)
btained at OCP for 6061 Al/SiC composite and its base alloy with
nd without inhibitor containing 2 M hydrochloric acid and 1 M sul-
huric acid mixture obtained at 30 ◦C are presented in Figs. 6 and 7,
espectively. It is apparent that, for both the composite and the base
lloy, the values of phase increase with increase in concentration
f added DMABT up to their optimal concentration.

The Bode magnitude plots indicate the presence of only one
lope for the uninhibited and inhibited systems. The difference
etween the high frequency (HF) limit and low frequency (LF) limit

n the bode plot is equal to Rp, the polarization resistance, which is
ssociated with the dissolution and repassivation processes occur-
ing at the interface as well as the electronic conductivity of the
lm. The difference between the HF and LF for the uninhibited and

nhibited systems in the Bode plot increases with increase in the

oncentration of DMABT up to their critical concentration.

It is seen from Table 5 that Rs (solution resistance) remains
lmost constant, with and without the addition of DMABT for both
he composite and its base alloy. It was also observed that the value
f constant phase element, Q, decreases, while the values of Rp and
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at 30 ◦C in the presence of different concentrations of DMABT. (b) Bode magnitude
ce of different concentrations of DMABT.

Rt increase with increasing concentration of DMABT, indicating that
the inhibition efficiency increases with the increase in concentra-
tion of DMABT. A comparison of the inhibiting efficiencies obtained
using ac and dc methods shows that an acceptable agreement in
results is achieved in the two methods.

The double layer between the charged metal surface and the
solution is considered as an electrical capacitor. The adsorption
of DMABT on the aluminum surface decreases its electrical capac-
ity because they displace the water molecules and other ions
originally adsorbed on the surface. The decrease in this capacity
with increase in DMABT concentrations may be attributed to
the formation of a protective layer on the electrode surface.
The thickness of this protective layer increases with increase in
inhibitor concentration up to their critical concentration and then
decreases. The obtained CPE (Q) values decrease noticeably with

increase in the concentration of DMABT.

3.3. Adsorption isotherm considerations

In order to understand the mechanism of corrosion inhibi-
tion, the adsorption behavior of the organic adsorbate on the

b
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ig. 8. Curve fitting of corrosion data for the composite in 2 M HCl + 1 M H2SO4 mix-
ure in the presence of different concentrations of the DMABT to Frumkin adsorption
sotherm.

luminum surface must be known. The degree of surface cover-
ge (�) for different concentrations of inhibitor was evaluated from
otentiodynamic polarization measurements. The data were tested
raphically by fitting to various isotherms. Freundlich adsorption
sotherm was found to be the best description for the adsorption
ehavior of the studied inhibitors. According to this isotherm, � is
elated to the equilibrium adsorption constant (K) and concentra-
ion (C) of inhibitor in mol dm−3 as per the relation:

= KCn (7)

here 0 < n < 1. In logarithmic form Eq. (7) can be written as:

og � = log K + nlog C (8)

Eq. (8) predicts that a plot of log � versus log C will be linear.

Figs. 8 and 9 show the Freundlich adsorption isotherms for the

omposite and the base alloy, respectively. From the slope the value
f n was calculated and the value of n is 0 < n < 1 which confirms the
pplicability of Freundlich isotherm.
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ig. 9. Curve fitting of corrosion data for the base alloy in 2 M HCl + 1 M H2SO4 mix-
ure in the presence of different concentrations of the DMABT to Frumkin adsorption
sotherm.
Fig. 10. Arrhenius plots for the composite in 2 M HCl + 1 M H2SO4 mixture at differ-
ent concentrations of DMABT.

The free energy of adsorption, �Gads, was calculated using the
relation,

�Gads = −RT ln

[
55.5�

C(1 − �)

]
(9)

where C is the concentration of the inhibitor expressed in
mol dm−3. The calculated values of �Gads for DMABT on the
composite and the base alloy were in the range of −26.37 to
−31.0 kJ mol−1 and −27.1 to 30.4 kJ mol−1, respectively. The nega-
tive values of �Gads suggest the spontaneous adsorption of DMABT
on the composite and base alloy surfaces. Since the values of �Gads
of −40 kJ mol−1 are usually accepted as threshold value between
chemisorption and physisorption, the obtained values of the �Gads
may be indicative of physical adsorption [34].
The corrosion inhibition property of DMABT through adsorp-
tion on the surface of the composite or the base alloy can be
attributed to the presence of electronegative elements such as
nitrogen and sulphur and also to the presence of � electrons on

0.003300.003250.003200.003150.00310
0.5

1.0

1.5

2.0

2.5

3.0

 0 ppm
 50 ppm
 100 ppm
 250 ppm
 500 ppm

ln
(c

or
ro

si
on

 r
at

e)
, m

m
 y

r-1

1/T, K-1

Fig. 11. Arrhenius plots for the base alloy in 2 M HCl + 1 M H2SO4 acid mixture at
different concentrations of DMABT.
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3.4. Effect of temperature and activation parameters of inhibition

T
A

T
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ig. 12. ln(corrosion rate/T) versus 1/T for composite in 2 M HCl + 1 M H2SO4 at
ifferent concentrations of DMABT.

he benzene ring. The metal surface in contact with a solution
s charged due to the electric field that emerges at the inter-
ace on the immersion in the electrolyte. This can be determined,
ccording to Antropov et al. [40], by comparing the zero charge
otential and the rest potential of the metal in the correspond-

ng medium. The value of pHZch, which is defined as the pH at
point of zero charge is equal to 9.1 for aluminum [41]. So alu-
inum is positively charged in highly acidic medium, as the ones

sed in this investigation. Therefore, chloride ions, sulphate ions
nd DMABT can be adsorbed on aluminum surface via their neg-
tive centres. Also, DMABT can be protonated in the highly acidic
olution used in the investigation. The mechanism of adsorption
f protonated DMABT can be predicted on the basis of the mecha-
ism proposed for the corrosion of aluminum in hydrochloric acid
42]. According to this mechanism, anodic dissolution of Al follows
teps
l + Cl � AlCl− (10)

lCl−(ads) + Cl− → AlCl2+ + 3e− (11)

able 6
ctivation parameters of the corrosion of 6061 Al–SiC composite in the absence and pres

Activation parameters Concentration of the medium in M

2 M HCl + 1 M H2SO4 1 M HCl + 0.
Inhibitor concentration (ppm) Inhibitor co

0 50 250 500 1000 0 50

Ea (kJ mol−1) 47.3 53.7 62.2 65.1 89.8 60.4 64
�H (kJ mol−1) 44.7 51.1 59.6 62.5 87.1 53.2 62
�S (J mol−1 K−1) 54.9 72.3 97.3 105.6 179.6 55.7 77

able 7
ctivation parameters of the corrosion of 6061 base alloy in the absence and presence of

Activation parameters Concentration of the medium in M

2 M HCl + 1 M H2SO4 1 M HCl + 0
Inhibitor concentration (ppm) Inhibitor c

0 50 100 250 500 0

Ea (kJ mol−1) 23.8 39.6 40.7 42.9 47.9 32.3
�H (kJ mol−1) 21.2 38.1 36.9 40.3 45.3 31.2
�S (J mol−1 K−1) −44.0 2.2 7.1 11.2 24.1 −7.1
1/T, K -1

Fig. 13. ln(corrosion rate/T) versus 1/T for base alloy in 2 M HCl + 1 M H2SO4 at
different concentrations of DMABT.

The cathodic hydrogen evolution is according to the following
steps

H+ + e− → H(ads) (12)

H(ads) + H(ads) → H2 (13)

Protonated DMABT can electrostatically interact with AlCl−(ads)
species, and then the oxidation of AlCl−(ads) to AlCl2+ as shown in
Eq. (11) can be prevented. This phenomenon is expected for the
stabilization of adsorbed halide ions by means of electrostatic inter-
actions with the inhibitor molecules resulting in greater surface
charges [43,44]. The protonated molecules can also adsorb on the
cathodic sites of aluminum in competition with the hydrogen ions
(Eq. (10)). DMABT can also be adsorbed from its negatively charged
centres such as nitrogen and sulphur atom to positively charged
cathodic sites.
process

The results of potentiodynamic polarization and electrochem-
ical impedance spectroscopy given in Tables 2–5 indicate that

ence of different concentrations of DMABT.

5 M H2SO4 0.5 M HCl + 0.25 M H2SO4

ncentration (ppm) Inhibitor concentration (ppm)

250 400 600 0 50 100 200 300

.0 65.4 66.3 90.6 66.2 70.1 72.7 75.0 91.2

.1 62.7 63.6 87.8 64.1 67.8 70.5 73.0 89.0

.3 98.1 117.2 181.4 82.3 88.1 90.6 120.3 182.6

different concentrations of DMABT.

.5 M H2SO4 0.5 M HCl + 0.25 M H2SO4

oncentration (ppm) Inhibitor concentration (ppm)

50 100 200 250 0 50 100 200 250

39.9 42.3 47.9 53.0 48.4 52.3 55.2 56.2 57.4
38.5 40.8 45.7 51.2 46.7 49.7 53.0 53.9 54.2
39.9 54.9 57.4 60.7 40.7 51.5 59.9 61.5 65.6
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ig. 14. (a) SEM image of the surface of composite after immersion for 2 h in 2 M HC
n 2 M HCl + 1 M H2SO4 at 30 ◦C in the presence of 1000 ppm of DMABT.

nhibition efficiency of DMABT on both the composite and the
ase alloy decreases with increase in temperature. This may be
ttributed to the higher dissolution rates of aluminum at elevated
emperature and also a possible desorption of adsorbed inhibitor
ue to increased solution agitation resulting from higher rates of
ydrogen gas evolution, which may also reduce the ability of the

nhibitor to be adsorbed on the metal surface. Such behavior which
as observed in both samples, suggests physical adsorption of the
MABT on the corroding aluminum surface [45,46].

Plot of log (corrosion rate) versus 1/T for both samples
f composite and base alloy in the acid mixture containing
M hydrochloric acid and 1 M sulphuric acid in the absence
nd presence of various concentrations of DMABT is shown in
igs. 10 and 11. As shown in these figures, straight lines were
btained according to Arrhenius-type equation:

og (corrosion rate) = log A − Ea

2.303RT
(14)

here A is a constant and depends on metal type and electrolyte,
a is the apparent activation energy, R is the universal gas constant
nd T is the absolute temperature.

Plot of log (corrosion rate/T) versus 1/T for both the sam-
les of composite and base alloy in the acid mixture containing
M hydrochloric acid and 1 M sulphuric acid in the absence
nd presence of various concentrations of DMABT is shown in

igs. 12 and 13. As shown in these figures, straight lines were
btained according to transition state equation:

orrosion rate = RT

Nh
· e�S/R · e−�H/RT (15)

ig. 15. (a) SEM image of the surface of base alloy after immersion for 2 h in 2 M HCl + 1 M
n 2 M HCl + 1 M H2SO4 at 30 ◦C in the presence of 500 ppm of DMABT.
H2SO4 at 30 ◦C. (b) SEM image of the surface of composite after immersion for 2 h

where h is Planck’s constant, N is Avogadro
′
s number, �H is the

change in the enthalpy of activation and �S is the change in entropy
of activation. The calculated values of Ea, �H, �S are given in
Tables 6 and 7. The data in the tables show that the values of Ea of the
corrosion of composite and base alloy in the acid mixture medium
in the presence of DMABT are higher than those in the uninhibited
medium. The increase in the Ea values, with increasing inhibitor
concentration indicates the increase in energy barrier for the cor-
rosion reaction, with the increasing concentrations of the inhibitor.
The values of Ea are higher for the composite than for the base alloy.
The increase in the activation energies with increasing concentra-
tion of the inhibitor is attributed to physical adsorption of inhibitor
molecules on the metal surface [47], with an appreciable increase
in the adsorption process of the inhibitor on the metal surface with
increase in the concentration of inhibitor. The adsorption of the
inhibitor molecules on the surface of the alloy blocks the charge
transfer during corrosion reaction, thereby increasing the activa-
tion energy [48]. In other words, the adsorption of the inhibitor on
the electrode surface leads to the formation of a physical barrier
that reduces the metal reactivity in the electrochemical reactions
of corrosion [49]. In the case of both the samples of aluminum,
the inhibition efficiency decreases with increase in temperature
which indicates desorption of inhibitor molecule as the tempera-
ture increases [50].

The values of �S are higher for inhibited solutions than those
for the uninhibited solutions. This suggested that an increase in

randomness occurred on going from reactants to the activated com-
plex. This might be the results of the adsorption of organic inhibitor
molecules from the 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 [51]. In

H2SO4 at 30 ◦C. (b) SEM image of the surface of composite after immersion for 2 h
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his situation, the adsorption of organic inhibitor is accompanied by
esorption of water molecules from the surface. Thus the increase

n entropy of activation was attributed to the increase in solvent
ntropy [52].

.5. Scanning electron microscopy

In order to evaluate the effect of corrosion on the surface mor-
hology of the composite and the base alloy, SEM analysis was
arried out on the samples subjected to corrosion in acid mixture
ontaining 2 M hydrochloric acid and 1 M sulphuric acid in the pres-
nce and absence of the inhibitors. Figs. 14 and 15 show the SEM
mages of the composite and base alloy, respectively. Fig. 14a shows
eep cavities formed due to detachment of SiC particle from the
omposite when exposed to the acid mixture medium. This may
e attributed to the corrosion at the interface between the particle
nd matrix due to the galvanic action, with the particle acting as a
athodic site and resulting in the detachment of the particle from
he matrix. The faceting seen in Fig. 15a is a result of more or less
niform corrosion on the surface of the base alloy when exposed
o the acid mixture medium. Figs. 14b and 15b show more or less
mooth surfaces of the composite and the base alloy, without pits
n the presence of inhibitors. It can be concluded that the adsorbed
ayer of inhibitor provides a corrosion free smooth surface with the
ines of mechanical polishing on the composite and base alloy.

In order to gain information about the surface composition of the
omposite and base alloy, EDX studies were carried out on sam-
les that were exposed to the corrosion medium in the presence
nd absence of the inhibitor. EDX spectra of the composite sam-
le exposed to the acid mixture corrosion medium in the absence
f inhibitor showed spectral lines corresponding to aluminum, sili-
on, oxygen and small peaks corresponding to sulphur and chlorine.
n the spectra of the base alloy, the sulphur and chlorine peaks

ere negligibly small. The samples exposed to corrosion medium
n the presence of inhibitors showed additional carbon and nitro-
en signals, indicating surface coverage by the inhibitor. Presence of
igher percentage of carbon and nitrogen on the surface of the com-
osite samples than on base alloy reveals the higher adsorption of
MABT on the composite than on the base alloy. This also accounts

or higher inhibition efficiency achieved on composite sample than
n the base alloy sample.

. Conclusions

. DMABT acts as a good corrosion inhibitor for 6061 Al–15 vol. pct.
SiC(p) composite and its base alloy in an acid medium containing
sulphuric acid and hydrochloric acid.

. Corrosion inhibition efficiency of DMABT increases with increas-
ing concentration up to critical concentration.

. DMABT acts as a mixed type inhibitor.

. Inhibition efficiency of DMABT on aluminum composite and its
base alloy increases with increase in concentration of acid mix-
ture and decreases with increase in temperature from 30 ◦C to
50 ◦C.
. Inhibitor obeys Freundlich model of adsorption and the adsorp-
tion is through physisorption.

. Inhibition efficiency is higher on the composite than on the base
alloy.
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