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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
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

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Reinforcing 6061 Al alloy with SiC particles results in their
better performance [1,2]. Aluminum matrix composites (AMCs)
have received considerable attention for military, automobile and
aerospace applications because of their low density, high strength
and high stiffness [3-9]. One of the main drawbacks in the use
of metal matrix composite is the decrease in corrosion resistance
compared to the base alloy. For the base alloy, protective oxide sur-
face film imparts corrosion resistance; but, addition of a reinforcing
phase could lead to discontinuities in the film, thereby increasing
the number of sites where corrosion can be initiated and making
the composites more vulnerable [8,10]. However, the high corro-
sion rates of these composites, particularly in acid media can be
combated using inhibitors [11,12]. Due to the wide applications of
such composites, they frequently come in contact with acid dur-
ing cleaning, pickling, descaling, etc. The inhibition of aluminum
corrosion in acid solutions was extensively studied using organic
and inorganic compounds. It has been reported that the addition of
chloride ions to sulphate solutions enhances aluminum corrosion
[13]. A wide variety of compounds are used as inhibitors in acid
media. 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-15vol. 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 cm? and 0.785 cm?,
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,
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Table 1

The 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

washed with double distilled water and dried before immersing in the corrosion
medium.

2.2. Medium

Standard solutions of hydrochloric acid and sulphuric acid mixture were pre-
pared from analytical grade (Nice) acids by mixing them in 2:1 molar ratio. The three
solutions used for the study were with the following concentrations of hydrochlo-
ric acid and sulphuric acid, respectively: 0.5M+0.25M, 1M+0.5M and 2M+1M.
Experiments were carried out using calibrated thermostat at temperatures 30 °C,
35°C, 40°C, 45°C, 50°C (+0.5°C). The inhibitive effect was studied by introducing
50-1000 ppm (0.2-4 mM) of DMABT into the acid mixture solutions.

2.3. Electrochemical measurements

2.3.1. Tafel polarization studies

Electrochemical measurements were carried out using electrochemical work
station, Auto Lab 30 and GPES software. Tafel plot measurements were carried out
using conventional three electrode Pyrex glass cell with platinum counter elec-
trode and saturated calomel electrode (SCE) as reference electrodes. All the values
of potential are therefore referred to the SCE. Finely polished composite and base
alloy specimens were exposed to corrosion medium of different concentrations of
hydrochloric acid-sulphuric acid mixtures at different temperatures (30-50°C) and
allowed to establish a steady state open circuit potential. The potentiodynamic
current-potential curves were recorded by polarizing the specimen to —250 mV
cathodically and +250 mV anodically with respect to open circuit potential (OCP) at
scan rate of 1mVs~1.

2.3.2. Electrochemical impedance spectroscopy (EIS) studies

The corrosion behaviors of the specimens of the composite and the base alloy
were also obtained from EIS technique using electrochemical work station, Auto
Lab 30 and FRA software. In EIS technique a small amplitude ac signal of 10mV
and frequency spectrum from 100kHz to 0.01 Hz was impressed at the OCP and
impedance data were analyzed using Nyquist plots. The charge transfer resistance,
R:, was extracted from the diameter of the semicircle in Nyquist plot.

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

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

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

NH,
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2.5. Scanning electron microscopy (SEM) analysis

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

3. Results and discussion
3.1. Potentiodynamic polarization (PDP) measurements

The polarization studies of aluminum specimens were car-
ried out in three different solutions containing 0.5M, 1M,
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Fig. 1. Tafel polarization curves for the corrosion of composite in 2M HCl+1M
H,S04 mixture at 30 °C in the presence of different concentrations of DMABT.

2M hydrochloric acid and 0.25M, 0.5M, 1M 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 1M sulphuric acid solutions at
30°Cin 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 b¢) 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.
Since the plateau of anodic current is not well defined, the corrosion
current density valuesin all the above cases were determined by the
extrapolation of cathodic Tafel slopes to the respective corrosion
potentials.
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Fig. 2. Tafel polarization curves for the corrosion of base alloyin2 M HCl + 1 M H,SO4
mixture at 30°C in the presence of different concentrations of DMABT.



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

Ieor (x10> Acm=2)

—be (mVdec1)

Ecorr (n’l‘/SCl‘T1 )

IE%

Conc. of inhibitor
in ppm

Ieor (107> Acm~2)

—be (mVdec1)

Ecorr (MV SCE-! )

1E%

30

35

40

45

50

0

50
250
500
1000
0

50
250
500
1000

50
250
500

1000

50
250
500

1000

50
250
500

1000

12.63
7.12
5.80
3.51
1.26

16.72

10.02
8.56
6.03
2.21

21.95

13.97

11.55
9.42
5.52

31.02

23.11

19.31

16.40

10.98

38.05

29.78

26.25

22.03

16.52

106
112
60
76
92

105

-716
-715
-714
-711
-712
-719
-719
-715
-713
-710
-725
—724
-720
-718
-719
-730
-729
-728
-725
—724
-736
-735
—734
-733
-730

43.6
54.1
72.2
90.0

40.1
48.8
63.9
86.8

36.4
47.4
57.1
74.9

25.5
37.7
47.8
64.6

21.7
31.0
421
56.6

0
50
100
250
500
0
50
100
250
500

50
100
250
500

50
100
250
500

50
100
250
500

8.52
5.23
4.41
3.40
2.18
11.49
7.40
6.41
5.18
3.46
13.82
9.51
8.54
7.00
4.88
15.40
12.20
10.43
8.8
6.27
16.58
13.31
12.11
10.82
7.90

74
90
97
105
124
68
77
91
105
130
63
79
86
101
115
58
75
86
95
109
55
66
77

100

—743
—-741
—740
-738
-736
—747
—746
—744
—742
-741
-750
-749
—747
—745
—740
—752
-749
—746
—747
—744
-759
—758
—755
-750
-750

38.6
48.2
60.1
74.4

35.6
44.2
54.9
69.9

31.2
38.2
49.3
64.6

24.8
32.0
42.6
59.1

19.7
27.0
34.7
524
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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 Ieor (x10 3 Acm—2) —be (mVdec1) Ecorr (MVSCE-1) IE% Conc. of inhibitor Ieor (x1073 Acm~2) —be (mVdec1) Ecorr (MVSCE-1) IE%
(ppm) (ppm)
0 9.01 109 —679 0 3.22 109 -714
50 5.45 120 —676 39.5 50 2.06 127 -714 36.0
30 250 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
0 9.42 99 —686 0 4.40 98 -712
50 6.02 118 —685 36.1 50 2.92 119 -712 33.6
35 250 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 —682 743 250 1.20 142 —706 72.7
0 9.82 80 —693 0 591 74 -723
50 6.33 102 —692 35.5 50 433 113 -723 26.7
40 250 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
0 12.51 71 —699 0 6.84 70 -725
50 8.94 96 —698 28.5 50 5.68 110 -725 16.9
45 250 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
0 15.60 64 -703 0 7.88 65 —727
50 11.53 91 -703 26.1 50 6.75 105 -727 14.3
50 250 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 -720 423
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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)

Ieor (x10> Acm=2)

—b: (mVdec1)

Ecorr (n’l‘/SCl‘T1 )

IE%

Conc. of inhibitor
(ppm)

Ieor (x10™* Acm~2)

—be (mVdec1)

Ecorr (MV SCE-! )

1E%

30

35

40

45

50

0
50
100
200
300
0
50
100
200
300

50
100
200
300

50
100
200
300

50
100
200
300

2.32
1.76
1.46
1.15
0.86
2.61
2.03
1.71
1.34
1.00
3.83
3.01
2.68
2.11
1.72
5.53
4.63
4.12
3.14
2.53
7.81
6.63
6.12
4.49
3.71

87
100
107
113
115

83

98
104
107
106

80

91

99
101
103

73

85

96

97
100

63

81

89

94

98

—643
—653
—659
—655
—662
—649
—656
—657
—660
—666
—658
—658
—660
—662
—666
—664
—668
—-669
—675
—671
-670
-670
—673
—-674
—676

24.1
37.1
50.4
62.9

22.2
34.5
48.7
61.7

214
30.0
44.9
55.1

16.3
255
43.6
54.2

15.1
21.6
42.5
52.5

0
50
100
200
250
0
50
100
200
250

50
100
200
250

50
100
200
250

50
100
200
250

524
4.15
3.46
3.00
2.78
6.85
5.48
4.80
4.12
3.70
7.25
5.87
5.32
4.51
4.05
10.03
8.51
7.44
6.60
6.05
18.2
15.68
14.33
12.52
11.63

96
100
105
107
108

83

96

96
102
104

74

89

92

96

99

66

80

82

87

88

56

65

67

74

-667
—669
—669
-671
—673
—669
—670
-670
—673
—675
-678
—678
-679
—682
—683
—683
—684
—684
—685
—687
—-690
—690
—691
—693
—695

20.8
339
42.7
46.9

20.0
29.9
39.8
46.0

19.0
26.6
37.8
44.1

15.1
258
34.2
39.7

13.8
213
30.6
354
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The surface coverage 6 of the inhibitor at different inhibitor
concentrations was calculated from the equation:
0 — icorr(uninh) — icorr(inh)

B icorr(uninh)

(2)

Inhibition efficiency was then calculated using the equation:
IE (%)=6x 100 (3)

The data in the tables clearly show that the addition of DMABT
decreases the corrosion rates of both the composite and the base
alloy. Inhibition efficiency increases with increasing DMABT con-
centration. It is also seen that the addition of DMABT does not
significantly shift the Ecorr values. Further it is seen from the data
in Tables 2-4 and Figs. 1 and 2 that cathodic and anodic Tafel
slopes change only slightly on the addition of DMABT. The above-
described observations suggest that the inhibitor molecules are
adsorbed on the surface of the composite/base alloy and mechani-
cally block the metal surface from the action of corrosion media. The
inhibitor decreases the surface area for corrosion without altering
the mechanism of corrosion and only causes inactivation of part of
the surface. This factis animportant observation, since the presence
of SiC particles in the composite initiates cathodic sites is responsi-
ble for the higher corrosion of the composite than that of the base
alloy [8,10]. Therefore blocking these sites via DMABT adsorption
would result in decreasing the corrosion rate of composite to a
greater extent as compared to the base alloy. The comparison of
inhibition efficiency of DMABT for the composite and base alloy at
different concentrations and different temperatures shows that the
inhibition effect is more on the composite than on the base alloy.
The increase in the efficiency of the inhibitor in the case of compos-
ite may be due to its heterogenic nature, where the incorporation
of silicon carbide acts as the potential active site for the adsorption
of the inhibitor. The increase in inhibition efficiency with increas-
ing inhibitor concentration indicates that more inhibitor molecules
are adsorbed on the metal surface, thus providing wider surface
coverage.

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

3.2. Electrochemical impedance spectroscopy (EIS) measurements

In order to gain more information about the corrosion inhibition
phenomenon, electrochemical impedance spectroscopy measure-
ments were carried out for the 6061 Al-SiC composite and its base
alloy in three different concentrations of acid mixtures in the pres-
ence and absence of DMABT at different temperatures. Figs. 3 and 4
represent Nyquist plots of composite and its base alloy in the pres-
ence of various concentrations of DMABT in a solution containing
2M hydrochloric acid and 1M sulphuric acid mixture at 30°C,
respectively. Similar results were obtained in other two concen-
trations of acid mixture and also at other temperatures studied.

As can be seen from Figs. 3 and 4, the impedance diagrams show
semicircles, indicating that the corrosion process is mainly charge
transfer controlled. The general shape of the curve is similar for
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Fig. 3. Nyquist plots for the corrosion of composite in 2 M HCl+1 M H,SO4 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 AI?*. At the oxide/solution interface, OH~ or 0%~ 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



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 Rs (2cm?) Ry (2cm?) CPE (x10% wF) n IE% Conc. of inhibitor Rs (2cm?) Ry (2cm?) CPE (x10' wF) n IE%
(ppm) (ppm)
0 1.15 1.31 16.1 0.81 0 1.13 2.86 20.5 0.93
50 1.14 2.31 111 0.80 433 50 1.11 4.75 12.6 0.91 39.4
30 250 1.18 3.00 9.9 0.82 56.3 100 1.13 6.25 11.2 0.94 54.2
500 117 491 6.8 0.85 733 250 1.19 7.50 109 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
0 0.94 0.78 19.2 0.80 0 0.93 2.00 225 0.91
50 0.90 132 124 0.81 40.2 50 0.98 3.22 13.8 0.92 37.3
35 250 0.98 1.60 10.1 0.83 51.3 100 0.91 3.95 124 0.94 494
500 1.00 2.53 8.3 0.88 69.2 250 0.94 493 11.8 0.93 59.4
1000 0.88 441 6.1 0.89 823 500 0.92 7.81 8.8 0.95 74.4
0 0.86 0.48 24.6 0.78 0 0.84 1.73 33.2 0.88
50 1.01 0.78 194 0.80 385 50 0.87 2.73 18.4 0.89 36.4
40 250 0.93 0.92 179 0.85 47.5 100 0.88 3.01 16.6 0.90 42.5
500 0.94 1.20 151 0.88 60.0 250 0.82 3.88 149 0.92 554
1000 0.90 2.05 114 0.89 76.4 500 0.81 4.98 109 0.94 65.3
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 0.75 231 26.7 0.84 29.9
45 250 0.92 0.58 24.2 0.79 43.0 100 0.71 2.66 233 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
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 0.70 241 50 0.65 2.01 33.8 0.82 26.4
50 250 0.68 0.33 354 0.71 333 100 0.69 2.38 324 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+1M H,SO4 mixture at 30°C in the presence of different concentrations of DMABT.

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

1
(Yojw)"
where the amplitude Yy and n are frequency independent, and w is
the angular frequency for which —Z” reaches its maximum value, n
is dependent on the surface morphology: —1 <n<1. Yy and n can
be calculated by the equations proved by Mansfeld et al. [39]. In
the case of base alloy, due to the homogenous surface, frequency
dispersion is very less. Therefore the obtained semicircles in the
impedance spectra are not depressed.

Zcpg =

(4)

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, R; is the solution resistance and
R; is the charge transfer resistance. R and L represent the induc-
tive elements. This also consists of constant phase element, CPE (Q)
in parallel to the parallel resistors R; and Ry, and the latter is in
series with the inductor L. When an inductive loop is present, the
polarization resistance Ry can be calculated from [5]:

_ Ru xR
P7 RL+R:

(5)

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

R, —R
E% = (PR") % 100

where Rj, and R, are the polarization resistances in the presence

and absence of inhibitors.

(6)
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Fig. 5. The equivalent circuit model used to fit the experimental data.
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Fig. 6. (a) Bode phase plots for the corrosion of composite in 2 M HCl+1 M H,SO4 mixture at 30 °C in the presence of different concentrations of DMABT. (b) Bode magnitude
plots for the corrosion of composite in 2 M HCl+1 M H,SO4 mixture at 30°C in the presence of different concentrations of DMABT.

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

The Bode magnitude plots indicate the presence of only one
slope for the uninhibited and inhibited systems. The difference
between the high frequency (HF) limit and low frequency (LF) limit
in the bode plot is equal to Ry, the polarization resistance, which is
associated with the dissolution and repassivation processes occur-
ring at the interface as well as the electronic conductivity of the
film. The difference between the HF and LF for the uninhibited and
inhibited systems in the Bode plot increases with increase in the
concentration of DMABT up to their critical concentration.

It is seen from Table 5 that Rs (solution resistance) remains
almost constant, with and without the addition of DMABT for both
the composite and its base alloy. It was also observed that the value
of constant phase element, Q, decreases, while the values of R, and
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R 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
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Fig. 7. (a) Bode phase plots for the corrosion of base alloy in 2 M HCl+ 1M H,SO4 mixture at 30°C in the presence of different concentrations of DMABT. (b) Bode magnitude
plots for the corrosion of base alloy in 2 M HCl+1 M H,SO4 mixture at 30 °C in the presence of different concentrations of DMABT.
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log 6
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Fig. 8. Curve fitting of corrosion data for the composite in 2 M HCl + 1 M H,SO4 mix-
ture in the presence of different concentrations of the DMABT to Frumkin adsorption
isotherm.

aluminum surface must be known. The degree of surface cover-
age (0) for different concentrations of inhibitor was evaluated from
potentiodynamic polarization measurements. The data were tested
graphically by fitting to various isotherms. Freundlich adsorption
isotherm was found to be the best description for the adsorption
behavior of the studied inhibitors. According to this isotherm, 6 is
related to the equilibrium adsorption constant (K) and concentra-
tion (C) of inhibitor in moldm~3 as per the relation:

0 =KC" (7)
where 0<n<1. In logarithmic form Eq. (7) can be written as:
logf = log K + nlog C (8)

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

Figs. 8 and 9 show the Freundlich adsorption isotherms for the
composite and the base alloy, respectively. From the slope the value
of n was calculated and the value of nis 0 <n <1 which confirms the
applicability of Freundlich isotherm.

log 6

32
logC, M

Fig.9. Curve fitting of corrosion data for the base alloy in 2M HCl + 1 M H,SO4 mix-
ture in the presence of different concentrations of the DMABT to Frumkin adsorption
isotherm.
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Fig. 10. Arrhenius plots for the composite in 2 M HCl + 1 M H,SO4 mixture at differ-
ent concentrations of DMABT.

The free energy of adsorption, AG,qs, was calculated using the
relation,

(9)

AG,gs = —RTIn { 55.50 }

C(1-96)

where C is the concentration of the inhibitor expressed in
moldm—3. The calculated values of AG,qs for DMABT on the
composite and the base alloy were in the range of —26.37 to
—31.0kJmol~! and —27.1 to 30.4 k] mol~!, respectively. The nega-
tive values of AG,q, suggest the spontaneous adsorption of DMABT
on the composite and base alloy surfaces. Since the values of AG,qs
of —40kJmol~! are usually accepted as threshold value between
chemisorption and physisorption, the obtained values of the AG,4s
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 7 electrons on
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Fig. 11. Arrhenius plots for the base alloy in 2M HCl+1M H,SO4 acid mixture at
different concentrations of DMABT.
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Fig. 12. In(corrosion rate/T) versus 1/T for composite in 2M HCI+1M H,S0,4 at
different concentrations of DMABT.

the benzene ring. The metal surface in contact with a solution
is charged due to the electric field that emerges at the inter-
face on the immersion in the electrolyte. This can be determined,
according to Antropov et al. [40], by comparing the zero charge
potential and the rest potential of the metal in the correspond-
ing medium. The value of pHy,, which is defined as the pH at
a point of zero charge is equal to 9.1 for aluminum [41]. So alu-
minum is positively charged in highly acidic medium, as the ones
used in this investigation. Therefore, chloride ions, sulphate ions
and DMABT can be adsorbed on aluminum surface via their neg-
ative centres. Also, DMABT can be protonated in the highly acidic
solution used in the investigation. The mechanism of adsorption
of protonated DMABT can be predicted on the basis of the mecha-
nism proposed for the corrosion of aluminum in hydrochloric acid
[42]. According to this mechanism, anodic dissolution of Al follows
steps

Al +Cl = AICI™ (10)
AICI (345)+ Cl~ — AICI,* +3e~ (11)
Table 6
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Fig. 13. In(corrosion rate/T) versus 1/T for base alloy in 2M HCl+1M H,S0,4 at
different concentrations of DMABT.

The cathodic hydrogen evolution is according to the following
steps

H +e™ — Has) (12)
Hads) + H(ads) — Ha (13)

Protonated DMABT can electrostatically interact with AICI™ 545
species, and then the oxidation of AlCI™(,45) to AICl;* 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.

3.4. Effect of temperature and activation parameters of inhibition
process

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

Activation parameters of the corrosion of 6061 Al-SiC composite in the absence and presence of different concentrations of DMABT.

Activation parameters Concentration of the medium in M

2M HCI+1M H,S04
Inhibitor concentration (ppm)

1M HCI+0.5M H,S04
Inhibitor concentration (ppm)

0.5M HCl+0.25 M H,S04
Inhibitor concentration (ppm)

0 50 250 500 1000 0 50 250 400 600 0 50 100 200 300
E, (kJmol~") 47.3 53.7 62.2 65.1 89.8 60.4 64.0 65.4 66.3 90.6 66.2 70.1 72.7 75.0 91.2
AH (kjmol-1) 44.7 51.1 59.6 62.5 87.1 53.2 62.1 62.7 63.6 87.8 64.1 67.8 70.5 73.0 89.0
AS (Jmol-TK™1) 54.9 723 97.3 105.6 179.6 55.7 77.3 98.1 117.2 181.4 82.3 88.1 90.6 120.3 182.6

Table 7

Activation parameters of the corrosion of 6061 base alloy in the absence and presence of different concentrations of DMABT.

Activation parameters Concentration of the medium in M

2M HCI+1M H,S04
Inhibitor concentration (ppm)

1M HCI+0.5M H,S04
Inhibitor concentration (ppm)

0.5M HCl+0.25M H,S04
Inhibitor concentration (ppm)

50 100 200 250 0 50 100 200 250

0 50 100 250 500 0

E, (Kfmol-1) 23.8 396 407 429 479 323
AH (kJmol-1) 212 381 369 403 453 312
AS (Jmol-1 K1) 440 22 7.1 12 241 -71

39.9 423 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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Fig. 14. (a) SEM image of the surface of composite after immersion for 2 h in 2 M HCl+1 M H,S04 at 30°C. (b) SEM image of the surface of composite after immersion for 2 h

in 2M HCl+1M H,SO4 at 30°C in the presence of 1000 ppm of DMABT.

inhibition efficiency of DMABT on both the composite and the
base alloy decreases with increase in temperature. This may be
attributed to the higher dissolution rates of aluminum at elevated
temperature and also a possible desorption of adsorbed inhibitor
due to increased solution agitation resulting from higher rates of
hydrogen gas evolution, which may also reduce the ability of the
inhibitor to be adsorbed on the metal surface. Such behavior which
was observed in both samples, suggests physical adsorption of the
DMABT on the corroding aluminum surface [45,46].

Plot of log (corrosion rate) versus 1/T for both samples
of composite and base alloy in the acid mixture containing
2M hydrochloric acid and 1M sulphuric acid in the absence
and presence of various concentrations of DMABT is shown in
Figs. 10 and 11. As shown in these figures, straight lines were
obtained according to Arrhenius-type equation:

. Eq
log (corrosion  rate) = logA — 5—=oer (14)

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

Plot of log (corrosion rate/T) versus 1/T for both the sam-
ples of composite and base alloy in the acid mixture containing
2M hydrochloric acid and 1M sulphuric acid in the absence
and presence of various concentrations of DMABT is shown in
Figs. 12 and 13. As shown in these figures, straight lines were
obtained according to transition state equation:

Corrosion rate = % . eAS/R g~ AH/RT (15)

where h is Planck’s constant, N is Avogadro’s number, AH is the
change in the enthalpy of activation and ASis the change in entropy
of activation. The calculated values of E;, AH, AS are given in
Tables 6 and 7. The data in the tables show that the values of E; 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 E, 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 E, 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 AS 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

Fig. 15. (a) SEM image of the surface of base alloy after immersion for 2 hin 2M HCl+1M H,SO4 at 30°C. (b) SEM image of the surface of composite after immersion for 2h

in 2M HCl+1M H,S04 at 30°C in the presence of 500 ppm of DMABT.
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this situation, the adsorption of organic inhibitor is accompanied by
desorption of water molecules from the surface. Thus the increase
in entropy of activation was attributed to the increase in solvent
entropy [52].

3.5. Scanning electron microscopy

In order to evaluate the effect of corrosion on the surface mor-
phology of the composite and the base alloy, SEM analysis was
carried out on the samples subjected to corrosion in acid mixture
containing 2 M hydrochloric acid and 1 M sulphuricacid in the pres-
ence and absence of the inhibitors. Figs. 14 and 15 show the SEM
images of the composite and base alloy, respectively. Fig. 14a shows
deep cavities formed due to detachment of SiC particle from the
composite when exposed to the acid mixture medium. This may
be attributed to the corrosion at the interface between the particle
and matrix due to the galvanic action, with the particle acting as a
cathodic site and resulting in the detachment of the particle from
the matrix. The faceting seen in Fig. 15a is a result of more or less
uniform corrosion on the surface of the base alloy when exposed
to the acid mixture medium. Figs. 14b and 15b show more or less
smooth surfaces of the composite and the base alloy, without pits
in the presence of inhibitors. It can be concluded that the adsorbed
layer of inhibitor provides a corrosion free smooth surface with the
lines of mechanical polishing on the composite and base alloy.

In order to gain information about the surface composition of the
composite and base alloy, EDX studies were carried out on sam-
ples that were exposed to the corrosion medium in the presence
and absence of the inhibitor. EDX spectra of the composite sam-
ple exposed to the acid mixture corrosion medium in the absence
of inhibitor showed spectral lines corresponding to aluminum, sili-
con, oxygen and small peaks corresponding to sulphur and chlorine.
In the spectra of the base alloy, the sulphur and chlorine peaks
were negligibly small. The samples exposed to corrosion medium
in the presence of inhibitors showed additional carbon and nitro-
gen signals, indicating surface coverage by the inhibitor. Presence of
higher percentage of carbon and nitrogen on the surface of the com-
posite samples than on base alloy reveals the higher adsorption of
DMABT on the composite than on the base alloy. This also accounts
for higher inhibition efficiency achieved on composite sample than
on the base alloy sample.

4. Conclusions

1. 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.

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

3. DMARBT acts as a mixed type inhibitor.

4. 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.

5. Inhibitor obeys Freundlich model of adsorption and the adsorp-
tion is through physisorption.

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