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Composite and its Base Alloy in Sulfuric Acid Medium
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The inhibitive action 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 was studied at
different temperatures in sulfuric acid medium containing varying
concentrations of it, using Tafel extrapolation technique and AC
impedance spectroscopy (EIS). Results showed that DMABT was
an effective inhibitor, showing inhibition efficiency of 70% in 0.5 M
sulfuric acid. The adsorption of DMABT on both the composite
and base alloy was found to be through physisorption obeying
Langmuir adsorption isotherm. The thermodynamic parameters
such as free energy of adsorption and activation parameters were
calculated.

Keywords acid corrosion, aluminum, EIS, metal matrix composites,

polarization

INTRODUCTION

Aluminium matrix composites (AMCs) have received con-
siderable attention for military, automobile, and aerospace ap-
plications because of their low density, high strength, and high
stiffness.' = Further, the addition of ceramic reinforcements
(SiC) has raised the performance limits of the Al (6061) alloys.!”!
It is known that aluminium matrix composites exhibited bet-
ter resistance to mechanical wear than their base alloys and
hence they have specific strength for numerous weight sensi-
tive applications.’®! One of the main disadvantages in the use
of metal matrix composite is the influence of reinforcement on
corrosion rate. The addition of a reinforcing phase could lead
to discontinuities in the film, thereby increasing the number of
sites where corrosion can be initiated and thereby making the
composites more susceptible for corrosion.®!% However the
high corrosion rates of these composites, particularly in acid
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media, can be combated using inhibitors.[!'~12] A wide variety
of compounds have been used as inhibitors for aluminum and
its alloys in acid media. These are mainly organic compounds
containing N, S, or O atoms!'>~1%) and critical use of these com-
pounds in industries has also been reviewed.['’~!°! Owing to
their usefulness in several stages of process industries, 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.”*2!l Thiosemicarbazone and
their derivatives have continued to be the subject of extensive
investigation in chemistry and biology owing to their broad spec-
trum of anti tumor activity,!*?! and in many other applications
including corrosion and inhibition of metals.[>*!

The present work aims at investigating the inhibitive
action of 4-(N,N-dimethylamino)benzaldehyde thiosemicar-
bazone(DMABT) on the corrosion behavior of 6061 Al-15 vol.
pct. SiC(p) composite and its base alloy in sulfuric acid solutions
at different concentration levels of the acids as well as at dif-
ferent temperatures. Sulfuric acid solution is used for pickling,
chemical, and electrochemical etching and in many chemical
process industries where aluminum composites are used. The
study of corrosion behavior and control of corrosion of the base
alloy and the composite in sulfuric acid solution is particularly
useful in the field where metal matrix composite is exposed to
the corrosion environment containing sulfuric acid. DMABT
with the presence of electronegative elements like nitrogen and
sulfur and also the 7 electrons on the benzene ring is expected
to be capable of strongly getting adsorbed on the metal surfaces.
The bulkiness of the molecule may provide a good surface cov-
erage. Both the above factors would result in a better corrosion
inhibition by the compound.

EXPERIMENTAL

Material
The experiments were performed with specimens of 6061 Al-
15 vol. pct. SiC(p) composite and its base alloy in extruded rod
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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 Bal

form (extrusion ratio 30:1). The composition 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, washed with double
distilled water, and dried before immersing in the corrosion
medium.

Medium

Standard solution of sulfuric acid was prepared from analyt-
ical grade (Nice) acids. The three solutions used for the study
were with the following concentrations of sulfuric acid: 0.5 M,
0.25 M and 0.05 M. Experiments were carried out using cal-
ibrated thermostat at temperatures 30°C, 35°C, 40°C, 45°C,
50°C (£0.5°C). The inhibitive effect was studied by introduc-
ing 50 ppm to 400 ppm (0.2 mM to 1.6 mM) of DMABT into
sulfuric acid solutions.

Electrochemical Measurements
Tafel polarization studies

Electrochemical measurements were carried out by using an
electrochemical work station, Auto Lab 30, and GPES soft-
ware. Tafel plot measurements were carried out using conven-
tional three electrode Pyrex glass cell with platinum counter
electrode and saturated calomel electrode (SCE) as reference
electrode. 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 sulfuric acid at different temperatures (30°C to 50°C) and
allowed to establish a steady state open circuit potential. The
potentiodynamic current-potential curves were recorded by po-
larizing the specimen to -250 mV cathodically and 4250 mV
anodically with respect to open circuit potential (OCP) at scan

rate of 1 mV s~!.

Electrochemical impedance spectroscopy studies (EIS)

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

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

Synthesis of 4-(N,N-Dimethylamino)Benzaldehyde
Thiosemicarbazone

4-(N,N-Dimethylamino)benzaldehyde thiosemicarbazone
was synthesized and recrystallized as per the reported
procedure.”! A mixture containing equimolar ethanolic 4- (N,
N-dimethylamino)benzaldehyde and thiosemicarbazone were
taken into a round bottom flask. The reaction mixture was
refluxed on a hot water bath for about 60 minutes. The light
yellow colored product obtained was separated by filtration
and dried. The product was recrystallized from ethanol. The
recrystallized product was checked by IR spectra, elemental
analysis, and melting point.

NH,
N
CHO Z SNH s
NH,CSNH,NH,
—_———»
A 1hr (1)
N(CHs) N(CHg),

RESULTS AND DISCUSSION

Potentiodynamic Polarization (PDP) Measurements

The polarization studies of aluminum specimens were car-
ried out in 0.05 M-0.5 M sulfuric acid solutions separately in
absence and presence of different concentrations of DMABT.
Figures 1 and 2 represents potentiodynamic polarization curve
of 6061 Al-SiC composite and its base alloy in 0.5 M sulfuric
acid at 30°C solutions in the absence and presence of DMABT.
Similar results were obtained in the same concentrations of sul-
furic acid at four other temperatures and also in the other two
concentrations of the sulfuric acid at the five temperatures stud-
ied.

The electrochemical parameters (Ecorrs icorrs ba, and be) asso-
ciated with the polarization measurements at different DMABT
concentrations for the composite and the base alloy in three dif-
ferent concentrations of the sulfuric acid solution at 30°C are
listed in Table 2. The surface coverage 6 of the inhibitor on the
metal surface is calculated by the expression

0 = icorr(uninh) - icorr(inh) / icorr(uninh) [2]
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FIG. 1. Tafel curves of 6061 Al- SiC composite in 0.5 M sulfuric acid at 30°C

in the presence of different concentrations of DMABT.
The inhibition efficiency (% IE) is calculated by the relation
IE (%) = 6 x 100 [3]

The data in the table clearly show that the addition of
DMABT decreases the corrosion rates of both the composite
and the base alloy. Inhibition efficiency increases with increas-
ing DMABT concentration. For the inhibited systems, the values
of E.o are shifted to more negative direction and the cathodic
branches of the curves are displaced to the left. These are typi-
cal features of cathodic inhibitors, in agreement with the results

obtained for other aluminum alloys.[3~2"]
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—a—) ppm . ::': s
0.4 —+—25 ppm Fj g:.-._-
—+v— 50 ppm F 55 H
——100 ppm F Sii
0.5 —— 200 ppm ':* ‘:.::}. -_l
@ g
S 064 :
&
>“ 074
i
08
-0.9 4
AR — T — ——r
1E-6 1E-5 1E-4 1E-3
i, Acem?

FIG. 2. Tafel curves of 6061 base alloy in 0.5 M sulfuric acid at 30°C in the
presence of different concentrations of DMABT.
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The anodic and cathodic Tafel slopes remain almost un-
changed for the uninhibited and inhibited systems. This indi-
cates that the inhibitive action of DMABT occurs by simple
blocking of the available surface area for corrosion attack. In
other words, the inhibitor decreased the surface area available
for hydrogen evolution without affecting the reaction mecha-
nism and only causes inactivation of part of the surface.[87%°)
This fact is an important observation, since the presence of SiC
particles in the composite initiate cathodic sites, which is re-
sponsible for the higher corrosion of the composite than that
of the base alloy.!® 1% Therefore, blocking of these sites via
DMABT adsorption would result in decreasing the corrosion
rate of composite to a greater extent as compared to the base al-
loy. The comparison of inhibition efficiency of DMABT for the
composite and base alloy at different concentrations and differ-
ent 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 composite may be due to its het-
erogenic 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 increasing inhibitor
concentration indicates that adsorption of inhibitor molecules
increases on the metal surface. Thus, the surface coverage in-
creases as the inhibitor concentration increases.

Electrochemical Impedance Spectroscopy (EIS)

Corrosion behavior of 6061 Al- SiC composite and its base
alloy in 0.05 M-0.5 M sulfuric acid solutions, in the absence
and presence of different concentrations of DMABT, was also
studied by electrochemical impedance spectroscopy. Figures 3
and 4 represent Nyquist plots of 6061 Al — SiC compos-
ite and its base alloy, respectively, at various concentrations
of DMABT in 0.5 M sulfuric acid at 30°C. Similar results
were obtained in two other concentrations of sulfuric acid,
and also at other temperatures studied. The electrochemical pa-
rameters obtained from the EIS measurements are tabulated in
Table 3.

As can be seen from Figures 3 and 4, the impedance diagrams
show semicircles, indicating that the corrosion process is mainly
charge transfer controlled. In the Nyquist plots for the 6061Al-
SiC composite, the impedance spectra consists of a large capac-
itive loop at high frequencies (HF) and an inductive loop at low
frequencies (LF). Similar impedance plots have been reported
in literature for the corrosion of pure aluminium and aluminium
alloys in various electrolytes such as sodium sulphate,!30~32]
sulfuric acid,?1=32! acetic acid,?": sodium chloride,3—34 and
hydrochloric acid.[?!2%33-31 The general shape of the curve is
similar for all individual samples of the base alloy, with large
capacitive loop at high frequencies (HF) and an inductive loop
at intermediate frequencies (IF), followed by a second capac-
itive loop at low frequency (LF) values. Similar results have
been reported in literature for the corrosion of pure aluminum
in acidic and neutral solutions.30~3!]
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FIG. 3. Nyaquist plots of 6061 Al-SiC composite in 0.5 M sulfuric acid at
30°C in the presence of different concentrations of DMABT.

The high frequency capacitive loop could be assigned to the
charge transfer of the corrosion process and to the formation of
oxide layer.[**=*!l- The oxide film is considered to be a parallel
circuit of a resistor due to the ionic conduction in the oxide film
and a capacitor due to its dielectric properties. According to
Brett,36:381 the capacitive loop is corresponding to the interfa-
cial 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
migration through the oxide/solution interface where they are
oxidized to AI**. At the oxide/solution interface, OH~ or O*~
ions are also formed. The fact that all the three processes are rep-
resented by only one loop could be attributed either to the over-
lapping of the loops of processes, or to the assumption that one
process only dominates, excluding the other processes.!3*~3]
The other explanation offered to the high frequency capacitive
loop is the oxide film itself.

The origin of the inductive loop has often been attributed to
surface or bulk relaxation of species in the oxide layer.*¢! The
LF inductive loop may be related to the relaxation process ob-
tained by adsorption and incorporation of sulphate ions, oxide
ions, and charged intermediates on and into the oxide film.[3*
The second capacitive loop observed at LF values could be
assigned to the metal dissolution.!®?! The measured values of
polarization resistance (Rp) increase with the increasing con-
centration of DMABT in the solution, indicating the decrease in
the corrosion rate for the base metal with increase in DMABT
concentration up to critical concentration of the inhibitor. This
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is in accordance with the observations obtained from potentio-
dynamic measurements.

However, in the case of Al/SiC composites, the obtained
semicircles in absence or in presence of inhibitor are depressed.
Deviation of this kind are referred to as frequency dispersion,
have been attributed to inhomogeneties of solid surfaces, as the
aluminum composite is reinforced with SiC particles. Mansfeld
et al.*9=*!l have suggested an exponent n in the impedance
function as a deviation parameter from the ideal behavior. By
this suggestion, the capacitor in the equivalent circuit can be
replaced by a so-called constant phase element (CPE) that is a
frequency-dependent element and related to surface roughness.
The impedance function of a CPE has the following equation:!3!]

1
Zcpg = (Yg/—a))” (4]

where the amplitude Y, and n are frequency independent, and
w is the angular frequency for which —Z" reaches its maximum
values, n is dependent on the surface morphology, with values,
—1 < n <1.Y, and n can be calculated by the equations proved
by Mansfeld et al.l*>%! In the case of base alloy, due to the
homogenous surface, frequency dispersion is very less. There-
fore the obtained semicircles in the impedance spectra are not
depressed.
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FIG. 4. Nyquist plots of 6061 base alloy in 0.5 M sulfuric acid at 30°C in the
presence of different concentrations of DEABT.
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TABLE 3
Electrochemical parameters obtained from EIS measurements of 6061 Al-SiC composite and its base alloy at various
concentrations of DMABT at 30°C

G. M. PINTO ET AL.

Composite

Base alloy

Conc. of Conc. of

Conc. of
H,SO4 (M) inhibitor (ppm) R (2 cm?) CPE (uF cm~2) IE (%) inhibitor (ppm) R, (Qcm?) CPE (uF cm™2) IE (%)

0.5 0
50

100

200

400

0.25 0
25

50

100

200

0.05 0
10

25

50

93.9
125.4
148.5
221.0
340.8
213.0
279.3
312.9
392.7
617.8
401.0
4994
612.9
884.5

222
199
168
140
120
179
158
132
111

99
101

79

64

58

25
45
58
72

23
32
46
67

20
35
55

0 360.1
25 451.0
50 523.7

100 671.5
200 799.2

0 456.7
25 551.1
50 682.9

100 839.4

0 720.0

5 862.3
10 979.9
25 1322.7

27.1
26.1
26.1
24.7
22.3
26.4
24.1
23.7
214

16.7
15.0
13.5
12.8

20
31
46
55

17
33
46

17
27
46

An equivalent circuit of five elements depicted in Figure 5a
was used to simulate the measured impedance data, as shown in
Figure 5b. In this equivalent circuit Ry is the solution resistance

later is in series with the inductor L. he polarization resistance
R, can be calculated from:!!

and R; is the charge transfer resistance. Ry and L represent the Ry x R¢
inductive elements. This also consists of constant phase element, R, = RL + R,
CPE (Q) in parallel to the parallel resistors R; and Ry, and the
Model: R(BR(LR)) Wgt: Modulus
130
= 7 Msd. RE
1203 0z | Calc. 398 318 253 @) {Q]
110 50.1 " b o] 'y 20 R,
| e o AA——
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FIG. 5. The equivalent circuit model used to fit the experimental data of the composite.

(5]



CORROSION INHIBITION OF 6061 Al/SiC COMPOSITE
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FIG. 6. The equivalent circuit model used to fit the experimental data of the base alloy.

An equivalent circuit of nine elements depicted in Figure 6a
was used to simulate the measured impedance data of the base
alloy, as shown in Figure 6b. In this equivalent circuit Ry is
the solution resistance and R; is the charge transfer resistance.
Rpand L represent the inductive elements. This also consists
of constant phase element; CPE (Q) in parallel to the series
capacitors C;, Cyand series resistors R, Ry, Ry and R;. Ry is
parallel with the inductor L. The polarization resistance R, and
double layer capacitance Cq can be calculated from equations
(6) and (7):

R, =RL+ R+ R; + R,
Ca=C+ G

[6]
(7]

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

relation,
R, — R
IE% = (P—p) x 100
R,

where R}, and R;, are the polarization resistances in the presence
and absence of inhibitors.

The Bode plots for 6061 Al/ SiC composite and its base alloy
with and without inhibitor, obtained at OCP, are presented in Fig-
ures 7 and 8. It is apparent that, in the case composite, the phase
angle maxima are quite broad after addition of DMABT where
as there is no significant change was observed for the base alloy.

It is seen from Table 3 that R (solution resistance) remains
almost constant, with and without addition of DMABT for both

(8]

the composite and its base alloy. It was also observed that the
value of constant phase element, Q, decreases, while the values
of R, increase with increasing concentration of DMABT, indi-
cating that the inhibition efficiency increases with the increase
in concentration of DMABT. The double layer between the
charged metal surface and the solution is considered as an elec-
trical capacitor. The adsorption of DMABT on the aluminum
surface decreases its electrical capacity because they displace
the water molecules and other ions originally adsorbed on the
surface. The decrease in this capacity with increase in DMABT

80
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FIG. 7. Bode plots of 6061 composite in 0.5 M sulfuric acid at 30°C in the

presence of different concentrations of DMABT.
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FIG. 8. Bode plots of 6061 base alloy in 0.5 M sulfuric acid at 30°C in the

presence of different concentrations of 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 con-
centration of DMABT. In the case of composites, adsorption of
negatively charged heteroatoms and 7 electrons of the benzene
ring of DMABT at the Al/SiC interface occurs to a better extent
than the base alloy (Q is inversely proportional to the thick-
ness of the surface film or protective layer). In the case of base
alloys due to the homogenous surface, frequency dispersion is
very less. Therefore the obtained semicircles in the impedance
spectra are not depressed. Significant change in the CPE val-
ues of the base alloy is not observed after the addition of an
inhibitor.

A comparison of the maximum attainable inhibiting efficien-
cies obtained using a.c and d.c methods are listed in Table 4

for both the composite and the base alloy in 0.5 M sulfuric acid
at different temperatures. The results show that the inhibition
efficiencies determined by the two techniques are in acceptable
level of good agreement. Similar level of agreement was ob-
served at other two concentrations of the acid mixtures also.
Though the inhibition efficiencies obtained at lower tempera-
tures (30°C, 35°C, 40°C) are quite high, it is bit lower at higher
temperatures (45°C and 50°C). Tables 2, 3 and 4 also reveal
that the optimum concentration of DMABT required for max-
imum efficiency is higher for the composite than for the base
alloy. Above the optimum concentration of DMABT given in
the tables, there was no appreciable increase in the inhibition
efficiencies. The inhibition efficiencies are as high as 71% for
the composite and 52% for the base alloy in 0.5 M sulfuric acid
solution, but the values are 52% and 43% in 0.05 M sulfuric
acid solution.

Effect of Temperature and Activation Parameters
of Inhibition Process

The results obtained indicate that the rates of aluminum cor-
rosion in absence and presence of DMABT increased with tem-
perature while the inhibition efficiency decreased. This may be
attributed to the higher dissolution rates of aluminum at elevated
temperature and a possible desorption of adsorbed inhibitor due
to increased solution agitation resulting from higher rates of hy-
drogen gas evolution, which may also reduce the ability of the
inhibitor to be adsorbed on the metal surface. Such a behavior,
observed in both samples, suggests physical adsorption of the
DMABT on the corroding aluminum surface.!*>~44

Plot of In(corrosion rate) vs. 1/T for 6061 Al composite in
0.5 M sulfuric acid in absence and presence of various concen-
trations of DMABT is shown in Figure 9. As shown from this
figure, straight lines were obtained according to Arrhenius —
type equation:

E
In (corrosionrate) = A — = [9]
RT

TABLE 4
Maximum inhibitor efficiency obtained in 0.5 M sulfuric acid solution at different temperatures

Composite

Base alloy

Inhibition efficiency (%)

Inhibition efficiency (%)

Temperature of Optimum Optimum

the medium inhibitor Tafel EIS inhibitor Tafel EIS
O concentration (ppm) method method concentration (ppm) method method
30 400 71 72 200 52 54
35 400 67 70 200 51 52
40 400 56 58 200 47 49
45 400 48 50 200 42 45
50 400 44 47 200 38 41
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FIG. 9. Arrhenius plots for the composite in 0.5 M sulfuric acid at different
concentrations of DMABT.

where A is constant depends on metal type and electrolyte, E, is
the apparent activation energy, R is the universal gas constant,
and T is the absolute temperature. Similar plots are obtained for
the base alloy also.

Plot of In(corrosion rate /T) vs 1/T for both the samples of
aluminum 6061 in 0.5 M sulfuric acid in absence and presence
of various concentrations of DMABT is shown in Figure 10. As
shown from this figure, straight lines were obtained according
to transition state equation:

. RT ast ant
Corrosionrate = —e R ¢ kT [10]
Nh
-4.0
-4.5
Y
E' -5.0
Ei 554
b}
= 0
= - ppm
Ctea ® 50ppm
g A 100 ppm
- 4 400 ppm
704
T T T T T 1 I
0.00310 0.00315 0.00320 0.00325 0.00330
T, K
FIG. 10. In(corrosion rate/T) vs. 1/T for composite in 0.5 M sulfuric acid at

different concentrations of DMABT.
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where h is Planck’s constant, N is Avogadro’s number, AH*
is the activation enthalpy, and AS* is the activation entropy.
The calculated values of apparent activation energy, E,, activa-
tion enthalpies, AH*, and activation entropies, AS* are given
in Tables 5 and 6. These values indicate that the presence of
inhibitor increases the activation energy, E,, and the activation
enthalpies, AH*. The increase in the activation energies with
increasing concentration of the inhibitor is attributed to an ap-
preciable increase in the adsorption process of the inhibitor on
the metal surface with increase in the concentration of inhibitor.

The addition of inhibitor modified the values of Ea; this
modification may be attributed to the change in the mechanism
of the corrosion process in the presence of adsorbed inhibitor
molecules.*! The lower value of the activation energy of the
process in the presence of inhibitors when compared to that in
its absence is attributed to its chemisorption, while the opposite
is the case with physical adsorption.[*=#7! In the case of both
samples of aluminum, the inhibition efficiency decreases with
increase in temperature, which indicates desorption of inhibitor
molecule.*8!

The values of AS* are higher for inhibited solutions than
that for the uninhibited solutions. This suggested that an in-
crease in randomness occurred on going from reactants to the
activated complex. 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.[*! In this situation, the adsorption of organic
inhibitor is accompanied by desorption of water molecules from
the surface. Thus, the increase in entropy of activation can be
attributed to the increasing in solvent entropy.>’!

Adsorption Isotherm

In order to understand the mechanism of corrosion inhibition,
the adsorption behavior of the organic adsorbate on the alu-
minum surface must be known. The degree of surface coverage
(0) for different concentration of inhibitor was evaluated from
potentiodynamic polarization measurements. A correlation be-
tween 6 and inhibitor concentration in the corrosive medium
can be represented by the Langmuir adsorption isotherm.

9 —
(1-6)

Kaas C (11]

where K,y is the equilibrium constant of the inhibitor adsorption
process and C is the inhibitor concentration.

A straight line was obtained on plotting C/6 against C, sug-
gesting that the adsorption of the compound on aluminum sur-
face follows Langmuir adsorption isotherm model. The slopes
are close to 1, and the strong correlation (R?> > 0.99) proved
that the adsorption of DMABT on the metal surface obeyed
to the Langmuir’s adsorption isotherm. The high values of K
for the studied inhibitor indicate strong adsorption of inhibitor
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TABLE 5
Activation parameters of the corrosion of 6061 Al-SiC composite in absence and presence of different concentrations of DMABT
Medium
0.5 M H,SO4 0.25 M H,SO4 0.05 M H,SO4
Inhibitor concentration (ppm) Inhibitor concentration (ppm) Inhibitor concentration (ppm)

Activation parameters 0 50 100 200 400 0 25 50 100 200 0 10 25 50

E, (kJ mol~') 68.8 747 803 865 984 66.0 748 7677 772 79.5 53.0 584 609 675
AH* (kJ mol™!) 655 713 76.8 83.1 949 634 722 741 749 769 503 558 583 649
AS* (J K" mol~') 82.7 99.7 114.7 133.5 168.7 69.0 95.6 100.6 102.1 105.6 224 382 416 648

on the alloy surface. Adsorption isotherms for different concen-
trations of DMABT, on the surface of 6061 Al- SiC composite
in 0.5 M sulfuric acid at different temperatures are shown in
Figure 11. Similar plots were also obtained for the base alloy.

The free energy of adsorption, Angs was calculated using
the relation,

[12]

55.56
AG°=—-RTln| ——
c1-9)

where C is the concentration of the inhibitor expressed in mole
dm™3. The calculated values of AG?, for DMABT on the com-

ads
posite and the base alloy were in the range of —27.11 to —28.59
kJ mol~'and —27.00 to —28.83 kJ mol~!, respectively. The
negative values of AngS suggest the spontaneous adsorption
of DMABT on the composite and base alloy surfaces. Since
the values of Angs of —40 kJ mol~! is usually accepted as
threshold value between chemisorption and physisorption, the
obtained values of the Angs may be indicative of both physical

and chemical process.’!!
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FIG. 11.
composite.

Langmuir adsorption isotherm for the adsorption of DMABT on the

The enthalpy of adsorption was calculated using rearranged
form of Gibbs — Helmholtz equation

AG

ads — AI—Igl)ds - TAsgds (13]
The variation of AngS with T gives a straight line with an in-
tercept that equals AH;’GIS (Figure 12). Figure shows the good
dependence of AngS on T, indicating good correlation among
thermodynamic parameters. The thermodynamic data obtained
for DMABT adsorbed on aluminum composite and base alloy
are listed in Table 7. The negative sign of AHY, in sulfuric
acid solution indicates that the adsorption of inhibitor molecule
is an exothermic process. Generally, an exothermic adsorption
process signifies either physisorption or chemisorptions, while
endothermic process is attributable to chemisorptions.>?! Typ-
ically, the enthalpy of physisorption process is lower than that
41.86 kJ mol~! while the enthalpy of chemisorptions process
approaches 100 kJ mol~!.53! In the present study, the absolute
value of enthalpy is —62.45 kJ mol~! and —50.02 kJ mol~!

for the composite and base alloy, respectively, which is an
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FIG. 12. Plot of AG? vs. T for the composite.
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TABLE 6
Activation parameters of the corrosion of 6061 Al base alloy in absence and presence of different concentrations of DMABT
Medium
0.5 M H,S0O4 0.25 M H,S04 0.05 M H,SO4
Inhibitor concentration Inhibitor concentration Inhibitor concentration

(ppm) (ppm) (ppm)
Activation parameters 0 25 50 100 200 0 25 50 100 0 5 10 25
E, (kJ mol™!) 587 61.1 613 696 766 639 650 71.1 727 59.8 63.1 645 65.1
AH* (kJ mol~!) 562 586 596 67.1 742 612 624 685 701 572 605 619 625
AS*(JK ' mol™) 40.7 474 515 715 931 547 565 748 781 374 457 507 543
intermediate case. The AS?, value is large and negative, in- mechanism, anodic dissolution of Al follows steps
dicating that an ordering takes place when the inhibitor gets
adsorbed on the metal alloy surface.[>%! Al+ClI™ = AlCl [14]

AlCl 4, + CI7 — Al ClJ +3e” [15]

Mechanism of Inhibition

The corrosion inhibition property of DMABT through ad-
sorption on the surface of the composite or the base alloy can
be attributed to the presence of electronegative elements like
nitrogen and sulfur, and also to the presence of m electrons
on the benzene ring. The metal surface in contact with a so-
lution is charged due to the electric field that emerges at the
interface. This can be determined, according to Antrapov,'>! by
comparing the zero charge potential and the rest potential of the
metal in the corresponding medium. The value of pHyz.,, which
is defined as the pH at a point of zero charge is equal to 9.1
for aluminum.®®! So aluminium is positively charged in highly
acidic medium, as the ones used in this investigation. There-
fore, sulphate ions and DMABT can be adsorbed on aluminum
surface via their negative centres. Also, DMABT can be pro-
tonated in the highly acidic solution used in the investigation.
The mechanism of adsorption of protonated DMABT can be
predicted on the basis of the mechanism proposed for the cor-
rosion of aluminum in hydrochloric acid.’”! According to this

The cathodic hydrogen evolution is according to the follow-
ing steps

H +e” — H(ads)
H(ads) + H(ads) - H2

[16]
[17]

In acidic solution, all the nitrogen atoms including secondary
amino group can be protonated easily because they are all planar
and having greater electron density. The protonated molecules
can get adsorbed on the cathodic sites of aluminum in competi-
tion with the hydrogen ions (equation 16). Co-ordinate covalent
bond formation between electron pairs of unprotonated S atom
and metal surface can take place. Further, DMABT molecules
are chemically adsorbed due to interaction of w—orbitals with
metal surface following deprotonization step of the physically
adsorbed protonated molecules.

As observed from Tables 2 and 3, the corrosion rate as well
as the inhibition efficiency increases with increase in sulfuric
acid concentration, and is maximum in 0.5 M solution. The

TABLE 7

Thermodynamic parameters for the adsorption of DEABT on Al composite and base alloy in a mixture of 0.5 M sulfuric acid at

different temperatures

Composite Base alloy

Angs AHgds ASgcls AngS AI_Igds ASgds
Temperature (K) KM™! (kJmol™!") (kImol™") (@Imol 'K KM' (kImol™") (kImol™") (Imol 'K
303 1519.7 —28.59 1782.1 —28.83
308 1223.6  —28.21 1563.0  —28.51
313 9709  —27.95 —62.45 —118.8 1478.5  —28.45 —50.02 -95.3
318 793.7  —27.32 1399.0  —27.50
323 6944  —27.11 11002  —27.00
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observations can be explained by the above adsorption mecha-
nism. The increase in the extent of adsorption of the inhibitor
on the alloy surface and in turn the increase in the inhibitor
efficiency can be attributed to the following two facts:

¢ The increase in the concentration of the acid increases
the extent of protonation of the inhibitor molecules,
thereby facilitating their adsorption on the cathodic
sites.

¢ With the increase in the concentration of the acid, the
anion of the acid (SOZ‘) adsorb physically on the pos-
itively charged metal surface, giving rise to a net nega-
tive charge on the metal surface.?!! This further facili-
tates the adsorption of protonated inhibitor molecules.

In the present case, the value of AGY; is —32.57 kJ mol~!
to —33.72 kJ mol~!, hence, indicating that the adsorption of
DMABT on the surface of aluminum involves both physical and
chemical process. But, as can be seen from Table 7, the values
of AngS decreased with increasing temperature, indicating that
adsorption of DMABT is not favored at higher temperature. This
also supports the fact that DMABT is adsorbed predominantly

by physisorption on the surface of aluminum composite.

Scanning Electron Microscopy

In order to evaluate the effect of corrosion on the surface
morphology of the composite and the base alloy, SEM analysis
was carried out on the samples subjected to corrosion in acid
mixture containing 0.5 M sulfuric acid in the presence and ab-
sence of the inhibitors. Figure 13 shows cavities formed due to
detachment of SiC particle from the composite when exposed
to the acid mixture medium. This may be attributed to the cor-
rosion at the interface between the particle and matrix due to
the galvanic action, with the particle acting as a cathodic site

FIG. 13.

SEM image of the surface of composite after immersion for 2h in
0.5 M H;SOgat 30°C in the absence of DMABT.

G. M. PINTO ET AL.

FIG. 14. SEM image of the surface of composite after immersion for 2h in
0.5 M H,S04at 30°C in presence of 400 ppm of DMABT.

and resulting in the detachment of the particle from the matrix.
Figure 14 shows more or less smooth surfaces of the composite
without pits in the presence of inhibitors.

CONCLUSIONS

1. DMABT acts as a good corrosion inhibitor for 6061 Al- 15
vol. pct. SiCp,y composite and its base alloy in sulfuric acid
medium.

2. Corrosion inhibition efficiency of DMABT increases with
increasing concentration of inhibitor up to critical concen-
tration.

. DMABT behaves as cathodic type inhibitor.

4. Inhibition efficiency of DMABT on aluminium composite is

more than that of its base alloy.

5. Inhibition efficiency of DMABT on aluminum composite
and its base alloy increases with increase in concentration
of sulfuric acid and decreases with increase in temperature
from 30°C-50°C.

6. Inhibitor obeys Langmuir’s model of adsorption, and the
adsorption is predominantly through physisorption.

7. The adsorption process is spontaneous and exothermic pro-
cess accompanied by an increase of entropy.

(O8]
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