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The influence of biopolymer starch as 
corrosion inhibitor on 6061 Al-15 vol. 
pct. SiC(p) composite  in 0.05M hydro-
chloric acid was studied by potentiody-
namic polarization (PDP) and electro-
chemical impedance spectroscopy (EIS) 
technique.  The surface morphology was 
studied using SEM, EDX, AFM and XRD 
techniques. The results showed that the inhibition efficiency of starch increased with increasing inhib-
itor concentrations and also with increase in temperatures. Starch acted as a mixed inhibitor and 
underwent chemical adsorption following Langmuir adsorption isotherm.
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1. Introduction

The aluminum alloys due to their low density, 
high thermal and electrical conductivity, damping 
capacity and good corrosion resistance property 
are widely used in various engineering applica-
tions [1]. The oxide film formed on their surface 
protects the metal from undergoing corrosion. 
But aluminum alloys are not hard enough to wear 
and abrasion, so their applications become lim-
ited. In order to overcome this, aluminum alloys 
are usually reinforced with nano-structured  sili-
con carbides (SiC) particulates which are referred 
as aluminum  metal matrix composites (AMMC).  
Due to the reinforcement of SiC, aluminum alloys 
will become hard enough to wear and abrasion, 
thus they have been used in various engineering 
applications such as aviation, automobile, aero-

space etc. They also have been used in sport-
ing goods, electronic packaging etc. [2─8]. The 
main drawback of reinforcement is; it enhances 
the corrosion rate. Micro-galvanic corrosion of 
AMMCs is more likely to occur during acid pick-
ling and descaling procedures used in the surface 
preparation of such composites as the ceramic 
particles function as efficient cathodic sites and 
trigger corrosion in the presence of acid or mois-
ture. This can be combated by altering the corro-
sive environment i.e. by adding corrosion inhib-
itors [9─11]. Usually chemical compounds are 
used as corrosion inhibition, but some of them 
cause hazardous to environment as well as to the 
human beings, they are non─biodegradable and 
expensive. Now-a-days the research activities are 
geared towards cost effective, ecofriendly, biode-
gradable and non─toxic corrosion inhibitors.

Biopolymers are the class of compounds which 
has various applications in all the sectors of econ-
omy. Biopolymers are used as adhesives, lubri-
cants, adsorbents, soil conductors, drug delivery 
cosmetics etc. Biopolymers are naturally available 
cheap, non─toxic and environmentally acceptable 
and some of them showed to function as effec-
tive inhibitors for metal corrosion in different acid 
medium [12].
Starch, the biopolymer of present investigation 
is a principle carbohydrate storage product of 
higher plants containing 20% to 25% amylose and 
75 % to 80% amylopectin by weight. It has wide 
range of applications in food industry, pharma-
ceuticals, paper making and many other industrial 
branches.
As a part of our studies with ecofriendly inhib-
itors [13 ─ 15] for the corrosion control of alu-
minum material, in the present investigation 
we demonstrate the applicability of biopolymer 
starch for the control of 6061 Al-15 vol. pct. 
SiC(p) composite corrosion in Hydrochloric acid 
medium.

2. Experimental

2.1 Material

The experiment was performed by using 6061 
Al-15 vol. pct. SiC(p) composite. The composition 
of the base alloy is given in the table 1.

Tab. 1: The composition of the base metal Al─6061 alloy

Elements Cu Mg Cr Si Al

Composition(%wt) 0.25 1.0 0.20 0.60 Balance

ished with different grade emery papers. Further 
polishing was done with disc polisher using levi-
gated alumina to get the mirror surface; the spec-
imen was dried and stored in the desiccators for 
further studies.

2.3 Preparation of medium

The stock solution of HCl of higher concentra-
tion was prepared by using 37% HCl and double 
distilled water. The standardization of HCl was 
done with standard NaOH solution by volumetric 
method. From the standard solution, the required 
concentration of HCl (0.05M) solution was pre-
pared as and when required.

2.4 Preparation of inhibitor solution

Starch (Merck chemicals) was used as such. 
Molecular weight of starch was in the range of 
110,000─150,000 Dalton. Inhibitor solution was 
prepared by dissolving starch of required strength 
in hot distilled water. Starch inhibitor solution 
used was ranging from 100─800ppm.

2.5 Electrochemical measurements

Corrosion behavior studies of 6061 Al-15 vol. 
pct. SiC(P) composite was conducted by using 
electrochemical work station (CH600 D─series 
US model with CH─instrument with beta soft-
ware). The electrochemical cell used was a con-
ventional three electrode compartment glass 
cell with Saturated Calomel Electrode (SCE) as 
reference electrode and Platinum as auxiliary 
electrode. 6061 Al-15 vol. pct. SiC(P) composite 
was used as working electrode. All the poten-
tial values were recorded with respect to SCE. 
Immediately after EIS studies, Potentiodynamic 
polarization studies were carried out on the 
same electrode without any further surface 
treatment.

2.2 Preparation of test coupon

Surface area of 1 cm2 cylindrical test coupon of 
aluminum composite metal sealed with resin 
material was exposed to HCl medium. It was pol-
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2.5.1 Potentiodynamic Polarization (PDP) 
measurement

The Potentiodynamic Polarization studies was 
carried out for 6061 Al-15 vol. pct. SiC(P) com-
posite material in 0.05M HCl solution separately. 

With reference to SCE the steady states open cir-
cuit potential (OCP) was recorded at the end of 
1800 seconds. The potentiodynamic current─po-
tential plots are obtained by polarizing the work-
ing electrode (W.E) to +250mV anodically and 
─250mV cathodically with respect to OCP at the 
scan rate of 1mVsec─1.

2.5.2 Electrochemical Impedance 
Spectroscopy (EIS) studies

The EIS measurement for 6061 Al-15 vol. pct. 
SiC(P) composite material were carried out by 
using small amplitude of AC signal of 10mV, at the 
OCP with a frequency ranging from 10000 Hz to 
0.01 Hz. In all the above measurements minimum 
of 3-4 trails were done and average of best three 
agreeing value was reported.

2.6 Surface studies

In order to carry out the surface analysis; techniques 
such as SEM, EDX, AFM & XRD were adopted. 

2.6.1 Surface Morphology and elemental 
analysis

Surface Morphology studies of 6061 Al-15 vol. 
pct. SiC(P) composite was carried out by using 
analytical scanning electron microscope (JEOL 
JSM─6380L). Surface morphology of corroded 
sample was obtained by immersing 6061 Al-15 
vol. pct. SiC(P) composite in 0.05M HCl for 2 h and 
it was compared with uncorroded sample and 
elemental mapping was done by using Energy 
Dispersive X─Ray analysis.

2.6.2 Atomic force microscopy

AFM analysis was carried out by using 1B342 
innova model. And analysis was done by immers-
ing 6061 Al-15 vol. pct. SiC(P) composite in 0.05M 
HCl for 2 h and it was compared with uncorroded 
sample.

2.6.3 X-ray diffraction analysis

XRD analysis was carried out for the scraped prod-
uct of Al-composite immersed in 0.05M HCl and 
for the inhibited scraped product using miniflex 
600 model.

3. Results and discussion

3.1 Fourier transforms infrared (FTIR) 
spectroscopy of starch

Figure 1 shows FTIR spectrum of starch. In the 
fingerprint region between 900 and 1500 cm─1, 
the absorption bands at 979, 1087, 1164, 1257, 
1365, 1465 cm─1 corresponds to ─C─O─C─, 
the peak at 1650 cm─1 is attributed for tightly 
bounded H2O present in starch and the absorp-
tion band at 3541 cm─1 and 3101 cm─1 is attrib-
uted for characteristic vibrations of C─H and ─OH 
bonds.

3.2 Electrochemical measurement

3.2.1 Potentiodynamic polarization (PDP) 
measurement

Anodic and cathodic reaction kinetics occur-
ring on 6061 Al-15 vol. pct. SiC(P) composite 
in 0.05M HCl solution containing without and 
with various concentration of starch was stud-
ied using Potentiodynamic polarization method. 
Figure 2. Depicts the Potentiodynamic polariza-
tion curve i.e. plot of potential (V) verses cor-
rosion current (i) for 6061 Al-15 vol. pct. SiC(P) 
composite in 0.05M HCl with various concentra-
tion of starch along with blank. Figure 2 reveals 
the active dissolution of 6061 Al-15 vol. pct. 
SiC(P) composite in acidic environment. Further 
examination of Potentiodynamic polarization 
plots showed small shift in corrosion potential 
(Ecorr), this negligible change in the Ecorr may due 
to the condition of 6061 Al-15 vol. pct. SiC(P) 
composite and inhibited reactions of anodic 
and cathodic area [16]. The shift in both anodic 
and cathodic slopes towards negative value in 
comparison with blank indicates that, intro-
duction of starch hindered the corrosion attack 
on 6061 Al-15 vol. pct. SiC(P) composite in acid 
medium. It has been also reported that if the 
shift in Ecorr exceeds ±85mV in comparison with 
uninhibited Ecorr values, the inhibitor behaves 
either as cathodic or anodic inhibitor. But due 
to the addition of starch the displacement of 
Ecorr is maximum towards +20mV [17] and also 
cathodic and anodic branches of polarization 
curves shifted towards lower current density 
values, thus it can be consider that starch acts 
as mixed inhibitor.

Various parameters such as Ecorr, icorr values were 
obtained by Potentiodynamic polarization stud-
ies. By using icorr values percentage inhibition effi-
ciency [I.E(%)] of inhibitor on 6061 Al-15 vol. pct. 

Fig. 1: FTIR spectrum of starch

Fig. 2: Potentiodynamic polarization curves for the corrosion 
of 6061 Al-15 vol. pct. SiC(P) composite in 0.05M HCl contain-
ing various [starch] at 35 °C
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SiC(P) composite material corrosion was calculated 
by using equation (1) [18].

(1)

Then the corrosion rate in mmy-1 was obtained by 
using the equation (2)

(2)

where, 3270 is a constant which revels the unit 
of corrosion rate, ρ is corroding material den-
sity (2.66 g cm−3), M is the atomic mass of metal 
(9.15) , Z is the electrons transferred/ metal atom 
(3) [19].

Table 2 shown below discloses the Potentiody-
namic polarization values for corrosion control of 
6061 Al-15 vol. pct. SiC(P) composite in 0.05M HCl. 
It is observed in the table that there is a shift in 
+βa values, this shift may be due to adsorption of 
starch inhibitor molecule over the metal surface. 
It is also found that I.E(%) of starch increased with 
increase in concentration of inhibitor and it also 
found increase with increase in temperature of 
HCl  medium up to maximum value of 95.24% at 
50°C at highest concentration 800ppm. This indi-
cates that inhibitor molecule get firmly adsorbed 
over the metal surface even at very high temper-
ature.

3.2.2 Electrochemical Impedance 
Spectroscopy (EIS) studies

Nyquist plot of 6061 Al-15 vol. pct. SiC(P) com-
posite for uninhibited and inhibited medium is 
shown in the figure 3. Semicircle impedance plots 
were obtained for both uninhibited and inhibited 
medium. This plot consists of three frequency 
region, High frequency (HF), Intermediate fre-
quency (IF) and Low frequency (LF) region. Three 
loops of the impedance plots were assigned to 

Temp

(°C)

[Starch]

(ppm)

Ecorr

(mV/ SCE)

icorr 

( μAcm─2) 

+βa

(mVdec-1)

-βc

(mVdec-1)

CR

(mmy−1)

I.E

(%)

30

Blank ─685 193 105 632 0.73 ──

100 ─664 132 125 665 0.48 31.92

200 ─668 120 127 670 0.36 37.93

400 ─668 103 117 632 0.24 46.66

600 ─784 96 55 710 0.21 50.34

800 ─762 54 229 751 0.19 72.07

35

Blank ─755 283 343 601 1.06 ──

100 ─712 192 368 648 0.60 32.66

200 ─727 117 562 632 0.48 58.65

400 ─784 95 558 710 0.37 66.07

600 ─791 85 516 681 0.30 69.82

800 ─772 54 631 703 0.22 80.77

40

Blank ─660 412 837 613 1.55 ──

100 ─692 131 665 649 0.79 67.81

200 ─673 115 118 672 0.60 71.98

400 ─711 107 811 641 0.48 74.04

600 ─791 85 516 681 0.39 79.29

800 ─782 69 2218 775 0.28 83.07

45

Blank ─746 681 741 636 2.57 ──

100 ─689 192 722 639 0.99 71.72

200 ─727 158 562 632 0.76 76.34

400 ─784 96 558 710 0.64 85.89

600 ─773 60 594 711 0.55 91.06

800 ─772 54 631 703 0.42 92.01

50

Blank ─675 803 780 597 3.03 ──

100 ─699 225 813 665 1.18 71.81

200 ─661 140 1137 644 0.96 82.80

400 ─788 83 2049 785 0.84 89.55

600 ─782 69 2219 775 0.75 91.30

800 ─763 38 908 701 0.57 95.24

Tab. 2: Results of Potentiodynamic polarization studies for corrosion of 6061 Al-15 vol. pct. SiC(P) composite in 0.05M HCl con-
taining various [starch]

these three frequency regions. That is first capac-
itive loop at HF region, small inductive loop at IF 
region and another capacitive loop at LF region. 
The nyquist plots reported for aluminum corro-
sion in acidic medium were very well agreed with 
the obtained nyquist plots [20─27].

Fig. 3: Impedance plot for corrosion control of 6061 Al-15 vol. 
pct. SiC(P) composite in 0.05M HCl at 35 °C

6061 Al-15 vol. pct. SiC(P) composite oxidation at 
M+/oxide/solution interface corresponds to HF 
capacitive loop [25─28]. During corrosion pro-
cess, Al+1 get oxidized to Al+3. Through oxide/
electrolyte interface Al+1 will migrates from M+/
oxide interface and get oxidized to Al+3. At oxide/
solution interface OH─ and O2─ ions are formed. 
The capacitive loop at HF region is attributed for 
the formation of passivating oxide layer on the 
surface of the metal. The bulk or surface species 
relaxation in the protective oxide layer leads to 
inductive loop at IF [29] and it also may be due to 
the adsorbed inhibitor molecule relaxation over 
the aluminum surface or due to the incorpora-
tion of Cl─  ions, charged intermediates and oxide 
ions on and into the protective oxide layer. The 
LF capacitive loop is attributed to dissolution of 
M+ ions.

icorr- icorr(inh)

icorr
x 100I.E (%) = (1)

CR (mmy─1) =    !"#$×!  ×  !!"##
!  ×  !
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As the concentration of the inhibitor increased, 
the capacitive loop diameter increased, this indi-
cates the resistance to corrosion attack by the 
adsorption of inhibitor molecule. Due to the elec-
trode surface inhomogeneity, the semicircle of 
the impedance plots were depressed [30].
The equivalent circuit consists of nine elements; 
they are solution resistance (RS), charge trans-
fer resistance (Rct), Inductive resistance (RL) and 

Fig. 4a: Equivalent circuit used to simulate for the obtained 
impedance values

Fig. 4b: Impedance data obtained for 6061 Al-15 vol. pct. SiC(P) composite corrosion in 0.05M HCl at 35 °C

inductive element (L). It also consist of CPE (con-
stant phase element, Q), which is parallel to the 
series of capacitance C1 and C2 and also parallel to 
the series of resistor R1, R2, RL and Rct. RL is paral-
lel to L inductor. The circuit with parallel resistor 
and capacitance were attributed for conduction 
of ions in oxide layer and to its dielectric constant 
respectively shown in the figure 4.

Double layer capacitance (Cdl) and polarization 
resistance (RP) can be calculated by using the 
equations (3) and (4) respectively,

(3)
(4)

For circuit fitment 3.21 version of Zimpwin soft-
ware was used. Table 3 shows the results obtained 
from the circuit fitment. The component Qdl, and 
coefficient ‘a’ of Q(CPE) quantifies some physical 
phenomena like inhomogeneous of surface of the 

Cdl = C1 + C2	  

RP = R1 + R2 + RL + Rct	  

metal, binding of the inhibitor molecule and for-
mation of porous layer etc [31]. The physical phe-
nomena, surface inhomogeneous can be quanti-
fied by these parameters [32].

(5)

Compared to nyquist plot, Bode plot analysis is 
simple one. Bode diagram gives a clear explana-
tion to how the electrochemical system behaves 
depending upon the frequency and it also 
reduces the experimental data dispersion. Bode 
plot is most convenient for the extrapolation of 
the impedance data at LF and for its analysis [33]. 
Figure 5 discloses the bode plots obtained at OCP 
for 6061Al-15%(v)SiC(P) without and with various 
concentration of inhibitor. From the figure, it was 
come to know that impedance value is larger in 
presence of inhibitor when compared with blank 
which indicates, decrease in the corrosion rate 
with the addition of inhibitor.

Figure 6 revels the plots of Bode magnitude. The 
plots showed only single slope for both blank 
and with inhibited systems, the Rp values were 
obtained from the difference between HF limit 
and LF limit in Bode plots. These differences in 
Bode plot became more and more with increas-
ing the concentration of the adding inhibitor 
[34].
The polarization resistance (RP) values are 
inversely proportional to the corrosion current 
density (icorr). The inhibition efficiency can be cal-
culated by using the equation (6).

(6)

RP and RP(inh) are the polarization resistance in the 
absence and in the presence of the inhibitor.
As RP value obtained from Potentiodynamic polar-
ization measurement is in good agreement with 
RP value obtained from Electrochemical Imped-

𝐶𝐶!"  =𝑄𝑄!"× (2𝜋𝜋𝑓𝑓!"#) (a-1)	  

Fig. 5: Bode phase plots for the corrosion of 6061 Al-15 vol. 
pct. SiC(P) composite in 0.05M HCl at 35 °C in the presence of 
various concentration of inhibitors

Fig. 6: Bode magnitude plots for the corrosion of 6061 Al-15 
vol. pct. SiC(P) composite in 0.05M HCl at 35 °C in the pres-
ence of various concentration of inhibitor

ance Spectroscopy studies indicates that corro-
sion rate does not depends upon the technique 
used but it depends upon the behavior of the 
inhibitor [35, 36].
Table 3 discloses that RP values were increased 
with enhancing the concentration of inhibitor but 
Cdl value decreased because of increase in the 
thickness of electrical double layer at M+/solution 
interface [37].

I.E(%) = 
!! !"! ─  !!
!!(!"!)

𝑥𝑥  100 	  
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3.3. Effect of temperature

It is evidence from the table 2 that, I.E(%) of the 
starch inhibitor increased with increase in the 
temperature. This increase in I.E (%) is due to the 

Tab. 3: Impedance values obtained for the corrosion 6061 
Al-15 vol. pct. SiC(P) composite in 0.05 M HCl in the absence 
and presence of various concentrations of starch

Temp 
(°C)

[Starch] 
ppm

Cdl 
(μF cm‒2)

Rp 
(Ω cm2)

I.E(%)

30

Blank 192.65 118 ---
100 129.86 173 31.79
200 120.49 188 37.20
400 117.60 234 49.57
600 115.80 248 52.40
800 112.64 399 70.42

35

Blank 206.76 103 ---
100 129.74 156 33.97
200 121.65 224 54.01
400 118.09 312 66.98
600 116.10 346 70.23
800 112.36 498 79.31

40

Blank 227.89 73 ---
100 129.98 198 63.13
200 120.42 253 71.14
400 117.93 282 74.46
600 116.62 333 78.07
800 113.80 638 88.55

45

Blank 267.90 51 ---
100 130.65 166 69.27
200 121.53 230 77.82
400 119.87 357 85.71
600 118.09 372 86.29
800 112.59 408 87.50

50

Blank 281.65 46 ---
100 129.98 165 72.12
200 121.65 310 85.16
400 119.43 356 87.07
600 118.93 546 91.57
800 113.69 598 92.30

firm adsorption of the adsorbed inhibitor mole-
cule onto the surface of the metal [38]. The acti-
vation parameters such as energy of activation 
(Ea), the enthalpy (∆Ha) and entropy of activa-
tion (∆Sa) values can be obtained by studying the 
effect of temperature on the adsorption of inhib-
itor over the surface of the metal. The energy of 
activation (Ea) can be calculated by the study of 
temperature effect on the Al-composite corrosion 
process in the uninhibited and the inhibited solu-
tion from Arrhenius law equation [39],

(7)

where, B is Arrhenius constant which depends 
upon the metal type and R is equal to 8.314 
JK─1mol─1 (universal gas constant), T is the abso-
lute temperature. Figure 7 is the Arrhenius plot 
for the Al-composite material. The plots of ln (CR) 
verses 1/T gave collinear lines with a slope cor-
responding to –Ea/R from which energy of activa-
tion (Ea) values can be obtained for the Al-com-
posite corrosion and its inhibition process.

The transition state equation was used to calcu-
late the enthalpy (∆Ha) and entropy of activation 
(∆Sa) for the dissolution of metal. The transition 
state equation is [40],

(8)

Where h is planks constant (6.626×10–34 J s), N is 
Avogadro’s number (6.023×1023 mol─1). The plot 
of ln (CR/T) verses 1/T gave a collinear line with 
slope corresponding to –(∆Ha)/R, which gave the 
value of enthalpy of activation and the intercept 
corresponding to ln(R/Nh) + ∆Sa/R gave the value 
of entropy of activation. Figure 8 is the plot of ln 
(CR/T) verses 1/T for Al-composite in various con-
centration of starch inhibitor in 0.05M hydrochlo-
ric acid.  Activation parameters for the corrosion 
of Al-composite in 0.05M hydrochloric acid con-

ln (CR) = B ─    !!
!"

	  

𝐶𝐶𝐶𝐶 =   
𝑅𝑅𝑅𝑅
𝑁𝑁ℎ exp(

∆𝑆𝑆!
𝑅𝑅 ) exp(

∆𝐻𝐻!
𝑅𝑅𝑅𝑅 )	  

Fig.7: Plots of ln(CR) verses 1/T for corrosion inhibition of 
6061 Al-15 vol. pct. SiC(P) composite in 0.05M HCl containing 
different concentration of inhibitors

Fig. 8: Plots of ln(CR/T) vs 1/T for the corrosion of 6061 Al-15 
vol. pct. SiC(P) composite in 0.05M HCl containing different 
concentration of inhibitors

transfer during the corrosion of Al-composite, 
this leads to the decrease in energy of activation. 
In the other words, the inhibitor molecule gets 
chemically adsorbed on the metal surface and 
reduces the electrochemical corrosion process 
[43 – 45]. The positive signs of ∆Ha reflects the 
endothermic process of Al-composite metal dis-
solution process [46].

The entropy of activation (∆Sa) values are negative 
which indicates that, in rate determining step the 
activated complex is association not dissociation 
i.e., decrease in the disorderness on going from 
reactants towards the activated complex [47, 48].

3.4 Adsorption isotherm

The mechanism of inhibition of corrosion by the 
addition of starch can be understood by studying 
the adsorption behavior of inhibitor molecule on 
6061 Al-15 vol. pct. SiC(P) composite metal surface. 
Information regarding how the inhibitor molecule 
interacted with 6061 Al-15 vol. pct. SiC(P) com-
posite surface can be obtained by adsorption iso-
therm. (θ) Degree of surface coverage values for 
different concentration was obtained from Poten-
tiodynamic polarization studies and it was applied 
to various adsorption isotherms such as Langmuir, 
Freundlich, Temkin and Frumkin. The data was best 

taining different concentrations of starch inhibi-
tors are tabulated in table 4.
Energy of activation (Ea) values of the inhibited 
solutions is lesser when compared with that of 
uninhibited solution. This decrease in the Ea value 
of the inhibited solution is suggestive of chemical 
adsorption of the starch inhibitor on the surface 
of the metal with a resultant closer approach to 
equilibrium during the experiment at higher tem-
peratures [41, 42]. The adsorbed molecule on 
the metal surface blocks the process of charge 

[ Starch] 
g L−1

Ea 

(kJ mol−1)
∆Ha 

(kJ mol−1)
∆Sa 

(J mol−1 K−1)

Blank 59.53 56.98 −180.95
0.2 36.62 34.07 −190.45
0.4 38.61 36.06 −189.94
0.6 48.30 45.75 −186.45
0.8 50.14 47.59 −185.91
1.0 44.87 42.26 −188.21

Tab. 4: Activation parameters for the corrosion of 6061 Al-15 
vol. pct. SiC(P) composite in 0.05M HCl containing different 
concentrations of inhibitor



Journal for Electrochemistry and Plating Technology12 13Journal for Electrochemistry and Plating Technology

Eugen G. Leuze Verlag  |  www.jept.de  January 2016 January 2016  Eugen G. Leuze Verlag  |  www.jept.de

(13)

The chloride ions enhances the rate of metal dis-
solution, as they are chemically bonded in the 
interface it leads to the formation of mixture of 
oxohydroxo and chloro complexes of different 
forms given below [50]

 
(14)

 
(15)

 
(16)

 
(17)

Then, [Al(Cl)6]-3 is formed. Starch inhibitors con-
taining plenty of ─OH groups (shown in fig. 11) get 
interacts with metal and protects the metal from 
undergoing corrosion.

(18)

3.5.2 Hydrogen evolution reaction

General cathodic reduction reaction in acidic 
environment is given below,

 
(19)

The large polymer starch competes with protons 
and occupy cathodic region, forming Al─starch 
(Eq. 20). The proton size is negligible compared 
to large molecular weight compound polymer 
starch. Therefore Starch as it is larger molecule; it 

Al [ Ox (OH)y (H2O)z ] + Cl─ →Al [Ox (OH)y-1 Cl (H2O)z ]+ OH─ 	  
Al [ Ox (OH)y (H2O)z ] + Cl─ →Al [Ox (OH)y-1 Cl (H2O)z ]+ OH─ 	  

Al(OH)3 + Cl─ → Al (OH)2 Cl + OH─	  
Al(OH)3 + Cl─ → Al (OH)2 Cl + OH─	  

(AlOOH)4. H2O + Cl─ → (AlOOH)3. AlOCl. H2O + OH─ 	  
(AlOOH)4. H2O + Cl─ → (AlOOH)3. AlOCl. H2O + OH─ 	  

AlOOH +Cl─ → AlOCl + OH─ 	  
AlOOH +Cl─ → AlOCl + OH─ 	  

[Al(Cl)6]
3─

ads + [Starch]+ → [AlCl6]
3─[Starch]+ ⇆  [Al Starch]3+

ads + Cl6
─	  

[Al(Cl)6]
3─

ads + [Starch]+ → [AlCl6]
3─[Starch]+ ⇆  [Al Starch]3+

ads + Cl6
─	  

[Al(Cl)6]
3─

ads + [Starch]+ → [AlCl6]
3─[Starch]+ ⇆  [Al Starch]3+

ads + Cl6
─	  

Al2O3 + H3O
+ + e─   ⇆ Al2O3 (H2O) + 1/2H2	  

Al2O3 + H3O
+ + e─   ⇆ Al2O3 (H2O) + 1/2H2	  

fitted with Langmuir adsorption isotherm which 
can be related by the relationship (9) [47]

(9)

Where, K is adsorption/desorption equilibrium 
constant (Lmol─1), C is the concentration of inhib-
itor molecule in the electrolyte, then θ is given by 
the equation (10)

(10)

!
!
 = !

!
 + C	  

𝜃𝜃 =   
𝐼𝐼.𝐸𝐸  (%)
100 	  

The plot of 𝐶𝐶𝜃𝜃 	   verses C gave straight line; from the 
intercept 1

𝐾𝐾  	  
 values were obtained. Figure 9 indi-

cates Langmuir adsorption isotherm plot for 6061 
Al-15 vol. pct. SiC(P) composite material.

The deviation from the unity value in the adsorp-
tion isotherm slope may due to the interaction 
between the adsorbed inhibitor molecule and 
Al─composite metal surface. The assumption of 
Langmuir adsorption isotherm is, adsorbed inhib-
itor molecule will not interact with each other; 
but this assumption not obeys in case of organic 
substances containing polar groups, which blocks 
anodic and cathodic sites of metal surface. Stan-
dard free energy of adsorption (∆𝐺𝐺!"#! )  	   can be calcu-
lated by using the values of K, which is related by 
the equation (11),

(11)

where R is universal gas constant, T is the abso-
lute temperature; the value 55.55 in the above 
equation is the concentration of water in the 
solution in mol─1.
Standard enthalpy of adsorption (∆𝐻𝐻!"#! )	   and Stan-
dard entropy of adsorption (∆𝑆𝑆!"#! )	   values were 
obtained by plotting ∆𝐺𝐺!"#! 	   verses T. Figure 10 shows 
the plot of ∆𝐺𝐺!"#! 	   verses T, which gives linear plot; 
from the slope ∆𝑆𝑆!"#! 	   value and from the intercept 
∆𝐻𝐻!"#  ! 	   values were calculated by using Gibbs Helm-
holtz equation (12).

(12)

According to Bentiss F et al, if ∆𝐺𝐺!"#! 	   value is up 
to ─20kJmol─1 then it is considered that there is 
an electrostatic interaction between the proto-
nated inhibitor species and negatively charged 
metal surface i.e. physisorption. More negative 
value than ─40kJmol─1 indicates sharing or trans-
fer electrons from the inhibitor molecule to the 
surface of the metal through coordinate bond 

K = !
!!.!!

  exp  (∆!!"#
!

!"
)	  

∆𝐺𝐺!"#! =   ∆𝐻𝐻!"#! − 𝑇𝑇∆𝑆𝑆!"#! 	  

Fig. 9: Langmuir adsorption isotherm for the adsorption of 
starch on 6061 Al-15 vol. pct. SiC(P) composite in 0.05M HCl   
at different temperature

formation i.e. chemisorption [48]. Here, the neg-
ative value implies feasibility in corrosion process 
and the spontaneous adsorption of the inhibitor 
molecule on the metal surface. The ∆𝐺𝐺!"#! 	   value 
is less than ─20kJmol─1 and its value increased 
with increase in the temperature, this indicates 
the adsorption of the inhibitor molecule on 6061 
Al-15 vol. pct. SiC(P) composite is predominantly 
chemical adsorption [49].
If ∆𝐻𝐻!"#  ! 	   value less than ─40kJmol─1 then it corre-
spond to physical adsorption, if it is approach-
ing 100kJmol─1, then it is considered as chemi-
cal adsorption. In this case ∆𝐻𝐻!"#  ! 	   value is positive 
and it is approaching 100kJmol─1 i.e. ∆𝐻𝐻!"#  ! 	   =73.16 
kJmol─1, this indicates the chemical adsorption of 
inhibitor molecule over the surface of the Al─-
composite metal. The negative value of ∆𝑆𝑆!"#! 	   is 
due to decrease in the disorderness of adsorbed 
inhibitor species.

3.5 Mechanism of corrosion

3.5.1 Anodic dissolution reaction

In 0.05M HCl, the protective layer of aluminum 
gets destroyed and corrosion attack takes place. 
But corrosion rate of Al─composite is high due 
to the reinforcement of SiC particulates. Due to 
more negative potential of aluminum in galvanic 
series (E = ─1.66V) following reaction takes place 
(Eq. 13),Fig. 10: ∆G0

ads vs T plot

Tab. 5: Thermodynamic parameters for the corrosion of 6061 
Al-15 vol. pct. SiC(P) composite in 0.05M HCl 

Temp 
(K)

∆G0
ads 

(kJ mol−1)
∆H0

ads 
(kJ mol−1)

∆S0
ads 

(J mol−1K−1)

303 ─14.16
308 ─14.71 73.16 ─ 287
313 ─16.43
318 ─18.70
323 ─19.34

Al →  Al3+ + 2e─ 	  
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covers almost all the parts of the metal and brings 
down both cathodic and anodic reactions under 
control.

 
(20)

The presence of 𝜋─electrons and lone pair of 
electrons on oxygen atom are involved in pro-
tecting Al surface undergoing corrosion. The 

Al + [Starch] + e─ ⇆ [Al─starch]ads	  
Al + [Starch] + e─ ⇆ [Al─starch]ads	  

electrons are donated to the vacant p─orbitals 
of Al which leads to the formation of co─ordinate 
bond between the metal surface and inhibitor 
molecule, as the metal get protected by forming 
co─ordinate bond with inhibitor molecule, it can 
be suggest the chemical adsorption of the inhib-
itor molecule.

3.6 Surface studies

3.6.1 SEM and elemental analysis

The SEM image of freshly polished 6061 Al-15 vol. 
pct. SiC(P) composite material is shown in the Figure 
12(a), this image shows smooth surface of the metal 
with reinforced nanostructured SiC particulates. 
SEM image of the sample in contact with 0.05 M 
hydrochloric acid is shown in Figure 12(b). When 
the Surface of 6061 Al-15 vol. pct. SiC(P) composite 
material was observed in higher magnification its 
surface seems to be rough due to the formation 
of pits and intergranular. Here, 6061 Al-15 vol. pct. 
SiC(P) composite is highly susceptible to intergranular 
corrosion. This is either may be due to the presence 
of SiC particulates (present along the grain bound-

Fig. 11(a): Structure of amylose

Fig. 11(b): Structure of amylopectin

Fig. 12: SEM image of 6061 Al-15 vol. pct. SiC(P) composite 
material of a) freshly polished surface, b) immersed in 0.05 M 
HCl medium, c) immersed in 0.05 M HCl medium + 800ppm 
starch at 30℃

Tab. 6: EDX data obtained for 6061 Al-15 vol. pct. SiC(P) composite  surface analysis 

Samples
(%) Composition

Al Si O Cl C

Freshly polished 6061 Al-15 vol. pct. SiC(P) 
composite

79.19 13.88 6.93 --- 24.48

Specimen immersed in 0.05 M HCl 
medium

53.24 6.32 21.30 0.17 19.13

Specimen + 0.05M HCl + 800ppm starch 54.18 10.65 10.68 --- 26.64

aries) which acts as anodic to aluminum alloy or  due 
to the depleted zones of copper present adjacent to 
grain boundaries in copper-containing alloys [51]. 
It is evident that, after the addition of inhibitor the 
surface has become smooth. Figure 12(c) shows the 
smooth surface of 6061 Al-15 vol. pct. SiC(P) compos-
ite. This is mainly because of the formation of inhib-
itor film on the surface of the metal.

EDX studies were carried to un-corroded, corroded 
and inhibited samples. Freshly polished sample 
showed the peak for aluminum, reinforced SiC and 
for oxygen; these suggest the presence of reinforced 
SiC particulates and aluminum oxide/ hydroxide. 
Extra peak for chloride in corroded sample is due to 
the formation of aluminum chloride after corrosion. 
Peak of carbon is observed for un-corroded, cor-
roded and inhibited samples, this is due to the pres-
ence of SiC, which is also supported from the table 
6 indicating the (%) composition for carbon, but (%) 
composition for carbon in inhibited solution is more 
when compared to uninhibited solution, indicating 
the formation of protective inhibitor layer over the 
surface of the metal.

3.6.2. AFM analysis

The 3-dimensional (3D) images of 6061 Al-15 
vol. pct. SiC(P) composite is given in the figure 13. 
Freshly polished metal surface image, specimen 
immersed in 0.05 M HCl medium and specimen + 
0.05M HCl + 800ppm starch is given in the figure 
13(a), 13(b) & 13(c) respectively. The average 
surface roughness (Ra), Root mean square (RMS) 
roughness (Rq) and peak-valley maximum (P-V) 
values were given in the table 7. 

It is evident from the table 7, that Ra, Rq and (P-V) 
values of inhibited sample is very less compared 
to polished and uninhibited sample this indicates 
the adsorption of the inhibitor molecule over the 
metal surface.

Tab. 7: AFM data obtained for 6061 Al-15 vol. pct. SiC(P) composite surface analysis

Samples Ra (nm) Rq (nm) (P-V) (nm)

Freshly polished 6061 Al-15 vol. pct. SiC(P) composite 52.6 68.3 1513
Specimen immersed in 0.05 M HCl medium 78.9 146 2522

Specimen + 0.05M HCl + 800ppm starch 35.7 47.6 640

a)

b)

c)



Journal for Electrochemistry and Plating Technology16 17Journal for Electrochemistry and Plating Technology

Eugen G. Leuze Verlag  |  www.jept.de  January 2016 January 2016  Eugen G. Leuze Verlag  |  www.jept.de

Fig. 13: 3D image of 6061 Al-15 vol. pct. SiC(P) composite 
material of a) freshly polished surface, b) immersed in 0.05 M 
HCl medium, c) immersed in 0.05 M HCl medium + 800ppm 
starch at 30℃

3.6.3 XRD Analysis

XRD spectrums for the corroded powdered 
sample and for the sample with inhibitor were 
given in the figure 14(a) and 14(b) respectively.

The figure 14(a) showed that intensity of the 
peak is more i.e. 147.54, 265.55, 986.52, 9760.95, 
196.46, 3926.88, 399.15, 1901.55, 308.32, and 
1488.2; figure 14(b) showed less intense peak 
i.e. 136.77, 237.28, 784.94, 9069.98, 139.23, 
3867.45, 326.62, 1781.61 and 1383.39. This 
decrease in the peak intensity for the sample with 
inhibitor is due to the adsorption of the starch 
molecule onto the surface of the metal.

Conclusion 

Based upon the studies carried to control the 
corrosion 6061 Al-15 vol. pct. SiC(P) composite 
material in 0.05M HCl following conclusions are 
drawn,

a. Starch acted as a mixed inhibitor by control-
ling both dissolution of metal ion and hydro-
gen gas evolution reaction.

b. I.E. (%) of starch increased with increase in 
the [starch] and as well as temperature.

c. Adsorption, kinetic and thermodynamic 
studies on corrosion control of Al-com-
posite using starch inhibitor at lower acid 
concentration showed chemical adsorption 
followed by Langmuir adsorption isotherm.

d. Surface studies such as SEM, EDAX, AFM & 
XRD supported for the adsorption of starch 
molecule onto the surface of the metal.
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Fig. 14(a): XRD spectrum for corroded 6061 Al-15 vol. pct. 
SiC(P) composite

Fig. 14(b): XRD spectrum for 6061 Al-15 vol. pct. SiC(P) com-
posite immersed in inhibited solution
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