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ABSTRACT
The corrosion behaviour of Al6061/3wt%SiC/3wt%B4C hybrid composite
was investigated in the presence of 0.5M HCl medium using gravimetric,
electrochemical, and theoretical methods. In the present work,
ethylenediaminetetraacetic acid disodium (EDTA) was used as an eco-friendly
inhibitor. EDTA showed mixed inhibitor behavior, and its inhibition
performance decreased with rising temperature from 303 to 323 K. EDTA
evinced maximum inhibition efficiency of 82 % at 1.074 mM. The kinetic and
thermodynamic results controlling corrosion were evaluated. The inhibition
process occurred through the adsorption of EDTA on the hybrid composite
sample, which obeyed Langmuir's adsorption isotherm. The experimental
results were validated by theoretical study. The corroded and inhibited
specimen's surface analysis performed using scanning electron microscopy
(SEM) and atomic force microscopy (AFM) confirmed the adsorption of EDTA
on the hybrid composite surface.
© 2022 Published by Faculty of Engineering

1. INTRODUCTION
The two phases that are chemically non-reactive, the
matrix and reinforcing, constitute a composite
material. In composites' manufacture, the
reinforcing grades used are particles, fibers, or
flakes. In a composite material, the reinforcing phase
embedded in the matrix phase. The reinforcing
phase is usually less ductile compared to the matrix
phase. Different kinds of matrix phases such as
metals (Metal matrix composites, MMCs), polymers

(Polymer matrix composites, PMCs), Ceramic
(Ceramic matrix composites, CMCs) can make the
composite materials. They can also be grouped as
Particulate, Fibrous, and Laminate composites based
on the reinforcement phases involved [1]. Low
density, high rigidity, strength, ease for molding into
complex shapes, low coefficient of thermal
expansion, better fatigue resistance, etc., are the
crucial advantages of composite materials over
traditional materials [2]. In the production of MMCs,
aluminium and its alloys are the widely used matrix
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phases. These MMCs are the key "engineered
materials" employed in the automotive and
aerospace industry. The addition of non-metallic
materials such as SiC, B4C, etc., will boost the base
matrix's mechanical and tribological properties [2,3].
Among the different Al alloys, AA6061 alloy exhibits
lesser weight with high machinability and hardness.
Their ability to form a stable oxide layer when
exposed to the atmosphere makes them corrosionresistant [4]. Hence, they are helpful in various
domestic and industrial applications. However,
aluminium alloys suffer from the disadvantage of
possessing a low strength-to-weight ratio. This
problem leads to an easy crash of material on the
application of high load. It may be controlled by
incorporating particulate materials like SiC, B4C, etc.,
into the aluminium alloy matrix [5,6]. However,
SiC/B4C as reinforcement material creates additional
problems of depletion of the aluminium oxide layer
formed on the composite surface. It thus reduces the
resistance of the composite towards corrosion in the
aggressive medium [7,8]. In automobile and aircraft
industries, hydrochloric acid is widely employed as
pickling, chemical, and electrochemical etching
agents for aluminium alloys/composites [9]. In Al
alloy hybrid composite, the presence of SiC/B4C as
reinforcing material leads to surface discontinuity,
which generates a large number of active sites for
corrosion [8,10]. It is necessary, in such situations, to
check the excessive dissolution of the metal. Among
the different combating methods for corrosion, the
addition of inhibitors to the corrosive medium is the
most straightforward and cost-effective approach.
Hence, it becomes necessary to utilize efficient
corrosion inhibitors [11]. A literature survey reveals
that organic compounds with heteroatoms (O, N, and
S) are the most efficient corrosion inhibitors [12].
The usage of eco-friendly corrosion inhibitors has
gained a lot of importance in recent years [13,14].
Low-cost and nontoxic inhibitor compounds
showing good inhibition efficiency are the most
preferred.

Fig. 1. The Structure of EDTA (disodium salt).
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EDTA (Fig. 1) is an environmentally benign
material that is readily soluble in the aqueous
medium. Some of the other investigators used
EDTA as the corrosion inhibitor for carbon steel
[15] and Al [16]. The present work describes the
experimental and theoretical study on combating
AA6061/3wt% SiC/3wt% B4C hybrid composite
corrosion in 0.5M HCl medium using EDTA as an
inhibitor. Further, the experimental results
obtained were supported by the theoretical as
well as the surface morphological studies.
2. EXPERIMENTAL
2.1 Materials
A hybrid Al alloy composite, AA6061/3wt%
SiC/3wt% B4C, was employed as the study
material in this work. The base matrix, AA6061
alloy used in this composite has the chemical
composition (wt. %): 0.95 Mg; 0.52 Si; 0.55 Fe;
0.24 Cu; 0.14 Mn; 0.25 Cr; 97.35 Al. This alloy was
reinforced with 3 wt% SiC and 3 wt% B4C
particles [17]. In the gravimetric test, composite
samples having 1cm diameter and 1cm thickness
were used. A cylindrical test coupon of the hybrid
composite was embedded in an acrylic resin
material, leaving an exposed area of 1cm2.
Initially, using emery papers of various grades
(200-800), the specimen was abraded and then in
a disc polisher with levigated alumina. Lastly,
degreased using acetone, washed in distilled
water, and dried. This specimen was employed in
electrochemical studies. The stock solution of
0.5M HCl was prepared using an analytical grade
sample of HCl (37 percent) and standardized by
the volumetric method. EDTA disodium salt
(Merck) was used as an inhibitor and its solution
prepared in 0.5M HCl.
2.2 Gravimetric test
A freshly abraded test sample weighed accurately
and then completely immersed in a100 ml of 0.5
M HCl solution without and with EDTA in a 250
ml beaker for 12h at 303K without stirring. A
steady temperature of the test solution was
maintained within ±1 K using a calibrated
thermostat. Alter 12h of the immersion time; the
specimen was removed from the test solution and
immersed in nitric acid (70%) for 2-3 min to
dissolve the corrosion product and then
scrubbed the specimen surface with a bristle
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brush in the presence of running water. Finally,
the specimen was rinsed with acetone and dried
[18]. The dried test specimen weighed again,
calculated the corresponding weight loss, and
repeated the same procedure at 24, 48, and 96 h
of immersion time. Each measurement was
carried out three times and used the mean value.
2.3 Electrochemical methods
Electrochemical studies were conducted using a
workstation (USA model-CH604D series with
beta software). A cell system consisting of a
reference electrode (saturated calomel), an
auxiliary electrode (platinum), and a working
electrode (AA6061 hybrid composite) was
employed. The experiments were conducted
using a hybrid composite specimen embedded in
acrylic resin with an exposed surface area, 1cm2
and 0.5M HCl solution as the corrosive medium at
three different temperatures (303, 313, and
323K) without and with the addition of inhibitor,
EDTA. The temperature of the medium was
maintained accurately (±1K) using a calibrated
digital thermostat. A steady open circuit potential
(OCP) was attained by submerging the working
electrode in the test solution of 0.5 M HCl for 30
minutes.
In potentiodynamic polarisation (PDP) tests, the
working electrode was polarised from −250 mV
to +250 mV with a scan rate of 1mV/s at OCP. The
Current vs. Potential plot (Tafel plot) was
recorded. From the Tafel plot, corrosion potential
(Ecorr) and current density (icorr) were obtained.
Inhibition efficiencies were calculated by
knowing the icorr corresponding to the blank and
inhibited solution. Electrochemical impedance
spectroscopy (EIS) tests were performed by
applying an AC signal of 10 mV in 100 kHz-0.01
Hz frequency range at OCP. The Nyquist plot was
recorded, and a suitable equivalent circuit was
obtained using ZSimpwin software version 3.21.
2.4 Surface characterization
The surface morphological studies were
conducted on AA6061 hybrid composite samples
immersed for 3hrs in 0.5M HCl without and with
EDTA. The surface images of specimens were
recorded using SEM (EVO 18-5-57 model). The
roughness of fresh, corroded and inhibited
specimen surfaces were analyzed by AFM
(IB342-Innova model).

2.5 Theoretical method
The quantum chemical measurements were
performed with the aid of the software Gaussian
Maestro material science suit with the
correlation factor (B3LYP) and basis set (631+G)
[19]. Highest occupied and lowest unoccupied
molecular orbitals (HOMO and LUMO) obtained
for EDTA were used to evaluate the parameters,
such as the energies of HOMO (EHOMO) and LUMO
(ELUMO), energy gap (Eg), etc.
3. RESULTS AND DISCUSSION
3.1. Gravimetric measurements
The weight loss was measured at different
immersion times (12, 24, 48, and 96 h) at 303K by
precisely weighing the composite samples before
and after immersion in 100 ml of 0.5 M HCl and
(0.5M HCl + EDTA) separately in a 250 ml beaker.
In each case, the weight difference of the sample
before and after immersion gives the weight loss.
The corrosion rate (CR) was computed from the
Eq. (1) [20]:
𝐶𝑅 =

87.6 𝑊
𝜌𝐴 𝑡

.

(1)

In this equation, W indicates the weight loss (g
dm-3), ρ represents the density (2.7 g cm-3), and A
the area (cm2) of the composite sample, t
indicates the immersion time (h).
The inhibition efficiency (IE) of EDTA in 0.5M HCl
was obtained as per Eq. (2)[20]:
𝐼𝐸 (%) =

𝑊0 −W
𝑊0

× 100.

(2)

In the above equation, W0 and W indicate the weight
loss of the composite samples immersed in 0.5 M
HCl without and with EDTA, respectively, at 303 K.
The gravimetric measurements presented in
Table 1 indicate the decrease in weight loss
with an increase in the EDTA concentration in
the acid medium. As a result, the IE displayed
by EDTA improved on increasing its
concentration, and it has reached a maximum
value of 83% at 1.074 mM EDTA. However, the
weight loss obtained remains almost constant
beyond this optimum EDTA concentration
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3270 × M × 𝑖𝑐𝑜𝑟𝑟
ρ×Z

(1.074 mM). As the EDTA concentration
increases, the number of its molecules
adsorbing on the composite surface also
increased and reduced the active surface for the
acid's attack on the composite body and increased
IE of EDTA [20]. It is also evident from the
gravimetric results that the IE of EDTA decreases
marginally on raising specimen samples'
immersion time from 12 to 96 h.

Where, conversion factor = 3270, icorr = current
density (Acm-2), M = atomic mass of Al (27), 𝜌 =
density of Al (2.7 g cm-3), and Z = number of
electrons transferred per atom, 3.

Table 1. The gravimetric test results for AA6061
hybrid composite in 0.5M HCl without and with EDTA
at varied immersion time and 303 K.

Where, icorr indicates the corrosion current density
in 0.5M HCl while icorr(Inh) in (0.5M HCl + EDTA).

Immersion
time (h)

12

24

48

96

[EDTA]
(mM)
Blank
0.054
0.107
0.161
0.215
0.322
0.537
1.074
Blank
0.054
0.107
0.161
0.215
0.322
0.537
1.074
Blank
0.054
0.107
0.161
0.215
0.322
0.537
1.074
Blank
0.054
0.107
0.161
0.215
0.322
0.537
1.074

Wt. loss
(mg)
11.5
7.3
5.7
4.9
3.7
3.2
2.4
1.9
14.3
9.3
7.2
6.3
5.0
4.5
3.7
2.6
21.0
14.5
11.2
9.9
7.9
7.3
6.1
4.1
35.1
27.0
21.8
20.3
17.0
14.2
11.2
7.4

CR
(mmpy)
4.024
2.554
1.995
1.715
1,294
1.121
0.840
0.665
5.030
3.272
2.533
2.216
1.759
1.583
1.266
0.914
7.545
4.905
3.825
3.297
2.588
2.271
1.780
1.401
12.575
9.674
7.810
7.273
6.090
5.375
4.013
2.651

IE
(%)
36.53
50.42
57.38
67.84
72.17
79.13
83.48
34.96
49.65
55.94
65.03
68.53
74.82
81.82
30.95
46.67
52.86
62.38
65.24
70.95
80.47
23.07
37.89
42.16
51.57
59.54
68.09
78.92

3.2 PDP measurements
The corrosion inhibition behavior of EDTA on
AA6061hybrid composite was tested using the
PDP technique. As shown in Fig. 2, the hybrid
composite's corrosion behavior in 0.5 M HCl and
0.5M HCl containing EDTA at 303 K represented
as Tafel polarization curves. The CR of the hybrid
composite and IE of EDTA have determined by
Eq. (3) and (4) respectively [21]:

76

𝐶𝑅(mmpy) =

𝐼𝐸(%) =

𝑖𝑐𝑜𝑟𝑟 −𝑖𝑐𝑜𝑟𝑟(𝑖𝑛ℎ)
𝑖𝑐𝑜𝑟𝑟

.

× 100 .

(3)

(4)

Fig. 2. Tafel plot for AA6061hybrid composite in 0.5M
HCl without and with EDTA at 303 K.

It is clear from the PDP results (Table 2) that the
CR of the hybrid composite exposed to the blank
solution increased as the temperature increased.
The blocking effect caused by the added EDTA to
the acid medium resulted in a decrease in CR [22].
The efficiency of the inhibition improved with an
increase in EDTA concentration. EDTA showed a
moderate efficiency of 81.7% at 1.074 mM and
303K. Further, the IE of EDTA remains almost
constant above 1.074mM EDTA concentration.
The decrease in IE observed with a temperature
increase indicates that EDTA molecules'
adsorption
occurs
primarily
through
physisorption [23]. According to the literature, if
the observed change of the Ecorr value in the
inhibited medium is greater than ±85 mV
compared to the corroded medium, the inhibitor
may be regarded as cathodic or anodic [24]. The
difference in Ecorr value obtained in the present
case is less than 85mV, which supports the claim
that EDTA functions as a mixed form inhibitor. It
is evident (Table 2) that the addition of EDTA to
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the acid medium has not caused a significant
change in the cathodic slope (bc) values, which
suggests that the EDTA blocks the active sites on
the hybrid composite surface without modifying
the corrosion process mechanism [25].
Table 2. PDP results for AA6061 hybrid composite in
0.5M HCl without and with EDTA at varied temperatures.
[EDTA]

Ecorr

bc

icorr

CR

IE

(mM)

(mV)

(mVdec-1)

(mAcm-2)

(mmpy)

(%)

Blank
0.054
0.107
0.161
0.215
0.322
0.537
1.074
Blank
0.054
0.107
0.161
0.215
0.322
0.537
1.074
Blank
0.054
0.107
0.161
0.215
0.322
0.537
1.074

-702
-726
-727
-729
-729
-724
-710
-706
-715
-719
-719
-715
-717
-730
-717
-713
-725
-741
-727
-739
-734
-739
-738
-735

50.50
52.18
54.21
53.03
53.17
54.49
53.97
52.31
47.50
45.37
46.04
45.44
45.31
50.68
48.00
48.43
45.50
42.82
44.90
44.37
44.80
46.25
47.33
49.47

5.850
3.811
2.971
2.563
1.778
1.765
1.384
1.068
13.55
11.02
10.50
8.972
8.530
6.792
6.136
5.195
17.30
15.03
13.97
12.87
11.70
9.906
9.285
7.625

2.515
1.635
1.275
1.099
0.863
0.757
0.593
0.467
5.825
4.728
4.505
3.848
3.659
2.914
2.632
2.228
7.410
6.447
5.989
5.521
5.019
4.249
3.983
3.271

34.9
49.2
56.2
65.7
69.8
76.3
81.7
18.7
22.5
33.8
37.0
49.9
54.7
61.7
13.1
19.2
25.6
32.4
42.7
46.3
55.9

323

313

303

T
(K)

Arrhenius plots (Fig. 3 (a)) indicate straight-line
graphs with the correlation coefficient (R2) value
almost closer to unity (Table 3). From the straightline slope (–Ea/R), the Ea value was computed. As
per Table 3, the inhibited medium's Ea values are
more significant than that in the blank, which
implies that the rate of deterioration of hybrid
composite is under control. EDTA adsorption on the
hybrid composite surface blocks the transfer of
charge during the corrosion process, increasing Ea
[29]. The Ea values increased on increasing the
EDTA concentration, which supports the possibility
of the physisorption of EDTA on the hybrid
composite surface [30]. ∆Ha and ∆Sa values for the
inhibition process was calculated from the
transition state relation, Eq. (6) [31]:

CR =

RT
Nh

exp(

∆𝑆𝑎
R

) exp( −

∆Ha
RT

).

(6)

Where h is the Plank's constant and N is the
Avogadro's number.

3.3 Effects of temperature
The PDP results (Table 2) indicate that the IE of
EDTA decreases as the temperature increases,
which may be due to higher temperature
increasing dissolution rates of aluminium and
the probable desorption of adsorbed EDTA
molecules. The physisorption of EDTA over the
composite surface indicates such behaviour [26,
27]. The activation parameters like activation
energy (Ea), enthalpy (∆Ha), and entropy (∆Sa) of
activations have measured using the
experimental results on the corrosion of hybrid
composite at varied temperatures. The
Arrhenius equation [28] was used to calculate
the Ea value.
ln(𝐶𝑅) = B −

Ea
RT

.

(a)

(5)

Where B indicates the Arrhenius constant in the
above relation. R represents the universal gas
constant, and T is the temperature (K).

(b)
Fig. 3. (a) Arrhenius plot, and (b) ln(CR)/T vs. 1/T plot
for AA6061 hybrid composite in 0.5 M HCl and (0.5M
HCl + EDTA).
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The ln(CR/T) vs. 1/T plot (Fig. 3. (b)) gave a
straight-line. The correlation coefficient (R2) of
the plot obtained is almost closer to unity (Table
3). The recorded ∆Ha and ∆Sa values (Table 3) are
computed from the slope given by -∆Ha/R and the
intercept by [ln(R/Nh) + ∆Sa/R], respectively. In
the inhibited medium, the ∆Sa values are more
positive than in the blank medium, suggesting the
development of an ordered, stable film of EDTA
on the hybrid surface [32].

Where 55.5 indicates the concentration of water
in solution (mol L-1). The graph of ΔG°ads vs. T
displayed a straight-line plot (Fig. 4 (b)). The
entropy (ΔS°ads) and enthalpy (ΔH°ads) of
adsorption values have computed using the slope
and intercept values of the straight-line plot (Fig.
4 (b)) as per the Eq. (10):
0
0
∆𝐺 0 𝑎𝑑𝑠 = ∆𝐻𝑎𝑑𝑠
− 𝑇∆𝑆𝑎𝑑𝑠
.

(10)

Table 3. Activation parameters for AA6061 hybrid
composite in 0.5 M HCl without and with EDTA.
Ea
[EDTA]
(mM) (KJmol-1)

Blank
0.054
0.107
0.161
0.215
0.322
0.537
1.074

44.21
56.18
65.50
66.10
72.18
70.65
77.97
79.76

R2

ΔHa

ΔSa

( KJmol-1)

(Jmol-1 K-1)

41.61
53.58
62.90
63.50
69.58
68.05
75.37
77.16

-72.38
-36.38
-7.48
-6.78
11.58
27.48
27.48
31.55

0.9588
0.9588
0.9567
0.9567
0.9588
0.9541
0.9581
0.9440

R2

0.9514
0.9548
0.9504
0.9547
0.9401
0.9533
0.9533
0.9466

3.4 Adsorption isotherm
(a)

We can analyse the possible interaction of EDTA
at the AA6061 hybrid composite surface by
applying the different adsorption isotherms to
the system. The mechanism of inhibition can be
better understood from the adsorption isotherm
followed. Langmuir's adsorption isotherm [33]
was obeyed more precisely in this case among the
various adsorption isotherms examined. The
adsorption isotherm of Langmuir's stated as
𝐶𝑖𝑛ℎ
θ

=

1
𝐾𝑎𝑑𝑠

+ 𝐶𝑖𝑛ℎ .

(7)

In this equation, Cinh = concentration of EDTA, and
Kads = equilibrium constant for adsorption. The
surface coverage (ϴ) value was obtained using
the Eq. (8):
𝛳=

IE(%)
100

.

(8)

The graph of Cinh/θ vs. Cinh displayed a straightline (Fig. 4 (a)) with the correlation coefficient
(R2) value closer to one (Table 4), which reveals
that adsorption of EDTA followed Langmuir's
isotherm model [14]. The straight-line plot
intercept gives the value of Kads, which was used
as per the Eq. (9) to obtain the standard free
energy of adsorption (ΔGoads) [34].
1

𝐾ads = 55.5 e (
78

−∆𝐺°𝑎𝑑𝑠
).
RT

(9)

(b)
Fig. 4. (a) Langmuir adsorption isotherm and (b) ΔG°ads
vs. T plots for the adsorption of EDTA from 0.5M HCl on
the hybrid composite.
Table 4. The thermodynamic results for EDTA
adsorption on AA6061 hybrid composite in 0.5M HCl.
T

ΔGads

(K)

(KJmol-1)

303
313
323

-24.41
-22.57
-22.09

Slope

R2

1.147
1.136
1.393

0.9472

ΔHoads

ΔSoads

(KJ mol-1)

(Jmol-1 K-1)

-59.33

0.116

The thermodynamic measurements have
displayed in Table 4. According to the
literature, the ΔGoads value up to -20kJmol-1
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implies physisorption while greater than 40kJmol-1 implies chemisorption [35]. In the
present case, the obtained ΔGoads values lie
between -20 and -40 kJmol -1 and closer to 20
kJmol-1, which indicates that EDTA adsorption
on the composite surface occurs through mixed
adsorption, mainly with physisorption. The
negative value of ΔHoads also suggests the
possibility of the physisorption of EDTA on the
hybrid composite [35]. The ΔS°ads value is
positive, which shows that the randomness
induced due to water displacement from the
hybrid composite surface exceeds the
reduction in entropy due to the organized
arrangement of EDTA molecules on the hybrid
composite surface [36].

Where fmax is the frequency at which an imaginary
part of impedance (–Z ′′) shows the maximal
value. The inhibition efficiency, IE (%) of EDTA,
was obtained using Eq. (13) [39].
𝐼𝐸 (%) =

𝑅𝑝(𝑖𝑛ℎ)− 𝑅𝑝
𝑅𝑝(𝑖𝑛ℎ)

× 100 .

(13)

3.5 EIS measurements
Nyquist plots depicting the corrosion behaviour
of AA6061 hybrid composite in 0.5M HCl without
and with EDTA are shown in Fig. 5 (a). The semicircular nature of Nyquist plots recorded
indicates that corrosion is a charge transfer
controlled process. The diameter of the
semicircle plot increased on increasing the EDTA
concentration. The increase in the capacitive loop
diameter suggests that the presence of EDTA
controls the charge transfer process [37]. The
depressed semicircle plots obtained may be due
to the hybrid composite's surface nature, such as
roughness, impurity, grain boundaries, and
distribution of active surface sites [38]. The
impedance plots of a similar type were reported
earlier for the corrosion of Al alloy/composite in
HCl solution [39-41]. The EIS data obtained in the
presence of EDTA was fitted into an equivalent
circuit as shown in Fig. 5 (b) using the ZSimpWin
software version 3.21. The equivalent circuit
contains elements like charge transfer resistance
(Rct), the constant phase element (Q), the solution
resistance (Rs), the inductance resistance (RL),
and the inductor (L). In the equivalent circuit, Q,
Rct, and RL are parallel, whereas L and RL are in
series. The polarisation resistance (Rp) was
computed from Eq. (11) [39].
𝑅 𝑅

𝑅𝑝 = 𝑅 𝐿+𝑅𝑐𝑡 .
𝐿

(11)

𝑐𝑡

The Cdl (double layer capacitance) value was
obtained using Eq. (12) [41].
𝐶𝑑𝑙 = 2𝜋𝑅

1

𝑃 𝑓𝑚𝑎𝑥

.

(12)

(a)

(b)
Fig. 5. (a) Nyquist plots for AA6061 hybrid composite
in 0.5M HCl without and with EDTA at 303 K; (b)The
equivalent circuit used to fit EIS data of AA6061
hybrid composite in 0.5M HCl containing 0.107mM
EDTA at 303 K.

Rp is the blank medium's polarisation resistance,
and Rp(inh) in the inhibited medium. Rp values
increased, whereas Cdl decreased at a higher
concentration of EDTA (Table 5). Rp values
observed increase might be due to the rise in the
resistance offered by the adsorbed film of EDTA
molecules towards the composite corrosion. A
decrease in Cdl observed on increasing EDTA
concentration may be due to an increased
thickness of the electric double layer at the
composite/acid medium interface [41].
79
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Table 5. EIS results for AA6061 hybrid composite in
0.5M HCl without and with EDTA.
[EDTA] (mM)
Blank
0.054
0.107

RP (Ωcm2)
37.1
58.5
77.36

C dl (µF cm-2)
262.6
73.58
52.54

IE (%)
36.2
52.2

0.161
0.215
0.322
0.537
1.074
Blank
0.054
0.107
0.161
0.215
0.322
0.537
1.074
Blank
0.054
0.107
0.161
0.215
0.322
0.537
1.074

85.25
115.1
130.5
176.5
201.2
28.5
35.5
40.2
43.5
49.3
55.1
64.8
85.8
10.5
11.8
13.21
14.72
16.15
17.76
19.21
25.02

39.77
21.53
16.68
11.71
9.90
742.2
339.0
262.2
221.7
152.9
110.9
81.11
41.64
4332
3331
2094
1444
969
667
571
366

56.5
67.8
71.5
79.0
81.6
19.7
29.1
34.5
42.2
48.3
56.0
66.8
11.0
21.3
29.3
35.6
41.4
45.9
58.4

3.6 Proposed corrosion inhibition mechanism
Generally, organic inhibitors either control
metal/composite corrosion by physisorption,
chemisorption, or mixed adsorption. Based on the
corrosion reactions for aluminium in HCl medium,
one can predict the inhibition mechanism involved.
During the aluminium corrosion in HCl medium,
the following reactions occur at anode [42]:
Al
AlCl

Cl
ads

Cl
  

AlCl ads

(14)

AlCl

3e- (15)
-

Similarly, the possible cathode reaction includes
the release of hydrogen gas, as indicated below.

H
Hads

e
Hads

Hads
H2

charge on the composite surface becomes negative.
At very low pH or very acidic conditions, EDTA exists
in a hexaprotic form, designated as H6Y2+ [43].
Physisorption occurs when the negatively charged
hybrid composite surface attracts positively charged
protonated EDTA (Fig. 6). The heteroatoms (N, O)
and π bonds in EDTA can interact with Al atoms'
vacant p-orbital on the composite surface, resulting
in forming the coordination type bonds [44].

Fig. 6. Physisorption model for EDTA.

3.7 SEM Analysis
To find the effect of the presence of EDTA in the acid
medium on the corrosion of AA6061 hybrid
composite, we took the SEM pictures of the specimen
surface. The SEM picture of the hybrid composite
presented in Fig. 7 (a) shows a clean uniform surface
of the freshly abraded composite specimen. However,
Fig. 7 (b) shows deep pits formed because of the
SIC/B4C particle's detachment from hybrid composite
by the acid medium's aggressive attack. Micro
galvanic corrosion at the interface between the
reinforcing particle (cathodic area) and the matrix
(anodic area) of the hybrid composite results in deep
pits formation. The SEM image of the inhibited
specimen sample (Fig. 7 (c)) showed a smooth surface
with few holes. This indicates a drastic reduction in
the acid medium's aggressive action due to the
adsorption of EDTA on the hybrid composite resulting
in the deposition of a defensive film.

(16)
(17)

Generally, because of the electric field generated at
the interface, the metal surface in contact with a
solution is charged. The pHZch value (i.e., the pH value
corresponding to zero charge potential) for Al is
equal to 9.1 [42]. Hence, aluminium acquires a
positive charge in the highly acidic medium, similar
to the one used in this work. As a result, the positively
charged hybrid composite surface can attract the
acid medium's chloride ions (Fig. 6). Thus, the net
(a)
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(b)

(a)

(c)

Fig. 7. SEM images of AA6061 hybrid composite
specimen (a) freshly abraded; immersed in (b) 0.5 M
HCl, and (c) (0.5M HCl +1.074mM EDTA).

3.8 AFM Analysis
The AFM images of AA6061 hybrid composite
specimen freshly abraded and exposed to 0.5M HCl
without and with 1.074mM EDTA are presented in
Fig. 8 (a)-(c). The image of the inhibited specimen
(Fig. 8 (c)) showed a smooth surface compared to the
corroded one (Fig. 8 (b)). The surface roughness
(Average roughness, Ra and Root mean square
roughness, Rq) values for the inhibited specimen are
far less compared to the corroded one (Table 6). The
low surface roughness values for the inhibited
sample reveals the adsorption of EDTA and
subsequent formation of protective film onto the
hybrid composite surface. As a result, the corrosion
of the hybrid composite specimen was controlled.

(b)

Table 6. AFM analysis results for AA6061 hybrid
composite in 0.5M HCl without and with EDTA.
AA 6061 hybrid
composite specimen
Freshly abraded
Exposed to 0.5 M HCl
Exposed to (0.5M HCl
+ 1.074 mM EDTA)

Ra
(nm)
37.3
275
43

Rq
(nm)
49.4
195
56.1

Rmax
(nm)
660
1850
738

(c)

Fig. 8. AFM images of AA6061hybrid composite
specimen (a) freshly abraded; immersed in (b) 0.5M
HCl, and (c) (0.5M HCl + 1.074 mM EDTA).
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3.9 Theoretical study
An organic inhibitor's corrosion combating
properties are mainly related to its geometry
and its HOMO and LUMO. In the current work,
theoretical calculations were performed using
Density Functional Theory (DFT) to understand
the structure-inhibition activity relationship of
EDTA. EHOMO, ELUMO, Eg values, and the Mullikan's
charges on the inhibitor molecule have been
obtained from the theoretical study. Mullikan's
charges help to identify the electron donor and
acceptor centres in the inhibitor molecule. The
inhibitor (EDTA) used in the current work acts
as the electrons donor and the AA6061 hybrid
composite surface as the acceptor. The EDTA
molecules adsorb onto the hybrid composite
surface and thus controls its corrosion.
Mullikan's population analysis helps to identify
the adsorption sites of EDTA. Generally, the
more negatively charged heteroatoms have
adsorbed on the metal surface by donoracceptor mode of interactions [45]. It is clear
from Table 7 that atoms such as O14, O15, O16,
O17, O18, O19, O20, N3, N4 have higher charge
densities and can therefore easily donate
electrons [46, 47]. Hence, these O and N atoms
in EDTA act as active centres, which strongly
interact and result in the composite surface's
protective film formation. Now, EDTA can exit
in the fully protonated form (H 6Y2+) in a very
acidic medium like the one used in the current
work (0.5M HCl). Hence, the DFT investigation
of the protonated EDTA was also carried out.
Fig. 9 (a) & (b) represents the optimized
molecular structures of neutral and protonated
EDTA. Similarly the Fig. 10 (a) & (b) depicts the
HOMO of neutral and protonated EDTA. Fig. 11
(a) & (b) indicates the LUMO of neutral and
protonated EDTA.
Table 7. Mulliken Charges of EDTA.

(a)

(b)
Fig. 9. Optimized molecular structures of (a) neutral
and (b) protonated EDTA.
The quantum chemical parameters calculated using
the following relations: [48, 49]
EHOMO is related to I (Ionization potential), while
ELUMO to A (Electron affinity), as follows:

𝐼 = − 𝐸𝐻𝑂𝑀𝑂 .

(18)

𝐴 = − 𝐸𝐿𝑈𝑀𝑂 .

(19)

(a)

Mulliken Charges on atom
Atom
N3
N4
O13
O14
O15
O16
O17
O18
O19
O20
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Neutral EDTA
-0.4154
-0.4265
-0.4812
-0.4642
-0.4817
-0.4602
-0.4847
-0.4825
-0.4741
-0.4605

Protonated EDTA
-0.4634
-0.4754
-0.4181
-0.4911
-0.5027
-0.3591
-0.4165
-0.4902
-0.4365
-0.4366

(b)
Fig. 10. HOMO of (a) neutral and (b) protonated EDTA.
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(a)

(b)
Fig. 11. LUMO of (a) neutral and (b) protonated EDTA.

The electronegativity (χ) and the hardness (η)
values were obtained using Eq. (20) and (21),
respectively.
𝐼+𝐴
𝜒= 2 .
(20)
𝜂=

𝐼 −𝐴
2

(21)

.

The number of electrons transferred electrons
(ΔN) has computed from Eq. (22):
𝜒 −𝜒

𝛥𝑁 = 2(𝜂𝐴𝑙+ 𝜂𝐸𝐷𝑇𝐴 ) .
𝐴𝑙

𝐸𝐷𝑇𝐴

(22)

Where χAl and χEDTA is the electronegativity of Al
and EDTA, respectively, ηAl and ηEDTA is the
hardness of Al and EDTA. The softness value

was obtained from the relation,
1

𝜎=𝜂.

(23)

The EHOMO, ELUMO, Eg, and ΔN values play a significant
role in predicting the inhibitor species' chemical
reactivity and stability [50]. A higher value of EHOMO
shows the tendency of the molecule to release
electrons, whereas the lower ELUMO indicates the
tendency to receive electrons [51, 26]. The
protonated EDTA has shown a much higher EHOMO
value (Table 8) than neutral EDTA, suggesting the
former's higher electron-donating property. Hence,
this supports the formation of coordinate type
bonding. Further, the lower ELUMO value of neutral
EDTA showed a higher tendency to accept
electrons, supporting back bonding. A positive
value for ΔN reveals that the inhibitor molecule can
readily share its electrons and reverse for a
negative value [52]. ΔN value is positive (0.2186)
for neutral EDTA, while it is negative for protonated
EDTA (-1.0245). This reveals the neutral EDTA's
electron donating and the electron accepting nature
of protonated EDTA. The lower the Eg value, the
higher is the reactivity of the inhibitor molecules
that provide good inhibition activity [53]. The Eg for
neutral EDTA is lower than that of protonated
EDTA (Table 8), and hence neutral EDTA becomes
more reactive.
According to HSAB theory, a molecule's inhibition
activity influenced by its global hardness and
softness values. A soft molecule shows a higher
affinity to interact compared to a hard molecule.
The lower global hardness and higher global
softness values for neutral EDTA than protonated
EDTA reveal the neutral EDTA's better inhibition
activity. Further, the lower values of Eg, and χ, while
a higher value of ΔN for neutral EDTA, indicate its
more significant contribution towards inhibition
activity than protonated EDTA, based on its better
ability to donate electrons [54].

The quantum chemical parameters obtained have
presented in Table 8.

4. CONCLUSION

Table 8. Quantum chemical parameters for EDTA.

 EDTA is an excellent eco-friendly inhibitor for
AA6061 hybrid composite in 0.5M HCl medium.

Parameters
EHOMO
ELUMO
Band gap (Eg)
Ionization potential (I)
Electron affinity (A)
Electronegativity ()
Global hardness ()
Global softness ()
Fractions of electron
transferred (ΔN)

Neutral
EDTA
-5.8918
-0.6132
5.2786
5.8918
0.6132
3.0275
2.8643
0.3491

Protonated
EDTA
-14.341
-7.7416
6.5994
14.341
7.741
11.041
3.2997
0.3030

0.2186

-1.0245

 The results of PDP revealed the mixed inhibitor
behaviour of EDTA.
 Inhibition performance of EDTA increased on
increasing its concentration and displayed a
moderate IE of 84% at 1.074 mM and 303K.
 The inhibition mechanism followed mixed
adsorption of EDTA mainly with physisorption
and the adsorption model of Langmuir isotherm.
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 SEM and AFM analyses validated the deposition
of defensive coating of EDTA on the hybrid
composite surface.
 The experimental results obtained for the
AA6061 hybrid composite-EDTA system match
with those obtained by quantum chemical
calculations.
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