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Abstract
The present research focused on a coating formulation for aluminum surface 2024-T3 to protect it from corrosion. The for-
mulation consisted of a polymeric epoxy resin-coated bisphenol A diglycidyl ether (DGEBA) cured with a polymeric poly-
aminoamide. The coated aluminum 2024-T3 was tested in a harsh environment of electrolyte solution (3 wt% NaCl solution) 
to simulate the harsh marine environment. The coated sample was evaluated by Electrochemical Impedance Spectroscopy 
(EIS). Under these conditions, a very high impedance (Z) value was obtained; even after exposure for a period longer than 
4392 h, the performance was still acceptable. Surface morphological study of metallic specimens before and after exposures 
to the simulated marine environment (3 wt% NaCl) was carried out using scanning electron microscopy (SEM). The results 
indicate that the DGEBA-polyaminoamide (DGEBAAA) performed as an excellent barrier for Al surface. The results were 
combined by several modeling approaches involving molecular dynamics simulation (MD), Monte Carlo methods (MC), 
and the electronic density functional theory (DFT) computations to explore the adhesion forces between the DGEBAAA 
and the aluminum surface. The computational MD, MC, and DFT studies were executed in aqueous media. Computational 
results further evidenced the stronger DGEBA-aminoamide adhesion onto the aluminum 2024-T3 even in a wet environment.
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1 Introduction

Organic-based materials are widely used as anticorrosive 
coating for aluminum structures especially those used in 
aeronautics and automobiles [1–3]. Organic coatings are 

known to strongly bond with metal surface thus prevent-
ing interfacing between the corrosion reagent and the metal 
surface. In general, the performance of the anticorrosion 
agent is strongly dependent on the physicochemical prop-
erties of the interface [4]. To this end, several researchers 
have attempted to explore the adhesion mechanism at the 
metal–coating interface by examining the physicochemical 
characteristics and the adhesion performance [5].

It has been generally agreed that metal surface directly 
affects the properties of a metal–polymer interface [6]. 
Nonetheless, providing a direct view on the interface con-
sidering molecular/atomic-level interactions has remained 
as an awkward situation. Many methods have been pro-
posed to probe transitions in metal–polymer interfacial 
state, and there are still some serious weak points associ-
ated with experimental investigations, for they are mostly 
deteriorative to the interface. As a result, the literature 
lacks a comprehensive framework for demonstrating 
chemical interfacial interaction between metal substrate 
and polymer coating layers from a molecular/atomic 
perspective. Computational modeling and simulation 
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techniques are powerful tools for tracking interfacial 
interactions at a molecular/atomic level, and provide a 
detailed picture of interfacial evolutions [7, 8].

Molecular dynamics (MD) and Monte Carlo (MC) 
simulation can give detailed information on the atomic 
level about interactional developments and time evolution 
of a given complex system [9]. The quantum chemical 
studies are considered a powerful tool to determine the 
most stable, conformable structure of the molecule and its 
electronic properties. Anticorrosive coating mechanism 
can be determined by analyzing the active sites of coating 
using DFT (Density Functional Theory) methods.

In the present study, in the first part, a polymeric-based 
epoxy (DGEBA) cured with a polyaminoamide was pre-
pared and applied on the aluminum 2024-T3 surface. The 
epoxy resin (DGEBA) has a unique structure that makes 
it ideal for this purpose. The electrophilic caps and the 
hydrophobic backbone add two useful properties to the 
coating: water repellency and strong binding to the metal 
surface. The anticorrosive properties of the cured DGEBA 
were monitored by the electrochemical impedance spec-
troscopy (EIS). The coating surface was monitored using 
a SEM. In the second part, the interfacial adhesion of 
epoxy resin coating materials onto aluminum substrates 
was studied from computational perspectives. Computa-
tional investigations using MD and MC simulations were 
carried out in wet environments. Besides the MD and 
MC simulations, the electronic structural properties of 
DGEBA-polyaminoamide responsible for its adsorption 
behavior were assessed via ab initio quantum mechanics 
method applying density functional theory (DFT).

2  Experimental

2.1  Materials and methods

The epoxy resin (DGEBA) and hardener (Polyaminoamide) 
used in this work were procured from MAPAERO-Aero-
space Coatings. They were used as received. The structures 
of these materials are shown in Fig. 1.

2.1.1  Preparation process of aluminum AA2024‑T3 
substrate

The three aluminum AA2024-T3 substrates used in this 
study were provided by Casablanca Aeronautics Group 
Figeac (Morocco). Details of their elemental compositions 
are summarized Table 1. The aluminum AA2024-T3 sam-
ples were degreased with methyl ethyl ketone (MEK) and 
dried in air for 1 h before coatings.

2.1.2  DGEBA‑polyaminoamide coating

The epoxy resin was prepared by mixing at 2:1 ratio by 
weight of polyaminoamide hardener and epoxy resin 
(DGEBA). The mixture of the two components was stirred at 
a speed of 1000 rpm for 20 min. The produced formulation 
was subjected to the application of air spray technique on 
the aluminum alloy substrate. Coated substrates were then 
dried and cured at 60 °C for 1 h. The thickness of coatings 
was measured to be in the range of 15–25 µm.

2.1.3  Curing process

The coated plates were placed in an oven at 60 °C for 1 h to 
complete the curing.

Fig. 1  Molecular structures of the epoxy resin and polyaminoamide used in this study

Table 1  Elementary chemical compositions in weight percent of the studied aluminum 2024-T3

Element Zn Mg Cu Cr Mn Si Fe Ti Al

2024-T3 0.25 1.2–1.8 3.8–4.9 0.10 0.3–0.9 0.50 0.50 0.15 Balance
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During the curing process, the epoxy resin and the curing 
agent polyaminoamide react to form a 3D thermoset polymer 
with multicoordination sites of hydroxyl and amino groups 
[10, 11]. The possible chemical structure of the curing prod-
uct of DGEBA-polyaminoamide is shown in Fig. 2.

2.2  Characterization

2.2.1  Fourier Transform Infrared (FT‑IR)

The interactions between DGEBA-polyaminoamide-steel 
were evaluated using FTIR-attenuated total reflection tech-
nique model Bruker, applying a resolution of 4 cm−1 and an 
acquisition of 100 scans.

2.2.2  EIS Measurements

EIS evaluation of the coated aluminum samples was carried 
in 3 wt% NaCl solution at 298 K using Potentiostat BioLogic 
SP-200 instrument. Three-electrode cell system was used 
for electrochemical measurement. The electrode cell sys-
tem consists of aluminum 2024-T3 as a working electrode 
(WE), Pt as a counter electrode (CE), and calomel electrode 
(SCE) as a reference electrode (RE). The EIS measurements 
were carried out at an open-circuit potential (OCP) with fre-
quency ranging from 100 kHz to 0.01 Hz, and an AC ampli-
tude of 10 mV at OCP. The EIS results were analyzed using 
EC-Lab V10.32 software fitting procedure.

The anticorrosion performance of the coated substrates 
was evaluated in an accelerated environment using a salt 
spray chamber according to ASTM B117 standard.

2.2.3  Surface Characterization

The surface morphologies of the coated aluminum samples 
before and after exposure to accelerated environment for 
4362 h were recorded using scanning electron microscopy 
(SEM, S3000H, Hitachi) with an accelerated voltage of 
20 keV.

2.3  Computational Details

2.3.1  Quantum Chemical Calculations

The relation between the molecular structures and the anti-
corrosive performance of the coating was studied by quan-
tum chemical calculation for the polymer repeat unit DGE-
BAAA in the neutral form. This was chosen to model the 
corrosion-protective film formation capacity of the organic 
coating material-based DGEBAAA on aluminum substrates. 
Figure  3 displays the chemical structure for monomer 
DGEBAAA.

The potential energy of polymer repeat unit DGEBAAA 
was minimized by means of electronic-structure calcula-
tions. Such an electronic-scale study was particularly con-
ducted to elucidate fundamental electronic/atomic views 
regarding the adhesion features of coating molecule above 
aluminum layers.

The molecular properties of the repeat unit DGE-
BAAA were calculated using Material Studio soft-
ware 6.0 equipped with the DMol3 module. Spin-
polarized DFT calculations were performed using the 
Generalized Gradient Approximation (GGA) and a 

Fig. 2  The polymer’s structure of DGEBA-polyaminoamide

Fig. 3  The chemical structure of monomer DGEBAAA 
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Perdew–Burke–Ernzerhof (PBE) functional. The calcula-
tions were based on a triple-numerical polarization (TNP) 
basis set. The convergence tolerances of energy, maxi-
mum force, and displacement were 1.0 × 10−6 Ha, 0.002 
Ha/Å, and 0.005 Å, respectively. The Grimme DFT-D 
method is employed to account for the van der Waals 
(vdW) interactions [12]. The solvent was described using 
a Conductor-like Screening Model (COSMO) [13].

2.3.2  Molecular Dynamic (MD) Simulation

MD simulation studies of DGEBAAA adsorptive behavior 
of aluminum were conducted in an aqueous NaCl media. 
MD simulation studies were performed using Materials 
studio 6.0 software [14–17] which has been used to build 
DGEBAAA molecules and aluminum (111) surface using 
the sketching tools provided in Materials Visualizer.

The adsorption of the monomer DGEBAAA molecule 
on the Al (111) side was simulated using the Forcite 
module. The simulation (both MC and MD) was per-
formed using a surface of Al (111), with cell dimensions 
a = b=63 Å, containing a 45 Å vacuum layer along the C 
axis. After fixing the positions of all aluminums bottom 
layer atoms secured and leaving the top two layers with-
out any constraints, the vacuum layer was filled with one 
DGEBAAA molecule, 600 molecules of water  (H2O), and 
100  Na+: 100  Cl− ions. After the filling was completed, 
the structure of the entire system was optimized, and then 
the system was subjected to molecular dynamics simula-
tion using a constant temperature (at 298 K), constant 
volume (NVT) ensemble coupled to Berendsen thermo-
stat (0.1 ps decay constant) [18]. The process parame-
ters are set as follows: COMPASS II (Condensed-phase 
Optimized Molecular Potentials for Atomistic Simulation 
Studies) [19] is used as the force field. The simulation 
was performed using a 1 fs time step with a total simula-
tion time of 500 ps.

2.3.3  Monte Carlo (MC) Simulation

The Metropolis Monte Carlo (MC) method was used to 
determine the adsorption configurations (using COMPASS 
II, force field) of the interaction between the monomer DGE-
BAAA and the surface of the substrate Al (111).

The MC modeling was performed using Adsorption 
Locator module of Materials Studio software (version 6), 
and the convergence levels for energy, force, and displace-
ment terms were set to be 1 × 10−4 kcal/mol, 5 × 10−3 kcal/
mol/Å, and 5 × 10−5 Å, respectively.

3  Results and Discussion

3.1  FT‑IR Analysis

The FT-IR spectrum of DGEBA-polyaminoamide on the 
aluminum after coating is shown in Fig. 4. The characteris-
tic absorption peaks shown in the spectrum are as follows: 
a strong broad peak appears in the 3600–3200 cm−1 band 
which could be related to O–H-stretching vibrations. The 
absorption bands at around 2985 and 2835 cm−1 correspond 
to the stretching vibrations of C–H. The absorption peaks at 
1605, 1487, and 1455 cm−1 reveal the presence of the aro-
matic ring. The bands within the range of 1000–1400 cm−1 
are attributed to the stretching vibrations of C–O and C–N, 
respectively.

3.2  EIS Measurements

The Nyquist plots of DGEBA-polyaminoamide organic 
coating materials for aluminum surface 2024-T3 in 3 wt% 
NaCl solution for different times of exposures are shown in 
Fig. 5a.

For further investigations, electrical equivalent circuit 
was used to fit and simulate two-time constant impedance 
data as shown in Fig. 5b. The electrochemical circuit was 
used to obtain Rct, Rcoat, Qcoat, and Qdl values from the 
Nyquist plots.

Fig. 4  FT-IR spectrum of 
DGEBA-polyaminoamide on 
aluminum surface
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In Fig. 5b, the values of Rs, Rcoat, Rct, Qcoat, and Qdl are 
representing solution resistance, coating resistance, charge-
transfer resistance, coating capacitance, and double-layer 
capacitance, respectively. The coating capacitance values 
(Qcoat and Qdl) were calculated using Eq. (1) [20]:

where Q represents the capacity, CPE is the nonideal capac-
ity, j =

√

−1 , � is the angular frequency (rad/s), and � is a 
CPE exponent associated with the surface heterogeneity. The 
electrochemical parameters are given in Table 2.

At the beginning, during the first 2 h of immersion in 
3 wt% NaCl solution, the total resistance (Rt = Rcoat + Rct) 
of the DGEBA polyaminoamide coating was about 
2.2  MΩ  cm2. The total resistance (Rt) value of the 
DGEBA-polyaminoamide coating increased to about 
5.7 MΩ cm2 at 1464 h of immersion. These results confirm 
that the coating has excellent physical barrier properties 

(1)ZCPE =
1

Q(j�)�
�
,

and restricted the electrolyte penetration to the coating/
aluminum interface. Later, it dropped to 0.70 MΩ cm2 
at 4392 h of immersion. The decrease in the total resist-
ance value with times of exposures could be related to 
the diffusion of the electrolyte into the coating, and thus 
the physical barrier properties of the film is reduced 
(after 1464–4392 h). After the longer period of exposure 
to electrolyte, the coating started to deteriorate, leading 
to the electrolyte penetration and reaching the coating/
aluminum interface which caused the destruction of the 
adhesion bonds.

The results of the Rcoat and Rct values for DGEBA-pol-
yaminoamide coating at different times of exposure are 
summarized in Table 2. From the impedance diagrams, 
the coating resistance (Rcoat) and the charge-transfer resist-
ance (Rct), were used to evaluate the protection perfor-
mance of the coatings. The Rcoat (HF) and Rct (LF) values 
were determined considering the time constants at high 
frequency and low frequency, respectively.

Fig. 5  Nyquist plots obtained for the DGEBA-polyaminoamide organic coating materials for aluminum surface 2024-T3 in 3 wt% NaCl solution 
for different times of exposures

Table 2  The values of electrochemical parameters of DGEBAAA coating for AA2024-T3 at different times of exposures and 2 h of immersion 
in 3 wt% NaCl solution

Sample Rs (Ω cm2) CPEcoat Rcoa (kΩ cm2) CPEdl Rct (kΩ cm2) χ2

Qcoat (µF/cm2) ncoat Qdl (µF/cm2) ndl

0002 h 42.5 (± 4.5) 1.45 (± 0.8) 0.76 0.70 (± 0.08) 0.14 (± 0.01) 0.74 1.51 (± 0.02) 0.32
DGEBAAA 1464 h 28.9 (± 2.8) 0.33 (± 0.5) 0.92 0.76 (± 0.05) 0.15 (± 0.01) 0.73 4.93 (± 0.03) 0.19
2928 h 56.1 (± 3.4) 0.28 (± 0.2) 0.63 0.65 (± 0.04) 0.61 (± 0.01) 0.72 1.35 (± 0.02) 0.06
4392 h 19.4 (± 1.2) 0.21 (± 0.1) 0.67 0.61 (± 0.02) 0.87 (± 0.01) 0.72 0.14 (± 0.01) 0.07
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The Rcoat indicates the ease with which the penetration 
of NaCl solution occurs into the DGEBA-polyaminoamide 
coating [21].

During the first 2 h–1464 h of exposure, the Rcoat and 
Rct values of DGEBA-polyaminoamide were much higher. 
Exposure period longer than 1464 h caused the Rcoat and 
Rct values of the coating started to drop. After 2928 h of 
exposure, the Rcoat and Rct values of the coating continued 
to decrease.

As mentioned above the observed results could be attrib-
uted to the penetration of the coating surface by water and 
electrolytes. Extending the exposure to long period of time, 
caused the water and corrosive electrolytes to reach the coat-
ing/metal interface causing an oxidation on metal surface 
and leading to a corrosion on the aluminum surface.

The analysis of the capacitance of organic coating materi-
als made it possible to evaluate the adsorption of water for 
at different times of exposure, since the adsorption of water 
modifies the dielectric constant of the organic coating mate-
rials, even if it is present in a very small quantity.

During the first 2 h of immersion in 3 wt% NaCl solution, 
Qcoat of DGEBA-polyaminoamide coating was about 1.4 µF/
cm2. After 1464 h of exposure, the Qcoat of coating dropped 
to a stable, which could be attributed to the delamination of 
coating materials and filling the micropores causing defects 
in coating layer [22].

However, the Qdl value which is related to the distribution 
of ionic charge at metal/coating interface [23] was about 
0.14 µF/cm2 during the first 2 h of immersion in 3 wt% NaCl 
solution. The value of Qdl was increased by extending the 
immersion time due to the expansion of the active sites [24].

3.3  Surface Morphology

The surface morphology of DGEBA-polyaminoamide coat-
ing on aluminum surface 2024-T3 was monitored by SEM. 

The obtained images before and after exposures for 4392 h 
to salt spray test chamber are shown in Fig. 6. As shown in 
Fig. 6, the DGEBA-polyaminoamide coating shows a homo-
geneous surface before exposure. After exposure, the surfaces 
with the micropores in DGEBA-polyaminoamide coating were 
developed.

3.4  Theoretical Studies

Computational DFT and calculations of MD and MC simula-
tions were performed over varied experiments to gain basic 
electronic-/atomic-scale insights into the affinity of DGE-
BAAA molecules to adsorb and form corrosion-resistant films 
onto aluminum surfaces.

3.4.1  Global Quantum Chemical Descriptors

DFT study was conducted in both gas as well as in aqueous 
solution using COSMO model. The energy values of the fron-
tier molecular orbitals (ELUMO and EHOMO) were obtained from 
the optimized structure, and the rest of DFT parameters were 
calculated using following equations as described in previous 
studies [25, 26]:

(2)ΔE = ELUMO − EHOMO,

(3)I = −EHOMO; A = −ELUMO,

(4)� =
I + A

2
;� = −� ,

(5)� =
I − A

2
and � =

1

�
= −

2

EHOMO − ELUMO

,

(6)� =
�
2

2�
and � =

1

�
,

Fig. 6  MEB surface images of the DGEBA-polyaminoamide coating applied on AA 2024-T3 samples a before and b after 4392-h exposure
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where I, A, ΔE, χ, μ, η, σ, ω, and ε denote the ionization 
energy, electron affinity, energy band gap, global elec-
tronegativity, global chemical potential, global hardness, 
global softness electrophilicity, and global nucleophilicity, 
respectively.

The optimized structure and frontier molecule orbital 
density distributions, namely, HOMO and LUMO orbitals 
of the monomer DGEBAAA, are shown in Fig. 7. Figure 7 
shows the optimized monomer DGEBAAA molecule and 
the plots of HOMO as well as LUMO. It is obvious from 
graphical HOMO and LUMO results that the HOMO is dis-
tributed on both aromatic rings and it is the nearest to O, 
N atoms, while LUMO is presented only on one aromatic 
rings moiety. As a result, the observed preferred flat align-
ment of the adsorbed coating onto aluminum is rationalized 
by the presence of these donor–acceptor interactions [27]. 
The related quantum chemical parameters are summarized 
in Table 3. The higher value of EHOMO, the lower value of 
ELUMO, and the lower value of ΔE are consistent with high 
metal-DGEBAAA interactions and therefore ensure high 
protection. More importantly, the energy gap plays a sig-
nificant role in the comparison between coating molecules, 
especially when they have similar molecular structures. The 
molecule associated with lower value of ΔE is also related 
with high softness, lower hardness, and high chemical reac-
tivity thereby with high corrosion-protective ability [14, 
15]. The molecular electrostatic potential (MEP) map gives 
information about the electronic density distributions within 
the molecule. The MEP map of the studied monomer DGE-
BAAA is given in Fig. 7. Blue and red regions in the MEP 
map refer to the areas of positive and negative potentials 
and compatible with the electron-affluent and electron-poor 
areas, respectively; it is clear that the negatively charged 
regions correspond to nitrogen in C–N and oxygen atoms 

in C–O. These electron-rich regions would be the preferred 
sites for adsorption onto aluminums surface [28, 29]. The 
lowest electron density is located on the carbon atoms. 

3.5  MD Simulation

3.5.1  Energy Optimization a Simulation System

The adsorption of the polymer DGEBAAA onto the alu-
minum surface was optimized using a MD simulation to 
understand the interactions between the DGEBAAA repeat 
unit of the coating and the aluminum surface. MD simula-
tion can reasonably predict the most favorable configura-
tion at the Al (110)/DGEBAAA + 600H2O + 100Na+ and 
 100Cl− ions system interface. Figure 8 shows the energy 

Fig. 7  Optimized structure, HOMO, LUMO orbitals, and MEP of the monomer DGEBAAA using DMol3 module

Table 3  Different quantum 
chemical parameters in eV of 
monomer DGEBAAA 

EHOMO ELUMO ΔEgap I A χ µ η σ ω ε

Values − 5.089 − 1.289 3.8 5.089 1.289 3.189 − 3.189 1.9 0.52 2.67 0.37

Fig. 8  Optimization energy of monomer DGEBAAA in the neutral 
forms
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curve of the polymer repeat unit of the DGEBAAA coat-
ing in its optimized neutral and isolated forms before being 
placed onto the surface of the aluminum substrate using the 
DMol3.

3.5.2  Analyzing RDFs of the Simulation System

The radial distribution function (RDF) (or paired correlation 
function), g(r), can be obtained after performing the MD 
analysis. The RDF is used as a useful method to estimate the 
length of the link. The peak occurred from 1 Å up to 3.5 Å, 
which is an indication of the length of small bonds, and is 
correlated with chemisorption. On the other hand, physical 
interactions are associated with peaks greater than 3.5 Å.

After analyzing the MD simulation trajectory of 
Al (111)-DGEBAAA system at 298  K, the RDFs of 
Al (111)—O (DGEBAAA molecule), Al (111)—N 

(DGEBAAA molecule), and Al (111)—C (DGEBAAA 
molecule) were obtained. All the g(r) curves are depicted 
in Fig. 8. As shown in Fig. 9, the peak of the g(r) (Al 
(111)—O) curve appears at about 2.5 Å in the system of Al 
(111)-DGEBAAA, and it is much bigger than the predicted 
covalent bond length of Al—O (1.96 Å) [30]. This indicates 
that the nonbonding interactions exist between the atoms of 
O (DGEBAAA repeat unit) and Al (111). Similar conclu-
sions can be drawn when analyzing the interactions between 
the atoms of N (DGEBAA repeat unit) and Al (111).

3.5.3  Ascertaining the Equilibrium of the Simulation 
System

To realize an atomic-level comprehension regarding the 
coating ability of DGEBAAA repeat unit, MD simulations 

Fig. 9  Radial distribution functions of the monomer DGEBAAA on Al (111) surface
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of coating adsorption onto Al (111) surface representative 
of aluminum were carried out.

Before analyzing the MD simulation results, the equili-
bration of simulated cells were assessed utilizing thermody-
namic properties including temperature and potential energy.

Figure 10 depicts the time evolution of these proper-
ties within the last 500 ps of NVT MD simulations for the 
repeat unit of DGEBAAA-Al (111). It can be seen from 
this figure that the temperature and the potential energy 

remained unchanged, and their fluctuations throughout the 
500 ps MD simulation time are slight, which can serve as 
an indication for equilibrium attainment.

To further investigate the interaction between the DGE-
BAAA repeat unit and the Al (111) surface, the MD simu-
lations was performed.

Figure 11 shows the side and the on-top views of the 
equilibrium adsorption configuration of the investigated 

Fig. 10  Temperature and energy equilibrium curves of the monomer DGEBAAA molecules adsorbed on the Al (111) surface in NaCl solution

Fig. 11  Top and side views of the most stable low-energy configurations for the adsorption of the monomer DGEBAAA on Al (111) surface 
obtained using Molecular dynamic simulations
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DGEBAAA repeat unit coatings on Al (111) surface 
 600H2O + 100Na+ and  100Cl− ions system molecules.

Inspection of the top and the side views of the obtained 
simulation cells indicates that the repeat unit of the DGE-
BAAA coating on Al (111) surface under humid situations. 
It can be seen that DGEBAAA repeat unit is localized in the 
vicinity of aluminum surface by adopting a flat orientation 
relative to surface.

3.6  Monte Carlo Simulation

3.6.1  Adsorption Energy Distribution of the Simulation 
System

The adsorption of DGEABAAA repeat unit was evaluated 
using the Monte Carlo simulation on Al (111) surface at a 
fixed temperature. The adsorption energy distributions for 
systems Al (111)-DGEBAAA in NaCl medium obtained by 
adsorption locator module are shown in Fig. 12.

As observed in Fig. 12, the adsorption energy of DGE-
BAAA repeat unit reaches − 252.06 kcal/mol. This indicates 
that there is a strong adsorptive interaction of this molecule 
with the metal surface.

The total energy, average total energy, Van der Waals 
energy, under study, for Al (111)-DGEBAAA in NaCl solu-
tion are calculated by optimizing the whole systems, and the 
results are shown in Fig. 13.

The energy profile for the equilibrium adsorption con-
figuration as the optimization progresses with steps for Al 
(111)-DGEBAAA + 600H2O + 100Na+ and  100Cl− ions sys-
tem is shown in Fig. 13. The energy profile clearly shows 
the optimization of the energy parameters associated with 

the system. The resulting equilibrium adsorption configu-
rations for Al (111)-DGEBAAA + 600H2O + 100Na+ and 
 100Cl− ions system are shown in Fig. 14 as a representative 
specimen of the modeled adsorption system.

The monomer DGEBAAA coating molecules were 
adsorbed onto Al (111) clean surface in a flat mode, ensuring 
the maximum interactions of the heteroatoms (Aminoamide) 
with the metallic surface.

The parameters presented in Table 4 include the total 
energy (ETotal) of the substrate/adsorbate system. The ETotal 
is defined as the sum of the adsorption energy (EAds) and the 
internal energy of the sorbate. Furthermore, the EAds of the 
DGEBAAA repeat unit on the surface of the Al (111) in the 
presence of the water molecule.

The tabulated data demonstrate that the predicted adsorp-
tion energies for all species are negative, quantitatively 
implying the adsorption capability of DGEBAAA polymer 
chain on the Al (111) substrate.

3.7  Anticorrosion Properties of the DGEBAAA 
Polymer

On the basis of combined computational modeling and 
experimental results, a simple coating mechanism is pro-
posed for Al (111) surface coated with DGEBA-polyami-
noamide. The presence of N and O atoms and aromatic rings 
allows the DGEBAAA polymer to exhibit a strong interac-
tion with the Al (111) surface. As the observed outcome 
of the present investigation, DGEBAAA polymer is mainly 
chemically adsorbed. A proposed mechanism showing the 
interaction sites between of DGEBAAA polymer and the Al 
(111) surface is shown in Fig. 15.

Fig. 12  Adsorption energy distributions for Al (110)/DGE-
BAAA + 600H2O + 100Na+ and  100Cl− ions system using adsorption 
locator model

Fig. 13  Energy profile diagrams for the equilibrium adsorption con-
figurations for Al (110)/DGEBAAA + 600H2O + 100Na+ and  100Cl− 
ions system
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4  Conclusions

In this study, the polymeric-based epoxy resin coating 
on DGEBA-polyaminoamide was prepared and evaluated 
as anticorrosive coating materials for aluminum surface 
2024-T3. The polymeric-based epoxy resin has two func-
tionalities (NH and OH) with high affinity for coordination 
with metals, which makes it superior anticorrosive coating 
for aluminum. In addition, the presence of the hydrophobic 
group in the polymer backbone adds advantage in terms of 

characteristic superiority. The coated 2024-T3 aluminum 
was subjected to long- and short-term exposures to an 
electrolyte solution. The electrochemical measurement 
results showed an excellent performance of the DGEBA-
polyaminoamide epoxy resin as an anticorrosive agent. 
The results indicate that the DGEBA-polyaminoamide 
exhibited an excellent performance as a physical barrier 
with a high coating resistance value. The computational 
results indicate that the DGEBA-aminoamide coating 
adheres strongly to the aluminum surface with an adsorp-
tion energy of − 252 kcal/mol.

Fig. 14  Top and side views of the equilibrium adsorption configurations of the monomer DGEBAAA on Al (111) surface obtained using Monte 
Carlo simulations

Table 4  Outputs and descriptors 
calculated by the Monte 
Carlo (MC) simulation for 
the adsorption of monomer 
DGEBAAA on Al (111) surface 
(all values in Kcal mol−1)

Structures Structure Total energy  (104) Adsorption 
energy  (104)

Rigid adsorp-
tion energy 
 (104)

Deformation 
energy  (104)

dEad/dNi

DGEBAAA Al (1 1 1)-1 − 2.34 − 3.51 − 2.37 − 1.14 − 252.061
Al (1 1 1)-2 − 2.31 − 3.49 − 2.35 − 1.14 − 267.240
Al (1 1 1)-3 − 2.30 − 3.48 − 2.34 − 1.14 − 210.418
Al (1 1 1)-4 − 2.30 − 3.48 − 2.34 − 1.14 − 196.077
Al (1 1 1)-5 − 2.30 − 3.47 − 2.33 − 1.14 − 217.942
Al (1 1 1)-6 − 2.29 − 3.46 − 2.32 − 1.14 − 191.987
Al (1 1 1)-7 − 2.28 − 3.46 − 2.32 − 1.14 − 241.778
Al (1 1 1)-8 − 2.28 − 3.46 − 2.31 − 1.14 − 200.026
Al (1 1 1)-9 − 2.28 − 3.46 − 2.31 − 1.14 − 143.957
Al (1 1 1)-10 − 2.28 − 3.45 − 2.31 − 1.14 − 200.300
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