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Abstract: Herein, epoxy coatings modified with milled aluminum (Al) were tested for their mechanical strength and corrosion
resistance. First, milling was performed on the as-received Al powder for 70 h. The obtained powder postmilling
was added to DGEBA-type epoxy resin and cured with an amine-based D450 hardener. The milled Al powder was
added in varying weight percentages (1, 2, and 3%). Different types of panels were coated using an automatic film
applicator to obtain controlled film thickness and left for curing. Morphological characterization was done using field
emission scanning electron microscopy and X-ray diffraction. Thermal stability of the coatings was evaluated using
thermogravimetric analysis. Mechanical properties were measured using conventional testing techniques as well as
nanoindentation. The analysis results suggest that milling of Al alters the structure of powder postmilling. The milling
operations also have an effect on the mechanical and anticorrosion properties of the materials. The results obtained for
the prepared modified coating suggest that addition of 2 wt% in the epoxy resulted in balanced mechanical and antic-
orrosion properties.
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1. Introduction

Corrosion is an intricate issue associated with metallic
structures, especially in hostile weather, and failure of
these structures due to corrosion leads to massive finan-
cial loss. Applying coatings to protect metallic structures
from corrosion is a widely utilized process. Coatings pro-
tect metallic surfaces from corrosion and are extensively
employed in miscellaneous industries like oil and gas,
aviation, and automobile sectors [1,2]. Coatings act as a
barricade separating the metallic structures from the sur-
roundings and shielding the material from moisture, UV
deterioration, and mechanical wear [3]. Although pro-
tecting the metallic substrates against corrosion is the cru-
cial function of a coating, the type and material of the
substrate, quality of the coating, and surroundings are

some of the factors that influence the efficiency of the
coating.

Developing new coating formulations to improve their
electrochemical properties has gained much attention
recently. Epoxy-based coatings exhibit better corrosion
resistance, superior insulation, and high adhesive proper-
ties, and because of these properties they are one of the
most commonly used coating materials [4,5]. By using spe-
cific curing agents such as hardeners, the epoxy resin is
converted from the liquid phase to the solid phase. The
curing rate of an epoxy resin–hardener blend increases as
the hardener concentration increases, making it prone to
reaction with primary amines. The ideal hardener-to-resin
ratio should be close to the stoichiometric ratio to avoid
having any unstable epoxy network that can result from a
higher epoxy-to-hardener ratio. The chemical properties
of epoxy-based coatings are improved by selecting a sui-
table hardener depending on its penetration time and
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wettability. These coatings can also be used as adhesive
materials to repair cracks and crevices. However, the
major constraint with epoxy-based coatings is their brit-
tleness, which causes defects by mechanical wear [6].
Under corrosive conditions, they deliver excellent barrier
properties. However, after prolonged exposure to corro-
sive conditions, they tend to deteriorate, which can be
observed by a considerable increase in the coating’s elec-
trical conductivity. With prolonged exposure, the adhesive
properties of the epoxy coating also diminish. The pores
on the coating surface represent a weak point since they
allow the moisture and the corrosive electrolyte to pene-
trate the upper barrier layer to react with the metal. As a
result, significant delamination of the coating and also
corrosion on the metal substrate occur [7].

With the development of novel coating formulations,
researchers in the public and private sectors are already
motivated to improve the efficiency of the current epoxy
coatings and limit the level of volatile organic compounds
[8]. They have successfully enhanced the adhesion and
corrosion behavior of the coatings by incorporating appro-
priate additives and pigments [9]. The size, distribution,
type, and adaptability of the pigments used determine the
quality of the epoxy system. Micrometer-sized chromium-
and lead-based pigments are commonly used to protect the
metal surfaces against corrosion. These pigments protect
metallic substrates from corrosion by forming an anti-corro-
sive layer on their surface. However, their inclusion in epoxy
coatings improved corrosion resistance at the expense of
impact and abrasion properties [10]. Moreover, these pig-
ments are known to be extremely dangerous to the environ-
ment and are inherently toxic. As a result, extensive research
is in progress to create novel, eco-friendly anticorrosive pig-
ments. Nano-size pigments have recently been preferred
over micro-size pigments due to their improved particle–ma-
trix interaction [11].

Nanocomposite coatings as compared to micro-size
particle-incorporated coatings have exhibited better bar-
rier characteristics and corrosion resistance [12]. Alu-
minum (Al) [13] and zinc [7] powders are two popular
metallic pigments used for these coatings. Incorporating
these nanoparticles into epoxy resins yields eco-friendly coat-
ings. After the epoxy coating hardens, the nanoparticles fill
the tiny holes caused by local shrinkage, increasing the cross-
linking density and forming a consistent and homogeneous
layer between the external environment and the substrate.
As a result, this significantly enhances the barrier character-
istics of nanoparticle-pigmented coatings [14].

The development of Al-rich coatings for enhancing corro-
sion resistance under extremely hazardous conditions repre-
sents a significant breakthrough in nano-composite coatings.

Al, a non-hazardous substance [15], is incorporated into the
epoxy coating matrix while adhering to environmental protec-
tion regulations. This integration causes the formation of oxide
and hydroxide layers of Al over the coatings, which provides
strong corrosion resistance [16]. Moreover, its glossy look, high
scratch resistance, cost-effectiveness, and enhanced electrical
and mechanical properties make Al an effective filler material
in various industries such as automotive, plastic, and painting
[17]. The cathodic protection mechanism of Al is an additional
advantage, further preventing corrosion. Properties of the bar-
rier for the coatings in contradiction to the electrolyte’s perme-
ability can be further boosted by effectively plugging the poly-
meric coating’s pores using corrosion product precipitate.
Furthermore, adding Al powder to epoxy coatings strengthens
their corrosion resistance by causing corrosion products to form
on steel surfaces [13]. Incorporating the Al pigment into zinc-rich
coatings has also been confirmed to improve corrosion resis-
tance while simultaneously reducing the cathodic sacrificial
behavior [18,19]. Researchers have investigated the electroche-
mical behavior of nanocomposite epoxy coatings with nano-Al
pigments, leading to the conclusion that these coatings demon-
strate heightened resistance to corrosion due to the formation of
oxide and hydroxide layers of Al, which act as barriers, pre-
venting corrosive fluids from permeating the matrix [20,21].

In our previous published work, the behavior of dif-
ferent epoxy formulations has been studied [22] with the
addition of as-received Al powder [23]. In the present study,
we have incorporated nano-crystalline Al powder into the
best epoxy formulation. The ball-milled Al (MAl) pigments
with different wt% were incorporated into the amine-cured
DGEBA epoxy coatings. This process modified the Al-milled
particles. The Al-milled particles were homogeneously dis-
tributed in the epoxy matrix using an appropriate coupling
agent. The prepared coating mixture was then applied to the
substrate surface, and it was characterized using a variety of
techniques. Themorphology of prepared formulations before
and after the incorporation of Al particles was examined using
field emission scanning electron microscopy (FE-SEM). Nano-
indentation was used to analyze the mechanical characteris-
tics. Finally, electrochemical impedance spectroscopy (EIS)
method was implemented to evaluate the electrochemical
behavior of the coated substrates.

2. Experimental procedures

2.1 Materials

Pure Al powder with 99.5% purity and 2 µm average particle
size was sourced from Alfa Aesar, located in Massachusetts,

Ubair Abdus Sama et al.

35



USA. Epikote 1001-X-75 from Hexion Chemicals was used
as the main matrix resin. Aradur D-450 from Huntsman
Advance Materials was used as the curing agent. Acetone,
MIBK (methyl isobutyl ketone), and xylene were pur-
chased from the local market. Additives such as leveling
agent, dispersing agent, and air release agent were pro-
cured from BYK-Chemie GmbH, Wesel, Germany.

2.2 Preparation of coating

This high-purity Al powder was subject to mechanical
milling in a planetary ball milling machine from Fritsch,
Pulverisette, P7 model. During the milling process, the Al
powder plus 10 mm stainless-steel balls were placed in
cylindrical stainless-steel containers. The powder to ball
weight ratio was carefully maintained at 1:10 to ensure
effective milling. The milling process was carried out for
a total duration of 70 h, with the ball mill operated at a
rotational speed of 150 revolutions per minute (rpm). To
prevent cold welding and agglomeration of the Al particles
during milling, a process control agent (PCA) such as 1 wt%
stearic acid was used. Additionally, to manage the heat
generated inside the milling jars, the machine was paused
periodically throughout the milling process. This intermit-
tent pausing is necessary to dissipate heat and prevent
excessive temperature rise, thereby ensuring the stability
and uniformity of the milling conditions.

The preparation of the formulations began by soni-
cating the ball-milled nano-Al powder with acetone in a
small beaker. The precise quantity of required Al powder,
indicated in Table 1, was carefully measured and then
dried at 100°C for 24 h using an oven to remove any resi-
dual moisture before its addition to the formulation. To
ensure effective dispersion of the particles, the required
amount of silane was added to acetone. This silane–ace-
tone mixture was then sonicated continuously for 3 min to
promote thorough mixing. Following that, the silane–ace-
tone solution was added to the dried Al powder, and soni-
cation was continued for an additional 15 min to ensure
uniform dispersion of the Al particles throughout the solu-
tion. Meanwhile, the required quantity of the resin was

placed into a dried beaker. This resin was then diluted
with small quantity of xylene with the help of a mechanical
stirrer to facilitate the homogeneous mixing of particles.

Post-sonication, the treated particles were incorpo-
rated into the diluted resin and thoroughly mixed using
a mixer operated at a speed of 5,000 rpm. This high-speed
mixing ensured proper dispersion of the particles within
the resin and also helped in the solvent removal in order
to maintain the application viscosity. Once the mixture
was thoroughly blended, the formulation underwent a
degassing process to eliminate any remaining solvent
and trapped air bubbles, which could otherwise affect the
quality and consistency of the coatings. Following the degas-
sing step, the formulation was allowed to stabilize at room
temperature for 10min, ensuring that it reached a uniform
state before further processing. Subsequently, the appro-
priate quantity of a hardener, specifically polyamidoamine,
was precisely added to themixture andmixed gently to avoid
air trap in the resin, and the final coating mixture was then
applied to metal substrates for characterization. This applica-
tion was carried out using a bird applicator with 120 µm gap
size, in conjunction with a Sheen automated film applicator, to
achieve a uniform coating on the substrates. Table 1 provides
details of all the ingredients used in the formulation, including
their respective percentages, ensuring a clear understanding
of the composition of themixture. The coating properties were
evaluated after 7 days of application on the panels to ensure
complete curing at room temperature.

2.3 Measurements

Themorphological and structural analyses of the prepared
coatings were performed using a field emission scanning
electron microscope, model JSM-7400F (JEOL, Japan) and
XRD analysis was carried out using a D8 Discover from
Bruker, Germany, to verify the incorporation of particles
and the corresponding changes in the prepared coatings in
the scanning range of 10°–70°; the scans were performed
at a slow scan rate of 0.2°/min.

The thermal characteristics of the coatings were mea-
sured using thermogravimetry analysis (TGA) using an

Sample Resin (g) MIBK (ml) Xylene (ml) Silane MAl powder wt% Additives* PA-450 (g)

MAl-1 83.34 8 8 2.0 1.0 1.0 15.90

MAl-2 83.34 8 8 2.0 2.0 1.0 15.90

MAl-3 83.34 8 8 2.0 3.0 1.0 15.90

*Additives: Dispersing agent, leveling agent, and air release agents (similar quantity).
Table 1. Formulating ingredients of the prepared epoxy coatings fabricated with MAl particles.
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SDT Q600 (TA Instruments, USA). The coatings were sub-
jected to thermal decomposition at an elevated tempera-
ture of up to 600°C in an inert gas environment (nitrogen)
to evaluate the thermal stability of the prepared coatings.
The mechanical characteristics of coatings were analyzed
using conventional mechanical testing such as pendulum
hardness according to ASTM D-4366, impact according to
ASTM D-2794, and scratch resistance according to ASTM D-
7027. Pendulum hardness is the measure of the number of
oscillations on a coated surface. The scratch resistance was
measured using a stylus with increasing load against the
movable bed of the sample holder, with the stylus facing
the sample surface. In the case of measuring the strength
of the impact, a standard fixed weight was dropped on the
sample surface with variable height in order to determine
the impact strength of the sample.

The mechanical properties of the prepared coatings were
measured using a Nanotest platform from Micromaterials,
Wrexham, UK, with a Berkovich-type indenter employed to
extract the elastic modulus and hardness values. The coat-
ing’s characteristics were examined using a Berkovich-type
indenter utilizing the load control program. For nanoinden-
tation, the coated samples were exposed to deformation
using an indenter, and coatings were subjected to a max-
imum load of 250mN for a period of 60 s to nullify the effect
of creep (because of the viscoelastic nature of polymers).
Then, unloading was performed to extract the modulus of
samples. Both the loading and unloading were performed at
a similar rate of 1mN/s.

The Oliver and Pharr method is a widely recognized tech-
nique for interpreting nanoindentation data, which facilitated
the measurement of mechanical properties such as hardness
and elastic modulus of materials. This method provides a sys-
tematic approach to analyze load–displacement data obtained
during indentation tests. The nanoindentation process begins
with a sharp indenter, typically made of diamond, which is
pressed into the surface of the material under a controlled
load. The indenter is driven into the material to a predeter-
mined depth, and the load (P) and displacement (h) are
recorded continuously throughout the loading and unloading
phases. These data form the basis for subsequent analysis. The
hardness (H) of the material is defined as the ratio of the
maximum load applied to the projected area of the indentation
at that load. The formula for calculating hardness is given by
H = Pmax/A, where Pmax is the maximum load applied during
the indentation and A is the projected area of the indentation.
The projected area can be derived from the geometry of the
indenter and the depth of penetration, and it is typically deter-
mined using the following equation: A = π/2(hmax − ht)2, where
hmax is the maximum depth of penetration and ht is the depth
at which the unloading begins.

The elastic modulus (E) is obtained from the unloading
curve data. During the unloading phase, the relationship
between the contact stiffness (S) and the elastic modulus is
used, which is expressed as E = β(A/S), where β is a geo-
metric factor that depends on the indenter shape. The
contact stiffness (S) is defined as the slope of the unloading
curve at the maximum load, and it is calculated from the
load–displacement data.

The corrosion behavior of the coated panels was evalu-
ated by EIS, the measurements were done by using a three-
electrode cell of the Autolab PGSTAT 30 from Metrohm, The
Netherlands. In a three-electrode configuration, the setup
consists of three distinct electrodes – working electrode:
this electrode is typically a coated panel under investigation.
Reference electrode: this electrode provides a stable poten-
tial. In our case, we used a common Ag/AgCl reference elec-
trode. Counter electrode: the counter electrode completes the
electrochemical cell electrical circuit. It is typically made of
an inert material; herein, we used a platinum electrode. The
coating surfaces were exposed to 3.5 wt% NaCl solution ran-
ging from 1 h to 30 days. All the tests for different exposure
periods were conducted under similar conditions in a fre-
quency range of 1 × 105 to 0.1 Hz using a ±5mV wave
perturbation.

3. Results and discussion

The surface morphology of the prepared coatings analyzed
using SEM is presented in Figure 1. As can be seen in
Figure 1a, the epoxy without any added particles possesses
a very smooth and clear surface. In Figure 1b, the addition
of milled particles is quite clearly visible as white marks
on the coating surface, well distributed all across the
coating sample. This suggests the addition of particles is
homogeneous all over the sample. The addition of MAl
particles does not create any voids in the coating as there
are no signs of cracking in the sample’s image. Some
bigger size particles are clearly visible in the SEM image
due to the fact that with prolonging the milling of Al powder
the particles tend to fuse again. As reported in the literature,
the elongated milling hours expose the powder to cold weld
[24]. Elemental analysis by energy-dispersive X-ray (EDX)
spectroscopy was also performed on this sample, which con-
firms the presence of Al particles in the coating, as can be
seen in the obtained EDX graph presented in Figure 1c along
with obtained weight percentages.

Figure 2 presents the XRD spectra of plain epoxy, un-
milled, and MAl powder and of epoxy coatings modified
with MAl powder. Figure 2a shows the spectrum of epoxy
without any modification. It can be seen that the obtained
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Figure 1. (a) SEM image of epoxy coating without any particles, (b) epoxy coating with the addition of 2 wt% MAl, (c) obtained EDX
spectral scan with corresponding elemental percentages of epoxy coating added with 2 wt% MAl, (d–f) mapping for the C, O,
and Al elements, and (g) the EDX spot scan spectrum of the agglomerated Al particles encircled in (f).
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spectrum is completely amorphous as epoxy itself is amor-
phous. The addition of MAl is clearly evident from the
modified coatings’ spectra (Figure 2b), in which the crys-
talline peaks of the added material can be clearly wit-
nessed in comparison to the amorphous epoxy material.
The intensity of the peak appearance is also seen to
increase with the increasing percentage of added milled
powder. The wide peak in the 2theta range of 10°–30° is
due to the amorphicity of the epoxy; the peak also loses its
intensity with milled powder addition, imparting a slightly
crystalline behavior. The effect of postmilling can be seen
in Figure 2c, which compares the XRD spectra obtained pre-
and postmilling operations. The obtained postmilling spec-
trum suggests a decreasing crystal size, evident from the
broadening of peaks in 2theta ranges corresponding to the
spectrum of unmilled powder. Such broadening after milling
reflects the transition of the crystallographic structure of the

powder from crystalline to polycrystalline. The broadening,
along with the decrease in peak intensity, gives a reliable
indication of the grain size reduction in the material [25].
The peak conformation on the obtained XRD spectra was
also made by overlapping the spectrum obtained for the
MAl powder with the modified coating spectrum made
with the highest percentage of 3wt% MAl. It can be seen in
Figure 2d that the peaks are overlapping at the corre-
sponding position of appearance, same as that of the MAl
powder sample (JCPDS card number 96-431-3218) at 2theta
values of 38.27°, 44.51°, and 64.90°, respectively.

The TGA curves for the epoxy as well as modified epoxy
coatings with different percentages of MAl are presented in
Figure 3. The obtained curves suggest an improvement in the
thermal characteristics of the prepared coatings. The weight
loss for all the coatings started around 100°C with the
removal of solvent traces in the epoxy complex network
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Figure 2. XRD spectra of (a) neat epoxy, (b) different percentages of MAl filled coatings, (c) as-received (un-milled) and MAl spectra, and
(d) MAl-3 along with MAl powder (overlapping).
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structure. The initial decomposition of the material started at
temperatures above 200°C, which corresponds to the decom-
position of loose chain, un-participated reactants. The main
degradation of the chain starts above 300°C.

The obtained data from the graphs, as shown in Table 2,
suggest significant enhancement in the epoxy thermal char-
acteristics as the modified coatings are capable of with-
standing higher temperatures than the clear epoxy coating.
By incorporating MAl particles, the degradation tempera-
tures (Td) were enhanced. The most effective response of
coatings with MAl addition was witnessed at Td 15%, where
the prepared coatings showed significant improvement in
withstanding the temperature of 334°C with 2% MAl addition
as compared to 240°C for epoxy without modification. This
improvement is approximately 39%, which suggests that
adding Al particles alters the thermal decomposition of the
modified coatings and can play a crucial role in the areas
where the temperature is an important aspect. The other Td
values at various weight loss stages for modified epoxy coat-
ings were also proved to be superior in withstanding tem-
perature than epoxy alone. The Td values at 25, 50, and 75%
weight loss were found to be increased by 6.1, 3.1, and 3.4%,
respectively, in comparison to unmodified epoxy coatings.

In order to understand more about the effect of MAl
particles with different percentages on the final mechan-
ical properties of the modified coatings, different charac-
terizations were performed on the coating panels. Table 3
presents the obtained characterization values from the
test performed on the samples, also the dry film thickness
(DFT) was also measured for the result comparison.

The values obtained after testing are presented in Table 3.
There is aminor improvement in themechanical properties in
all domains. The impact strength with different added percen-
tages of MAl shows slight improvement, whereas the scratch

resistance shows greater improvements, especially with 2wt%
addition. The pendulum hardness, which is the measure of
surface hardness, was the highest in the coating with 3wt%
addition. Thus, this suggests a mild brittle nature in compar-
ison to other coatings. This brittle nature was also exposed
when the other two tests were performed on the coatings,
which results in inferior values than the similar particles
loaded in lesser quantity (with 2wt%).

It has been observed from both Table 3 and Figure 4 that
the mechanical behavior of the prepared coatings enhanced
proportionally with increasing Al particle percentage up to
2%, beyond which the mechanical properties began to
decline with the addition of 3% Al. This is due to the reduc-
tion in crystallinity of the epoxy, as witnessed by XRD, and
also due to the filling of free volume spaces in the complex
network structure of epoxy resin. The reduction of impact
and scratch with 3wt% addition suggests that 2wt% is the
optimum balanced percentage. As reported from the litera-
ture, by adding filler particles to the epoxy coatings, an
increase in the coating’s properties up to a certain limit
will be achieved [26,27].

Nanoindentation was performed to evaluate both the
hardness and modulus of elasticity of formulated coatings

Figure 3. Temperature vs weight loss TGA curves for neat epoxy and modified coatings containing various proportions of MAl powder.

S. code Td

15% (°C)

Td

25% (°C)

Td

50% (°C)

Td

75% (°C)

Residue (%)

Epoxy [22] 240.22 360.54 413.03 435.24 7.88

MAl-1 327.28 381.65 424.57 447.88 10.41

MAl-2 334.18 381.29 425.66 449.11 10.92

MAl-3 332.33 382.07 426.41 451.05 13.35

Table 2. Recorded temperature at various percentages of
weight loss.
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embedded with various percentages of Al particles. A load-
controlled testing program was implemented to produce
indentations with the aid of a Berkovich-type indenter
machine. Epoxy coatings were loaded up to the highest
load of 250mN, under the loading/unloading conditions
of 10 mN/s. Once reaching the 250 mN load, the applied
load was maintained for 60 s before commencing the
unloading. Each coating sample was subjected to a
minimum of six indentations at corresponding locations
relative to the first indentation for consistency pur-
poses, while the results are provided as an average of
all the indentations performed.

In Figure 5, load versus displacement curves of 250 mN
load for all the coatings with different percentages of Al
particles are shown. In the loading section of all the sam-
ples, a smooth loading behavior is witnessed without any
abrupt discontinuation, suggesting a defect-free coating
surface. The resistance to indentation force has been
enhanced due to the presence of Al particles in the epoxy
resin. The load vs displacement curves move to lower
values, signifying that the load-bearing capability of the
prepared epoxy coating has been strengthened.

The samples were indented by means of software
offered by Micro Materials Inc. to assess their modulus
and hardness. The software calculates the hardness and
modulus of the coatings using the Oliver and Pharr [28]
approach. Table 4 displays the acquired results.

Figure 5 illustrates the effect of Al particles on the mod-
ulus of elasticity and hardness at 250mN load. It is observed
that both the modulus and hardness are increased due to
addition of particles to the base epoxy coating [29]. Indenta-
tion hardness values have been recorded at the highest
levels when 2wt% Al particles are added. It is estimated
that the hardness of the coating has increased by approxi-
mately 12% when compared to the base material, while the
elastic modulus has decreased by approximately 4.3%.

The nanoindentation hardness results differ from the
conventional hardness measurements due to the scale and
method of testing. Nanoindentation assesses the hardness
at a much smaller scale, which is influenced by the local
microstructure and the distribution of Al particles within
the epoxy matrix. While the conventional hardness shows
an increase with Al content up to 2%, the nanoindentation
results indicate a more complex interaction. The presence
of Al particles enhances the cross-linking density and overall
structural integrity of the epoxy, leading to increased hard-
ness at lower loads. However, at 3% Al, the potential for
particle agglomeration becomes more pronounced, which
can create localized weak points in the coating. This agglom-
eration can lead to a reduction in the effective load-bearing
capacity at the nano-scale, resulting in lower nanoindentation
hardness values compared to the expected trend observed in
conventional hardness tests (Figure 6).

Based on the results obtained, Al particles contribute
to improving the hardness of coatings as a result of their
incorporation in the epoxy resin and impact on cross-

S. Code DFT (µm) Hardness

(MPa)

Scratch

test (kg)

Impact

resistance

(lb/in2)

Epoxy [22] 100 ± 10 159 5.5 48

MAl-1 100 ± 10 162 6.5 50

MAl-2 100 ± 10 165 7 53

MAl-3 100 ± 10 171 6 51

Table 3. Mechanical properties of produced epoxy coatings with
different Al percentages.

Figure 4. Graphical representation of the pendulum hardness, impact strength, and scratch resistance of MAl filled epoxy coatings.
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linking. Also, the value of elastic modulus increasing with
particle addition indicates the increased toughening. The
hardness of the coatings increases due to the adherence of
Al particles to the epoxy matrix, which enhances the cross-
linking density of coatings. Moreover, the chain mobility is
restraining due to the inclusion of fillers throughout the
curing process, thereby preventing disaggregation [7,30].
The mechanical properties obtained from nanoindenta-
tion are consistent with the results from other conven-
tional studies where Al particle incorporation enhanced

the pendulum hardness and scratch resistance. Signifi-
cantly, it has been seen from the conventional study that
the impact strength increased with the increasing percen-
tage of Al particles. Nanoindentation analysis suggests
that the modulus increases very unlikely. This is because
the incorporation of metal particles as a filler to the
epoxy decreases the impact strength when the modulus
increases [31,32]. Al powder in the base matrix acts as a
strengthening agent since both the impact and modulus
are increased concurrently [33].

The electrochemical characteristics of the developed
coatings were measured by the EIS measurements. EIS
technique was effectively employed to study the corrosion
and corrosion mitigation [34–39] with a scan rate of ±5 mV.
The obtained Nyquist plots for the fabricated coatings
after being ball-milled as previously described and as-pre-
pared with the compositions shown in Table 1 for the
different MAl samples are depicted in Figure 7, after expo-
sure to a solution of 3.5 wt% NaCl for 1 h to 30 days. Those
experiments were collected to report the effect of
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Figure 5. Indentation (L vs D) curves obtained for fabricated coatings.

Sample Hardness (GPa) Modulus (GPa)

Epoxy 0.120 3.3

MAl-1 0.144 3.69

MAl-2 0.149 3.79

MAl-3 0.141 3.62

Table 4.Modulus and hardness values obtained for the fabricated
coatings.

Figure 6. Hardness and modulus for the prepared epoxy coatings.
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Figure 7. Nyquist plots for the coatings with different Al wt% after exposure to NaCl solution for (a) 1 h, (b) 7 days, (c) 14 days, (d) 21 days,
and (e) 30 days. (f) Circuit model used to fit the obtained EIS data.
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changing the composition of the MAl as well as the effect
of different times of exposure from 1 h to 30 days on the
corrosion and degradation of the fabricated sample coated
in 3.5% NaCl solution. The parameters obtained from cir-
cuit fitting the impedance data are given in Table 5. The
Nyquist plot of 1, 2, and 3 wt% in all EIS diagrams refers to
the different concentrations of Al as shown in Table 1 by
MAl-1, MAl-2, and MAl-3, for the developed coatings.

Figure 7a shows the Nyquist plots for the coatings after
1 h immersion in the chloride test solution, and only one
semicircle is seen. It is obvious from the figure that
the widest diameter of the semicircles is obtained for the
coating that contains 2 wt% Al. On the other hand, the
semicircle of the coating containing 1 wt% MAl has
the smallest diameter. Increasing the percentage of Al to
3 wt% again decreased the diameter of the semicircle
obtained, as compared to 2 wt% Al addition but still
much wider than that of coating with 1 wt% Al. This con-
firms that 2 wt% Al is the optimum concentration to be
added to the coating to maintain a higher performance
after 1 h immersion in the chloride test solution.

The Nyquist plots depicted in Figure 7b were obtained
for the coatings that contain different percentages of MAl
after being immersed for 7 days in 3.5 wt% NaCl solution. It
is clear that the Nyquist plots obtained for 1 wt% MAl and
3 wt% MAl show two semicircles, a wide semicircle fol-
lowed by a small one, while the 3 wt% MAl is as this

obtained for the different coatings shown in Figure 7a
but at lower diameters for the obtained semicircle. The
plot obtained for 1 wt% MAl coating has the smallest dia-
meter which greatly increased for the coating added with
2 wt% Al. Increasing the content of Al to 3 wt% in the
coating shows a smaller diameter than that obtained for
the coating with 2% Al but still wider than the coating with
1 wt% MAl. This indicates that the corrosion resistance for
the fabricated coatings increases as per its MAl content in
the following order: 2 wt% MAl > 3 wt% MAl > 1 wt% MAl.
It is also worth mentioning that the increase of immersion
time from 1 h (Figure 7a) to 7 days (Figure 7b) decreases
the corrosion resistance for all coatings. This was indi-
cated by the smaller diameters for the obtained semicir-
cles for the different coatings after 7 days of immersion in
the chloride solution. Here, the decrease of corrosion resis-
tance of the coatings with the increase of the time of
immersion from 1 h to 7 days is due to the corrosion
and/or the degradation of the surface of the coatings as
a result of the chloride ion attack [40].

The Nyquist plots displayed in Figure 7c were obtained
for the coatings that contain different percentages of MAl
after immersion for 14 days in the solution of 3.5 wt% NaCl.
It is clear that the Nyquist plots show almost similar beha-
vior for different coatings, as shown in Figure 7b, but with
a slightly wider diameter for the obtained semi-circles for
all coatings. The plot obtained for 2 wt% MAl coating has

Sample code RS/Ω (cm2) Q1 RP1 (MΩ cm2) Q2 RP2 (MΩ cm2)

YQ1 (F cm−2) N YQ2 (F cm−2) n

MAl-1 (1 h) 157 0.000546 0.57 1,358 0.000668 0.87 2,374

MAl-2 (1 h) 162 0.000142 0.94 2,568 0.001874 0.82 3,075

MAl-3 (1 h) 151 0.000152 0.94 1,856 0.001246 0.70 2,539

MAl-1 (7 days) 144 0.0006847 0.93 2,048 0.004785 0.63 4,480

MAl-2 (7 days) 163 0.000159 0.93 2,998 0.001915 0.78 1,010

MAl-3 (7 days) 140 0.001249 0.97 2,135 0.004288 0.53 2,339

MAl-1 (14 days) 95 0.000792 0.90 3,756 0.000576 0.40 3,676

MAl-2 (14 days) 129 0.000119 0.56 2,555 0.000965 0.99 3,916

MAl-3 (14 days) 101 0.001220 0.97 2,870 0.000709 0.59 3,224

MAl-1 (21 days) 107 0.000861 0.94 1,206 0.003905 0.68 2,202

MAl-2 (21 days) 131 0.0001492 0.94 5,936 0.000885 0.14 2,702

MAl-3 (21 days) 110 0.0001710 0.93 5,321 0.002593 0.81 2,450

MAl-1 (30 days) 113 0.002131 0.91 1,051 0.006147 0.65 1,622

MAl-2 (30 days) 121 0.000972 0.99 3,143 0.001098 0.56 2,716

MAl-3 (30 days) 98 0.0001236 0.97 3,161 0.005593 0.67 1,916

Table 5. Fitted parameters from the impedance data.
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the widest diameter as compared to the ones obtained for
1 wt% MAl and 3 wt% MAl coatings. According to the
obtained diameter of the semicircles, the corrosion resis-
tance increases as per its MAl content in the following
order: 2 wt% Al > 3 wt% Al > 1 wt% Al. The increase of
the corrosion resistance of the coating panels is because

of the formation of a corrosion product layer that partially
protects the surface from degradation or corrosion with
time [41,42].

The Nyquist plots in Figure 7d and e indicate the
impact of adjusting the proportion of MAl on the corrosion
behavior of the developed coatings after extending the

Figure 8. Resistance values (RS, RP1, and RP2) of epoxy coatings with varying concentrations of MAl nanoparticles (1, 2, and 3 wt%) after
21 and 30 days of immersion in 3.5 wt% NaCl solution.

Figure 9. SEM images of 2 wt% Al coated samples (a) after 30 days of immersion along with (b–d) EDX elemental analysis.
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exposure period of time to 21 and 30 days, respectively. It
is clearly concluded that the spectra show almost a similar
behavior and almost the same real resistance (Z′) and
imaginary resistance (Z″). Both figures show a little higher
value of both Z′ and Z″ when compared to the values
recorded for the coatings after 7 days (Figure 7b) and
also after 14 days (Figure 7c). This increase of the plotted
values of Z′ and Z″ was reflected as the increase in the
diameters of the semicircle for the coatings immersed
for 21 and 30 days. This behavior indicates that the
prolonging of the immersion time decreases the corrosion
of the surface of the coatings, which can be explained by
the formation of thicker layers of corrosion products on
the surface of the coatings. The formed layer has the
ability to reduce or even prevent the degradation as well
as the corrosion of the fabricated coatings by preventing the
chloride ions present in the test solution from reaching the
surface and thus preventing the corrosion of those coatings
[43–45]. The EIS results for themilled coatings confirmed that
the presence of 2wt% Al within the fabricated coating leads
to the increase of the corrosion resistance to its maximum
because it is the optimum concentration that exhibits the best
resistance against corrosion in the tested chloride solution.
Addition of nanoparticles increases the cathodic protection of
fillers by preventing the corrosive media from penetrating
and increases the binding power of the interface by cross-
linking with amino radicals [46,47].

The impedance data listed in Table 5 reveal that the
highest resistance values, solution resistance (RS), first polar-
ization resistance (RP1), and second polarization resistance
(RP2) are observed for the 2wt% MAl coating. Additionally,
the constant phase element values (YQ1 and YQ2) are the
lowest for this sample, indicating fewer defects and enhanced
barrier properties. The n-values close to unity suggest the
formation of a stable double-layer capacitor with minimal
porosity. These results confirm that the 2wt% MAl coating
provides optimal corrosion resistance among the tested for-
mulations, especially during extended immersion in 3.5 wt%
NaCl solution.

The graphical representation of RS, RP1, and RP2 values
over 21 and 30 days of immersion (Figure 8) further
supports the trend observed in Table 5. The coating
with 2 wt% MAl consistently shows the highest resistance
across both immersion periods, confirming its superior
long-term corrosion resistance. In contrast, the 1 and
3 wt% MAl coatings exhibit lower resistance values,
with the latter likely affected by particle agglomera-
tion that reduces coating integrity. These trends sug-
gest that 2 wt% MAl is the optimal filler concentration
for achieving a balance between mechanical stability
and corrosion protection.

Figure 9 displays the SEM and EDX profiles obtained
after 30 days of immersion in a 3.5% NaCl solution.
According to the EDX examination of the corrosion pro-
ducts that developed on the surface, the percentage of Al
was lower than it was before immersion. This suggests
that the dissolution of Al under the attack of chloride
ions may have been the cause of the coating’s corrosion.
Moreover, the high oxygen content results from the sur-
face-formed layer of Al oxide (Al2O3), which reduces the
corrosion on the coated surface. The presence of NaCl salt
on the composite surface was due to its deposition during
immersion in the test solution, as shown by the low con-
centration of NaCl.

4. Conclusions

Three different coating formulations were fabricated by
incorporating varying percentages of ball-MAl powder,
designated as MAl-1 (1 wt% Al), MAl-2 (2 wt% Al), and
MAl-3 (3 wt% Al). Characterization of these coatings was
performed using several methods, including nanoindenta-
tion, scratch resistance testing, TGA, SEM, and pendulum
hardness testing.

• The mechanical properties improved with the addition
of Al up to 2 wt%, while increasing the Al content to 3 wt
% led to a decrease in mechanical properties, as demon-
strated by all mechanical tests conducted.

• EIS measurements revealed the effect of MAl powder on
the corrosion behavior of the fabricated coatings in a
3.5 wt% NaCl solution.

• The impact of immersion time on corrosion resistance
and degradation of the prepared coatings was analyzed
through EIS data collected after various immersion per-
iods in the chloride solution.

• Coatings with 2 wt% Al exhibited the highest resistance
to corrosion across all immersion durations.

• Prolonged immersion initially resulted in a decline in
corrosion resistance after 7 days, followed by an increase
due to the formation of protective oxide products on the
coating surface.

• Bothmechanical and electrochemical testing confirmed that
the coating formulated with 2wt% Al displayed superior
mechanical properties and higher corrosion resistance com-
pared to coatings containing 1 and 3wt% Al.
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