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This study applied a nanocomposite coating to a plain carbon steel substrate using the
air spray method. Various amounts of SiO, nanoparticles (2-6%) were incorporated
into the acrylic polymer-based coatings, and the results of corrosion, wear, impact,
bending, hardness, and adhesion tests on coatings with and without nanoparticles
were compared. The results indicated that coatings containing SiO, nanoparticles
exhibited significantly higher wear, impact, and bending resistance than coatings
without nanoparticles and showed better adhesion to the steel substrate. Moreover,
increasing the SiO, nanoparticles content in the coating considerably improved the
coating's hardness and resistance to corrosive agents in 3.5 wt% NaCl solution.
The enhanced properties of the nanoparticle-containing coating were attributed to
factors such as increased coating density and cohesion and higher average stress
required to damage the coating due to the addition of SiO, particles. Considering
economic factors and the issue of particle agglomeration, 4% SiO, nanoparticles
were determined as the optimal filler content for the nanocomposite coating. It was
found that adding 4% SiO, nanoparticles to the polymeric coating led to a reduction
in the corrosion rate and weight loss due to wear by 93% and 29%, respectively,
compared to coatings without nanoparticles. Furthermore, the coating's adhesive
strength and impact resistance increased by 20% and 50%, respectively.

1. Introduction

environmental conditions [1, 2]. Therefore, issues related
to the protection and extended service life of steel com-

Two types of steel, plain carbon and stainless, are
widely used due to their mechanical strength and cor-
rosion resistance, respectively. However, even stainless
steel is susceptible to corrosion under severely corrosive
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ponents and surfaces are of great importance and have
drawn considerable attention. One of the most cost-ef-
fective methods to prevent corrosion of steel components
and structures is coating [3, 4].

Organic polymer coatings such as polyurethane and
acrylic resins are widely used for corrosion protection
[5]. The resin acts as a barrier, physically protecting
the metal from direct contact with the corrosive envi-
ronment. However, it has been shown that the barrier
properties of resins are insufficient, and corrosive ions
can penetrate through the resin's porosity [6]. In other
words, due to their inherent porosity, the organic coat-
ings are susceptible to mechanical degradation or tend
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to create channels for corrosive species [7]. As a result,
new methods, such as polymer matrix nanocomposites
reinforced with organic/inorganic fillers, have recently
gained significant attention for protecting steel against
corrosion [8-19]. These coatings act as a waterproof bar-
rier, effectively preventing water absorption and extend-
ing the service life of the steel. The most notable feature
of nanocomposites is the enhancement of properties with
small amounts of reinforcement. For example, adding
5% by volume of nanoparticles to a polymer can improve
its physical and mechanical properties by up to 70% [9].

In nanocomposite coatings, nanoparticles such as
AlLO,, TiO,, SiO,, and ZrO, are typically used to improve
the coating's performance [10-17]. Benea et al. [10] have
investigated the effect of TiO, embedded epoxy paint on
the corrosion properties of naval steel plates immersed
in seawater. The corrosion rate of a nanocomposite of
TiO, and epoxy has been reported by these researchers
to be 0.141 um per year, compared to 386.79 um/year for
uncoated steel. Zhou et al. [11] used a polybenzoxazine
nanocomposite coating containing SiO, nanoparticles on
plain steel and found that the incorporation of 1-5 wt%
SiO, nanoparticles into coating enhanced the corrosion
resistance of plain carbon steel in 3.5 wt% NaCl solu-
tion. The corrosion rate value of the coated sample with
3 wt% and 5 wt% SiO, nanoparticles showed a reduction
of 10 and 15 times, respectively, compared to the uncoat-
ed samples under the same conditions. In another study,
the authors stated that incorporating SiO, nanoparticles
into a polyurethane coating enhanced the wear resistance
of the coating significantly [12]. A study on the coating
of Poly(vinylpyrrolidone)/acrylate/silane polymer nano-
composites with SiO, filler on metal substrate of mild
steel was successfully carried out. The nanocompos-
ite coating showed a corrosion protection efficiency of
83.4% using electrochemical impedance spectroscopy
measurements at the addition of 0.5% SiO, nanoparticles
[13]. Poorraeisi and Afshar [14] used ZrO, in combina-
tion with TiO, and hydroxyapatite to improve the over-
all performance of the applied coating on 316 stainless
steel. They found that the synergistic contribution from
corrosion resistant hydroxyapatite and TiO,, mechan-
ically strong ZrO,, resulted in an increase in corrosion
resistance of 316 stainless steel. The minimum corrosion
current density (I_ ) of composite coating was reported
0.007 1 of bare substrate. Xavier [15] revealed that the
polyurethane/ Si0,-Al,O, nanocomposite coating on mild
steel exhibited significant resistance properties against
corrosion as well as enhanced mechanical properties
compared to pure polyurethane coating. The I Value
for nanocomposite coating was 0.142 1 _ of pure poly-
urethane coating. Another study employing epoxy resin
nanocomposite coating using CeO, nanoparticles on met-
al substrate of Q235 steel was conducted. It was demon-
strated that adding 3% nanorod or nanosphere CeO, re-
sulted in a significant increase in the corrosion resistance

of the coating in 3.5% NaCl solution. The corrosion rate
of the nanocomposite coating after one week immersion
was reported about one order of magnitude lower than
the pure epoxy coating [16].

Acrylic coatings offer environmental stability, good
transparency, and relatively decent corrosion resistance
[3], but their mechanical properties are not ideal. SiO,
is one of the most effective nanoparticles used in corro-
sion-resistant coatings. Due to its high hardness and wear
resistance, along with outstanding optical properties re-
sulting from its small size and refractive index close to
that of commonly used resins, SiO, is an ideal choice for
improving the properties of acrylic coatings. Moreover,
its cost is relatively lower than that of other nanoparti-
cles [2, 4, 7, 13, 15]. Obtaining optimal properties from
composites is a challenge due to the non-uniform disper-
sion of nanoparticles in the matrix. Proper mixing and
homogeneity of nanoparticles within the coating matrix
are crucial to prevent the agglomeration of particles [12].
There are ongoing efforts to overcome this problem and
improve the interaction between nanoparticles and poly-
meric matrix [2, 4, 14, 18]. Chen et al. [18] used intense
stirring to produce a polyurethane-acrylic nanocompos-
ite containing SiO, nanoparticles and demonstrated that
particle distribution in this method was highly favorable.

The composites' fracture toughness or impact resis-
tance is determined by the size and concentration of the
reinforcing particles, the nature of the particle-matrix in-
terface, and the properties of the polymer matrix and the
filler particles. It has been demonstrated that the fracture
toughness rises with the reduction in particle size, even at
low-volume fractions of particles. This goes to show why
nanometric reinforcing particles should be used in com-
posite materials and coatings [19]. Additionally, weight
fraction of the filler materials plays an important role in
determining the overall performance of the composite [2,
4]. Limited research has been conducted on optimizing
the amount of SiO, nanoparticles in acrylic coatings ap-
plied to steel sheets to simultaneously enhance both cor-
rosion resistance and mechanical properties.

In the present study, various amounts of SiO, nanopar-
ticles were used to improve wear-corrosion-impact resis-
tance, bending and adhesion strength of acrylic coatings
applied to plain carbon steels and compared with the
properties of coatings without nanoparticles. The aim
of this experimental work is to optimize the amount of
nanoparticles in the coating while considering economic
factors and the issue of particle agglomeration.

2. Material and Experimental Procedures

This study used plain carbon steel sheets with a thick-
ness of 0.7 mm and the chemical composition shown in
Table 1. as substrate and a coating paint with an acryl-
ic polymer matrix containing SiO, nanoparticles (with
specifications shown in Table 2.). An as-received traffic
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marking paint based on acrylic resin with the specifica-
tions in Table 3. was used as coating paint. The sheets
were cut to the dimensions of 7x17 c¢cm and degreased
with acetone after grinding. To prepare the nanocompos-
ite coating, different amounts of SiO, nanoparticles (2, 4,
and 6 wt%) were added to 100 g of acrylic, and a high-
speed disk mixer with a speed of more than 3000 rpm
was used for 60 minutes to uniformly distribute the parti-
cles, and prevent their agglomeration. The nanocompos-
ite coating was applied to the surface of steel sheets using
a conventional air spray method, and the coating thick-
ness after drying was measured to be 10010 um. The
hardness of the resulting coating, as well as its resistance
to wear, impact, bending, and corrosion, and its adhesion
to the steel substrate were investigated and compared un-
der two conditions: the coating containing SiO, nanopar-
ticles and the coating without SiO, nanoparticles. All the
tests were conducted under room temperature conditions.
Steel samples coated with acrylic containing 0, 2, 4, and
6 wt% SiO, nanoparticles were designated as St-0%SiO,,
St-2%8Si0,, St-4%8i0,, and St-6%Si0,, respectively.

The corrosion resistance evaluation was made by
using the electrochemical polarization test by Potentio-
stat-Galvanostat device. The possible variation rate was
specified at 1 mV/s in the range of £300 mV relative to
the open-circuit potential. Using the Tafel test, tangents
were drawn to the anodic and cathodic branches and
the point of their intersection was found. The corrosion
current density was defined, and the corrosion rate was
calculated using ASTM G102. Further, a salt spray test,
according to ASTM B-117, was used to determine the
corrosion protection of the coatings. In this test, grooves
were first made on the coated surface as per ASTM
D1654, and the samples were exposed to an aqueous
salt solution of 5+1 wt%. The result of this test was done
qualitatively depending on the degree of corrosion on the
surface of the sample.

Pin on disk test was carried out as per ASTM G99 to
assess the wear resistance of the coating. The test was
performed using 3 cm diameter disc samples, pin rota-
tion speed at 0.042 m/s, and force applied on the samples
was set about 2 N. The weight loss of the samples was
measured after a distance of about 100 m. The reported
results are the average of at least three pin on disk tests.
Images of the wear test specimens were taken using a
scanning electron microscope (SEM), which enabled the
evaluation and comparison of the wear mechanism in
various samples.

The hardness of the coating was identified using a
Koopa microhardness tester (model MH1). A load appli-
cation of 25 g was applied and maintained for a duration
of 10 s. For each sample, at least five locations select-
ed and the average microhardness is presented and dis-
cussed. The hardness of each coating was also gauged by
performing a pencil scratch test according to the ASTM
D3363 standard procedure. Pencils with hardness rang-
ing from 6H to 6B were used, starting with the hardest
and gradually moving to softer ones. Each pencil was
drawn over the coating surface for approximately 6.5 mm
with constant force until one produced a visible black
line [20]. Based on the degree of pencil penetration or
the scratch made by the pencil on the coating surface, the
hardness is determined. In this test, the coated steel sheet
must be placed horizontally in a fixed position, and the
pencil is drawn across the coating at a 45-degree angle
relative to the horizon. The hardness of the last pencil
that does not cause a scratch on the coating is reported as
the scratch hardness of the coating [20, 21].

The adhesion of the coating to the steel substrate was
determined by using the pull-off test with reference to
ASTM DA4541. For this test, specific dollies were then
applied on the coating surface. After the standard time
had been counted, the device parted the dollies, and
the coating adhesion strength was measured in MPa.

Table 1. Chemical composition of the used plain carbon steel sheet as substrate (in wt%).

C Si Mn

P S Fe

0.14 0.19 0.52

0.023 0.027 Balance

Table 2. Specifications of the SiO, nanoparticles used.

Average Specific Ultraviolet Weight loss Weight loss
s .. . Fe Co
grain size surface area reflectivity due to drying due to heat (ppm)  (ppm)
(nm) (m?/g) (%) (%) (%) PP PP
80 >800 >85 <1.4 <1.8 0.2 0.8

Table 3. Characteristics of the acrylic paint.

Specific gravity Volume solid  Flash point

(kg/lit) (%)

o Coupling agent
°C) pling ag

1.5+0.05

50+2

35 Soya lecithin
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The average of three pull-off test results are reported as
the adhesion strength.

In order to measure the ability of the coatings to resist
the impact, an impact test was performed according to
ASTM D-2794. In this test, the coated sheet is placed
under a piston with a spherical end. With the help of a
lever, the piston is lifted to a certain height and allowed
to drop freely onto the coating. Therefore, by gradually
incrementing the drop height, one can identify the thresh-
old for coating cracking. The condition of the cracks can
also be assessed with the help of a microscope and cop-
per sulfate indicator.

For the evaluation of the flexibility and to check the
possibility of crack formation as a result of the bending
forces, the bending test was carried out according to
ASTM D522-88(b). In this test, the uncoated side of the
sheet is placed on a steel rod of a standard diameter in
the range of 1-0.125 inch and bent to a 180-degree angle.
Subsequently, an amount of force is applied to the sheet
which is immediately lifted off the rod and examined for
macroscopic fractures. If there is no crack formation on
the coating, the bending test is done with a steel bar of
lesser diameter until cracks are observed on the coating.
Test results are expressed as the diameter of the rod that
leads to cracking of the coating during the bending test
[21]. For the bending test in this investigation, steel rods
of 1, 0.75, and 0.5 inch in diameter were employed.

3. Results and Discussion

The typical optical micrograph on the cross-sec-
tion of the St-6%SiO, sample is shown in Fig. 1.

Steel Substrate

indicating a coating without pores and good adhesion to
steel substrate. The coating thickness was measured as
100£10 um.

3.1. Corrosion Resistance Evaluation
3.1.1. Electrochemical Polarization Corrosion
Test

The corrosion test results, including Tafel polariza-
tion curves and corrosion rates, are presented in Fig. 2.
and Fig. 3(a) respectively. It is observed that the corro-
sion rate is highest in the St-0%SiO, sample and lowest
in the St-4%SiO, sample, with a slight difference com-
pared to the St-6%SiO, sample. In fact, as the amount of
SiO, nanoparticles increases from 0 to 4%, the corrosion
rate decreases significantly and then slightly increases as
nanoparticles are further increased to 6%. Overall, the
addition of SiO, nanoparticles to the acrylic coating has
resulted in a decrease in corrosion current density and
an increase in the corrosion potential of the coating. The
nanocomposite coating, due to its strong adhesion to the
steel surface, exhibits greater corrosion resistance com-
pared to the pure acrylic coating (without nanoparticles).
Also, if SiO, nanoparticles, with increasing density, are
not agglomerated, they can act as a barrier to the corrosive
agents penetrating through the steel substrate [2, 4, 14].
Garcia et al. 's research [22] shows that a suitable coating
can cover active sites on the steel surface, preventing the
formation of micro-cells on the substrate surface. How-
ever, if the SiO, nanoparticles are not well dispersed in
the coating, agglomerated regions of the particles form,
which creates porosity and allows penetration, thereby

50 pm

Fig. 1. Optical micrograph of the cross-section of the acrylic/6%Si0, nanocomposite coated steel.
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increasing the corrosion rate on the substrate surface.
3.1.2. Salt Spray Corrosion Test

Fig. 4. shows the results of the salt spray test in graph-
ical form. It can be observed that the addition of SiO,
nanoparticles to the coating has influenced and reduced
the intensity of corrosion. In the St-0%SiO, sample
(Fig. 4(a).), corrosion effects and its products, especial-
ly around the scratches, are clearly visible. However, in
the various nanocomposite coatings, particularly in the
St-4%8Si0, and St-6%Si0, samples, the intensity of cor-
rosion and accumulation of products around the scratch
area is less pronounced. Additionally, the initiation time
of pitting and corrosion on the surface of the St-0%SiO,
sample was shorter than the other samples; corrosion
signs appeared on this sample approximately 4 hours

after the start of the test. The corrosion initiation time for
the St-2%8i0, sample occurred 4 hours and 25 minutes
after the start of the test, while for the St-4%SiO, and
St-6%8Si0, samples, it was longer than that of the
St-2%8i0, sample. The results of the salt spray test in-
dicate that SiO, nanoparticles have good compatibility
with the polymer coating. Better salt spray resistance in
the St-4%8Si0, and St-6%8SiO, samples can be attribut-
ed to the better dispersion of SiO, nanoparticles, which
filled the voids of polymeric matrix, thereby increasing
the barrier properties of the coatings against intruding
corrosive agents [23-25].

3.2. Wear Resistance Evaluation

The weight loss percentage of the samples after the
pin-on-disc wear test is depicted in Fig. 3(b). From the

-0.500
-0.600 St-A%Si0 St-2%Si10,
-4%Si -
-0.700 BN j/
/

< > St-0%Si0,

\
-1.200 St-6%Si0,4—\ \.
"‘“-\-..____\_‘
-1.300 T T T T T T
T00010° 1 000x10° 10006107 1.00010° 1 000107 1.000610%  1.00010° 1 00010
1 (A/em?)

Fig. 2. Polarization curves of steel substrate corrosion with an acrylic coating containing varying percentages
of SiO, nanoparticles in 3.5 wt% NaCl solution.

50 -

5 40.9

< 40

O -

&< 30

x £

SE 0 -

“

2

— 10 |-

S 4.047 2.744 2.816
0 | — —

(a) St-0%Si02  St-2%Si02  St-4%Si02  St-6%Si02
1

=

B

g_ 37

aF

S22

w

[

3 1

<
0

(c) St-0%Si02  St-2%Si02  St-4%Si02  St-6%Si02

0.8 -
3
S 06 -
2
S
£ 04 -
20
Q
2 02

0 S
(b) St-0%Si02  St-2%Si02  St-4%Si02  St-6%Si02

150
é _ 120

o0

28 9 |
< >
2T e
2 30 -

O S
(d) St-0%Si02  St-2%Si02  St-4%Si02  St-6%Si02

Fig. 3. Properties of the acrylic coating with different SiO, nanoparticle percentages applied on the steel
substrate; the parameters used for the evaluation of the performance of the coatings were (a) corrosion rate,
(b) weight loss from wear test, (c) adhesion strength and (d) microhardness.



S. Arzani et al. / International Journal of ISSI, Vol. 21(2024), No. 2, 1-10

results obtained, it is seen that as the weight percentage
of SiO, nanoparticles in the coating increases, the weight
loss of the samples decreases, which, in turn, increases
the wear resistance of the coating. As it has been demon-
strated in [26], the increase in the concentration of fill-
er nanoparticles in polymer coatings leads to a decrease
in the severity of the surface fatigue wear mechanisms.
In this mechanism, because of the repeated forces ap-
plied, the surface of the material becomes vulnerable.
Micro-cracks are formed and grow periodically; finally,
the material is detached from the surface. Further, Fig. 5.
presents the coefficient of friction for the coatings with
different concentrations of SiO, nanoparticles obtained
from the pin-on-disc test. The coefficient of friction for
the St-0%Si0,, St-2%8Si0,, St-4%8Si0,, and St-6%Si0,
samples was about 0.4, 0.4, 0.3, and 0.4, respectively.
The lower coefficient of friction in the St-4%SiO,
sample is due to the higher surface quality of this sample,
while the presence of fine and scattered surface porosity
in the St-0%Si0, and St-2%SiO, samples acts as pro-

(a) (b) (c) (d)

trusions and depressions, leading to a rougher surface.
Additionally, these fine porosities cause issues for the
movement of the pin when it encounters them, as they
act like pits. However, regarding the higher coefficient
of friction in the St-6%Si0O, sample compared to the
St-4%Si0,, research findings by other investigators also
indicate that an excessive increase in the percentage of
nanoparticles results in undesirable properties [26, 27].
In other words, the lowest coefficient of friction in the
coating is achieved at an optimal nanoparticle concentra-
tion. SEM micrographs (Fig. 6.) were used to investigate
the wear mechanism of the coating further. According
to Fig. 6(a)., the pure coating in the St-0%SiO, sam-
ple undergoes severe plastic deformation during wear,
forming relatively large cracks. Additionally, the width
of the wear track in this sample is larger compared to
other samples, which justifies the higher weight loss of
the St-0%Si0, sample during the wear test (Fig. 3(b)).
With the addition of SiO, nanoparticles to the polymer
matrix, these particles, due to the creation of appropriate

Fig. 4. Salt spray test results after 24 hours for: (a) St-0%Si0,; (b) St-2%SiO,; (¢) St-4%Si0,; and (d)
St-6%Si0,.
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interface and adhesion to the matrix, largely prevent the
growth and propagation of fatigue cracks. As shown in
Fig. 6(b). the amount of cracks, pores, and wear track
width is reduced compared to the pure coating, which
correlates with the lower weight loss during wear in the
St-2%8Si0, sample compared to the St-0%SiO, sample
(Fig. 3(b)). The St-0%Si0, and St-2%SiO, samples do
not reach their maximum coating density, and as a re-
sult, they contain some fine and scattered surface and
subsurface porosity. These porosities are the main cause
of surface fatigue, acting as crack initiators under cyclic
loading and, if large enough, functioning as cracks them-
selves [28]. As shown in Fig. 6(c). by adding 4% SiO,
nanoparticles, no significant cracks or pores are observed
in the wear track, and the narrowest wear track belongs to
this sample. In fact, with the increase in SiO, nanoparti-
cles, the coating density increases, and the amount of fine
and scattered porosities, which are the source of crack
initiation, decreases [19]. The SEM micrograph of the St-
6%Si0, sample (Fig. 6(d)) is very similar to that of the
St-4%8Si0, sample. In this sample, the weight loss during
wear is also significantly reduced (Fig. 3(b)).

Increased hardness, stiffness, and modulus of coat-
ings in the presence of SiO, nanoparticles are key fac-
tors in enhancing fatigue wear resistance, as they prevent
surface deformation and the resulting cyclic stresses.
Moreover, due to their very small size, SiO, nanoparti-
cles can cover a large area of the coating, resulting in a

larger effective contact surface with the abrasive pin, thus
reducing the pin's surface effects, which plays a crucial
role in reducing wear [29].

3.3. Adhesion Test

Many properties of the coating, such as wear and
corrosion resistance, are dependent on the adhesion
strength of the coating to the substrate. One of the prom-
inent features of acrylic coatings is their strong adhesion
to various substrates, especially steel substrates [30]. In
Fig. 3(c). the adhesion strength of the coating applied to
the steel substrate is presented for different SiO, nanopar-
ticle contents. The results show that increasing the weight
percentage of nanoparticles enhances the adhesion of the
coating to the steel substrate. The adhesion test results
indicated that in the St-0%SiO, sample, separation and
failure occurred at the coating/substrate interface. How-
ever, in the other samples, the failure occurred within the
coating itself. The use of nanoparticles can reduce poros-
ity and enhance the adhesion of a material by filling cav-
ities [4, 31]. It has been suggested that higher structure
density improves the adhesion and internal cohesion of
the coating [20]. The results show that the presence of
fillers increases this density. In the presence of SiO, par-
ticles, the hydroxyl groups (O-H) on the surface of SiO,
particles form hydrogen bonds with the carbonyl groups
(C=0) of the acrylic, creating a physically cross-linked

Fig. 6. SEM micrographs of sample surface after wear test for: (a) St-0%SiO,; (b) St-2%8i0,; (c) St-4%Si0,; and
(d) St-6%Si0,.
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structure alongside the polymer structure, which increas-
es the coating structure density (Fig. 7.). Low molecular
weight chains typically adhere to the filler particle body,
forming a suitable interface between the coating and sub-
strate with polymer chains. This process strengthens the
coating's adhesion to the steel substrate while also im-
proving the filler-matrix adhesion [4, 32-34].

3.4. Coating Hardness Evaluation
3.4.1. Microhardness Test

In Fig. 3(d). the microhardness results of the coating
for different samples are reported. As the SiO, nanopar-
ticle content increases from 0% to 6%, the hardness of
the coating continuously increases. It has been reported
that polymers' yield strength and hardness increase in the
presence of SiO, nanoparticles. This increase in hardness
is due to the high modulus of the SiO, nanoparticles and
the increase in cross-linking from hydrogen bonds be-
tween the nanoparticles and the coating [35]. Since com-
pressive stresses are predominantly involved in hardness
tests, stiffness and modulus are more significant than the
bonding conditions between the nanoparticles and the
matrix. In general, at higher nanoparticle percentages
(more than 4 wt%), due to the hard nature of SiO, and its
suitable interfacial conditions with the matrix, a signifi-
cant increase in the hardness of the coating is observed.
These results are consistent with those of previous studies
that have shown the improvement of hardness in organic

Nanoparticle Acrylic matrix

Steel Substrate ¢mmm

coatings by using different nanoparticles [13, 15, 36].
3.4.2. Scratch Hardness Test

The results of the pencil scratch hardness test are
presented in Table 4. It is evident that with increasing
SiO, nanoparticle content as filler in the acrylic coating,
the surface's resistance to surface scratches caused by
the pencil increases, with the highest hardness observed
in the St-6%8Si0, sample. The findings of this study are
consistent with the reports by other researchers [32, 37].
Chen et al. [37] demonstrated that in sol-gel coatings ap-
plied to polycarbonate substrates, both the coating thick-
ness and SiO, content significantly improve scratch re-
sistance. A study on nanocomposite coating using Fe O,
as a filler in epoxy-acrylate resin on metal substrate of
mild steel resulted in enhancement of scratch hardness
of coating [32].

3.5. Impact Test

It is observed from Table 4. that the impact strength
of acrylic coatings increases as SiO, nanoparticle con-
tent rises. Moreover, in the area impacted by the piston
on coatings of St-4%8Si0O, and St-6%Si0,, no cracks or
breaking of the coating was observed despite significant
plastic deformation occurring in these parts of the sam-
ple. By reducing the filler particle size to the nanome-
ter scale, the total surface area for bonding increases,
while the formation of filler aggregates decreases. These

Fig. 7. Schematic illustration of the increase in density and adhesion of the acrylic coating due to the use of SiO,
nanoparticles, which leads to improved adhesion of the coating to the steel substrate.

Table 4. Results of various tests performed on steel sheets coated with acrylic containing different percentages of
SiO, nanoparticles.

Hardness

Result of bending test with different rod

Impact diameters
Sample .
code Pencil resistance
Scratch (kg.cm) Rod diameter  Rod diameter  Rod diameter
hardness 1 ness (1 in) (0.75 in) (0.5 in)
grade | ’
St-0%S102 B 2H 24 Failed Failed Failed
St-2%S102 HB 4H 30 Passed Failed Failed
St-4%S102 H SH 36 Passed Passed Failed
St-6%S102 3H >6H 36 Passed Passed Passed
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factors enhance energy absorption during abrupt defor-
mation. The increased flexibility is indicated by the pres-
ence of fine-mesh pores (below the critical crack length)
at the interface between the filler particles and the matrix,
allowing the polymer components to penetrate into these
regions. Spherical SiO, nanoparticles were also shown to
reduce the stress concentration around themselves com-
pared with the plate-like particles of sharp edges, thus
rendering toughness higher [19]. In addition, the pres-
ence of nanoparticles also decreases the free volume in
the coating, which absorbs much energy by distorting
themselves and provides a space for the polymeric chain
to move segmentally during impact test [38].

The reinforcing effect of SiO, nanoparticles is relat-
ed to altering the threshold stress at the crack tip by re-
leasing and redistributing these stresses across multiple
microcrack growth centers. This process increases the
average stress required to fracture the coating, thereby
enhancing its toughness. In other words, matrix-origin
microcracks are halted upon encountering the SiO, filler
nanoparticles, requiring higher stress to continue grow-
ing. Therefore, the higher the SiO, content in the coating,
the greater the barriers for microcracks, resulting in im-
proved toughness [19].

3.6. Bending Test

The qualitative results of the bending test for different
samples are reported in Table 4. The pure acrylic coating
(St-0%Si0, sample) exhibits very low flexibility; in all
three bending tests, large cracks appeared on the surface,
and the coating completely peeled off in sheets. In the
St-0%8Si0O, sample, separation and failure occurred at
the coating/substrate interface. With the addition of
SiO, nanoparticles as a filler in the acrylic coating, the
flexibility against bending forces improved. As the SiO,
nanoparticle weight percentage increased from 0% to 2%,
flexibility increased, but in both bending tests with rods
of 0.5 and 0.75 inches in diameter, macroscopic cracks
were observed. These cracks started in the middle of the
coating width and extended to the ends of the sample. In
other words, in the St-2%Si0, sample, failure occurred
within the coating. With the addition of 4% and 6% by
weight of SiO, nanoparticles, the flexibility of the acrylic
coating significantly increased, and in the St-6%SiO,
sample, no macroscopic cracks were observed on the
surface during the bending test. A possible explanation
for this might be that higher structure density leads to
better internal cohesion of the coating [34]. Consistent
with our experimental results, Ahmed et al. [39] have
also reported an improvement in the flexibility of the
polyurethane based nanocomposite coating on steel
substrate.

4. Conclusions

This study applied an acrylic-based coating with

various amounts of SiO, nanoparticles (2-6%) as a filler
to the surface of plain carbon steel. Various properties of
the coating, including corrosion, wear, impact, bending
resistance, and hardness, were evaluated and compared
with those of the coating without nanoparticles.
Considering economic factors, the agglomeration issue,
and the results obtained, SiO, nanoparticle composite
coatings with 4% by weight were determined to be the
optimal nanoparticle content. The results indicated that
adding 4% SiO, nanoparticles to the polymeric coating
led to a reduction in the corrosion rate and weight loss
due to wear by 93% and 29%, respectively, compared to
coatings without nanoparticles. These improvements are
attributed to increased structure density, modulus, orderly
arrangement of polymer chains, and the barrier properties
of the nanoparticles. Furthermore, the coating’s adhesion
strength and impact resistance in the St-4%SiO, sample
improved by 20% and 50%, respectively, compared to
the St-0%SiO, sample. The presence of nanoparticles
raised the average stress required for coating failure,
thereby improving toughness. These particles acted as
obstacles to microcrack growth originating from the
matrix, increasing the stress needed to propagate them.
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