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SiAION-epoxy nanocomposite coatings: Corrosion and wear behavior
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ABSTRACT: In this study, epoxy powder as a matrix was combined with different contents of silicon—aluminum—oxygen—nitrogen
(SiAION) nanoparticles using a planetary ball mill. Pure epoxy and nanocomposite powders were applied on the surface of plain car-
bon steel components by the electrostatic spraying method. Curing of the coatings was done in an oven or microwave for the appro-
priate time. The coating structure and morphology of the SiAION nanoparticles were studied by scanning electron microscopy and
transmission electron microscopy, respectively. The corrosion properties of the coatings were assessed by immersion, Tafel polariza-
tion, and electrochemical impedance spectroscopy tests in 3.5% NaCl solution. The results show that addition of 10 wt % SiAION
nanoparticles markedly increases the corrosion resistance of epoxy coatings. Thus, it can be inferred that the corrosion rate of these
coatings is 15 to 18 times lower than that of pure epoxy samples and 8 to 11 times lower than coatings with 20 wt % SiAION. The
higher corrosion resistance of nanocomposite coatings can be attributed to the barrier properties of SIAION nanoparticles. The tribo-
logical performance of the coatings was studied with the pin-on-disk test. The results of wear testing show that the samples contain-
ing 10 wt % SiAION provide about five times more wear resistance than pure ones and about two times more than coatings with 20
wt % SiAION. However, the coefficient of friction for nanocomposite coatings is reduced about 50% compared to the pure sample.
Also, the curing process in either regime (oven or microwave) has the same effect on the corrosion and wear properties, and the coat-
ings are completely crosslinked. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43855.
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INTRODUCTION reducing the wear rate can improve the performance of these

. . coatings.”'" Alamri et al.'? found that the addition of silicon
Polymer coatings are some of the most commonly used coatings

to protect against corrosion.' These coatings are characterized
by their high strength, low weight, high thermal stability, and
chemical resistance. Epoxy powder, one of the most widely used
powder coatings, has good corrosion resistance in mild environ-
ments and mechanical properties such as fracture toughness
(0.9 +0.1 MPa m"?) and impact strength (5.6 = 0.7 K m~?) as
well as proper adhesion to the steel substrate.’™ Electrostatic
spraying is among the easiest and least expensive methods of
applying the powder coating. In this method, a high electric ~ Silicon-aluminum-oxygen-nitrogen (SiAION) is an advanced
charge is needed for powder spraying_5’6 The advantages of this multifunctional ceramic that is crystallized in the Si-Al-O-N
method include low levels of waste of the powder and the uni-  four-element system. Because of excellent physical properties
formity of the coating film. The strength of polymers produced  such as high strength, toughness, and hardness and excellent
by this method is low compared to metals; thus, many efforts  resistance to thermal shock and corrosion, SiAION can be used
have been made to improve their corrosion and wear-resistance ~ in antiwear and anticorrosion applications.’>™!” SiAION is a
properties. The results of recent investigations show that the combination of oxide and nonoxide ceramics. Nonoxide
addition of nanoparticles to polymer-based coatings can  ceramics such as silicon nitride, because of their fracture
improve mechanical properties such as their wear rate and  strength properties and high thermal resistance, are suitable for
enhance their capability of preventing the penetration of aggres-  high-temperature  structural —applications. Because oxide
sive agents. In addition, increasing the corrosion resistance and ceramics such as alumina show high corrosion resistance,

carbide nanoparticles to an epoxy improves the mechanical
properties of the coating. In another study, Palraj et al'?
reported that the addition of silica nanoparticles improves both
the corrosion resistance and the mechanical properties of the
coatings, such as abrasion resistance and adhesive strength.
Moreever, Piazza et al.'* showed that the addition of montmo-
rillonite clay nanoparticles to epoxy improves the thermal sta-
bility and the barrier properties of the coatings.

© 2016 Wiley Periodicals, Inc.
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Figure 1. (a) SEM micrograph of the pure epoxy powder; (b) SEM micrograph of the nanocomposite powder after ball-milling; (c) TEM image of

SiAION nanoparticles.

SiAION can exhibit a combination of satisfactory thermome-
chanical and chemical properties.'®!* The B phase of SIAION
(B-S1AION) is fabricated by sintering mixtures of Si;N,, ALOs,
AIN, and SiO, at temperatures above 1500°C in N,
atmosphere.*”

The mixture and embedding type of nanoparticles with matrix
powder coating are among the most important factors for deter-
mining the properties of the nanocomposite powder coating.
Nanocomposite powder particles may become separated during
spraying because of the differences in the properties of epoxy
powder and nanoparticles (e.g., density, particle size, and elec-
trostatic properties). Therefore, embedding of nanoparticles in
powder coatings generally faces various problems. Thus far, var-
ious methods have been used to disperse nanoparticles in the
powder coating. The planetary ball-milling technique is widely
used for mechanical alloying of metals and the synthesis of
nanostructured materials, intermetallic compounds, and amor-
phous structures. Recently, this technique was used to disperse
nanoparticles within a polymer matrix.”"** It is believed that
the high ductility of epoxy powder facilitates the dispersion of
SiAION nanoparticles in the field of epoxies.'® In the present
research, SIAION nanoparticles were mechanically embedded in
the epoxy resin matrix using a mechanical ball-milling process
to produce a homogeneous nanocomposite powder.

SiAION can exhibit a combination of nonoxide and oxide
ceramic properties such as wear and corrosion resistance. There-
fore, because of the complex properties of SIAION nanoparticles,
this nanoparticle can also enhance both the corrosion resistance
and the wear resistance of polymer coatings.'>'® The effect of
adding SiAION nanoparticles to an epoxy powder coating has
not been studied yet. Therefore, this study was conducted to
investigate the effect of adding SiAION nanoparticles with a ball-
milling technique to an epoxy powder on the improved protec-
tive and tribological properties of fabricated coatings.

In the present work, SIAION nanoparticles were dispersed in an
epoxy powder at 10 and 20 wt % using a mechanical ball-
milling method. The fabricated nanocomposite powders were
coated onto the surface of steel pieces by an electrostatic spray-
ing method. The coatings were cured in either oven or micro-

wave. The corrosion-resistance properties of the coated
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components were investigated using electrochemical impedance
spectroscopic (EIS), Tafel polarization, and immersion tests.
The results obtained show that the corrosion rate of coatings
containing 10 wt % SiAION is 15 to 18 times lower than that
of pure epoxy samples. In order to investigate the wear behavior
of the coatings, the pin-on-disk wear test was performed. The
data obtained from the wear and friction tests reveal that the
tribological properties of the coating are improved by the addi-
tion of SIAION nanoparticles. Hence, the wear rate and coeffi-
cient of friction for nanocomposite coatings are decreased three
to five times versus pure coatings. Furthermore, it was found
that curing in oven or microwave has the same effect on the
corrosion resistance and wear properties as the coatings are
completely crosslinked in both regimes.

EXPERIMENTAL

Materials

Plain carbon steel sheets (0.02% C, 0.38% Al, 1.37% Si, 0.2%
Mn, and the rest Fe) with the dimensions of 5X 6 X 0.5cm’
were prepared and ground using 800- and 1200-grit emery
papers in order to create the desired roughness on the surfaces,
followed by surface degreasing by methanol. For final cleaning,
the specimens were rinsed with distilled water and alcohol and
dried at room temperature.

Epoxy powder (20-50 um, NikfamGostar, Tehran, Iran) and
B-SiAION nanoparticles with a density of 3.3g cm ™ and hard-
ness of 1430-1850 Kg mm 2 (10-30 nm, Reade Advanced Mate-
rials, East Providence, USA) were purchased. A transmission
electron microscopy (TEM) image of the SiAION nanoparticles
is shown in Figure 1(c).

A proper mixture of epoxy powder and SiAION nanoparticles
(with 90/10 and 80/20 weight ratios) was conducted into the
planetary ball mill with a ball-to-powder weight ratio (B/P) of
190:90 for 24h to obtain a nanocomposite powder with the
proper distribution of SiAION nanoparticles in the epoxy
matrix. Scanning electron microscopy (SEM) images of pure
epoxy powder and nanocomposite powder after ball-milling are
shown in Figure 1(a,b). To apply the coating on the surface of
steel parts connected to ground, an electrostatic spraying device
(IRIS Model, Tehran, Iran) with a Corona powder spray gun

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43855


http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

Table I. Properties of Pure and Nanocomposite Coating Samples

Samples Nanoparticle (wt %) Cure
EC = Oven
EM — Microwave
ESC-10 10% nanoSiAION Oven
ESM-10 10% nanoSiAION Microwave
ESC-20 20% nanoSiAION Oven
ESM-20 20% nanoSiAION Microwave

and a 100kV DC voltage source was used. After the coating
process, two different conditions were considered for curing the
coatings. In the first case, the specimens were placed in the
oven for 12min, and curing operations were performed at
200°C (based on the results of differential scanning calorimetry
(DSC) analysis). As the second case, the samples were cured in
the microwave with a power of 900 W for 12min (based on
experimental observations). The properties of the coated pieces
and their curing methods as well as their abbreviated names are
shown in Table L.

Experimental Measurements

Measurements and Characteristics. The structure of SiAION
nanoparticles was studied using TEM (Zeiss, EMIOC, Ger-
many). The filament voltage was fixed at 80kV. The morphol-
ogy of the epoxy powder and the morphology of the upper
surface as well as cross sections of coatings were investigated
using SEM (Philips XL30 model, Eindhoven, The Netherland).
The thickness of coatings was measured with a Qnix 8500p
portable device (Cologne, Germany) and by the cross section
SEM images of the coatings.

Adhesion Test. Pull-off adhesion tests for pure and nanocom-
posite coatings were carried out with a Qualitest Positest
(Lauderdale, USA) adhesion tester according to the ASTM
D4541 standard. The test was repeated five times for each sam-
ple, and the results were reported as the mean and standard
deviation. A field emission scanning electron microscope
(FESEM; model MIRA3) equipped with mapping analysis was
used to study the agglomeration of nanoparticles in the nano-
composite coatings.

Corrosion Properties. To investigate the corrosion-resistance
properties of pure and nanocomposite powder coatings, immer-
sion, Tafel polarization, and electrochemical impedance spec-
troscopy (EIS) tests were performed on the samples. In the
immersion test, the potential of specimens was measured at dif-
ferent time intervals after immersion in 3.5% NaCl solution for
10,000 min. Finally, the graph of potential versus immersion
time was drawn for each sample. Tafel polarization and EIS tests
were performed on samples with an EG&G potentiostat/galva-
nostat (model 273A). All tests were conducted at the open cir-
cuit potential (OCP) and ambient temperature (25°C). To carry
out these tests, a three-electrode system including a saturated
calomel reference electrode (SCE), a platinum electrode as the
auxiliary electrode, and the samples immersed in a 3.5% NaCl
solution as the working electrode were used. In the Tafel polar-
ization test, the potential began to increase with a scan rate of 1
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mV/s after 15min of interruption. In this case, polarization was
started from an initial potential of 250 mV below the OCP and
continued up to 250 mV above the OCP. The data obtained
from the Tafel polarization test was analyzed using Powersuite
software. The polarization resistance (R,) of the applied coatings
was calculated using the equation iy = -£°*** where B is a

constant and calculated using the following equation:

BaxB.
2.3(B,+B.)

Where B, and B, show the Tafel slope of the anodic and
cathodic branches in the polarization curve of each coating,
respectively. In addition, the pore density was calculated using
the equation PX D= I;T‘;‘ x10(), 2425 Here, R, Ry, and AE
are indicative of the polarization resistance of the steel substrate,
the polarization resistance of the coating, and the potential dif-
ference related to the corrosion of coating and substrate,
respectively.

B =

To investigate electrochemical impedance, the EG&G potentio-
stat/galvanostat was coupled with a frequency response analyzer
(FRA; Schlumberger Model 1250). During the EIS test, the fre-
quency range varied from 10 mHz to 65 KHz, and the turbu-
lence voltage was fixed at 10 mV. The effective area of the
working electrode was 0.785cm?. To record and evaluate the
data obtained from electrochemical impedance spectroscopy
and fit them with the equivalent electrical circuits, Zview2 soft-
ware was used.”®*” The EIS test was repeated three times for
each sample, and the results were reported as the mean and
standard deviation.

Tribological Properties. Tribological tests were performed on
the coated disk with a load of 10N at room temperature (30%
relative humidity) using the pin-on-disk wear test (52100 steel
with a hardness of 64 HRC as a pin) according to the ASTM
G99 standard. The test was conducted in a circular radial path
of 1cm at a constant linear speed of 0.05m/s. Tribometer test-
ing was performed for all samples based on a sliding distance of
10 m. The wear rate of each coating was finally calculated using
the equation W= —~, where m, S, and F are the total weight
loss (g), sliding distance (m), and load (N), respectively.28 The
pin-on-disk test was repeated three times for each sample, and
the results for wear rate were reported as the mean and stand-
ard deviation.

RESULTS AND DISCUSSION

Microstructure of Coatings

As shown in Figure 2, the thicknesses of the pure epoxy and
nanocomposite coatings produced are about 75 = 7 pm. Consid-
ering the slight difference in thickness of the coatings produced,
the effect of thickness changes on the protective and tribological
properties of the coatings can be ignored. The coatings indi-
cated relatively good densities. Besides, it seems that the coat-
ings containing 10 wt % SiAION have lower defects than the
other specimens have. As can be seen, the pure and nanocom-
posite specimens containing 20 wt % SiAION show low adhe-
sion compared to the ESC-10 and ESM-10 samples. Cracks
made in the samples show the weakness of their adhesion to
the substrate and the loss of their protective and wear-resistance
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Figure 2. SEM images of cross sections of the coatings (pure epoxy and nanocomposite coatings with 10 wt % and 20 wt % SiAlON cured in oven or

microwave) fabricated by electrostatic spraying. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

properties.”**® Therefore, in some parts of the interface between
coating and substrate, large cracks developed, and in some other
parts, the coating was separated from the surface. As shown in
the figure, the ESC-10 and ESM-10 samples indicate better
interfaces between substrate and coating than in the other ones.
It seems that the decrease in free volumes of the coatings by
nanoparticles embedded in the polymer matrix leads to the
increase in density and the coating—substrate interface. Accord-
ing to Hedayati ef al,”' the existence of the cracks at the coat-
ing-substrate interface can be explained by crystallization of the
coating. Residual stresses are developed that are due to the dif-
ference in the density of the amorphous phase and crystalline
phase resulting from curing, producing cracks in the coating,
particularly at the coating—substrate interface.”®*"** It might be
assumed that the resulting residual stresses are large enough
that they can cause cutting of the connection between the coat-
ing and substrate. To interpret the better adhesion of ESC-10
and ESM-10 coatings, the surface energy can be studied. Since
metals have high surface energies compared to polymers, it is
expected that polymers have a low tendency to adhere to a steel
surface. The adhesion strength increases with the drop in the
difference between the surface energies of polymer and steel.”*

Mnk\"‘li"§ WWW.MATERIALSVIEWS.COM
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According to Kisin et al,® embedding of nanoparticles causes
an increase in free energy that is due to the development of
many interfaces with the matrix, resulting in a reduction of the
free energy difference between steel and coating, as well as
increasing the adhesion strength.””** Adhesion test results
(Table II) show that the ESC-10 and ESM-10 samples have
higher adhesion strength than the other ones. It can be specu-
lated that, in the case of the ESC-20 and ESM-20 samples, the
positive effects of nanoparticles on increasing the amount of
free energy have been decreased by the increased agglomeration
of particles. Therefore, the ESC-20 and ESM-20 specimens have

Table II. Pull-Off Strength for Pure and Nanocomposite Coatings

Sample Pull-off (MPa)
ESC-10 11.5+5%
ESM-10 10.4 +6%
ESC-20 101+ 3%
ESM-20 9.8+5%
EC 8.5+7%
EM 7.2+6%
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Figure 3. FESEM and mapping analysis from nanocomposite coatings with 10 wt % and 20 wt % SiAION cured in an oven. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

poor adhesion compared to the ESM-10 and ESC-10 ones. To
prove the agglomeration of nanoparticles in coatings containing
20 wt % SiAION, FESEM images with mapping analysis were
used (Figure 3). As shown in Figure 3, the nanoparticles are
largely agglomerated in coatings with 20 wt % SiAION, and the
nanoparticles in the coating with 10 wt % SiAION are dispersed
appropriately. The homogeneous, compact, and crack-free struc-
ture and the good adhesion to the metal substrate demonstrate
the promising protective and tribological properties for ESC-10
and ESM-10 nanocomposite coatings.

SEM images related to the surface morphology of the formed
coatings are shown in Figure 4. The figure clearly shows that
the produced coatings include high-quality and properly aligned
surfaces free from cracks and surface pores. The absence of cav-
ities similar to volcanic craters, which is a characteristic of poly-
meric coatings, is indicative of a relatively good quality of
coating.”® The absence of cavities and surface cracks plays an
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important role in improving the wear-resistance and protective
properties of the formed coatings.

Corrosion Behavior

Immersion Test. The penetration of corrosive agents such as
H,0, O,, and H™ ions into the substrate—coating interface leads
to a consequent blistering, decrease of the adhesive bond
strength, acceleration of cathodic reactions, and degradation of
the coating and substrate.*®*” The OCP values versus immer-
sion time are shown in Figure 5. As can be seen, the OCP val-
ues increased for all samples by increasing the immersion time.
The initial potential values of the pure and nanocomposite
specimens were almost identical to each other and shift toward
more active potentials (in the cathodic direction) with the pass-
ing of time. Also, the figure shows that the most favored behav-
ior of resistance to the penetration of corrosive agents is found
in the ESC-10 and ESM-10 specimens. Thus, except for an ini-
tial increase in the potential for 800 min after immersion, the
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Figure 4. SEM images of the upper surface of pure epoxy coatings and nanocomposite coatings with 10 wt % and 20 wt % SiAION cured in oven or

microwave.

potential value remained almost constant during the remaining
time of immersion. However, in the case of pure specimens, the
OCP of the specimens is rising even 5000 min after immersion,
which is indicative of continuous penetration of corrosive
agents into the coating. The value of OCP for the ESC-10 speci-
men after almost 10,000 min of immersion is about 113 mV
lower than that of the pure specimen under the same curing
conditions. The penetration of electrolyte and corrosive ions
through defects and voids in the coating increases the OCP val-
ues for the tested samples.”® It seems that the presence of nano-
particles embedded in the ESM-10 and ESC-10 specimens has
resulted in control of the penetration level of corrosive agents
and improvement in the protective performance of the afore-
mentioned coating.

The general behavior of potential changes in coating samples
mainly consists of an initial rapid rise, followed by a more slow
increase and a high rate of increase thereafter. This three-step
behavior reflects different stages of electrolyte penetration
through the organic coating.”***° The initial entrance of the
corrosive solution into the coating considerably increases the
OCP values for all coatings.”**® For instance, the OCP value for
the pure coating cured in the oven reaches from —510 mV vs.
SCE to —634 mV vs. SCE after about 1200 min of immersion.
The first stage finishes in 1200min of immersion for all
specimens. As can be seen, the increase in the OCP for pure
specimens is higher than that of the nanocomposites samples.
After the initial stage, the values for pure specimens as well as
the ESC-20 and ESM-20 samples move with a slope less than
that of the initial step toward more noble OCP values. However,
the ESC-10 and ESM-10 samples exhibit almost constant poten-
tials for 10,000 min of immersion. The drop in the slope related
to the increase in OCP values can be explained by plugging of
the cavities with corrosion products.?*?® Usually, if the corrosive
solution is able to dissolve or dispose of corrosion products
within the pores, the value of OCP increases again.”

Considering the lack of a third region for the ESC-10 and ESM-
10 specimens, it can be concluded that longer immersion times
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are needed in order to create this region.”® The potential rise in
the case of other samples is shown in Figure 5. Thus, after filling
the voids in the coating with corrosion products, the potential
rise decreases (second region); however, the dissolution of
corrosion products proceeds, and the aforementioned growing pro-
cess continues at a high rate again. This trend is completely clear for
pure samples. For example, the EC specimen entered the third
region after 4000 min of immersion and was faced with a sharp
increase in the potential. Nevertheless, the ESM-10 and ESC-10
samples do not enter the third region even after 10,000 min.

It can be speculated that the morphology of nanocomposite
coatings is denser than that of pure coatings because the free
volume is occupied by nanoparticles. Therefore, samples con-
taining nanoparticles show better corrosion-protection perform-
ance compared to the pure ones. Hence, as Hosseini et al. also
concluded, a longer time is required for the corrosive solution
to have access to the coating—substrate interface.”® Thus, nano-
composite coatings retain their adhesion to the substrate for a
longer time. An increase in weight percent of nanoparticles
from 10 to 20 adversely affected the protective performance of
the coatings. In other studies, a similar result for the effect of
an increase in the weight percent of nanoparticles on the pro-
tective performance of the coatings was reported.*'

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
-400

—¥—EC ——EM
450 o —8—ESC-10  —m—ESM-10
00 —&—ESM-20 —e—ESC-20

-550 &
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-750

-800
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Figure 5. Open circuit potential changes for pure and nanocomposite
coatings in immersion test. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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It can be concluded that embedding of SiAION nanoparticles
into the epoxy matrix leads to an increase in the blocking effect
and the effective diffusion path length for water molecules.*"**
Therefore, the penetration and absorption of water and corro-
sive molecules are greatly reduced, resulting in a decrease in the
amount of damage and an increase in the shelf life of the coat-
ings. It can be stated that the presence of nanoparticles in the
matrix increases the access path for penetration of the corrosive
molecules and, therefore, decreases the possibility of the pene-
tration of corrosive molecules.”> As a result, nanocomposite
coatings seem to have denser structures than pure ones, leading
to much less penetration of the corrosive agents.*’

Tafel Polarization Test. The Tafel polarization test was carried
out on pure and nanocomposite samples in 3.5% NaCl solution.
Behavioral changes of potential vs. current are illustrated in Fig-
ure 6 for various samples. The data obtained by extrapolation of
the Tafel diagrams using Powersuite software, such as corrosion
potential (E,,), corrosion current density (icor), Ry and PX D,
are listed in Table III. In this table, the bare metal is metal with-
out a coating. From a kinetics point of view, lower corrosion rate
and corrosion current density reflect less tendency to corrode.
On the other hand, from a thermodynamic perspective, a more
noble corrosion potential reflects less tendency to corrode.***

According to the results obtained from the Tafel test, as well as
the data given in Table III, the ESC-10 and ESM-10 samples
have low corrosion rate (0.25 mpy for ESC-10 and 0.36 mpy for
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ESM-10) and corrosion current densities (0.42 pA/cm?® for ESC-
10 and 0.62 pA/cm? for ESM-10) in comparison to the samples
containing 20 wt % SiAION and pure specimens. Hence, it can
be concluded that the ESM-10 and ESC-10 samples have good
corrosion-resistance performance compared to other samples.
For instance, by adding 10 wt % SiAION to the coating sam-
ples, the corrosion rate decreased 15 to 18 times from that of
pure samples.

As shown in Table III, the results related to the density of the
pores show that presence of SiAION nanoparticles leads to a
decrease in the P X D value. The denser structures of the ESC-
10 and ESM-10 samples, as well as their lower pore numbers
compared to pure samples and coatings containing 20 wt %
SiAION, can also be predicted by an immersion test. It seems
that the presence of nanoparticles and their barrier properties
improve the blocking behavior of nanocomposite samples
against the penetration of electrolyte compared to the pure sam-
ples.”* The results derived from the Tafel polarization test con-
firm the immersion test outputs and show that the embedding
of nanoparticles decreases the number of pores in coatings and
increases the density and penetration path of corrosive mole-
cules through the coating. Furthermore, the polarization resist-
ance (R,) of the ESC-10 and ESM-10 samples is much higher
for these samples compared to that of the remaining samples.

According to the results derived from the Tafel polarization test,
the type and conditions of curing for samples cured in either
oven or microwave are appropriate, so the curing type has
almost no impact on the protective properties of the coatings.
As can be seen, samples cured in the oven show slightly better
protective performance than those cured in the microwave;
however, there is no substantial difference between these two
curing regimes. Because the crystallization level and the strength
of film chains influence the penetration of an electrolyte solu-
tion,* and considering that the results derived from similar
samples cured in either oven or microwave exhibit almost simi-
lar protective behaviors, it can be concluded that the crosslink-
ing density was almost equal for both regimes. Furthermore,
from the curing condition point of view, polymeric networks
form with a similar percentage of crystallinity and strength of
chains in either case (oven or microwave).

The increase in weight percentage of nanoparticles from 10 to
20 wt % adversely affected the increase in the protective per-
formance of the coating samples. The tendency of nanoparticles

Table III. Data Obtained from Tafel Polarization Test Using Powersuite Software

Ei-o B cathodic Banodic Corrosion
Sample (mV vs. SCE) i (pAlem?) (mV/decade) (mV/decade) rate (mpy) R, (@ cm?) PxD (%)
EC -653 7.78 219 210 4.54 4.70 0.11
EM -665 9.25 365 122 54 3.37 0.10
ESC-10 -608 0.43 272 210 0.25 94.06 0.026
ESM-10 -630 0.62 357 372 0.36 100.28 0.011
ESC-20 -629 4.76 227 181 2.18 9.19 0.130
ESM-20 -646 5.01 269 247 2.92 8.77 0.07
Bare -634 26.22 596 66 12.01 0.98 1
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Figure 7. Nyquist plots of pure epoxy coatings and nanocomposite coatings with 10 wt % and 20 wt % SiAION cured in oven or microwave. [Color fig-

ure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

to agglomerate as induced by their surface energy can be con-
sidered as the only reason for this event. Similar cases have
been shown by Huttunen-Saarivirta et al*' that samples con-
taining 3% halloysite have better protective performance than
those with 5% halloysite. It can be deduced that SiAION nano-
particles improve the corrosion resistance behavior for nano-
composite samples, compared to pure samples, by filling the
surface defects such as nano- and microscale cracks, holes, and
gaps as well as by creating blocking properties.”> Nevertheless,
the amount of added nanoparticles has an optimal value, such
that samples containing 10 wt % SiAlON have greater corrosion
resistance than ESC-20 and ESM-20 ones.

Electromagnetic waves have different forms. One form of them
is microwaves, with a frequency about 10" to 10'* Hz and a
wavelength of about 10" to 10> m. When microwaves radiate
the sample, part of them will be absorbed by the polymeric
matrix and the other part will penetrate to the steel substrate.
In curing with an oven, the heat will be absorbed by the surface
of the sample. Therefore, the transfer of heat is done by convec-
tion, so this cure regime needs time for the heat to reach the
interface of the coating and metallic substrate. A curing process
by microwave starts with penetration of electromagnetic waves
into the coating. The penetration of heat will stimulate all mol-
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ecules of a polymeric chain. By the friction of molecules, heat
will be distributed homogeneously in a coating.*” It is obvious
that in curing by oven the heating rate is slower than in the
microwave regime, and these coatings were crosslinked better
than coatings cured in a microwave. For this reason, the protec-
tive properties of coatings cured in an oven are slightly better
than that of the other coatings.

EIS Test. Nyquist and Bode plots were used to investigate the
protective performance of the pure and nanocomposite coat-
ings. The Nyquist diagrams of coated steel samples contain two
semicircles for all samples after 1h of immersion in 3.5% NaCl
(Figure 7): a small semicircle in the high-frequency range and a
large semicircle in the low-frequency range. The first loop

CPEcoat

i
i

Rs

Rcoat CPEdI

Figure 8. Equivalent electric circuit for fitting impedance data.
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Samples  Cgoat (Flcm?) Reoat (@ cm?) Ceal (Flcm?) Reorr (Q cm?) |Z]0.01Hz Chi-squared
ESC-10 (31+0.7) x 10°1° 31321 +452 (1.07+0.6) x 10°° 54285+ 415 815258 +1253 0.005
ESM-10 (2.4+0.5) x 10°1° 31451 +354 (1.2+0.8) x 10°° 47463 + 242 73941 +1754 0.008
ESC-20 (6.3+0.2) x 10°° 4178 +125 (700+0.3) x 10°° 3719 =287 7214.5+627 0.003
ESM-20 (41+0.4)x 10°° 3189+110 (2.2+05)x 10°° 5674 +157 8287.3+956 0.004
EC (1.6+0.3) x 10°° 314 +84 (1.0+06) x 10°* 2129 + 326 22541 + 356 0.005
EM (1.6+0.6) x 10°1° 68+15 (12+04)x 10°* 5573+672 5143.3+443 0.009

characterizes the coating layer, and the second one indicates the
charge transfer through the coating pores.*®*>° An electrical cir-
cuit with two time constants related to the analysis of EIS
curves is shown in Figure 8. A constant phase element (CPE)
was used instead of a pure capacitance in the equivalent electric
circuit because of the depression in the semicircles. In the
equivalent electric circuit used for fitting data, Ry, Reorp Reoaws
CPE_ ., and CPEq are indicative of solution resistance, charge
transfer resistance, coating resistance, constant phase elements
in connection with the capacitance of the coating, and constant
phase elements in connection with the capacitance of the elec-
trical double layer, respectively.*

Table IV summarizes the impedance parameters calculated by
the Zview2 software. The values for the resistance of the coating
(Reoat) and the low-frequency impedance (|Z]go11,) obtained
after 1 h of immersion in the electrolyte solution can be used to
investigate the protective performance of the coatings. The pro-
tective ability of a coating against corrosive ions can be eval-
uated using the coating resistance.*' The penetration of water
molecules and other corrosive ions through pores in the coating
decreases by increasing the R, values, and the protective per-
formance improved as a result.* As can be seen, the R, values
for the ESC-10 and ESM-10 samples are higher than those of
the other samples, indicating their high density and corrosion
resistance compared to the pure coatings and coatings contain-
ing 20 wt % SiAION.

The capacitance values of the coating (C.,,) can be used to
evaluate the penetration of water into the coating.””*®>! Coat-
ing capacitance (C) can be derived from defined CPE values.
The C values are calculated using the CPE = 1/C(i ®)* formula,
where 1= —1'"2, « is a coefficient ranging between 0 and 1, and
© is the angular frequency.”” The increase in the capacity of the
coatings shows a consequent increase in the amount of water
penetrating into the coating.”® Since there is a significant differ-
ence between the dielectric constant of the organic coatings
(about 4-8) and the dielectric constant of water at room tem-
perature (about 80), a trace of water penetration into the coat-
ing leads to a relatively large change in the capacitance of the
coating and results in a consequent increase in the coating
capacitance.””>* As shown in Table IV, nanocomposite samples
have much lower C,, values than pure ones, which is indica-
tive of lower water absorption by nanocomposite samples than
by pure samples."®> The low water absorption can be consid-
ered as a result of the high density of nanocomposite coatings
such that embedding of nanoparticles decreases the free volume
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of the polymeric matrix. Moreover, the penetration level of
aggressive ions through the microcavities in nanocomposite
coatings is very low compared to that in pure coatings.’* The
results derived from the immersion and Tafel polarization tests
confirm the results obtained from the EIS test. It can be noted
that the amount of water absorption for samples with high
coating resistance (R.,,) is lower than that for other samples
because of the limited penetration paths in nanocomposite
samples.*®”’

Here, C.q values are related to the area of the substrate in con-
tact with the electrolyte.”” As presented in Table IV, the ESC-10
and ESM-10 samples have lower C.q values than pure samples
and coatings with 20 wt % SiAION because of the lower water-
penetration values through the nanocomposite coatings. There-
fore, the area of the substrate in contact with a corrosive solu-
tion for the ESC-10 and ESM-10 samples is lower than that for
other samples. Besides, these samples exhibit higher resistance
to corrosion than pure polymeric coatings. It is also observed
that the nanocomposite samples have high R, values com-
pared to the pure specimens, implying the high resistance of
these coatings against charge transfer through the cavities and
defects in the coating. The low R, value and high capacitance
of the electrical double layer reveal an increase in the corroded
surface area because of progressive destruction.

The corrosion resistance and total impedance of the ESC-10
and ESM-10 samples, which are higher than those of pure sam-
ples and coatings with 20 wt % SiAlON, can be obtained using
the Bode plot presented in Figure 9. The low-frequency and
high-frequency impedance values are associated with corrosion
behavior in the coating—substrate interface and the performance
of the coating in the electrolyte, respectively.”® Therefore, the
impedance values of the ESC-10 and ESM-10 samples are much
higher than that of the remaining samples both at high and low
frequencies, which indicates that there is a significant difference
between pure and nanocomposite samples from the corrosion-
resistance point of view.** The approximately equal impedance
values for the ESC-10 and ESM-10 samples show that the type
of curing regime did not have a big effect on an epoxy coating
containing SiAION nanoparticles, and both coatings exhibit
almost the same corrosion-resistance behavior.

Based on the results obtained from the immersion, Tafel polar-
ization, and EIS tests, it can be argued that SiAION nanopar-
ticles located in the epoxy matrix reduce the amount of water
penetration. It seems that the filling of free volumes, such as
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defects and cavities in the coating, which are considered as pre-
ferred routes for penetration of corrosive agents, is among the
reasons for reducing the penetration level in nanocomposite
samples.”””” Also, SiAION nanoparticles added to the epoxy
matrix probably show barrier and blocking properties against
corrosive agents,”**® so the penetration level of water into the
interface of nanoparticles and epoxy is extremely slower than in
pure epoxy. On the other hand, as previously discussed for the
drop in the free volume of the coating and the decrease in the
surface free energy difference between coating and substrate, the
presence of nanoparticles probably leads to an increase in the
strength of adhesion of the coating to the metal substrate’;
thus, the penetration of corrosive agents into the metal sub-
strate decreases for the case of nanocomposite samples. The
decrease in the desirable effect of nanoparticles on samples con-
taining 20 wt % SiAION can be mainly attributed to the
increase in agglomeration of the nanoparticles.

Tribological Behavior of Coatings

To evaluate the influence of embedding of SiAION nanoparticles
on the tribological properties of the coated samples, the wear
resistance of the samples was investigated using the pin-on-disk
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Log (f{Hz))

Figure 9. Bode plot for pure and nanocomposite coatings cured in oven or microwave. [Color figure can be viewed in the online issue, which is available

wear test, as well as changes in the coefficient of friction (COF)
between the coating and steel pin during the wear test. Figure
10 indicates the wear rate of various nanocomposite and pure
samples cured in an oven or microwave with respect to the total
weight of lost material during the wear test. As clearly shown in

Wear rate (ng/N/em)
s

(¥}

3
II.-I
0

ESM-20 ESC-20 ESM-10 ESC-10 EM EC
Figure 10. Curve of the overall wear values for pure and nanocomposite
coatings obtained from pin-on-disk wear test. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 11. Curve from investigating the coefficient of friction for pure
and nanocomposite coatings with 10 wt % and 20 wt % SiAION cured in
oven or microwave. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

the figure, the wear rates for the ESC-10 and ESM-10 samples
are almost five times less than that of pure samples under the
same curing conditions, implying an improvement in the wear-
resistance properties of the nanocomposite samples. On the
other hand, the results obtained from investigating the coeffi-
cient of friction (Figure 11) show that the nanocomposite sam-
ples exhibit a lower COF than pure samples. This time,
identical to the previous tests carried out to investigate the cor-
rosion properties, it is obvious that the presence of 10 wt %
nanoparticles in the epoxy matrix has a much higher impact
than does 20 wt % SiAION. Again, it can be concluded that the
highest performance of nanoparticles occurs at an optimal level,
and an increase in the amount of nanoparticles beyond a cer-
tain level leads to a reduction of their efficiency in terms of cor-
rosion resistance and tribological properties.

It seems that the increase in the wear resistance of nanocom-
posite samples can be mainly attributed to the consequent
increase in the hardness of the coating in the presence of
nanoparticles.'®'"*° Similarly, it can be concluded that the
agglomeration of nanoparticles in the ESC-20 and ESM-20
samples causes a reduced effect in improving the wear-
resistance properties and decreasing the coefficient of fric-
tion.”>% Relatively small changes of the COF for nanocompo-
site samples are of remarkable significance in investigating the
tribological properties of these coatings. It seems that the
smaller amount of abrasive particles produced in samples con-
taining nanoparticles is among the reasons for the relative sta-
bility of the coefficient of friction during the wear process,
which confirms the denser, harder, and more rigid structures
of these coatings than in pure samples. The lower wear rate of
nanocomposite samples can confirm the claims mentioned in
the previous sections on denser structures of these coatings
compared to the pure samples. Therefore, it can be concluded
that the ESC-10 and ESM-10 coatings have the highest density
among all the samples.

According to Hedayati et al,”® the embedding of nanoparticles
(such as SiAION) causes limited slip of the plates, reorienta-
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tion, and movement of the polymer chains, leading to an
increase in hardness and rigidity of the coating. Once the ratio
of surface area to volume is higher, nanoparticles would show
a better performance. For this reason, the agglomeration size of
nanoparticles in the samples containing 20 wt % SiAION can
be guessed again. The results reveal that the presence of nano-
particles, according to the empirical equation X.=nX,V,+
Xn V. increases the hardness of the coating, where X, V] and m
refer to the fraction of hardness, volume fraction, and the
efficiency coefficient, respectively, and the
indexes of ¢, p, and m represent composite, filler, and matrix,
respectively.”®®' The presence of nanoparticles in the epoxy
matrix causes direct absorption by the polymeric layers of the
particles.”®* Therefore, a strong interaction between the epoxy
matrix and SiAION nanoparticles increases the density of poly-
meric layers in the vicinity of the nanoparticle.®® Since the
increase in density is proportional to the increase in hardness,
the rigidity and hardness of areas containing nanoparticles are
higher than those of areas away from nanoparticles because of
the higher density of the layers.'” Therefore, the agglomeration
of nanoparticles causes an increase in their sizes and also in
the number of areas with a low density of layers, which reduces
the hardness level of the coating.?® This point is completely
true in the cases of the ESC-20 and ESM-20 samples. Similar
to the tests performed that are related to investigating the cor-
rosion resistance, it can be concluded that the ESC-10 and
ESM-10 samples show better wear properties than the ESC-20
and ESM-20 samples. In this case, it can be seen that the cur-

strengthening

ing type does not have a considerable effect on the tribological
properties of the coating. However, the highest impact on the
tribological properties of the coating samples is related to the
number of dispersed nanoparticles.'® Nanoparticles located in
the polymer matrix should not be agglomerated because their
performance decreases.

CONCLUSIONS

SiAION nanoparticles have a significant impact on improving
the corrosion protection and wear-resistance performance of the
nanocomposite coatings if they are embedded properly into the
epoxy matrix. Embedding of nanoparticles causes the filling of
the free volumes in the coating, providing barrier and blocking
properties against corrosive agents. In addition, it leads to the
creation of harder, more rigid, and relatively denser structures
compared with pure samples. The corrosion rate of ESC-10 and
ESM-10 coatings is 15 to 18 times lower than that of pure
epoxy samples. The ESC-20 and ESM-20 samples had weak cor-
rosion resistance and tribological properties compared to the
samples containing 10 wt % SiAION because of the increase in
agglomeration level of nanoparticles during the dispersion
process.

The crystallization and strength of the chains produced after
either oven or microwave curing operations were almost equal
to each other. In addition, coatings produced under similar
conditions indicated similar linking densities and exhibit almost
similar protective behaviors in terms of corrosion protection
and tribological performance.
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