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Abstract
Silicon nitride was firstly used as anticorrosive pigment in organic coatings. An effective strategy by combining inorganic fillers
and organosilanes was used to enhance the dispersibility of silicon nitride in epoxy resin. The formed nanocomposites were
applied to protect Q235 carbon steel from corrosion. The anticorrosive performance of modified silicon nitride with silane (KH570) was investigated by electrochemical impedance spectroscopy (EIS), water absorption and pull-off adhesion methods. With
the increase of immersion time, the corrosion resistance as well as adhesion strength of epoxy resin coating and unmodified
silicon nitride coating decreased significantly. However, for the modified silicon nitride coating, the corrosion resistance and
adhesion strength still maintained 5.7×1010 Ω cm2 and 7.6 MPa after 2400-h and 1200-h immersion, respectively. The excellent
corrosion resistance performance could be attributed to the chemical interactions between KH-570 functional groups and silicon
nitride powders, which mainly came from the easy formation of Si-O-Si bonds. Furthermore, the modified silicon nitride coating
formed a strong barrier to corrosive electrolyte due to the hydrophobic of modified silicon nitride powder and increased bonds.
Keywords Silicon nitride . Silane . Surface modification . Coating;strong barrier . Corrosion protection

Introduction
Epoxy coatings have been widely used for protecting metal
structures from environmental and corrosion attacks due to
their outstanding toughness, adhesion to metal substrates,
and durability [1–4]. However, the epoxy coatings are prone
to penetration by water and electrolyte species, and may
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experience degradation during long-term service [5, 6].
Therefore, fillers-incorporated epoxy coatings have been developed to enhance the anticorrosion performance of metals
[7–11]. For example, iron oxides were added in the coating to
decrease the defects existing at the interface between epoxy
and metal substrate by high temperature milling methods [12,
13]. Epoxy coatings containing TiO2 nanoparticles were
employed to improve the anticorrosion performance and mechanical properties of the coatings [14–16]. The addition of
conductive polymers such as polyaniline (PANI) was found to
improve the corrosion resistance of epoxy coatings [17–19].
The adhesion of the epoxy coatings was enhanced by cerium
addition [20].
Although the addition of fillers is helpful for an enhanced
corrosion resistance of the coatings, inorganic fillers usually
possess a poor dispersion in the coating matrix, resulting in
interfacial defects and micro-voids [12–15, 21]. As a comparison, silane agents were found to improve the adhesion strength
of coatings, reduce water uptake and enhance corrosion resistance of the coatings, which were associated with the hydrophobic property of the silane [22–24]. For example, epoxy
coating modified with a 3-glycidoxypropyltrimethoxysilane
(GPTMS) could reduce the water adsorption remarkably
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[22]. The adhesion property, anticorrosion performance and the
protection mechanism of silane-modified epoxy coatings have
been investigated [25, 26]. It was found that epoxy coatings
doped with a single silane possessed a limited corrosion resistance. Moreover, the processing of coatings often includes
many steps or involves complicated techniques. As a result, it
is desirable to develop a strategy by combining inorganic fillers
and organosilanes in a coating, enabling a significant enhancement of the adhesion strength and corrosion resistance. To date,
there has been very limited study of the composite coatings
containing organosilanes and inorganic fillers for the purpose.
Silicon nitride (Si3N4) is one of the most promising candidate materials for engineering applications [27–32]. Extensive
studies have been performed to investigate the anti-oxidation
and anticorrosion behavior of silicon nitride ceramics in a
variety of environment [33–37]. Moreover, silicon nitride
can be used as a ceramic-based coating on metals, improving the performance stability in comparison to a bulk
ceramic or metal [38–40]. However, limited work has
been focused on silicon nitride as an anti-corrosive pigment in organic coatings.
In this work, silicon nitride was firstly used as anticorrosive
pigment in organic coatings. Epoxy composite coatings doped
with silicon nitrides and 3-(trimethoxysilyl) propyl methacrylate silane were prepared to enhance the dispersibility of silicon nitride in epoxy resin, and the corrosion resistance of the
composites coated on Q235 carbon steel was investigated in
3.5 wt% NaCl solution. Various analytical techniques, including Fourier transform infrared spectrum (FT-TR), transmission electron microscopy (TEM), thermogravimetric analysis,
X-ray photo-electron spectrum (XPS), and water contact angle
measurements were used to characterize the modified silicon
nitride powders. Scanning electron microscopy (SEM) was
conducted on the composite coatings. Electrochemical impedance spectroscopy (EIS), water absorption, and pull-off adhesion strength were used to measure the corrosion resistance
and adhesion property of the coated steel.

Experiment
Materials
Commercially available silicon nitride particles with an average size of 5 μm were used in this work. From Fig. S1, it can
be seen that the crystal structure of the silicon nitirde particles
used in this experiment is β-Si3N4. The epoxy resin (Epon
6101, with an epoxy equivalent of 0.44 mol/100 g), curing
agent, and polyamide (PA) were purchased from Phoenix
Resins Inc. (Wu Xi, China). The weight ratio of PA to epoxy
resin was 1:2. The solvent was a mixture of dimethylbezene
and n-butyl alcohol with a weight ratio of 7:3. Q235 carbon
steel, with a chemical composition (wt%) of ≤0.18% C,
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≤1.4% Mn, ≤0.35% Si, ≤0.050% S, and ≤0.045% P, was used
to make steel specimens. Ethyl alcohol (C2H5OH), acetic acid,
and methacryloxy propyl trimethoxyl silane (Silane coupling
agent, KH-570, CH2 = C(CH3)COO(CH2)3Si(OCH3)3) were
purchased from Sinopharm Chemical Reagent Co. Ltd.

Modification of silicon nitride with KH-570
Figure 1 shows the schematic diagram for the preparation of
modified silicon nitride with KH-570. A certain amount of
silicon nitride powders were maintained in a vacuum chamber
at 80 °C for 24 h in order to eliminate the adverse interfacial
effect between inorganic and organic matters. The preparation
followed the procedure shown as follows. Firstly, 10 g silicon
nitride powders were dispersed in 10 g KH-570, with an ultrasonic vibration for 20 min. Secondly, 3.5 g deionized water
was added in 50 g ethyl alcohol (C2H5OH). Acetic acid was
then added to adjust the pH value to a range between 3.5 and
5.0. The mixture was added into a three necked flask at 80 °C
maintained with a water bath, and stirred at 1000 rpm for 3 h.
Thirdly, the obtained hybrid solution was subjected to centrifugation to get the modified silicon nitride solution, followed
by washing with deionized water repeatedly in order to remove unreacted KH-570. Finally, the modified silicon nitride
powders were dried in an oven at 60 °C for 10 h.

Characterization of the modified silicon nitride
powders
The FT-IR was measured on the KH-570 modified silicon
nitride powders using a Nicolet 170SX instrument
(Madison, WI, USA) on IR 200 spectrometer in KBr medium
at ambient temperature in the region of 4000–500 cm−1. The
chemical composition of the modified silicon nitride powders
were determined by XPS (PHI-5702 multifunctional
spectrometer) using Al Ka radiation. Thermogravimetric analysis (TGA) was performed using a CHNS/O analyzer (Dupont
2200) under an air atmosphere, while the samples were heated
from 30 to 800 °C at a rate of 10 °C/min. The surface morphology of the modified silicon nitride powders was characterized with TEM (HITACHIH-7650). An optical contact angle instrument (OCA40, DataPhysics GmbH) was also used to
measure the water contact angle of modified silicon nitride
powders to measure the hydrophobicity.

Preparation of epoxy-based composite coatings
Epoxy composite coatings doped with either as-received silicon nitrides or KH-570 modified silicon nitrides by 5 wt%
were prepared by ball milling at ambient temperature. Agate
grinding medium with balls to the mixture ratio of 5:1 was
used in this grinding test work. The grinding rotational speed
was 360 rpm/min and the grinding time was 6 h. After
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Fig. 1 Schematic diagram of the
preparation of modified silicon
nitride powders with KH-570

grinding, the pre-determined amount of curing agent PA and
solvent (i.e., the mixture of dimethylbezene and n-butyl alcohol) were added. After applying on Q235 steel panels, the
coatings were cured at 30 °C for 1 day, and then cured at
60 °C for 1 day. The thickness of the dry coating was within
the range of 120 ± 10 μm. The prepared coatings were also
applied on a silicon rubber board. After drying, the coatings
were peeled off from the board, and an area of 2 cm×2 cm was
created to measure water absorption of the coatings.

temperature. The initial weight before and after immersion
testing was accurately measured by an electronic balance, with
an accuracy of 10−4 g.
The coating adhesion to the steel substrate was determined
by a PosiTest Pull-Off Adhesion Tester (DeFelsko
Corporation, USA). The adhesion measurements were examined at ambient temperature by immersing the coated steel in
3.5 wt% NaCl solution for 0, 200, 500, 700 and 1200 h, respectively. The specimen size of pull-off test adhesion test was
5 cm×5 cm×0.2 cm. Six parallel coated steel panels were used

Characterization of corrosion resistance and other
properties of the coatings
Electrochemical measurements were performed on a conventional three-electrode cell using a GAMRY RFE 2000 system
at ambient temperature in 3.5 wt% NaCl solution for various
days to evaluate the corrosion resistance of the coatings. The
coated steel was used as working electrode, a platinum plate (2
cm×2 cm) was used as counter electrode, and an Ag/AgCl
(saturated KCl) electrode was used as reference electrode.
After the coated steel electrode achieved a steady open
circuit potential, EIS measurements were performed over a
frequency range of 100 kHz to 10 mHz under a 20 mV amplitude sinusoidal voltage disturbance. The experimental data
were analyzed using the commercial software @ZsimpWin
[12, 41–43] .
Water absorption of the coatings was measured by determining the weight change of the coatings as a function of
immersion time in 3.5 wt% NaCl solution at ambient

Fig. 2 FT-IR spectra of silicon nitride modified with KH-570 (a: silicon
nitride, b: KH-570, c: modified with KH-570)
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Fig. 3 XPS spectra of modified silicon nitride: (a) Full scan; (b) C 1 s; (c) O 1 s; (d) Si 2p

under each condition by calculating the average of adhesion
strength to ensure the data reproducibility [19, 44–46].

Results and discussion
Characterization of KH-570 silane modified silicon
nitride powders
Figure 2 shows the FT-IR spectra of silicon nitride, KH-570
and the KH-570 modified silicon nitride. The characteristic
silicon nitride absorption bands appear at 1060–563 cm−1
(i.e., –SiN stretching) [47, 48]. The absorption peak at
Table 1 Results obtained from
deconvolution of XPS spectra for
modified silicon nitride

2945 cm−1 is attributed to CH3. The characteristic KH-570
absorption bands observed at 1715 and 1636 cm−1 correspond
to the C=O stretching vibration and C=C stretching vibration,
respectively [49, 50]. The weak peaks at 1454 and 1404 cm−1
are assigned to C-H (CH3) in-of-plane bending vibration and
C-H bending vibration absorption, respectively. The peak absorption at 1250 and 1295 cm−1 are C-O stretching vibration.
The bands at 1164 cm−1 is due to Si–O–Si absorption, which
indicates a condensation reaction between silanol groups [50].
The absorption peaks of KH-570 as mentioned above are also
observed in the spectrum of the KH-570 modified silicon nitride. In addition, strong chemical interactions of KH-570
functional groups and silicon nitride powders, which mainly

Name of convoluted
spectrum

Characterized bonds

Binding energy (eV)

% composition in
each element

C1s

C=C/C-C

284.8

77.1

O-C=O

288.7

13.5

C-O-C
C-O/C-O-Si

286.4
532.2

9.4
80.2

Si-O-Si

532.7

12.0

C-O-C
Si-O-Si

533.8
102.3

7.8
91.0

Si-N

101.9

9.0

O1s

Si 2p
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Fig. 4 TGA curves of (a) unmodified and (b) KH-570 modified silicon
nitride powders

come from the easy formation Si-O-Si bonds at about
1040 cm−1 [51, 52]. Therefore, the as-received silicon nitride
powders are modified by KH-570 through the surface wrapping of silicon nitride powders with KH-570 silane.
Figure 3 shows the XPS spectra of modified silicon nitride,
and the results of deconvoluted spectra are listed in Table 1.
The C1s spectra of the modified silicon nitride include various
components, Fig. 3b, which are assigned to C=C/C-C
(284.8 eV), O-C=O (288.7 eV) and C-O-C (286.4 eV), respectively [44, 53–55]. Figure 3 c shows the O 1 s spectra.
The three peaks centered at 532.2, 532.7 and 533.8 eV
are associated with C-O/C-O-Si, Si-O-Si and C-O-C, respectively. Moreover, the Si 2p spectra are separated into
Si-N (101.9 eV) and Si-O-Si (102.3 eV) in Fig. 3d [57,
58]. The XPS analysis results also indicate that silicon
nitride is modified with KH-570, which is consistent
with the FT-IR analysis.
Figure 4 shows the TGA curves of unmodified and modified silicon nitride powders. It is seen that a nearly 9.92%
weight loss occurs at 410 °C, while the weight of unmodified
silicon nitride changes little, which is attributed to the decomposition of KH-570 chains. Figure 5 shows the TEM images
of unmodified and modified silicon nitride powders. It could

Fig. 5 TEM images of (a)
unmodified, (b) KH-570 modified silicon nitride powders and
(c) is a partial enlargement of (b)
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be seen that the KH-570 silane coupling agent successfully
deposited on the surface of silicon nitride particles. It is expected that a coated microstructure has been formed gradually as
the silane is applied on the surface of silicon nitride powders.
An obvious interface could be observed. We deduced that the
core-shell microstructure might appear gradually as the silane
shifted to Si3N4 surface compared with unmodified silicon
nitride powder (Fig. 5(a)). The result is also consistent with
the analysis of FT-IR, XPS and TG, which further confirmed
the successful modification of silicon nitride with KH-570.
In order to investigate the hydrophobic performance of the
silane modified silicon nitride powders, the water contact angle was measured. Figure 6 shows the water contact angles of
the as-received and the silane modified silicon nitride, respectively. It is seen that the water contact angles of the as-received
and modified silicon nitride are 14o and 112o, respectively.
Obviously, the silane modification significantly increases the
hydrophobicity of the silicon nitride powders. This is attributed to the effect of steric obstruction and limited number of OH
groups on the surface of silicon nitride [50]. Generally, more
hydrophobic surfaces possess high contact angles in the range
of 90-120o, which result in low surface energy and wettability
[49]. The results confirm that the interaction of silicon nitride
with KH-570 occurs, generating a hydrophobic surface with a
low surface energy [50], which mainly comes from the easy
formation Si-O-Si bonds of silicon nitride powders and KH570 functional groups.

The dispersibility of the modified silicon nitride
in epoxy matrix
Figure 7 (a-c) shows the SEM images of the cross-sections of
epoxy coating, unmodified silicon nitride coating, and modified silicon nitride coating, respectively. It is seen in Fig. 7(b)
that the as-received silicon nitride agglomerates in epoxy,
which results in cracking between fillers and the epoxy.
However, the modified silicon nitride is dispersed uniformly
in the epoxy matrix, as seen in Fig. 7(c). The EDS results of
coatings are shown in FigS2 and FigS3 to prove the existence
of fillers from the Si and N element.
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Fig. 6 Water contact angle of silicon nitride modified with KH-570 (a:
silicon nitride, b: modified silicon nitride)

EIS measurements
Figure 8 shows the Nyquist diagrams and Bode plots measured on epoxy coating, unmodified silicon nitride coating
and modified silicon nitride coating in 3.5 wt% NaCl solution,
respectively. The impedance modulus at the low frequency of
0.01 Hz (|Z|0.01Hz) can be used to approximately evaluate the
corrosion resistance of coatings [12, 56]. Initially, the epoxy
coating has a |Z|0.01Hz value of 7.7×108 Ω cm2 (Fig. 8 (a)).
After 4 h of immersion, the |Z|0.01Hz is reduced to 1.5×108Ω
cm2. After 48 h of immersion, the |Z|0.01Hz is decreased to
2.9×106 Ω cm2. With increasing the immersion time, the
low-frequency impedance decreases continuously. This indicates that the epoxy coating is not durable upon long-term
immersion in the chloride solution. For unmodifed silicon
nitride coating (Fig. 8 (d)), the |Z|0.01Hz is much higher than
that measured for the epoxy coating at individual immersion
time. It decreases gradually from 8.5×1010 Ω cm2 to 1.7×108
Ω cm2 with the increase of immersion time, and maintains at
this value after 432 h. Obviously, the addition of silicon nitride
pigment improves the corrosion resistance of the coating, but
still suffers from long term degradation.
For modified silicon nitride coating, the initial |Z|0.01Hz value is about 1.2×1011 Ω cm2, which is the highest of all coatings. After 240-h immersion, it is still at 3.7×1010 Ω cm2. The
|Z|0.01Hz gradually increases to 7.9×1010 Ω cm2 after 1200-h
immersion, and maintains a high corrosion resistance
(5.7×1010 Ω cm2) until 2400-h immersion. It is thus seen that
the |Z|0.01Hz value of the modified coating is five and three
orders of magnitude higher than that of the epoxy coating
and the coating doped with unmodified silicon nitride. The

Fig. 7 SEM images of (a) epoxy
coating, (b) unmodified silicon
nitride coating and (c) modified
silicon nitride coating (a-c crosssections)
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modified silicon nitride remarkably enhances the corrosion
resistance of the epoxy coating.
To further analyze the impedance data, the electrochemical
equivalent circuit in Fig. 9 is used to fit the recorded EIS
results, Rs is solution resistance, Ccoating and Rcoating are the
coating capacitance and coating pore resistance, respectively,
Qdl is the constant phase element representing the double layer
capacitance, and Rt is the charge transfer resistance. Initially,
the Nyquist plots of epoxy coating (Fig. 8 (b)) at 0.5 h of
immersion exhibit diffusive impedance, and the equivalent
circuit in Fig. 9 (c) is used for fitting. With the increase of
the immersion time, the Nyquist plot of epoxy coating (Fig. 8
(c)) exhibits two capacitive loops, and the equivalent circuit in
Fig. 9 (b) is used. For the coating doped with unmodified
silicon nitride (Fig. 8 (e)), a pure capacitive loop is observed.
The circuit in Fig. 9 (a) is used for impedance fitting. With the
increase of the immersion time, two capacitive loops are observed, and the equivalent circuit in Fig. 9 (b) is used. For the
modified silicon nitride coating, a pure capacitive loop shows
and the equivalent circuit in Fig. 9 (a) is used for fitting. As the
increase of the immersion time, two time constants appear,
and the equivalent circuit in Fig. 9 (b) is used.
The pore resistance (Rcoating) and charge transfer resistance
(Rt) can serve as evaluation indexes of coating performance
[12, 13, 57, 58]. Generally, with the increase of immersion
time, Rcoating decreases, which is attributed to the penetration
of electrolyte through the coating pores. The time dependence
of Rcoating is shown in Fig. 10 (a). It is seen that the resistance
of epoxy coating decreases significantly from 2.8×108 to
2.7×106 Ω cm2 after 30-h immersion, and then the coating
resistance further reduces to 4.9×105 Ω cm2 at 312 h. After
that, the coating resistance fluctuates around 105 ~ 106 Ω cm2.
For the coating doped with as-received silicon nitride, the
coating resistance is 1.2×1011 Ω cm2 at the beginning, which
is about three order of magnitude higher than that of the epoxy
coating. However, the Rcoating value dramatically decreases to
2.0×108 Ω cm2 after 84-h immersion. With increasing the
time, the Rcoating continuously decreases to 1.6×105 Ω cm2
at 312 h of immersion, which is similar to that of epoxy
coating. After 312 h of immersion, the Rcoating fluctuates
at the range of 4.5×10 8− 2.5×10 7 Ωcm 2 . The coating
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Fig. 8 Impedance plots of different coatings (a-c) epoxy resin coating, (d-f) unmodified silicon nitride coating, and (g-h) modified silicon nitride coating
((c) and (f) are the enlarged part of (b) and (e), respectively)
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Fig. 9 Equivalent electrical circuits used to fit the measured impedance
data for the coatings

resistance value of the modified silicon nitride coating is
the highest of all the coatings, which is 1.9×1011 Ω cm2
initially. With the increase of the time, the Rcoating value
reduces slightly, and fluctuates at 3.7×10 10 Ω cm 2 –
1.9×109 Ω cm2 after 1344 h of immersion.
The charge transfer resistance Rt measures the electron
transfer across the metal surface, and a higher Rt value indicates a lower corrosion rate. Figure 10(b) shows the Rt values
of epoxy coating, the coating doped with as-received silicon
nitride, and the modified silicon nitride coating. The Rt value
of epoxy coating decreases from 6.7×108 to 7.7×106 Ω cm2
during 192-h immersion, and remains at the range of 1.0×107–

J Polym Res (2018) 25: 130

Fig. 11 SEM images of (a) original Q235 carbon steel and substrate
corrosion morphology beneath coatings after electrochemical
impedance measurement (b) beneath epoxy resin coating, (c) beneath
unmodified silicon nitride coating, (d) beneath modified silicon nitride
coating

5×105 Ω cm2. The Rt value of the unmodified silicon nitride
coating reaches 1.3×1010 Ω cm2 in the initial immersion, and
gradually decreases to 5×107Ω cm2 after 1104-h immersion.
However, for the modified silicon nitride coating, the Rt value
of 1.1×1011 Ω cm2 is recorded at the beginning of immersion,
and has a slight decrease until 2400-h immersion. With increasing the time, the Rt value slightly fluctuates, but still
remains at a higher value than epoxy coating and the unmodified silicon nitride coating. This, the results indicate that the
modified silicon nitride coating could provide a higher Rt

Fig. 10 The coating pore resistance Rcoating (a) and charge transfer resistances Rct (b) as a function of the immersion time of the epoxy coating,
unmodified silicon nitride coating and modified silicon nitride coating in 3.5% NaCl solution

J Polym Res (2018) 25: 130
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The weight percentage of the elements in substrate for coatings

Coatings substrate

Fe%

O%

C%

original sample

96.26

3.56

0.18

epoxy resin

61.36

28.46

3.48

unmodified
modified

61.97
85.10

33.28
14.65

3.37
0.45

Cl%

3.36

Table 3 Diffusion coefficient of epoxy resin, unmodified and modified
silicon nitride coatings

Na%

3.34

1.38

value and reduces the steel corrosion effectively. The results of
electrochemical impedance spectroscopy (EIS) demonstrated
that the silicon nitride coating shows better corrosion resistance ability than previous reports using other pigments as
shown in Table S1.

Surface analysis
The EDS of original carbon steel Q235 and corrosion morphologies of the carbon steel Q235 after electrochemical impedance measurement (2400 h of immersion) beneath the epoxy resin coating, silicon nitride coating and modified silicon
nitride coating are shown in Fig. 11. Many deep corrosion pits
and corrosion products can be observed distributing on the
surface of the Q235 beneath epoxy resin coating
(Fig. 11(b)). Similarly, many corrosion products are also observed beneath unmodified silicon nitirde coating (Fig. 11(c)).
However, no visible corrosion products except for original
Q235 surface defects on the surface of the Q235 beneath
modified silicon nitride coating (Fig. 11(d)). The SEM analysis results also indicate that modified silicon nitride coating
can protect carbon steel from corrosion, which is consistent
with the EIS analysis. In order to further confirm the results of
EIS, EDS analysis were made on the surface of the metal
substrate under the coating in Table 2. The results showed that

Fig. 12 Water absorption curves of epoxy coating, unmodified silicon
nitride coating and the modified silicon nitride coating

coatings

L (μm)

ms (mg)

D × 10−10(cm2 s−1)

epoxy resin

308

144.3

10.05

unmodified
modified

255
293

134.8
137.4

5.45
1.10

the compositions of the Q235 surface beneath epoxy resin
coating included Fe, C, O, Cl and Na; meanwhile the ratio
of Fe and O changed largely compared with original Q235
carbon steel, which indicated that corrosive ions diffused inside the coating through pores. Similarly, the Q235 surface of
protected by unmodified coating was consisted of Fe, C, O,
and Cl; in addition the ratio of Fe and O also changed largely
compared with original Q235 carbon steel. However, the
Q235 surface of protected by unmodified coating consisted
of Fe, C and O; besides the content of elemental composition
changed a little compared with original Q235 carbon steel.
The presence of Cl element in Q235 protected by epoxy coatings and unmodified coatings demonstrated that the existence
of corrosion products, which proved the high corrosion resistance of modified silicon nitride coatings. These results confirm that the modified silicon nitride coating enhanced the
corrosion resistance of the coating. Therefore, modified silicon nitirde coating can provide strongest barrier for corrosive
ions among three coatings. The EDS elements mapping of
different samples was shown in FigS4- S7.

Water absorption
Resistance to water absorption of organic coatings is critical to
the performance and corrosion protection in the service

Fig. 13 The adhesion strength of epoxy coating, unmodified silicon
nitride coating and modified silicon nitride coating as a function of
immersion time

130 Page 10 of 13

Fig. 14 Epoxy coating failure after pull off test after (a) 0 h, (b) 200 h, (c)
500 h, (d) 700 h and (e) 1200 h in the chloride solution

[59–61]. Figure 12 shows the water absorption curve of epoxy
coating, coating doped with unmodified silicon nitride and the
modified silicon nitride coating. It is seen that the water absorption curves of all coatings have a similar tendency. They
all include two stages, i.e., the water absorption of the coatings
increase quickly initially, and then reaches a saturation stage.
For the modified silicon nitride coating, the water absorption
increases at the lowest rate, and the water absorption reaches
saturation after 408-h immersion in a 3.5% NaCl solution.
Moreover, the modified silicon nitride coating absorbs the
least water among the three coatings at saturation. The results
further confirm that the modified silicon nitride coating could
provide an effective barrier to penetrate the electrolyte solution. Generally, water absorption is related to the coating
thickness of and the diffusion coefficient of water in the coating as shown by Eq. (1) [62, 63]:
pﬃﬃﬃﬃ
mt
4 D pﬃ
¼ pﬃﬃﬃﬃ t
ð1Þ
ms L π
where mt and ms are water absorption at time t and the saturation water absorption, respectively, L is the coating

Fig. 15 Unmodified silicon nitride coating failure after pull off test after
(a) 0 h, (b) 200 h, (c) 500 h, (d) 700 h and (e) 1200 h in the chloride
solution

J Polym Res (2018) 25: 130

Fig. 16 Modified silicon nitride coating failure after pull off test after (a)
0 h, (b) 200 h, (c) 500 h, (d) 700 h and (e) 1200 h in the chloride solution

thickness, D is the diffusion coefficient, and t is the immersion
time. Table 3 shows the calculated results, which indicate that
the modified silicon nitride coating has a low diffusion coefficient of 1.10 × 10−10(cm2 s−1).

Pull-off adhesion measurements
A high adhesion strength is essential to the anticorrosive performance of the coatings [19, 64]. Figure 13 shows the results
of adhesion strength of various coatings. Before immersion in
3.5 wt% NaCl solution, the adhesion strengths of epoxy coating, unmodified silicon nitride coating and the modified silicon nitride coating are 5.6, 8.6 and 13.8 MPa, respectively,
which indicate that the incorporation of modified silicon nitride into the epoxy coating increases the adhesion of the epoxy coating to the steel substrate. The silane-modified silicon
nitride coating shows better adhesion strength ability than previous reports using other inorganic pigments as shown in
Table S2.
With increasing the immersion time, the adhesion strength
of epoxy coating and the unmodified silicon nitride coating
sharply decreases. After 1200-h immersion, the adhesion
strength of the epoxy coating and the unmodified silicon nitride coating is reduced to 2.8 and 4.4 MPa, respectively.
However, the adhesion strength of the modified silicon nitride
coating maintains 7.6 MPa. It is thus seen that the modified
silicon nitride coating remains the highest adhesion strength
among the three coatings after immersion in the chloride
solution.
Figure 14 shows the surface morphologies after adhesion
measurement of epoxy coating as a function of time in the
chloride solution. It is seen that corrosion products appear
on the whole surface of the specimen after 200-h immersion
in the solution. Corrosion of the steel becomes more serious
with increasing the time. Corrosive ions diffuse to the epoxyresin/carbon steel interface, resulting in delamination of the
epoxy coating.

J Polym Res (2018) 25: 130
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Fig. 17 The possible protection
mechanism of different coatings

Figure 15 shows the surface morphologies after adhesion
measurement of the unmodified silicon nitride coating with
the immersion time. The corrosion products appear after
1200-h immersion. The unmodified silicon nitride coating
could provide anticorrosive performance than the epoxy coating. Figure 16 shows the surface morphologies after adhesion
measurement of the modified silicon nitride coating with time.
The surface of the coating is partially peeled off, without corrosion products beneath the coating. It is thus clear that the
modified silicon nitride coating could improve the adhesion
strength of the coating and protect the steel from corrosion
attack.

Mechanism for corrosion protection of the modified
silicon nitride epxoy coatings
This work confirms that the modified silicon nitride epoxy
coating significantly increases the anticorrosive performance
of the coating. Figure 17 shows the mechanism of the corrosion protection offered by the modified silicon nitride coating
and unmodified coating. Epoxy coatings could not stop penetration of water into the coating, resulting in coating degradation. The unmodified silicon nitride coating generates interface gaps around silicon nitride powders due to poor
dispersibility, causing the weak boding between the silicon
nitride and epoxy. Once water diffuses into the coating, hydrophilic silicon nitride powders (Fig. 6) cause water to collect
at the interface between silicon nitride and epoxy.
Consequently, protection performance of the coating is lost.
However, the modified silicon nitride coating can protect the
steel from corrosion due to strong blocking barrier of the hydrophobic surface and the bonding force between the silicon

nitride powders and epoxy [65]. Therefore, the diffusion of
corrosive ions and water into the modified silicon nitride coating becomes more difficult than the unmodified silicon nitride
coating and epoxy coating.
The effective blocking barrier effect offered by the modified silicon nitride coating could impede the penetration of
water and corrosive ions to the interface of the coating/steel,
and improve the protective properties due to the hydrophobic
nature of the modified silicon nitride powders. In addition, the
modified silicon nitride powders form a bonding force with
the epoxy coating, which also increases the adhesion strength
of coating. With the increase of the immersion time, the modified silicon nitride coating can maintain a high adhesion
strength and coating resistance, reducing the steel corrosion
effectively.

Conclusions
Silicon nitride was firstly used as anti-corrosive pigment in
organic coatings. Moreover, an effective strategy by combining inorganic fillers and organosilanes was proposed to enhance the dispersibility of silicon nitride in epoxy resin and
applied to protect Q235 carbon steel. The results indicated that
modified silicon nitride coating exhibited good anticorrosion
performance, which could be attributed to two aspects. On one
hand, KH-570 was employed to increase the possible chemical interactions between silicon nitride powders and epoxy
resin. In addition, the dispersibility of silicon nitride was enhanced significantly due to the modification with KH-570. On
the other hand, modified silicon nitride coating significantly
influenced the barrier performance due to hydrophobic
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surface of modified silicon nitride powder and made the corrosive electrolyte diffusion pathways more tortuous.
Consequently, the strategy proposed in this paper can be a
guide for design anticorrosive coatings. The modified silicon
nitride coating shows better corrosion resistance ability than
previous reports used other pigments (Table S1).
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