
Citation: Mao, Q.; Liu, S.; Jiang, H.;

Sun, H.; Xiong, Y.; Fang, Z.; Li, J.;

Wang, G. Study on Modified Liquid

Polysulfide Rubber Bimetallic

Salt-Spray-Resistant Epoxy Coatings.

Coatings 2022, 12, 1418. https://

doi.org/10.3390/coatings12101418

Academic Editor: Edoardo

Proverbio

Received: 19 August 2022

Accepted: 20 September 2022

Published: 27 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

coatings

Article

Study on Modified Liquid Polysulfide Rubber Bimetallic
Salt-Spray-Resistant Epoxy Coatings
Qitong Mao 1, Siqi Liu 1 , Hao Jiang 1, Hua Sun 2, Yangkai Xiong 1, Zhiqiang Fang 1, Jiang Li 3

and Guoqing Wang 1,*

1 State Key Laboratory of Marine Resource Utilization in South China Sea, School of Materials Science and
Engineering, Hainan University, Haikou 570228, China

2 Shanghai Chemical Industrial Park Pipe Gallery Company, Shanghai 200000, China
3 Industrial & Manufacturing Engineering, College of Engineering, Florida State University,

Tallahassee, FL 32306, USA
* Correspondence: wangguoqing@hainanu.edu.cn

Abstract: In this study, liquid polysulfide rubber was modified by silane coupling agent. New kinds
of anti-corrosion coatings with salt spray resistance and strong adhesion to the steel substrate were
obtained using the modified liquid polysulfide rubber, bimetallic filler, carbon nanotubes, and epoxy
resin. Infrared and nuclear magnetic resonance confirmed the preparation of new modified liquid
polysulfide rubber through coupling reaction between the epoxy group of silane compound and the
sulfide group of the liquid polysulfide rubber. A 1440 h neutral salt spray test showed the coating to
be completely free of rust and blisters. The corrosion diffusion width of the scribed area was only
1.7 mm. In addition, in a 3.5% by weight NaCl solution, the coating shows no blistering and no
corrosion phenomena compared with zinc-rich epoxy paints (the added zinc content was only 28.6%).
These tests confirmed that the new coating had a dense microstructure, strong adhesion to the steel
substrate, good corrosion resistance, and anti-blister performance. The performance indicates that
the coatings have potential for use in the atmosphere and underwater, which provides a better choice
for long-term protection of marine projects such as ships, wharves, offshore platforms, and wind
power structures.

Keywords: modified epoxy coatings; modified liquid polysulfide rubber; bimetallic anti-corrosion;
underwater protection; long-term heavy-duty anti-corrosion; low zinc content

1. Introduction

In the 21st century, with the problem of the misuse of natural resources due to the
explosive population growth, there is a shortage of resources on land that urgently needs
to be solved. The ocean makes up 71% of the total area of the earth. The rich mineral and
biological resources of the ocean are gifts from nature to man, and their exploitation is the
key to solving the harmonious coexistence between man and nature [1–4].

In the development of the ocean, we have to resort to various oceanic projects. Steel
materials are widely used in the construction of ships, sea crossing bridges, offshore plat-
forms, offshore wind power, offshore terminals, and other industries because of their high
strength, easy processing, and recyclability. However, steel corrodes easily in humid en-
vironments [5–10]. Zinc-rich epoxy coatings have been widely used since the 1980s due
to their excellent anti-corrosion properties [11–13]. Epoxy zinc-rich paint is a widely used
anti-rust primer, but its brittleness and high zinc content (the content of metallic zinc in the
coating shall not be less than 60% in HG/T3668) is not suitable for underwater environ-
ments. In high humidity and a hot atmosphere, the coating blisters very easily. Therefore, it
is urgent to find suitable coatings for long-term use in the underwater environment [14,15].

An epoxy high performance anti-corrosion coating has the advantages of strong
corrosion resistance [16,17], high hardness, good adhesion, etc. It can be mixed with
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a variety of fillers and anti-corrosion additives [18–21]. However, the traditional epoxy
resin coatings have a high content of volatile organic compounds [22]. High brittleness, poor
post-cure weatherability, and poor adhesion limited their wider application. Most epoxy
zinc-rich coatings on the market are usually used as primers. If used alone, epoxy zinc-rich
coatings were brittle and not suitable for long-term corrosion protection. In addition,
they tend to form blisters on the paint surface, which limits their industrial applicability.
Currently, there is a lot of research on the possibility of reducing the zinc content in soil [23];
in this experiment, we want to explore a corrosion-resistant epoxy coating with low zinc
content that can be used in both atmospheric and underwater environments.

The main chain of liquid polysulfide rubber contains sulfur atoms and saturated-
bonds -S-C- or -S-S-. The sulfide bond can be moved; thus, the whole molecular chain has
good flexibility. After the sulfide group(-SH) contained at the end of the molecule reacts
with the epoxy ring group of the silane coupling agent, the end of the molecular chain
contains the silane group. The silane group can react with the moisture on the surface of
the metal powder to form siloxane [24,25], and the other end can be combined with organic
substances to form a molecular bridge between the organic and inorganic structures to
ensure the bond of increasing strength [26–29].

Titanium has the characteristics of non-toxicity, low density, high specific strength,
and low electrode potential. It is suitable for use as a coating additive [30] with good
corrosion resistance [31,32]. Furthermore, zinc metal has the characteristics of strong
activity, taking the lead into protection against substrate corrosion, filling the coating
pores with products after corrosion, and continuously providing protection for subsequent
service [33]. Therefore, titanium metal and zinc metal can improve the compactness of the
coatings at different stages.

In this experiment, the new coating was made by high-energy ball milling to grind
epoxy resin [34–36], modified liquid polysulfide rubber, titanium metal, zinc metal, and
other fillers under N2. The good corrosion resistance of the coating can reduce corrosion
products, increase the corrosion resistance to aging, and make the coating work underwater.
This study is expected to provide a long-term anti-corrosion coating with low zinc content
and can be used both in the atmosphere and underwater, providing a new choice for
long-term protection of marine engineering and reducing the use of metallic zinc.

2. Materials and Methods
2.1. Materials

Liquid polysulfide rubber, Epoxy Resin 0164, Zinc powder, and Q235 Steel Plate (Sand-
blasted) were purchased from Shanghai Sunvea Chemical Material Technology Co., Ltd.
(Shanghai, China). Silane coupling agent was obtained commercially through Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). Xylene, butyl acetate, and petroleum
ether were purchased from Guangdong Guanghua Technology Co., Ltd. (Shantou, China).
Titanium powder, carbon nanotubes, and polyamide curing agent 650 were purchased from
Jiangsu Sanmu Chemical Co., Ltd. (Wuxi, China).

2.2. Method
2.2.1. Preparation of Modified Liquid Polysulfide Rubber

The liquid polysulfide rubber was mixed with a silane coupling agent and xylene
with a weight ratio of 1.7:1:3.2 in a three-neck flask. After 30 h at 120 ◦C with nitrogen gas,
a transparent viscous liquid product was obtained. Then, the mixture was put in a partition
funnel and extracted twice by an equal volume of petroleum ether. Finally, the modified
liquid polysulfide rubber was obtained by collecting the viscous underlayer [37].

2.2.2. Preparation of the Coatings

As shown in Figure 1, modified polysulfide liquid rubber, epoxy resin, titanium pow-
der, zinc powder, and carbon nanotubes were added to the pot in different proportions to
prepare the epoxy resin composite coating. The rotation of the high-speed ball mill was per-
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formed at high speed under nitrogen atmosphere for 10 h; MPSR coatings including MPSR0
(mEP:mTi = 1:1), MPSR1 (mEP:mMPSR:mTi = 2:1:2), MPSR2 (mEP:mMPSR:mTi:mZn = 2:1:2:2),
MPSR3 (mEP:mMPSR:mTi:mCNTs = 2:1:2:0.06) and MPSR4 (mEP:mMPSR:mTi:mZn:mCNTs =
2:1:2:2:0.06), were prepared by changing the ratio of fillers. A certain amount of Polyamide
Curing Agent 650 and a small amount of a mixed solvent of xylene and butyl acetate were
added to each of the five coatings. After sandblasting (cleanliness: ISO 8501-1 Sa2 1

2 ), they
were evenly brushed on the Q235 steel plate and stored at room temperature for 7 days.
Additionally, the target coatings were able to be obtained.
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2.3. Characterization
2.3.1. Characterization of Modified Liquid Polysulfide Rubber

To confirm the successful production of the modified polysulfide liquid rubber, the
changes in the functional groups of the modified polysulfide liquid rubber were examined
using Fourier-transform infrared spectroscopy (FT-IR, Bruker, Karlsruhe, Germany) and
the spectra were recorded in the range of 4000–400 cm−1. Nuclear magnetic resonance
spectroscopy was also performed to characterize the modified polysulfide liquid rubber.

2.3.2. Characterization of the Coatings Layer

The cross-sectional morphology of the coatings was observed on a field emission
scanning electron microscope (Gemini SEM 300, Shenzhen, China).

The weight gain rate of the coatings was measured on an electronic balance.
The electrochemical properties of these samples when immersed in a 3.5 wt% NaCl

solution were analyzed using a DH7000 (Saiao, Hangzhou, China). The effect of variations
in corrosion potential on the coating was determined by an open-circuit potential (OCP)
test, whereas the corrosion resistance of the coatings was characterized by an EIS test with
an operating frequency range of 10−2 to 105 Hz at an amplitude of 10 mV. DHElecChem
(version 6.20.42) was used to record and analyze the Nyquist and Bode plots obtained from
the tests. Finally, the coatings were tested for polarization curves with a scan voltage in the
range of ± 0.25 V (relative to the OCP) and a scan rate of 1 mV/s [38].

The corrosion resistance of the coatings could be demonstrated intuitively using the
salt spray test. A sharp tool was used to make a scratch on the board surface across the
coating film to expose the underlying metal. The corrosion resistance of the coatings
was tested on a salt spray chamber. All samples were measured in an environment of
5 ± 0.5 wt.% NaCl solution environment.

The adhesion of the coatings was measured using the pull-off method according to
ASTM D4541-2009 with a PosiTest pull-off adhesion tester (DeFelsko Inc. Ogdensburg,
NY, USA). The drawing method was used to measure the adhesion of the coating. An
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aluminum forging die with a diameter of 20 mm was glued to the coating, and a pull-off
test was carried out after curing for 48 h.

The prepared coating was immersed in a 3.5% NaCl solution and allowed to stand
for 60 days to observe the surface state of the plate and the products in the solution. After
shaking the solution evenly, 10 mL of the solution was removed for centrifugation, and the
centrifuged product was weighed (>0.001 g) on an electronic balance.

3. Results and Discussion
3.1. Characterization of Modified Liquid Polysulfide Rubber

The preparation of the modified liquid polysulfide rubber was shown in Figure 2
The subsequent characterization was performed using FT-IR. Figure 3 shows the FT-IR
spectra of modified polysulfide liquid rubber, unmodified polysulfide liquid rubber, and
silane coupling agent, respectively. The absorption peak at 2560 cm−1, ascribed to -SH,
was observed for the modified liquid polysulfide rubber and liquid polysulfide rubber.
Additionally, the absorption peak at 1076 cm−1, coming from -C-O-C- in the modified liquid
polysulfide rubber, highly overlapped with that of silane coupling agent at 1088 cm−1. Due
to the grafting reaction between the epoxy group on the silane coupling agent and -SH
on the PSR, the absorption peaks of the epoxy ring at 910 cm−1 and 1255 cm−1, resulting
from the epoxy ring on the SCA sample were not found in the spectra of MPSR and PSR. In
addition, the absorption peak of the modified polysulfide liquid rubber at 821 cm−1 was
the same as that of the silane coupling agent. The results mentioned above suggested the
successful manufacture of the modified polysulfide liquid rubber.
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Further NMR was performed to clarify the MPSR structure. As shown in Figure 4, the
signal of the main chain group -C2H4OCH2OC2H4- at b in Figure 4a and the proton peak
of -CH2- and -CH- at d in Figure 4a matched, indicating a similar main chain structure
exists in SCA, PSR and MPSR. In addition, the position at c in Figure 4a, which corresponds
to -Si(OCH3), matched f in Figure 4c. Additionally, the new peak at a in Figure 4a was
assigned to the -OH peak in MPSR arising from the nucleophilic substitution reaction
between the epoxy group of SCA and the -SH of PSR. NMR results, consistent with FT-IR,
suggested that MPSR was successfully prepared.
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3.2. Characterization of Coatings
3.2.1. Section Morphology of the Coatings

Figure 5 shows the cross-sectional scans of the 5 coatings. The 2K SEM image showed
that the compactness of MPSR0 is better due to the relatively high proportion of epoxy resin
in the coating. Titanium powder was added to the MPSR1, which could be densely filled
in the epoxy resin coatings with good compactness. The compactness of MPSR2 was the
worst and the apparent pores were evident in Figure 5e. This resulted from the reduction
in epoxy in the coating with the addition of metal Ti and metal Zn. In addition, MPSR3
and MPSR4 carbon nanotubes were added as fillers. An interwoven network structure
derived from the one-dimensional tubular structure of carbon nanotubes can be formed in
the coating, reducing internal pores and improving the compactness of the coatings.

3.2.2. The Weight Gain Rate of the Coatings

From the SEM photos of the coatings, it can be seen that the coatings produced after
ball milling have quite good compactness. To better compare the effects of different fillers
on the compactness of the coatings, some coating fragments were soaked in deionized water.
The weight of the coatings was recorded after 7 days, 14 days and 30 days, respectively.
The rate of increase in coating weight was calculated as shown in Figure 6 Epoxy resin
content was highest in MPSR0 coatings The rate of weight gain of the coating containing
titanium powder was the slowest and changed little, which was attributed to the dense
amount of titanium in the interstices of the coatings. In addition, the addition of modified
polysulfide liquid rubber to MPSR1 improved the flexibility of the coatings while reducing
epoxy resin content. For example, the rate of weight gain of the MPSR1 coating was lower
in the MPSR2 coatings, the addition of zinc powder reduced the epoxy resin content and
weakened the compactness of the coatings. In addition, zinc powder, which has the lower
potential, acted as a sacrificial anode in the coatings to protect the cathode. Accordingly,
the generated zinc oxide and other products filled in the gaps in the coatings, giving the
MPSR2 coating the highest rate of weight gain. Carbon nanotubes were introduced for the
MPSR3 coating. Since the carbon nanotube content was very low, the epoxy resin content
increased; thus, the compactness of MPSR3 coatings was stronger than that of MPSR2,
whereas the weight gain rate decreased. As all of the fillers were added to MPSR4, the
proportion of zinc powder and epoxy resin decreased. Therefore, the coatings were more
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compact than MPSR2 and less compact than MPSR3, and the rate of coating weight gain
increased slightly compared with MPSR3.

Coatings 2022, 12, x FOR PEER REVIEW 6 of 16 
 

 

 
Figure 5. (a) SEM; (b) MPSR0; (c,d) MPSR1; (e,f) MPSR2; (g,h) MPSR3; (i,j) MPSR4. 

3.2.2. The Weight Gain Rate of the Coatings 
From the SEM photos of the coatings, it can be seen that the coatings produced after 

ball milling have quite good compactness. To better compare the effects of different fillers 
on the compactness of the coatings, some coating fragments were soaked in deionized 
water. The weight of the coatings was recorded after 7 days, 14 days and 30 days, respec-
tively. The rate of increase in coating weight was calculated as shown in Figure 6 Epoxy 
resin content was highest in MPSR0 coatings The rate of weight gain of the coating con-
taining titanium powder was the slowest and changed little, which was attributed to the 
dense amount of titanium in the interstices of the coatings. In addition, the addition of 

Figure 5. (a) SEM; (b) MPSR0; (c,d) MPSR1; (e,f) MPSR2; (g,h) MPSR3; (i,j) MPSR4.



Coatings 2022, 12, 1418 7 of 15

Coatings 2022, 12, x FOR PEER REVIEW 7 of 16 
 

 

modified polysulfide liquid rubber to MPSR1 improved the flexibility of the coatings 
while reducing epoxy resin content. For example, the rate of weight gain of the MPSR1 
coating was lower in the MPSR2 coatings, the addition of zinc powder reduced the epoxy 
resin content and weakened the compactness of the coatings. In addition, zinc powder, 
which has the lower potential, acted as a sacrificial anode in the coatings to protect the 
cathode. Accordingly, the generated zinc oxide and other products filled in the gaps in 
the coatings, giving the MPSR2 coating the highest rate of weight gain. Carbon nanotubes 
were introduced for the MPSR3 coating. Since the carbon nanotube content was very low, 
the epoxy resin content increased; thus, the compactness of MPSR3 coatings was stronger 
than that of MPSR2, whereas the weight gain rate decreased. As all of the fillers were 
added to MPSR4, the proportion of zinc powder and epoxy resin decreased. Therefore, 
the coatings were more compact than MPSR2 and less compact than MPSR3, and the rate 
of coating weight gain increased slightly compared with MPSR3. 

 
Figure 6. Weight gain rate of coatings. 

3.2.3. Characterization of Electrochemistry 
In a 3.5 wt% NaCl solution, tafel polarization curves were recorded for the coatings 

MPSR0, MPSR1, MPSR2, MPSR3, and MPSR4 to examine the corrosion resistance of the 
coatings. Figure 7 showed the polarization curve of the coatings. Corrosion current (icorr) 
and corrosion potential (Ecorr) were obtained by the Tafel extrapolation method, and the 
corresponding values were shown in Table 1. According to Figure 7 and Table 1, Ecorr of 
MPSR1 is the most negative, whereas icorr of the MPSR4 sample was the largest. Addition-
ally, the three samples, MPSR2, MPSR3 and MPSR4 to which zinc powder and carbon 
nanotubes were added had larger corrosion potentials, of which MPSR2 had the largest 
corrosion potential. In addition, as can be seen from Table 1, the corrosion current of 
MPSR0 was the smallest, yet the corrosion potential was only slightly greater than that of 
MPSR1. This suggested the worst corrosion resistance of MPSR0. The excessive amount 
of titanium powder in the coating tended to agglomerate and reduced corrosion re-
sistance. This was also proven in the subsequent salt spray test Based on the analysis men-
tioned above, the MPSR2 sample had the best corrosion resistance. 

Figure 6. Weight gain rate of coatings.

3.2.3. Characterization of Electrochemistry

In a 3.5 wt% NaCl solution, tafel polarization curves were recorded for the coatings
MPSR0, MPSR1, MPSR2, MPSR3, and MPSR4 to examine the corrosion resistance of the
coatings. Figure 7 showed the polarization curve of the coatings. Corrosion current
(icorr) and corrosion potential (Ecorr) were obtained by the Tafel extrapolation method,
and the corresponding values were shown in Table 1. According to Figure 7 and Table 1,
Ecorr of MPSR1 is the most negative, whereas icorr of the MPSR4 sample was the largest.
Additionally, the three samples, MPSR2, MPSR3 and MPSR4 to which zinc powder and
carbon nanotubes were added had larger corrosion potentials, of which MPSR2 had the
largest corrosion potential. In addition, as can be seen from Table 1, the corrosion current
of MPSR0 was the smallest, yet the corrosion potential was only slightly greater than that
of MPSR1. This suggested the worst corrosion resistance of MPSR0. The excessive amount
of titanium powder in the coating tended to agglomerate and reduced corrosion resistance.
This was also proven in the subsequent salt spray test Based on the analysis mentioned
above, the MPSR2 sample had the best corrosion resistance.
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Table 1. Corrosion current and corrosion potential of five kinds of coating samples.

Sample icoor10−6 (A/cm2) Ecoor (mV)

MPSR0 0.08059 −168.9
MPSR1 0.1006 −295.7
MPSR2 0.1669 −27.40
MPSR3 0.2788 −147.7
MPSR4 0.5177 −125.3

Electrochemical impedance tests were performed on five samples with similar coating
thicknesses. The coated steel block, with an exposed area of about 1 cm2, was the work-
ing electrode, and the saturated calomel electrode was chosen as the reference electrode,
whereas the platinum electrode was the counter electrode. The EIS test was carried out after
the working electrode was immersed in a 3.5% NaCl solution. Figure 8 illustrated the Bode
plot of the EIS test for the coated electrodes of MPSR0, MPSR1, MPSR2, MPSR3, and MPSR4
from 360 h to 720 h. Under normal circumstances, the corrosion resistance of the coating
could be evaluated by the value of the impedance modulus in the low-frequency range of
the Bode diagram. The larger the value of the impedance modulus in the low frequency
range, the better the corrosion resistance. With increasing dive time, the impedance in the
low-frequency range decreased. In addition, the impedance modulus of MPSR2 was two
orders of magnitude greater than that of the other four coatings. This showed that the
corrosion resistance of MPSR2 was the best. This may be the combined impact of the serious
effect on the addition of titanium powder and the protection of the cathode by the sacrificial
anode after the addition of zinc powder. In addition, among the other four samples, the
value of the impedance modulus of the MPSR sample was largest in the low frequency
range, which could confirm the results of the salt spray test. Compared with MPSR2, the
smaller value of the impedance modulus of MPSR1 in the low frequency range indicated
the anti-corrosion effect of zinc powder. However, the value of the impedance modulus of
the MPSR4 sample containing zinc powder was smaller. The simultaneous incorporation
of zinc powder and carbon nanotubes into MPSR4 reduced the epoxy resin content and
thus weakened the compactness of the coating. Additionally, the special one-dimensional
structure of carbon nanotubes led to the contact between the coatings and the corrosive
medium and reduced the anti-corrosion performance.
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Figure 9 shows the Nyquist plots of MPSR0, MPSR1, MPSR2, MPSR3, and MPSR4
samples at 720 h. In general, the trend in changes of the 5 samples with increasing immer-
sion time was similar to the increase in immersion time, and they all showed monoclonal
antibodies. Among them, the MPSR2 sample had the largest radius with only one time
constant. This showed the nature of pure capacitance and has good protection performance
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of the MPSR2 sample. Although the other samples had only one time constant, the smaller
radius of the capacitive reactance arc caused its weaker protection performance. With the
exception of MPSR2, the MPSR1 sample had the largest capacitive reactance arc radius,
followed by rMPSR4, rMPSR3, and rMPSR0. This agreed with the corrosion resistance capacity,
which was confirmed by the salt spray experiment.
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3.2.4. Characterization of Coating Salt Spray Test

Figure 10 shows the photos of the salt spray test of 5 kinds of coatings at different
times (0 h, 360 h, 720 h, 1440 h). The MPSR0 sample had blistered at 360 h and 720 h,
and the phenomenon has spread across the board. At the same time, the corrosion on the
scratches was extremely severe. This was because Fe is more active than titanium metal.
Throughout the coating system, Fe acted as an anode to exert a protective effect. At this
point, the reaction was as follows:

4Fe + 6H2O + 3O2 = 4Fe(OH)3
2Fe(OH)3 = Fe2O3 + 3H2O
2H2O + O2 + 4e− = 4OH−

Titanium metal was on the protected side of the entire system at 720 h, and the gas
generated could not break through the coatings; thus, bubbles were observed with the
naked eye.

At 720 h, no bubbles were found in the MPSR1 sample. However, after 1440 h, a very
small number of bubbles were generated. Therefore, the coatings had a positive effect on
the spread of corrosion phenomena on the scratches. Compared to the MPSR0 sample, the
addition of MPSR introduced the flexible group -OCH3 to avoid stress concentrations and
improve the adhesion of the coatings. After grinding in the ball mill, a corrosion-resistant
molecular chain with organic-inorganic structures is created from the titanium powder and
the resin molecules through physical-chemical processes. As a filler, titanium powder had
excellent passivation and could react with oxygen to form a dense oxide film. Ball milling
greatly improved the surface performance of the coating. Further uniform combination of
titanium powder with epoxy resin using high speed milling would decrease the surface
energy and form the dense network structure which showed good anti-corrosion. This
was confirmed by the photos taken by the scanning electron microscope and the EDS
test. As corrosion occurred and the corrosive medium penetrated the coatings to reach the
substrate, the titanium powder evenly filled the micropores into the coatings. Additionally,
the labyrinth effect, namely the distance between the coatings and the substrate, improved
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the adhesion of the coatings and thus significantly increased the anti-corrosion performance
of the coatings.
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No surface blisters were observed on the MPSR2 sample after 1440 h. Therefore, the
anti-corrosion effect by propagation at the scratches was more significant than that of
MPSR1. This could be attributed to the higher activity of Zn than Fe and Ti. In the system,
zinc powder as the sacrificial anode protected the Fe as the cathode. The reaction was then:

Zn − 2e− = Zn2+

2H2O + O2 + 4e− = 4OH−

At the same time, the insoluble Zn(OH)2 film formed by anodic reaction and the for-
mation of chloride deposited on the coating promoted the passivation of Zn and prevented
the corrosive medium from contacting the substrate. With the synergistic effect of titanium
powder, good anti-corrosion performance occurred in MPSR2. Figure 11 shows Atomic
Force Micrographs of MPSR2 coatings before and after the salt spray test. After the salt
spray test, the coating surface obviously changed from flat to rough. EDS analysis showed
that titanium powder and zinc powder are evenly distributed in the coatings. During the
continuous adsorption of Cl− in the salt spray test, the oxide film of Ti and Zn partially
or completely dissolved, and the corresponding chloride formed at the adsorption site. In
addition, due to the uniform distribution of Ti and Zn in MPSR2 coatings, the coatings
gradually formed an inverted pyramid structure under the corrosion of chloride ions.
When the passivation film of the upper surface coating is eroded, Ti and Zn quickly form
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a new passivation film containing chloride, which improves its anti-corrosion property.
Under the synergistic effect of such layer-by-layer-like inverted pyramid structure, the
corrosion resistance of MPSR2 coatings was particularly excellent.
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In Figure 10, many bubbles appeared on the surface of the MPSR3 sample after 360 h.
After 720 h, it covered more and after 1440 h almost the entire board. These indicated the
serious corrosion phenomenon. However, the scratches were still observed. Compared
to the MPSR0 sample, MPSR3 showed a slightly better anti-corrosion effect. According
to the electron micrograph conducted 20,000 times, carbon nanotubes with special tube
structures somewhat improved the compactness of the coatings while increasing the contact
area with the salt spray gas. As a result, a large amount of blistering was found, and the
anti-corrosion effect of MPSR3 was not good.

With sample MPSR4, no blistering was observed after 360 h, and the scratches had
a good effect of preventing corrosion propagation. However, it was observed at 720 h.
Additionally, after 1440 h, the number of blisters on the coating surface did not increase
significantly. Zinc powder was added to MPSR4 and compared with MPSR3. Zinc powder
as a sacrificial anode had good anti-corrosion effects. However, the addition of carbon
nanotubes outweighed the anti-corrosion effect of the zinc powder and resulted in corrosion
occurring more quickly. This puts the anti-corrosion effect of MPSR4 coatings in third place
behind MPSR1 and MPSR2.

In the salt spray experiment, the surface of the pure epoxy resin coating was covered
with bubbles after 168 h and the scribe width reached 8 mm after 30 days. Table 2 shows the
diffusion value of 1440 h cracking of the coatings (The initial width is 1.5 mm). The diffusion
of single metal modified polysulfide liquid rubber epoxy coatings has been reduced from
7 mm to 2 mm compared to MPSR0 coatings, greatly improving the ability to prevent
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corrosion diffusion. In addition, the diffusion of the bimetallic modified polysulfide liquid
rubber epoxy coating was 0.3 mm, which was smaller than that of single metal modified
polysulfide liquid rubber epoxy coatings. Thus, it showed more excellent performance in
preventing corrosion diffusion.

Table 2. The scratch width of the coatings at 1440 h.

Sample MPSR0 MPSR1 MPSR2 MPSR3 MPSR4

Width 7.0 mm 2.0 mm 1.7 mm 5.0 mm 2.5 mm

The contents of different samples are shown in Table 3 Overall, the MPSR2 sample
had the best effect on preventing corrosion diffusion and corrosion, followed by MPSR1,
whereas the MPSR0 sample had the worst anti-corrosion performance.

Table 3. Content of different samples.

Sample EP(g) MPSR(g) Ti(g) Zn(g) CNTs(g)

MPSR0 20 - 20 - -
MPSR1 20 10 20 - -
MPSR2 20 10 20 20 -
MPSR3 20 10 20 - 0.6
MPSR4 20 10 20 20 0.6

3.2.5. Adhesion of Coatings

From the salt spray test, we can see the influence of different fillers on the corrosion
resistance of the coatings. In order to investigate the influence of different fillers on the
mechanical properties of the coatings, the adhesion of the coatings was tested.

The adhesion data of the coatings are shown in Figure 12. MPS R0 had the lowest
adhesion, and the MPSR1 had the highest adhesion. After MPSR1 was added to MPSR,
the introduction of flexible groups avoided stress concentration and increased the coating
adhesion from 6.543 MPa to 9.729 MPa with an increase of 48.7%. The addition of zinc
powder to MPSR2 caused the adhesion to deteriorate. Additionally, the introduction
of carbon nanotubes into MPSR3 increased the bonding force between the coatings and
the metal and improved adhesion. However, due to the increase in pigments in MPSR4,
even with the addition of a small amount of carbon nanotubes, the adhesive strength was
still reduced.
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3.3. Coating Immersion Test

To test whether the coatings have good immersion resistance, the MPSR2 coating
with the best anti-corrosion performance and the commercially available polyurethane
coating were applied to a panel and placed in a 3.5% NaCl solution. Then, the changes in
the coating surface were recorded and observed. As shown in Figure 13a,b, there was no
change in the surface of the MPSR2 coatings after 60 days of immersion. In Figure 13c the
zinc-rich coatings precipitate a large amount of zinc salts on the surface after immersion,
this is normal for zinc-rich coatings and the zinc corrosion products seal the coating and
thus provide barrier protection. In the solution dipped in MPSR2 coatings, there was
corrosion on the exposed part of the panel. After centrifuging the product in the solution,
the product obtained accounts for only 0.5% of the solution. This showed that the MPSR2
coatings had good resistance to water immersion. The mass ratio of added zinc powder is
only 28.6%, which greatly reduces the use of metallic zinc.
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4. Conclusions

In this study, coatings of MPSR0, MPSR1, MPSR2, MPSR3, and MPSR4 were prepared
by adding modified polysulfide liquid rubber, metal-Ti, metal-Zn, and carbon nanotube
fillers to epoxy resin. After conducting SEM, weight increase rate, salt spray test, electro-
chemical test and other experiments on the coating, the results showed:

(1) The polysulfide liquid rubber is successfully modified by the silane coupling agent.
Compared with the epoxy resin coating, the modified polysulfide liquid rubber-
epoxy monometallic coating showed better corrosion resistance, and the salt spray
foam resistance of the coatings was greatly improved. Blistering time with coatings
increased from 72 h to 720 h, and the adhesion of the coatings was greatly improved
from 6.543 MPa to 9.729 MPa, with an increase of 48.7%. The corrosion spread of the
coating salt spray system has been greatly reduced, from 7.0 mm to 1.7 mm.

(2) Bimetal combination with different potential parameters (Ti and Zn) could improve
the corrosion resistance and blistering resistance of the coatings, and the bimetal
epoxy coating could achieve corrosion resistance of 1440 h. As a result, the impedance
could be two orders of magnitude higher than that of a single-metal epoxy coating.

(3) Compared with the single metal epoxy coating, the modified polysulfide liquid
rubber bimetal anti-salt spray epoxy coating showed higher impedance, low surface
exudation, long-term resistance to saltwater immersion, and no change in the surface
of the coating, the added zinc content was only 28.6%. The coating had a high initial
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weight gain rate, and a dense long-term protective coating was obtained. It is a long-
term anti-corrosion coating that can be used for a long time in both saline atmosphere
and underwater environments. It is expected to be widely used in marine engineering.
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