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Abstract

Original Research Article

This study provides an in-depth analysis of the corrosion resistance of metal products in marine environments, and
specifically examines the effectiveness of Type 12S-1 anticorrosive coating in protecting metals in marine environments.
The corrosion-resistant behavior of different metal materials under marine conditions is discussed in depth, and a
theoretical basis for subsequent simulation experiments is established through electrochemical corrosion theory. This
paper focuses on the corrosion performance of clutch air spring airways under different metal materials and conditions
of coated or uncoated Type 12S-1 anticorrosive coating, and salt spray tests are used to evaluate and compare the
corrosion protection effectiveness of various treatments. The results proved that the 17-4pH material still showed
excellent corrosion resistance without coating, and the application of Type 12S-1 anticorrosive coating could enhance
the corrosion resistance of the metal to a certain extent. This study not only provides a solid theoretical and empirical
foundation for metal anti-corrosion technology in the marine environment, but also provides an important guidance for
the optimization of anti-corrosion strategies for ship materials, and provides practical references and directions for the

development of related industries.
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1. INTRODUCTION

Atmospheric corrosion, the corrosion of metals
in the natural environment of the atmosphere, is a very
destructive form of corrosion [1]. The magnitude of its
destructiveness is mainly due to the fact that the exposure
of metals in the atmospheric environment far exceeds
that of other environments [2]. In modern society, large
buildings and vehicles, from ships to housing structures,
cars, airplanes, etc., are ubiquitous, and they are almost
inseparable from our daily lives, and thus are also
exposed to atmospheric corrosion at any time [3]. In
addition, small metal tools used in everyday life, such as
gardening tools, home decorative fences, and exercise
equipment, are also under constant threat from
atmospheric corrosion [4]. Atmospheric corrosion also
has a profound impact on the national economy,
especially in coastal cities, where the air contains more
corrosive chemicals, leading to more severe metal
corrosion, and the resulting maintenance and
replacement costs constitute a huge burden on the
national economy [5]. Therefore, the study of
atmospheric corrosion is not only an important topic in
the field of engineering and technology, but also a part
of national economic and social development that cannot
be ignored.

Atmospheric corrosion is influenced by a
number of factors, including ambient temperature,
humidity, type and concentration of airborne pollutants,
and the nature of the metal and its pretreatment [6]. These
factors combine to determine the rate and extent of metal
corrosion. In particular, the finish of the metal surface
has a particularly significant effect on corrosion. Smooth
surfaces make it difficult to form a long-lasting water
film, and sometimes even make it difficult for the water
film to adhere stably, thus reducing the possibility of
electrochemical corrosion [7, 8]. In contrast, rough or
uneven surfaces are more susceptible to water film
formation and may promote the occurrence of galvanic
corrosion even under low relative humidity conditions.
This phenomenon highlights the importance of the
physical state of the surface in the corrosion process and
needs to be emphasized in corrosion protection
measures. In recent years, various metal surface
corrosion protection materials such as epoxy resin
coatings, galvanizing processes and phosphating
treatments have proved their effectiveness [9-11], and
they are particularly common in corrosion protection
environments aiming to improve the adhesion and
chemical stability of coatings and thus prevent corrosion
by means of different surface treatment techniques.
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Anti-corrosive metal coatings have been shown
to be particularly effective in marine metal corrosion
protection by forming a protective layer on the metal
surface to isolate corrosive media (e.g., water, oxygen,
and salt) and prevent them from coming into direct
contact with the metal substrate [12]. These coatings not
only provide physical isolation but also inhibit or slow
down the corrosion process through chemical stability
[13, 14]. Although existing anticorrosion coatings have
demonstrated good protection in practical applications,
they still face some challenges, such as long-term
stability of coatings, environmental adaptability, and
adhesion to metal substrates [15]. In addition, as
environmental regulations tend to be more stringent,
there are higher requirements for volatile organic
compound (VOC) emissions from coatings, which has
prompted researchers to explore more environmentally
friendly formulations for anticorrosion coatings [16, 17].

Understanding the response of different
metallic materials to atmospheric corrosion is essential
when evaluating the effectiveness of corrosion protection
measures [18, 19]. Various metallic materials exhibit
different corrosion resistance; therefore, the relevance
and efficiency of anti-corrosion techniques can be
significantly improved by selecting different metals for
comparative corrosion tests. For example, copper and
aluminum have high corrosion resistance due to their
ability to form a protective oxide layer [20], on the
contrary, iron and steel are prone to rust formation in
humid environments, which accelerates the corrosion
process [21]. In addition, alloying studies have shown
that the resistance to atmospheric corrosion can be
enhanced by adjusting the ratio of elements in the alloy
composition [22, 23]. Therefore, targeted corrosion
mechanism studies and long-term environmental
exposure tests on metals and alloys not only help to
understand the details of the corrosion process, but also
serve as an important basis for the development of new
and efficient corrosion resistant materials and
technologies. Through these studies, we are able to
design metal materials and corrosion prevention
programs for industrial applications that are more
adaptable to specific environmental conditions,
effectively extending the service life of metal structures
and reducing maintenance costs.

This paper focuses on the corrosion resistance
of clutch air spring air paths in marine environments. The
harsh conditions of the marine environment make the
existing corrosion resistance measures seem insufficient,
therefore, this study aims to explore and improve these
technologies. The paper is arranged as follows: Section
Il exhaustively analyzes the electrochemical theory of
metal corrosion, which provides a solid theoretical basis
for the subsequent simulation experiments, Section IlI
explores the electrochemical corrosion and corrosion
thickness changes under different material combinations
through corrosion simulation salt spray experiments,
Section IV carries out a salt spray test for different metal

materials and whether or not to apply Type 12S-1
anticorrosive coating in order to assess the various anti-
corrosion treatments as well as the actual anti-corrosion
effects of different metal materials, the last section
summarizes the research results and presents several
preliminary conclusions. Through these systematic
studies, this paper aims to provide scientific basis and
practical guidance for the development of corrosion
resistance technology in marine environment.

2. Electrochemical behavior of metal corrosion

In the study of metal corrosion, temperature
variations are closely linked to changes in the
concentration of substances, which together influence
the electrochemical behavior of corrosive media [24].
The transport of heat and substances generated by
electrochemical reactions during corrosion can be
described by a number of equations that reveal how these
two transport phenomena act jointly in the corrosion
process [25].

First, let us consider the mass-transport flow J,
which forms at the interface between a metal surface and
a corrosive medium and is driven by a concentration
gradient and a temperature gradient [26]
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where s is the reaction rate coefficient, which
represents the rate at which a substance is produced or
consumed, D is the diffusion coefficient, which describes
the ability of a substance to diffuse due to a concentration
gradient, ¢ is the concentration of the substance in the
medium, whereas s is the thermodiffusion coefficient,
which correlates the temperature gradient and the rate of
substance migration,  represents the local temperature,
and o is the specific entropy. This equation not only
captures the effect of the concentration gradient on the
mass transport flow, but also incorporates the possible
effect of the temperature gradient (Soret effect) as well
as the change in specific entropy on the corrosion rate.

The thermal diffusion coefficient x describes
the effect of a temperature gradient on mass transport
flow, which is related to the thermophysical properties of
the substance
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here C is the specific heat capacity, Vy is the
partial molar volume, R is the ideal gas constant and &'is
the reference temperature. During the corrosion process,
local temperature changes may lead to changes in the
concentration distribution of the corrosive medium,
affecting the corrosion rate.

When considering the effect of temperature
gradients on electrochemical corrosion, the above
equations can be combined with the concept of
electrochemical potential. The rate of an electrochemical
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reaction may vary depending on the temperature because
the temperature directly affects the activation energy of
the reaction

dp

AT 3)

here p represents the electrochemical potential,
which is related to the migration of metal ions in the
electrolyte solution as well as their adsorption and
desorption at the electrode surface. Therefore, the
electrochemical corrosion rate is not only affected by the
mass transport flow, but also by the change in
electrochemical potential caused by the temperature
gradient.

In summary, the electrochemical corrosion rate
can be described by a comprehensive model that takes
into account the effects of concentration gradients,
temperature gradients, and specific entropy changes on
the corrosion rate of metals:

- Jde - (O1n (@) dpe
J= D [ dx Fre ( dx ) c): dT

Let’s assume that the change in the assumed
temperature gradientd relative to the reference state ¢ is
small, then there is:
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Assuming that the diffusion process is not very
dependent on the entropy change, or that the gradient is
smaller than the entropy over the range considered for

a
temperature, then 52 can be ignored. Based on these

assumptions, we can simplify Eq (1) to
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3. Clutch air spring gas circuit corrosion simulation
study

In this section, we will carry out a simulation
study of the corrosion of the clutch air spring gas circuit.
Through simulation experiments, we aim to deeply
investigate the corrosion characteristics of the clutch air
spring air circuit, which lays a solid theoretical
foundation for subsequent experimental studies. This
process not only helps to predict the corrosion trend, but
also provides an important reference for taking effective
anti-corrosion measures.

We study the corrosion behavior of clutch air
spring airways in marine environments. To simulate

marine environments, we designed a salt spray test in
which the corrosion process is significantly driven by
humid atmospheric conditions, and salt particles become
the dominant factor of corrosion [27]. The test
components mainly consisted of two parts, the substrate
and the cover, and the corrosion mechanism was mainly
presented as electrochemical corrosion due to the
difference in their material compositions. In this
mechanism, the anodic region tends to undergo oxidation
reaction and exhibits a low equilibrium potential, while
the cathodic region undergoes reduction reaction and has
a high equilibrium potential [28]. Based on the specific
environment of the experiment, we designed three
experimental groups:
Group I: The base body is made of 35CrMo
material, the sealing plate is made of Q235 material,
and the surface is not treated with anti-corrosion.
Group II: The base body is made of 35CrMo
material, the sealing plate is made of 17-4pH
material, and the surface is not treated with anti-
corrosion.
Group I11: The substrate is made of 17-4pH material,
the closure plate is made of 17-4pH material, and the
surface is not preserved.

In the present study, we performed a detailed
simulation analysis of three different working conditions
using the electrochemical corrosion module. In the
simulated environment, the substrate material, which
acts as the anode, undergoes iron oxidation, and this
process produces rust, whose main components include
iron dioxide (Fe,Os) and iron hydroxide (Fe(OH)3) [29].
In contrast, the cover material, which is the cathode,
undergoes a reduction reaction, which is mainly
characterized by the precipitation of iron. The purpose of
this simulation study is to understand in detail the
behavior of the material during the electrochemical
corrosion process, and then guide the experimental
design and optimize the corrosion protection strategy.

The object of study in this section is the clutch
air spring air circuit, which is mainly composed of two
parts: the base body and the cover plate. Based on the
specific dimensional data of the base body and the cover
plate cross-section of the clutch air spring air circuit, we
design the simulation model as a twodimensional planar
strain model, and the specific model schematic is shown
in Fig. 1, with the red area representing the cover plate
as the cathode, and the other areas are the base body
acting as the anode.
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Figure 1: Global phase portraits of Case 3

The simulation covered a period of three days
and was aimed at evaluating the corrosion behavior
under three different material combinations. The
simulation results are shown in Fig. 2 for electrolyte
potential, Fig. 3 for electrolyte current density, Fig. 4 and
for the relationship between electrode potentials and
neighboring reference potentials. Considering the steady

1.4
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§ 1.25
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state nature of the corrosion process, we provide
simulation results after 24 hours of corrosion. The
comparative analysis of these results allows us to reveal
the differences in the behavior of different material
combinations in electrochemical corrosion
environments, which are important guides for the
development of future corrosion protection measures.

| 0.58

Figure 2: Electrolyte potentials (in V) corresponding to the three experimental groups
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Figure 3: Corresponding electrolyte potentials (in V) for the three experimental groups
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Figure 4: Electrolyte current density (in A/m?) for three experiméntal groups

By analyzing the above simulation results in
depth, we can come up with the following findings: in
both the first and the second group, the system develops
a stable potential difference and establishes a current
distribution with a clear direction. This distribution
indicates that the current flows from the cover (cathode)
to the substrate (anode), thus constituting a primary cell
effect that results in the substrate as an anode being more
susceptible to corrosion. The rate of corrosion of the
substrate during this process can be assessed by
measuring the current density in the electrolyte. In the
third group, on the other hand, due to the uniformity of
the anode and cathode materials, the formed current
density is extremely small and almost negligible, which
indicates that the corrosion behavior is effectively
suppressed in the case of homogeneous materials [30].

The magnitude and direction of this current
density not only reflect the level of corrosion activity, but
also reveal the pathway of electron transfer during the
corrosion process. When there is a difference between
the substrate and cover materials, due to the difference in
electrochemical properties, it is easy to form a difference
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in electrochemical potential, thus accelerating the
corrosion process of the anode [31]. On the contrary,
when both materials are the same and are untreated
against corrosion, the potential difference decreases and
electron transfer is hindered, thus reducing the tendency
of corrosion [32]. These findings are important in
guiding how to select materials and design structures to
enhance corrosion resistance, and provide theoretical
predictions and references for subsequent more detailed
experimental studies.

Continuing to deepen our study, we will
observe the changes in material thickness after 24, 48,
and 72 hours of corrosion. Changes in corrosion
thickness not only reflect the corrosion rate, but may also
reveal differences in material resistance to corrosion, the
dynamic evolution of the corrosion process, and possible
corrosion mechanisms [33]. By determining the
corrosion thickness at different time points, we are able
to construct a time series model of the decay of material
properties in corrosive environments, thus providing
predictions of the long-term stability and durability of
materials.

—= | |

Figure 5: Corrosion thickness variation between the first and‘second groUp cor‘respohding to 24 hours
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Figure 6: Corrosion thickness variation between the first and second group corresponding to 48 hours
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Figure 7: Corrosion thickness variation corresponding to 72 hours for three experimental groups

In the charts provided, the changes in corrosion
thickness after 24, 48, and 72 hours for three different
groups are shown in detail. In these graphs, the decrease
in thickness at the anode reflects the oxidation of the
ferrous material to rust, while the increase in thickness at
the cathode shows the conversion of ions in the
electrolyte to metallic iron through a reduction reaction.
This change in thickness was evident in the first and
second groups, especially by the third day, when the
amount of change reached the micrometer level. In
contrast, the change in thickness in the third group was
extremely small and almost negligible, mainly due to the
failure to form an effective protocell structure in this
experimental group, and hence the extremely low
amount of electrochemical reaction that occurred. This
indicates that the 17-4pH material has better corrosion
resistance than the 35CrMo and Q235 materials, and that
the 17-4pH material has a corrosion resistance of at least
more than three days in seawater bad conditions.

4. Experimental study of corrosion in the air circuit
of clutch air springs

The chemical and physical properties of
different metallic materials themselves can have an
impact on the corrosion protection [34]. Indeed, the wide
variety of metallic materials used in industrial production
makes it particularly critical to compare the corrosion

protection properties of different products and materials,
whether coated with corrosion protection materials or
not. Therefore, an indepth study of these differences is
essential to understand and optimize corrosion protection
measures.

In this paper, we use 12S-1 anticorrosive
coating, whose main components include film-forming
substances: polytetrafluoroethylene (PTFE), waterborne
polyurethane resin (PUR), film-forming auxiliaries:
dispersing agent, leveling agent, defoamer and
dispersing medium: deionized water, co-solvent, etc.
PTFE is a linear crystalline polymer, whose hydrogen
atoms have been replaced by fluorine atoms to form a
nonpolar, inert helical shell, which endows it with
excellent chemical corrosion protection. PTFE is
chemically very stable and suitable for long-term
resistance to chemical attack [35, 36]. PUR is widely
used in coatings as a customizable polymer resin with the
advantages of hardness, flexibility, abrasion resistance
and strong adhesion. Waterborne polyurethanes replace
conventional organic solvents with water, which reduces
the release of harmful volatile organic compounds and
makes the coatings more environmentally friendly and
safe [37]. In addition, the low-temperature curing
characteristics of these coatings reduce energy
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consumption and meet the needs of modern industrial
production [38].

A waterborne polyurethane resin (PUR) with a
solid mass fraction of 0.5 was added to N, N-
dimethylethanolamine with a mass of 7% to 8% and the
pH was adjusted to 7.5 to 8.5. Next, an aqueous wetting
and dispersing additive, a portion of the co-solvent and a
portion of the de-ionized water were added to make a
mixture with a fineness of no more than 10m by a
sanding  process.  Subsequently, an  aqueous
polytetrafluoroethylene (PTFE) emulsion was added,
remaining co-solvent, remaining deionized water and
other additives, adjusting the stirring speed to 800 rpm
and continuing the dispersion for 15 minutes to produce
12S-1 anticorrosive coating.

In order to further study metal corrosion in
depth and verify the conclusions drawn from the
previous corrosion simulation, the object of study in this
section is the clutch air spring air circuit, and the metal
materials involved include 35CrMo, Q235 and 17-4pH.
The anti-corrosion material used in the experiment is the
Type 12S-1 anticorrosive coating, and in order to
simulate the use of the product in the marine atmosphere,
we use a salt spray test. The experiment uses SK-110C
salt spray constant temperature and humidity composite
test chamber, the experimental temperature is set to 45
°C, the use of salt spray is 5% concentration of brine, and
the sedimentation rate is set to 2 ml per hour, the use of
continuous spraying, in order to match with the actual,

we set the test cycle of 18 days. The experimental process
is as follows: we put the test piece into the test chamber,
observe and take pictures every day, and clean the test
piece every three days to observe the corrosion situation
more clearly, observe and take pictures. Finally the end
of the test is clear, observed and photographed. The
whole study is divided into four experimental groups:
Group I: The base body is made of 35CrMo
material, the sealing plate is made of Q235 material,
and the surface is not treated with anti-corrosion.
Group Il: The base body is made of 35CrMo
material, the sealing plate is made of Q235 material,
and the surface is coated with Type 12S-1
anticorrosive coating.
Group Ill: The substrate is made of 35CrMo
material, the sealing plate is made of 17-4pH
material, and the surface is not treated with anti-
corrosion.
Group 1V: The substrate and closure plate are made
of 17-4pH material and the surface is not preserved.

Fig. 8 shows the state of five sets of test pieces
before the experiment. Through these configurations, the
corrosion  behavior under different  material
combinations is compared and the corrosion resistance
of Type 12S-1 anticorrosive coating is evaluated on the
surfaces of different materials. These experimental
setups help to understand the corrosion resistance of
various materials in practical applications and provide a
scientific basis for future material selection and surface
treatment.

Figure 9: Clutch air spring air circuit after one day of salt spray test
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Flgure 13 Corr05|on of three sets of test pleces (after cleaning)

Fig. 9 shows the state of the test pieces on the
first day of the experiment, the first group of test pieces
appeared localized corrosion phenomenon, while the
second group of test pieces also occurred localized
corrosion, but to a lesser extent than the first group, this
result proves the effectiveness of the Type 12S-1
anticorrosive coating on the 35CrMo and Q235
materials. In the third group, localized corrosion
occurred on the substrate, while no corrosion was

observed on the sealing plate, indicating that the 17-4pH
material has better corrosion protection than Q235, and
its effect even exceeds that of Q235 coated with
anticorrosion coating, which suggests that the 17-4pH
material is well suited to seawater environments due to
its excellent corrosion protection properties. The fourth
group showed no corrosion at all, further indicating that
17-4pH is superior to 35CrMo in terms of corrosion
resistance, and even outperforms 35CrMo coated with
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anticorrosive coatings, making it a more ideal material
choice for seawater environments.

Fig. 10 shows the status of the test pieces on the
fourth day of the experiment. The first group of test
pieces showed uniform corrosion, indicating that the test
pieces were uniformly damaged at the same rate, with the
35CrMo substrate and the Q235 sealer showing similar
corrosion conditions and no prominent localized damage
on the material surface. The second set of test specimens
showed localized corrosion, but less severe than the first
set, further confirming that the Type 12S-1 anticorrosive
coating continue to exhibit corrosion protection over
time. The third set of test specimens showed uniform
corrosion, but no corrosion of the sealing plate,
demonstrating that the 17-4pH material maintains 100%
corrosion protection after four days in a 5% salt spray
environment. The fourth group of test pieces has not
experienced any corrosion so far, further verifying the
excellent anti-corrosion performance of 17-4pH
material.

Fig. 11 demonstrates the state of the test pieces
on the thirteenth day of the experiment, with uniform
corrosion occurring in both the first and second groups
of test pieces. This shows that even with the Type 12S-1

anticorrosive coating, the 35CrMo and Q235 materials
still corrode severely after prolonged exposure to a 5%
concentration of salt spray. Uniform corrosion occurred
on the substrate in the third group, while no corrosion
occurred on the sealer plate, again demonstrating the
excellent corrosion protection of the 17-4pH material.
The fourth group has not experienced corrosion to date,
which further emphasizes the excellent corrosion
protection of the 17-4pH material when continuously
exposed to a 5% salt spray concentration. These
observations highlight the differences in performance of
different materials and corrosion treatments under
extreme conditions.

Fig. 12 shows the state of the test pieces on the
eighteenth day of the experiment, which is also the last
day of the experiment, and the corrosion conditions of
the test pieces in each group are as follows: uniform
corrosion occurred in both the first and second groups.
The substrate in the third group also corroded uniformly,
while its sealing plate did not show any signs of
corrosion. In the fourth group, no corrosion has occurred
so far. Finally, the test pieces were cleaned, and Fig. 13
shows the final corrosion of the first, second, and third
groups of test pieces after cleaning.

Table 1: Substrate corrosion

Corrosion Group | | Group Il | Group 111 | Group IV
Localized corrosion | 1 day 1 day 1 day No corrosion
uniform corrosion 4 day 13 day 4 day No corrosion

We list Table 1 summarizes the occurrence of
corrosion in each group of test pieces, from Table 1 and
eighteen days of corrosion can be seen in the third group
of substrate than the first group of corrosion is serious,
the reason is that the third group of test pieces of part of
the material is used 17-4pH material, the material and the
substrate of 35CrMo material galvanic corrosion,
exacerbating the corrosion rate of the substrate [39, 40],
the second group (coated with anticorrosive coating), the
number of days in which uniform corrosion of the
substrate occurred was 13 days, which increased the
corrosion protection life by more than three times
compared with the 4 days in the first group (without
anticorrosion treatment), there was no corrosion in the
third group of sealing plates (made of 17-4pH) and the
fourth group as awhole (made of 17-4pH) during the test.

We summarize the corrosion life of these four
groups of experiments: Group | (no anti-corrosion
treatment): corrosion life of 1 day, Group 1l (coated with
anticorrosion  coatings): corrosion life increased
dramatically to 13-15 days, Group Il (sealing plate made
of 17-4pH): corrosion life of the substrate is 4 days; the
sealing plate life is greater than 18 days, but the substrate
corrosion is accelerated, Group 1V (airway made of 17-
4pH): life of the airway is greater than 18 days, but
matrix corrosion accelerated, Group V (overall 17-4pH
manufacture): overall life greater than 18 days.

The results of this experiment clearly
demonstrate the superior corrosion resistance of the 17-
4pH material, which maintains excellent stability even
after long-term exposure to corrosive environments. At
the same time, the experiments also showed that Type
12S-1 anticorrosive coating are effective in resisting
corrosion in the short term. These findings provide an
important basis for selecting materials and anti-corrosion
treatments that are suitable for specific environmental
conditions.

5. CONCLUSION

This paper looks at the phenomenon of
corrosion of metallic materials in the atmosphere and the
effectiveness of metallic anti-corrosion coatings. By
designing a reasonable salt spray test to simulate the
influence of the marine environment, we have carried out
the simulation of clutch air spring air circuit corrosion
with different metal materials. By comparing the
corrosion thickness of test pieces under different
materials, we verify the corrosion prevention
effectiveness of 17-4pH materials in seawater. Further, a
more detailed salt spray test was designed using different
metal materials and Type 12S-1 anticorrosion coating.
The clutch air spring airway was divided into five
experimental groups and the differences in the corrosion
effects of whether or not the Type 12S-1 anticorrosion
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coating was applied were examined. With 18 days of
continuous observation and documentation, the results
showed that the 17-4pH material demonstrated excellent
corrosion resistance in a simulated marine environment.
At the same time, these tests confirmed the ability of
Type 12S-1 anticorrosion coating to effectively resist
corrosion in the short term. These findings not only
provide a scientific basis for material selection and
corrosion protection, but also provide an important
reference for future related research.
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