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Abstract: For components serving in high temperature,
humidity, and salinity marine corrosive environment, it
is vital to analyze the causes of corrosion behavior and
corrosion mechanisms. Metal matrix composites (MMCs)
are commonly used materials for offshore equipment. In
this work, the corrosion factors of MMCs in marine envir-
onments are analyzed from the characteristics of high tem-
perature, humidity, and salinity service environment, and
the corrosion mechanisms are summarized. Graphene (Gr)
has excellent comprehensive properties and great poten-
tial for applications in metal protection materials. In recent
years, research into Gr anti-corrosive applications encom-
passes two aspects: pure Gr coatings and Gr composite
coatings. Gr applied in MMCs is yet to be extensively stu-
died. Therefore, this study analyzes the corrosion resis-
tance of Gr-metal composites and discusses the corrosion
resistance mechanisms of Gr-reinforced MMCs, which pro-
vides a reference for the design of Gr-reinforced metal
composites and the optimization of corrosion resistance
performance. Finally, future development directions for
Gr-metal composites are proposed, and the critical factors
such as defects, dispersion, content, size, arrangement, inter-
face, and conductivity of Gr in the composites affecting their
anti-corrosion properties are discussed.
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1 Introduction

Metals have been widely used in marine environments
because of their excellent mechanical properties. Still,
high humidity, high temperature, and high salt marine
environment will cause significant harm to engineering
equipment and facilities. Many inorganic salt ions (Cl,
Br-, $%7, and SO,%) in seawater will deliquescence on the
metal surface to form water films in high humidity. Han
et al. [1] reported that CI” could accelerate the corrosion
rate of composites. The oxide film will be destroyed by CI,
thus promoting corrosion. Francis and Hebdon [2] also
pointed out that as a highly conductive medium, the high
galvanic current of seawater may accelerate the local dissolu-
tion of metals, thus leading to stress corrosion, pitting corro-
sion, crevice corrosion, and hydrogen embrittlement [3].
Metals are usually directly exposed to sunlight. The high tem-
perature and light can accelerate the corrosion rate of metals,
causing premature failure of metals. The economic loss
caused by corrosion is approximately $2.5 trillion (3.4% of
the world’s gross domestic product) annually reported by
the National Society of Corrosion Engineers [4]. The annual
loss of metals due to corrosion in various industries and
service fields exceeds 10% of their yearly output [5]. There-
fore, it is essential to study the corrosion mechanisms and
choose appropriate ways to ameliorate the corrosion prop-
erties of metals according to the specific situation. To reduce
the corrosion of metal materials, methods such as metal
matrix improvement, cathodic protection, coating protec-
tion, and corrosion inhibitors can be adopted [13,15,17].
Due to their excellent performance, metal matrix compo-
sites (MMCs) are increasingly used in marine environments.
The addition of reinforcements will not only improve the

8 Open Access. © 2023 the author(s), published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0 International License.


https://doi.org/10.1515/ntrev-2022-0566
mailto:jiangjiaxin2004@126.com
mailto:xsjiang@swjtu.edu.cn

2 =— Tao Liuetal

mechanical properties of MMCs, but also affect their micro-
structure, grains, precipitates, and internal defects, thus affecting
the corrosion performance of the composites [1,6,7]. Li et al. [6]
investigated the corrosion mechanisms of B,C/6061Al composites
and reported that the corrosion pits on the surface mainly
occurred at the interface of reinforcement/metal and the Si-
rich precipitated phase. Winkler and Flower [7] summarized
the effects of reinforcements on the corrosion behavior of
MMCs, mainly through the following: 1) Galvanic corrosion
caused by the potential difference between matrix and reinfor-
cements. 2) The selective corrosion of the interface of reinforce-
ments/metal. 3) The corrosion of defects affecting the forma-
tion of intermetallic compounds. 4) There is almost no
electrical reaction if the reinforcements are electrical insu-
lators such as Al,03, B4C, and SiC [7]. However, the interfa-
cial reaction products bind the two materials together, and
preferential corrosion may occur if the interfacial phase is a
substantial anode or cathode. Shimizu et al. [8] studied the
corrosion mechanisms of aluminum matrix composites, the
corrosion potential E ., of MMC is more susceptible to pit-
ting due to the galvanic corrosion of the more potential
reinforcement with the matrix. Although AlL,0; and SiC
fibers are non-conductive, their cathodic current is also
more extensive than the matrix. Some phases would form
at the reinforcement/matrix interface. Small pits were pro-
duced in all samples when the base metal and MMCs were
immersed in 3.5% NaCl solution at room temperature for
about a week. The pit growth on MMCs is faster than the
alloy due to the dissolution of the matrix at the pit, forming
a crack between the reinforcement and the matrix.

Among many reinforcements, graphene (Gr) has received
attention due to its unique structure and excellent compre-
hensive properties [9]. Gr can act as a physical barrier layer to
effectively block the passage of gas atoms such as water and
oxygen [10,11]. Using Gr as a metal protective coating can
prevent it from coming in contact with corrosive or oxidizing
media and play a role in protecting the substrate material.
However, galvanic corrosion tends to occur at the defect
and interface [12]. Therefore, how to fully use the barrier
effect to prepare defect-free Gr, insulating materials to encap-
sulate Gr, and Gr packaging strategies have attracted much
attention. Sun et al [13] proposed encapsulating rGO with
APTES, which eliminated random connections in the matrix,
thus inhibiting the corrosion activity of Gr. Gr can also play a
passivation role in coating metal to improve its corrosion
resistance [14,15]. Wang et al. [16] studied the influence of Gr
addition on the corrosion behavior of Al/Al,O; composite
coating and found that the small size effect of Gr could reduce
the porosity. Due to the unique 2-dimensional structure, Gr
can effectively isolate electrons and prevent the erosion of C1”
in NaCl solution. In addition, the polymer coating commonly
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used in metal materials is easy to scratch, while the excellent
tribological properties of Gr can improve the anti-wear and
anti-friction properties of the material. Gr has been widely
studied not only in composite coatings but also in enhancing
the corrosion of metal substrates. Xie et al. [17] embedded
exposed and semi-exposed graphene nanoplatelets (GNPs)
into the oxide film and directly combined well with the oxide
film with interface defects. Therefore, GNPs can act as corro-
sion inhibitors, reducing chloride entry and thus improving
corrosion resistance. It is observed that GNPs and oxide film
work together to form anticorrosive protective film through
diffusion and chemical reaction. The doping of carbon atoms
results in higher vacancy formation energy, CI” entry energy
barrier, and charge transfer work function.

This work reviews and summarizes the research pro-
gress on the corrosion mechanisms and protection of
Gr-reinforced MMCs based on the influence of complex
factors. First, the characteristics and influencing factors
of environmental corrosion caused by high humidity, high
temperature, and high salt service environment were sum-
marized. Second, the corrosion types and mechanisms of
high humidity, high temperature, and high salt are summar-
ized in the service environment. Third, the anti-corrosion
mechanisms of Gr composite designed according to the
characteristics of Gr composite are summarized. On this
basis, prospects of Gr-reinforced composites based on the
influence of complex factors in the field of corrosion protec-
tion in metal materials are presented to improve their
corrosion protection effect further and prolong their ser-
vice life.

2 MMCs marine environment
corrosion factors and corrosion
mechanisms

Seawater has various gases dissolved in it and contains a
lot of salts, which is a very harsh corrosive environment
for various metal structures of marine engineering equip-
ment. In the marine environment, the main factor for the
accelerated corrosion rate of MMCs is the high CI” content
in the environment. Due to the harsh conditions of high
humidity, temperature, and salinity in the marine environ-
ment, chloride salt will form on the metal surface after
continuous moisture absorption and evaporation [18]. In
high humidity and temperature, an electrolyte solution
layer containing a high concentration of Cl” is formed on
the surface. The solution contacts the substrate through
the porous surface oxide layer and includes an oxygen
concentration difference cell due to the difference in
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concentration of CI” distribution, causing electrochemical

corrosion [41,42].

There are many influencing factors in seawater with
different characteristics from other environments:

1) Seawater solution is close to neutral, shallow areas with
more dissolved oxygen and oxygen depolarization pro-
cess controls the corrosion of most metal materials in
seawater, high concentration of Cl” in seawater, even
stainless steel (SS), can cause corrosion damage;

2) The resistance of seawater is minimal, it is a fine con-
ductive medium, and the contact between different
kinds of materials could lead to galvanic corrosion,
which may cause significant damage [18].

Metal structures often suffer localized corrosion damage,
such as crevice and pitting corrosion. There are differences in
the composition and concentration of seawater in different
seas, and the effect of geographical factors is not essential [3].
However, water temperature, currents, and wind and waves
vary greatly from sea to sea and influence the corrosion
behavior of equipment and protection methods [2].

As shown in Figure 1, three main factors affect the
corrosion of MMCs used in marine environments. Offshore
engineering equipment has a complex structure and needs
to withstand long-term use in harsh marine environments.
Equipment under the marine environment’s influence
makes it easy to bring stress corrosion and other material
safety issues [19]. Corrosion fatigue and wear significantly
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impact the safety of the structure in use [20-22]. In most
cases, offshore construction equipment will be affected by
multiple factors simultaneously, which can easily cause
safety hazards and even disasters.

2.1 Influencing factors of seawater
corrosion

2.1.1 High temperature factor induced material
corrosion analysis

The temperature variation of seawater corrodes various
materials to different degrees. In addition, temperature
changes will lead to changes in other factors. For example,
an elevated temperature increases the rate of oxygen dif-
fusion, which in turn leads to an increment in the conduc-
tivity of seawater and an accelerated rate of corrosion. The
temperature and its changes affect the marine atmospheric
corrosion of metal materials by influencing the solubility
of corrosive salts and gases in the water film, the conden-
sation of water vapor on MMCs, the corrosion rate of the
anode and cathode processes in the corrosion cell, and the
resistance of the water film. In the marine atmosphere corro-
sion environment, the relative humidity (RH) is often higher
than the critical RH of MMCs, temperature increases, and
corrosion significantly accelerates. Neville and Hodgkiess [23]

Environmental Factors

Marine microorganisms

Metallurgical Factors
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'

Figure 1: Factors affecting marine corrosion.
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studied the effect of high-speed impingement flow and high
temperature (60°C) on the corrosion behavior of SS and
related nickel- and cobalt-based alloys in marine environ-
ments. He pointed out that the temperature increases signifi-
cantly promoted the premature breakdown of the passivation
of all materials. The effect of high-speed impingement flow
was to further shift the breakdown potential of passivation to
more positive values. With the increase in the temperature,
the oxidation passivation film became thin and porous, and
the protection was diminished due to the dissolution of the
film [24]. In Zakaria’s study [25], the corrosion performance of
Al/SiC composites is positively correlated with temperature.
The effect of temperature depends on the activation energy of
corrosion. For MMCs, the corrosion rate increases with the
activation energy and temperature increase. In the marine
atmosphere, the temperature rise will promote the diffusion
of corrosive chloride ions and oxygen, changing the relative
content of main corrosion products and accelerating corro-
sion [44].

However, the influence of temperature is not a simple
linear relationship [26]. The solubility of oxygen decreases
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with the increase in temperature, thus inhibiting metal
corrosion [27]. Zhang studied the corrosion behavior
of Cu-Al composites at 35, 45, and 55°C. The corrosion
rate was the highest at 45°C. The Arrhenius formula ana-
lyzed the corrosion rate of Cu—Al composites at different
temperatures.

E
InK = -—~ + B,

RT @

where K is the anodic reaction rate, Ey is the activation
energy, T'is the thermodynamic temperature, R is the molar
gas constant, and B is the frequency factor. According
to the formula, the increase in temperature leads to an
increase in the K value, which accelerates the anode reac-
tion. When the temperature increases to a certain extent,
the oxygen content in the solution gradually decreases,
leading to a decrease in the cathode reaction rate, thus
inhibiting the reduction reaction. Flores et al. [28] evaluated
the effect of temperature on the corrosion process of MMCs
using Arrhenius diagrams. As shown in Figure 2, the corro-
sion rate of MMCs varies with temperature, and there is a
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Figure 2: Current density (i) as a function of temperature for the MMCs: (a) WC-FeCrC and WC-FeCr MMCs and (b) WC-NiCrBSi and WC-NiCrMoWB
MMCs; Arrhenius plot of the potentiostatic tests of the MMCs: (c) WC-FeCrC and WC-FeCr MMCs, and (d) WC-NiCrBSi and WC-NiCrMoWB MMC [28].
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critical transition temperature T, for the corrosion rate.
When the temperature is higher than T, the range of
priority attack zone of MMCs increases, and the number
of voids and “microcrack like” sites increase.

2.1.2 High humidity induced material corrosion analysis

Corrosion in atmospheric environments is a discontinuous
process that depends on the availability of electrolytes to
provide ionic conduction between the cathode and anode.
Pitting occurs when an aerosol of salt particles is deposited
on MMCs, and the RH reaches the deliquescence point of
salt [29]. The deliquescence RH (DRH) of NaCl, the main
corrosion medium in the marine environment, is 76%.
When the humidity exceeds DRH, solid NaCl will absorb
water and deliquescence to form a solution. Schindelholz
et al. [30] studied the influence of RH on steel corrosion.
The deliquescence point of NaCl does not represent a cri-
tical RH value, and corrosion can continue even at 33%
RH, as shown in Figure 2. The corrosion rate significantly
increased when RH reached 53%, which was 20% lower
than the DRH of NaCl. However, the considerable varia-
tion in attack between 33 and 53% is due to the chemical
hygroscopic behavior formed at the anode and cathode.
NaCl deliquescence point corrosion is caused by several
physical phenomena under or maintained. These physical
phenomena allow the existence of electrolytes, including:
1) The existence of the adsorbed water related to steel
surface salt;
2) Crystallizing point inhibition caused by the existence of
the supersaturated salt water;
3) The hygroscopicity of chemical corrosion.

Due to the relatively high RH in the ocean atmosphere,
the RH of the air is higher than its critical value [31,32], so a
thick corrosive water film will be formed. Steel’s corrosion
behavior and corrosion mechanism are directly affected
by the thickness of the water film on the surface. The
corrosion rate increases with the increase in water film
thickness. The marine atmosphere corrosion process of
corrosive water film on composite material is consistent
with the law of electrochemical corrosion in electrolytes. In
this process, it is especially easy for oxygen to reach the
surface of composite materials, and the corrosion rate of
composite materials is controlled by oxygen polarization.
The critical RH for pit reactivation 304 is 70-75% and
56-70%. Thus, stable pits grown under invasive conditions
will be blunted when RH changes to high values greater
than 75%. When the RH of the metal is greater than 70%,

Recent progress on corrosion mechanisms of graphene-reinforced MMCs

- 5

the corrosion is severe [33]. Although NacCl is the main
component of sea salts, which has a tidal RH of about
76%, the presence of highly hygroscopic salts such as
MgCl, (33% tidal RH) means that sea salt particles begin
to wet much earlier [34]. In Cheng et al’s study [35], the
corrosion rate of zinc metal increased with the increase in
humidity, with the highest corrosion rate at 97%. Anodic
and cathodic processes determine the corrosion rate, and
RH mainly affects the cathodic process. The polarization
curves of different humidity (75, 85, and 95%) in Huang
et al’s study [36] showed that the initial corrosion process
was controlled by oxygen reduction, and the corrosion rate
increased with humidity. However, when exposed for a
long time, the corrosion products increased with higher
RH, which inhibited the anode’s dissolution and decreased
the corrosion rate. Wang et al. [37] used an electrolytic
method to prepare superhydrophobic zinc-dodecane com-
plex film on a zinc surface, and the obtained film can main-
tain superhydrophobic properties in the solution system
and effectively inhibit corrosion. However, in the simulated
marine environment, salt water penetrates the superhy-
drophobic film during the deliquescence process of NaCl
particles, which weakens the advantage of the superhy-
drophobic film as a corrosion barrier of the marine atmo-
sphere (Figure 3).

2.1.3 High salt induced material corrosion analysis

The marine environment is highly corrosive due to large
amounts of salt substances. Among these salts, chlorine
salts and sulfates are prone to corrosion, while chlorine
salts account for a considerable proportion of seawater
and mainly cause changes in the conductivity of seawater
[38]. The salt particle impurities dissolve in the water film,
becoming a highly corrosive electrolyte and accelerating
corrosion. In addition, due to the good hygroscopic prop-
erty of CI” and the relatively high humidity of the ocean
atmosphere, other Cl” droplets are easy to form in the
interface between dry and wet sea water and adhere to
the metal surface [39]. Ambler and Bain proved that when
the thickness of CI” containing droplets deposited on the
metal surface exceeds 10 um, corrosion will be caused [40].
In marine environments, chloride deposit on the metal
surface to form a thin layer of liquid electrolyte and
become the critical factor influencing the marine struc-
tures metal. Frankel’s [41] polarization test method proves
that the metal corrosion rate increases with the increased
concentration of CI°, and the pitting potential of metal is a
linear function of the logarithm of ClI” concentration.
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Figure 3: Optical micrographs of crystal-loaded coupons immediately after 7 days of exposure below the DRH of NaCl. The RH was controlled at the
indicated value during the imaging. The black regions are rust formation and electrolyte pools are readily visible in the 64 and 71% images [30].

The salinity of seawater will directly affect the content
of oxygen and electrical conductivity of seawater, which
will change with the increase in the salinity of seawater,
affecting the corrosion of materials. Moreover, the corro-
sion rate of seawater will reach a maximum value with
different salinity. The higher the chloride concentration,
the more severe the corrosion. When NaCl concentration
was lower than 3 wt%, the increasing weight loss trend was
more obvious than when NaCl concentration was higher
than 3 wt% [26]. The higher the chloride concentration, the
higher the corrosion current density. The chloride solution
quickly reaches the anode limit current density in the
anode region. In the cathode region, the self-corrosion
current density of the solution containing chloride ions
decreases, and chloride ions have a certain inhibitory effect
on the cathodic reaction. Among the many factors of marine
corrosion, chloride concentration has the greatest impact on
the corrosion rate of metal materials. However, the chloride
concentration changes due to the ocean’s different regions
and the water film’s evaporation. Li et al. [42] investigated
the corrosion behavior of Cu—4Ti alloys in simulated con-
taminated seawater (3.5 wt% NaCl solution containing S*".
The $* and CI” have competing adsorption effects on the
corrosion of Cu-Ti alloy, and the strong adsorption of $*°
causes severe corrosion of Cu-Ti alloy.

2.1.4 Complex factor induced MMCs corrosion analysis

Actual seawater corrosion is often multi-factor coupled,
which has a certain difference compared to the existing
corrosion behavior of materials under single-factor condi-
tions and the corrosion mechanism.

2.1.4.1 Dry and wet alternation

Few researchers studied the corrosion behavior and mechanism
of MMCs under alternating wetting and drying. Still, it is an
unavoidable problem to explore the corrosion mechanism
of MMCs in the alternating wetting and drying environment.
This study summarizes metal materials’ related mechanisms
and research progress in wet and dry alternations. The sur-
face of metal materials is often in a state of alternating
wetting and drying under the oceanic atmosphere, which
will lead to a high concentration of salt on MMCs and thus
affect the corrosion rate of metal materials [43]. The air’s RH
affects the wetting and drying frequency by affecting the
water film’s thickness. If the sunshine time is too long,
the water film will disappear, reducing the wetting time of
the surface and the total amount of corrosion. In addition,
rain and wind speeds also affect the alternating frequency of
wet and dry film on metal surfaces. Some scholars measured
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the instantaneous corrosion rate of nickel-containing steel
by continuous measurement of polarization resistance and
found that the wet period of the metal surface was deter-
mined by high-frequency impedance. The oceanic and atmo-
spheric environment contains a large amount of Cl*, and the
changes after the second stage of atmospheric corrosion are
influenced by CI°, forming aqueous hydrous hydroxide [44].

Various forms of corrosion failure of MMCs occur in
marine environments. Liang et al [45] investigated the
corrosion behavior of 6060 aluminum alloys in the ocean
tidal, splash, and immersion zones, respectively. The results
show that the most intense and dense pitting corrosion
occurred in the submerged area. The corrosion forms
include shallow pit and deep pit, intergranular corrosion
(IGQ), and crystal corrosion. This is the result of accumu-
lated corrosion products under local hypoxia conditions.
However, corrosion in the tidal and splash zones was less
severe. Bailey and Li [46] simulated the wetting process of
splashing and the subsequent drying process of exposure
to weather. In the study of the dry-wet cycle, it was found
that samples under the dry-wet cycle had significant pit-
ting erosion compared with samples under continuous
immersion.

2.1.4.2 Light conditions

Light condition is an essential factor affecting marine
atmospheric corrosion of materials. Light can promote
the photosensitive corrosion reaction of iron metal sur-
faces and the biological activity of fungi, which provides
a greater possibility for moisture and dust to be stored and
corroded on metal surfaces [47]. Lin and Frankel’s study
[48] proved that ultraviolet light can accelerate the corro-
sion of copper. The effect of light is manifested in two
aspects: first, corrosion products formed on the surface,
such as Cuy0, CuO, ZnO, FeO, FeOOH, and Fe,03, mostly
have the properties of semiconductors. Under light radia-
tion, a photovoltaic effect will be generated, and electrons
and holes will be formed, changing the charge distribution
state. To accelerate or inhibit the corrosion process [49].
Electrons are excited from the valence band (VB) into the
conduction band (CB), leaving holes when illuminated by
external light of the appropriate wavelength. Photogener-
ated electrons can reduce, and photogenerated holes can
oxidize. The photogenerated electrons can participate in
the chemical reaction and affect the corrosion process.
Second, light can affect the cathodic and anodic process
of corrosion reaction by affecting the thickness of electro-
lytic thin liquid film on metal surfaces [50]. Song and Chen
[51] reported that UV illumination significantly increased
the rate of NaCl-induced atmospheric corrosion of zinc.
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The positive photovoltage after exposure to corroded
zinc was observed under illumination, indicating that the
influence of ultraviolet irradiation on the atmospheric cor-
rosion of zinc is mainly through the photovoltaic effect of
corrosion products with semiconductor properties. Chen
et al. [52] found that ultraviolet irradiation decomposed
molecular oxygen into atomic oxygen. Atomic oxygen can
participate in the oxidation of silver. Li and Li [53] studied
the photoelectric chemical anticorrosion effect of the
corrosion product layer of electro-galvanized steel in simu-
lated seawater and concluded that the oxide and corrosion
product layer could not only withstand the erosion of harsh
environment but also provide additional photocathodic pro-
tection for electro-galvanized steel under simulated sun-
light. The steel corrosion product layer’s corrosion protec-
tion effect under light conditions is 30% better than that
under dark conditions. Photoelectrons generated by the
Zn0 layer can transfer to the substrate to provide cathodic
protection for electro-galvanized steel under sunlight. UV
illumination affects the formation, morphology, and proper-
ties of corrosion products. In Song et al’s study [54], the
electrical conductivity of corrosion products of weathering
steel under UV light was much higher than that after expo-
sure to the dark. The increase in electrical conductivity will
enhance the carrier strength of the corrosion product layer,
increasing chemical reactivity. The formation of Fe;04 and
reduction of y-FeOOH were promoted by UV irradiation. The
corrosion product layer formed under ultraviolet irradia-
tion has photoelectric rectification characteristics similar
to N-type semiconductors. Reduction of y-FeOOH occurs
mainly in ultraviolet light, where the photovoltaic effect
excites electrons in the VB into the CB, thus leaving holes
in VB. I-FeOOH quickly captures photogenerated electrons.
y-FeOOH is present in the corrosion product layer and can
be used as an effective oxidant in the subsequent reduction
reaction.

2.1.4.3 Marine microorganisms

The corrosion of materials by marine organisms has two
sides. The effect of slowing down the corrosion of materials
can be effectively prevented by the diffusion of dissolved
oxygen to the material surface if the attached marine
organisms are continuous and tightly packed. Conversely,
for SS and other easily passivated metals, the corrosion will
be aggravated if the attached marine organisms are inter-
mittent or uneven, resulting in local anoxia forming oxygen
concentration differences and local corrosion of the occluded
cell type. Various types of carbon steel and SS widely used on
the hull of ships are subject to corrosion by several types
of microorganisms to varying degrees and failure [55,56].
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Xu et al. [57] investigated the influence of marine aerobic
biofilm on the corrosion of 316L SS in aeration and deaeration
seawater. The aerobic biofilm inhibited the corrosion of 316L
SS during the test period. A comparison of the results under
aeration and deaeration conditions indicated that the aerobic
biofilm inhibited the corrosion of 316L SS requiring live cells,
and the polarization curves indicated that the biofilm mainly
inhibited the anodic effect. The current-potential curves
under deoxygenation conditions showed an electron transfer
process between the microorganism and the electrode, as
shown in Figure 4.

2.2 MMCs corrosion mechanisms in the
marine environment

After long-term research, the corrosion process of MMCs is
complex, but in essence, they go through two completely
different processes: pure chemical and electrochemical. No
matter how the corrosion reaction process is, electron
transfer will occur when corrosion occurs, and the electron
transfer will inevitably lead to the fracture of old bonds
and the generation of new bonds. The corrosion of MMCs
in the marine environment is mainly electrochemical cor-
rosion. Under the influence of many factors in the marine
environment, a protective layer composed of oxides and
hydroxides is formed on the surface of the MMCs in the
initial stage. In a high salt and humidity marine environ-
ment, the electrolyte is formed on the surface owing
to water adsorption and precipitation of corrosive gases
and solid salt particles. For MMCs, the pores and other
defects on the surface will form a water film due to the
capillary effect. Schindelholz et al’s [30] research shows
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that water first adsorbs on metal surface defects to form
electrolytic cells. In different MMCs, pitting always occurs
at the surface defects. Due to the addition of reinforcement
in MMCs, there will be defects at the reinforcement/metal
interface. When the electrolyte is formed at the defect of
the interface, galvanic corrosion will be formed because
of the potential difference between the reinforcement and
the metal matrix. The potential of the reinforcement may
be higher or lower than that of the matrix, or it may
change in corrosion. When the corrosion potential of rein-
forcement is higher than that of the matrix, the reinforce-
ment will act as an anode and cause the dissolution of the
metal.

The thickness of the water film on the metal surface
will also increase in a higher RH environment. The corrosion
rate increases sharply because of the increase in the conduc-
tivity of the electrolyte, then decreases slightly because of a
decrease in the rate of oxygen diffusion to the metal surface.
For MMCs with different substrates, the properties of the
oxide film are also different. The introduction of reinforce-
ment will inevitably affect the corrosion performance of com-
posites while improving their mechanical properties and
other properties. The corrosion resistance of MMCs depends
on their corrosion potential and the properties of the oxide
film. The corrosion behavior of Al composites and Mg matrix
composites showed that Gr would reduce the corrosion resis-
tance of the matrix. Rashad et al. [58] investigated the corro-
sion mechanisms of Mg/GNP composites in NaCl solution. An
oxide film is formed after a reaction with an aqueous solu-
tion, and the film is composed of Mg, MgO, and Mg(OH),. The
corrosion first occurs in the matrix near the GNPs region,
forming local pits and deepening with time. The fracture
attack caused by the dislocation density at the composite
interface leads to a higher corrosion rate than that of the
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Figure 4: (a) Polarization plots of 316L SS after 6 days of immersion in natural and sterile seawater and (b) current-potential curves of 316L SS after

6 days of immersion in sterile and naturally deoxygenated seawater [56].
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non-reinforced alloy. The pits are formed by anodic reactions
that produce Mg?* that diffuse outward from the surface.
Chloride ions migrate inward the pit to maintain electrical
neutrality. With the progress of corrosion, the pit became
larger and broader, which destroyed part of the protective
film on the Mg matrix.

The locations near Gr that do not have GNP regions are
also prone to pitting because of the interface’s disconti-
nuity of the protective oxidation-hydroxide layer. For Fe
matrix composites, it is found that hydrogen is concen-
trated in the iron grain boundary, which makes Fe-Fe
bonds parallel to the grain interface stronger than those
perpendicular to the grain interface, so it is easy to pro-
duce intergranular fracture [59,60]. Hydrogen will change
the state of a-Fe atoms, resulting in severe anisotropy of
the strength of different cleavage planes in the crystal and
significantly reduce the number of lattice electrons in the
crystal, which may make a-Fe easy to fracture. The pre-
sence of Cr will accelerate the development of corrosion
products to the thermodynamic steady state, namely, the
transformation process of Fe,H,0, - y-FeOOH — a-FeOOH
- a-Fe,0s. In Fe/(TiB,-CNT) composite coating, Liu et al. [61]
confirmed that the presence of Cr could make the a-FeOOH
rust layer have cation selectivity, that is, preventing Cl™
and SO,* from penetrating the matrix surface, thus making
the rust layer have a protective effect [62]. Chromium
improves the solid solution’s stainless iron base electrode
potential and the absorption of electronic iron passivation to
impel the contradiction movement of SS internal develop-
ment to improve corrosion resistance. Therefore, with the
increase in chromium content, the corrosion rate of steel
decreases continuously. When the chromium mass fraction
exceeds 12%, the steel is difficult to corrode and rust. Molyb-
denum promotes the passivation of Fe-Cr SS and enhances
its corrosion resistance, especially the local corrosion resis-
tance in chloride solution [63,64]. The interface between the
reinforcements and Fe matrix will become the main starting
point of pitting corrosion, and the galvanic corrosion also
accelerates the corrosion of the composite because of the
potential difference.

2.2.1 Pitting mechanisms

Pitting corrosion is the main corrosion form of MMCs.
Passivation film forms on the MMCs surface in a neutral
aqueous solution without corrosive ions. However, the pit-
ting of MMCs is enhanced when exposed to corrosive
anions such as Cl™ in high temperatures. Pitting corrosion
occurs when isolated sites of MMCs suffer from rapid
attack due to the local breakdown of protective passivity.
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At the same time, most of the adjacent surfaces remain
virtually unaffected, as shown in Table 1.

Sea water will priority adsorb at defects in MMCs.
Aggressive anion could passivate the membrane on the
surface to be delivered to the interface, where the forma-
tion of an electrolytic cell to start the role of the specific
mechanism (through) [41], or adsorbed on the surface
oxide, reinforced metal cations from oxide to transfer
of the electrolyte. The film-breaking mechanism requires
that the fracture be carried out within the membrane to
allow the anion to directly enter the unprotected metal
surface [65]. Once the pit begins to grow, the cathode
reactants in the pit, for example, O,, are depleted, which
transfers most of the cathodic reactions to the exposed

Table 1: Different types of realistic morphologies of pitting corrosion

Type of pitting Morphologies of pitting

Narrow, deep

Shallow, wide

Subsurface

Undercutting

Vertical grain attack

Horizontal grain attack

Elliptical
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surface outside the pit, while the anodic reactions take
place inside the pit. The anodic reaction products, metal
cations, are enriched in the pit, and C1” migrates to the pit
to remain electrically neutral. The growth of the pit was
facilitated by the hydrolysis of metal cations and the
lower pH inside the pit than outside the pit. Ao et al
[66] studied the corrosion mechanisms of 6061A1/(TiC-Al,03)
composites. They found that the introduction of TiC-Al,05 of
fine grain size, and the number of intermetallic compounds
AlSiFe and AlMgSiCu increased at the grain boundary. Gal-
vanic corrosion can be formed due to the potential differ-
ence between reinforcement, intermetallic compounds, and
aluminum matrix. Al,03 does not participate in galvanic
corrosion due to its insulation. The surface energy of the
low exponential Miller plane shows that Cl” is readily
adsorbed on the AlSiFe phase, which increases the concen-
tration of CI” and leads to the breakdown of the AlSiFe phase
indicating the passivation film. Therefore, pitting occurs pre-
ferentially in AlSiFe.

In Ao et al’s study [66], the electrical conductivity and
insulation of the reinforcements are important influencing
factors. Simultaneously, the intermetallic compounds pro-
duced by the reaction between the matrix and reinforce-
ment will also affect the corrosion performance. The coupling
between the metal matrix and reinforcement or the second
phase causes the pitting of MMCs. Boag et al. [67] reported that
the stable pit of AA2024-T3 aluminum alloy is usually located
at intermetallic particles (IMPs). The formation of a stable
pit in the alloy requires three steps: (1) Coupling: Al,CuMg
(S phase) and Al matrix are coupled with Al-Cu-Fe-Mn
IMPs. The Al-Cu-Fe-Mn IMPs act as the cathode to support
the anodic dissolution of the Al matrix and S phase; (2) Pitting:
Pitting occurs around imp, increasing the susceptibility to local
corrosion. (3) Dealloying: after the S-phase is unalloyed owing
to corrosion, it becomes a cathode, and Cu is re-deposited on
the nearby Al-Cu-Fe-Mn IMPs, which improves its cathodic
activity. Pitting occurs preferentially in these grains due to the
high electrochemical activity of the T1 phase. Since the T1
phase tends to precipitate on the {111} plane, these sites are
more susceptible to corrosion [68]. Pitting corrosion in alu-
minum alloys correlates with the second phase’s quantity
and distribution [69].

Pardo et al. [70] found two corrosion mechanisms in
the research of the effect of SiC content and Al matrix
composition of reinforcement on the corrosion behavior
of the composites. At the beginning of corrosion, chloride
ions lead to nucleation and growth of pits. Nucleation pits
start at the SiCp/matrix and intermetallic/matrix interfaces.
Dissolution is rapid in the pit, whereas aerobic reduction
occurs on the adjacent surface. High concentrations of H"
and AI** are produced in the pit due to cationic hydrolysis
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(AP** + 3H,0 — Al(OH); + 3H"). At the later stage of corro-
sion, there is a significant hydration-induced growth of the
Al,053H,0 porous layer, which reduces the corrosion rate.
Longer immersion time or alternating cycles of low and high
humidity are conducive to cracking the protective layer
of corrosion products, thus promoting the penetration of
oxygen, chlorine, and water. This facilitates the formation
of an Al,033H,0 layer grown inside the material, resulting
in a corrosion loss of Al because of the dissolution of metal
and SiC/matrix interface pitting. The Cu—Al galvanic couple
accelerated the degradation process. The intermetallic com-
pound Al-Cu has a strong cathodic effect on the metal matrix
and, as the cathodic site, promotes the dissolution of Al,05
and enhances the pitting corrosion. The existence of SiC,, and
Cu-Al galvanic couple is beneficial to the nucleation and
growth of the corrosion layer.

Hu et al. [71] studied the corrosion mechanisms of
Zr-Cu-Ni-Al metallic glass (MG) composite coatings and
found that MG has high chemical activity, which makes
the surface oxidize rapidly, leading to the increase in icoyy.
The porosity can improve the self-corrosion current den-
sity in the coatings. In the polarization process [72], the
metal elements are oxidized to Al,0;, NiO, ZrO,, and
Cu,0. It is well known that Al,05, NiO, and ZrO, are dense
and usually exhibit stable chemical activity, while Cu,0 is
loose because of volume expansion in oxidation [73,74]. In
the process of polarization, aggressive chloride ions pre-
ferentially adsorb on the interface and porous structure [75].
Therefore, porous Cu,0 will become the preferred adsorp-
tion site for CI, and part of Cu,0 will be converted to CuCL
Owing to the thin passivation layer, local adsorption of Cl”
will promote the dissolution of Cu,0, leading to the pitting
and thinning of the oxide film [76]. CI” can migrate through
the surface film when pitting occurs and react with the metal,
forming metal chloride on the metal/film surface [77]. The
solubility of CuCl is low, but the formed CuCl will precipitate
on the corroded surface, resulting in copper enrichment at
the pitting site. Kinetically, CuCl is converted into Cu,0. The
dissolution and chlorination of porous Cu,0 may mainly
cause the passivation damage of the Zr-Cu-Ni-Al coating.
MG promotes the formation of a passivation layer with its
high chemical activity and inhibits the formation of pitting by
reducing the segregation of Cu. The corrosion performance
can be improved by increasing MG content and designing
new MG with low Cu content.

2.2.2 1GC mechanism

IGC is a locally selective corrosion occurring along a spe-
cific grain boundary displacement related to the chemical
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and physical states of adjacent grains and the influence of
environmental factors at grain boundaries [78]. IGC usually
begins with the irregular arrangement of atoms at grain
boundaries, which are usually corrosive regions in which
atoms are loosely and disorderly arranged. Therefore, it
has a large activity at the grain boundary. The influence
of electrochemistry on the corrosion behavior of grain
boundaries is mainly manifested by alloying elements in
grain boundaries. Currently, the accepted mechanisms of
IGC of SS are mainly divided into grain boundary dilution
theory, intergranular o phase precipitation theory, and
grain boundary adsorption theory [79]. IGC and pitting
are the main causes of failure of MMCs in Marine environ-
ment corrosion. IGC usually occurs because of the inhomo-
geneity of matrix and grain boundaries. There are alloying
elements precipitation regions in grain boundaries of MMCs
with alloy matrix. Owing to the potential difference between
the precipitated area and the matrix, corrosion will occur at
the grain boundary and form the IGC pathway. The preci-
pitation of the second phase at the grain boundary is the
main factor of IGC. The heating aging treatment of alu-
minum alloy can change the precipitate at grain boundaries
from continuous to discontinuous, thus improving the cor-
rosion performance [80]. These precipitates include grain
boundary precipitates (GBPs), matrix precipitates, and pre-
cipitate free zone adjacent to GBPs.

It has been reported that grain size (i.e., grain boundary
density) is an essential factor affecting the corrosion behavior
of MMCs [81,82]. The addition of reinforcement can effectively
refine the grain and has a positive effect on the corrosion
performance. Ralston et al. [83] determined a similar Hal-
Petch relationship between grain size (d) and corrosion rate
(icorr) Under different corrosion environments.

lcorr = @ + bd‘%, @

where a is the material constant and b is the environment-
related constant. In a passive environment (b is negative),
the corrosion rate of the aluminum alloy decreases with
grain refinement, and a dense protective oxide film is
formed on the surface. Therefore, the composites have
stronger corrosion resistance. Smaller intermetallic com-
pounds help to improve pitting resistance by reducing
microcurrents and forming a continuous passive film.
Ralston et al. [84] speculated that the matrix oxide might
bridge the small precipitated phase, while the large preci-
pitated phase could not be bridged, which would destroy
the stability of the passivation film. Compared with 7050
alloys, TiC addition can refine the grain of aluminum alloy
and the aging precipitates in the composite. The decrease in
nucleation and growth driving forces caused by the large
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consumption of interface holes and solute atoms should
cause precipitate refinement. However, adding TiC particles
can induce IGC and thus reduce the corrosion performance
of the composites. The effect of TiC particles on the initiation
and propagation of IGC in composites is mainly realized
through the influence of the precipitate phase. TiC particles
are mainly distributed along GBs. Preferential dissolution of
interfacial sediments provides a continuous IGC channel
and accelerates the IGC rate of GBPs. The corrosion propa-
gation path is interrupted due to TiC particles in the compo-
site, although the interfacial sediment is also dissolved in the
corrosive environment. Therefore, these TiC particles have
localized corrosion pits around them and do not affect IGC.
The continuous distribution of TiC particles determines the
initiation and propagation path of corrosion cracks. The
relatively dispersed TiC particles (perpendicular to the ED)
had the best corrosion resistance due to the corrosion
channel disruption, whereas the particle chains parallel to
the ED and with the best continuity were shown to have the
most severe IGC.

2.2.3 Stress corrosion mechanism

Stress corrosion cracking (SCC) is the degradation of the
mechanical performance of materials because of physical
stress and corrosive environments. SCC is a degradation or
cracking process in corrosion-prone alloys (such as alu-
minum and steel). It occurs when three conditions exist
simultaneously. Namely, the elements of the material alloy
must be corrosion-prone, the tensile stress should be above
a certain threshold, and a specific environment promotes
cracking. Such failures occur with potentially susceptible
metals and under conditions of use and often fail without
any warning and lead to catastrophic failure. There are
three mechanisms of SCC in Al alloy: 1) Anodic dissolution,
preferential corrosion along grain boundaries, resulting
in cracking. 2) Hydrogen-induced cracking — corrosion
cracks are caused by local corrosion or concentrated stress;
atomic hydrogen adsorbed on crack tip weakens grain
boundary and leads to crack formation and propagation.
3) Rupture and cracking of passive film along grain bound-
aries [85]. Winkler and Flower [7] found in the study of 7XXX
aluminum matrix composite SCC that the composite has a
longer life under the same SCC condition. Compared with
the metal matrix, the Ti-rich and Fe-rich phases have more
negative polarity, which can generate local galvanic cells
between the bulk aluminum and the fiber/matrix interface,
leading to pitting corrosion. In addition, it is observed that
cracks in the non-corrosive products along the GBs of the
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metal matrix originate from the bottom of the resulting pits.
SCC of MMCs is initiated by pitting or dissolution mechan-
isms, followed by hydrogen embrittlement crack propagation
resulting from hydrolysis and acidification of the solution in
the pit. Holroyd et al. [86] suggested that Mg can promote
hydrogen embittering in aluminum by promoting hydrogen
entry and formation of magnesium hydride at GBs, where
SCC cracks could be nucleated. This theory also applies to
the boundary between the reinforcement material and the
metal matrix in aluminum composites. GBPs mainly control
SCC sensitivity because the potential difference between
GBPs and surrounding areas is greatest [87]. Coarsened
GBPs have two advantages for SCC: 1) Reduce the preferen-
tial corrosion interface between GBPs and their adjacent
areas. 2) Reduce the potential difference between GBPs
and their adjacent periphery.

3 Analysis of anti-corrosion
properties of Gr-metal composites
Gr has high thermal and chemical stability and excellent

resistance to permeation and can effectively block the pas-
sage of gaseous atoms such as oxygen and water. Thus, it
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has excellent potential for application as a metal protec-
tive material [88,89]. Gr has made remarkable research
progress in the field of metal corrosion protection as
scientists have successfully achieved the preparation of
large-area Gr.

3.1 Preparation mechanism of Gr-metal
corrosion resistant composites

Pure graphene coatings, namely surface Gr systems, are
deeply dependent on the interfacial structure to exploit
the corrosion resistance of Gr [90] fully. Pure Gr coatings
are typically made by assembling molecular building blocks
into single/multi-layer Gr using “bottom-up” methods such
as organic synthesis, thermal deposition, or chemical vapor
deposition (CVD) [91,92]. The corrosion performance of
copper in chlorine-containing environments can be signifi-
cantly improved by only one or two layers of Gr [93]. Pingale
[94] prepared Cu-Ni/Gr composite coatings by embedding
graphene nanosheets (GNS) into a Cu—Ni matrix by electric
co-deposition, as shown in Figure 5(a). Copper and nickel
ions are adsorbed on the GNS surface, and GNS surrounded
by Cu and Ni ions diffuse toward the cathode through the
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diffusion layer. Weak adsorption of GNS occurs on the
cathode surface, and Cu and Ni ions are encapsulated and
integrated into the Cu-Ni matrix at the cathode and GNS.
Figure 5(b) shows a schematic of the CVD apparatus used for
Gr growth. The system consists of a quartz tube furnace
connected to a mechanical pump and a gas manifold. Gr is
grown mainly by introducing a mixed gas stream containing
H, and CH,. Gr was exfoliated from graphite rods, and then
Gr-reinforced Cu matrix composites were prepared by elec-
trodeposition, as shown in Figure 5(c).

Behera et al. [95] used mode atomic force microscopy
(AFM) and observed the morphology of Cu and Cu-Gr
composite films prepared on Ti substrates by electro-
deposition. The three-dimensional AFM images of the
synthesized coatings over the scanned region are shown
in Figure 6(a—d). The figure shows continuous films, but
the films are aggregated in a localized manner. The
degree of agglomeration may affect the roughness of the
film. The pure copper coating surface is less rough than
other coatings. However, the agglomerate size is smaller
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with the addition of more Gr particles. This result may be
because the addition of Gr inhibits the grain growth
during the deposition process.

However, the application of CVD is limited by the high
cost of precursor gases, sophisticated equipment, the high
processing temperatures required, and the wear resistance
of ultrathin films [96,97]. Therefore, the preparation of
Gr/polymer nanocomposite coatings has been proposed.
For example, Gr/resin polymer composites were prepared
directly by in situ polymerization by mixing Gr with resin
monomers [98]. Gr is more flexible in composite coatings,
and the content is usually in the range of 0.05-1.0%, which
can significantly reduce the total cost of enhanced organic
coatings [99]. Huh et al. [100] synthesized Gr/Cu composites
were easily synthesized by growing monolayer graphene
uniformly on the Cu surface by dropping acetone through
the RTA method. Not only the corrosion properties of Cu
will be significantly enhanced, but also the corrosion resis-
tance of various metals and alloys will have potential off-
shore applications.

Figure 6: AFM surface topography of copper film and Cu-Gr composite films: (a) 0Gr; (b) 0.1Gr; (c) 0.3Gr; (d) 0.5Gr [95].
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3.2 Optimization of anti-corrosion
properties of Gr-metal composites

Incorporation of GNS into a metal matrix can improve
strength, corrosion resistance, and hardness because of
the structure and properties of Gr. The application of Gr
coatings as a long-term corrosion protection technology on
metal surfaces (mainly Cu, Ni, or Fe) is very promising in
the near future [101]. Figure 7(a) shows the polarization
curves of Cu-Ni/Gr composite plating fabricated by GNS
with different concentrations in the plating solution
[77]. As the concentration of GNS in the plating solution
increased, E,,, of the coatings increased from —0.382 to
-0.224 V. The i, was significantly lower than the pure
Cu-Ni coatings, indicating a better corrosion resistance
of the composites. Zhu et al. [102] grew different thick-
nesses of Gr layers on the Cu substrate surface. Figure
7(b) shows that the i.,,, 0f the Gr-coated Cu samples were
all reduced than those of the bare Cu substrate. The
corrosion potentials (E.,,,) are shifted towards positive
potentials of 15, 20, 50, and 70 mV, implying that the Gr
layer protects the underlying metal substrate.

Apart from electrochemical experiments, salt spray
tests are also important methods to evaluate the corrosion
performance of materials. The corrosion resistance of
Gr-metal composites is related to factors such as the thick-
ness and defects of the Gr layer. Wu et al. [103] put Cu and
Gr-coated Cu in a 48 h salt spray and tested the corrosion
morphology. The results showed that the corrosion of the
Gr-coated Cu substrate was lower than that of the treated
Cu substrate. In addition, Zhu [102] concluded that the
corrosion rate decreases with the thickening of Gr layers
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through a 12 h salt spray test, which confirms the superior
corrosion resistance of multilayer Gr. A Cu substrate cov-
ered by a single layer of Gr with corrosion spreading
throughout the substrate and surrounding intact Gr islands,
indicating that the corrosion started at the grain boundaries
of the in situ grown Gr. With the stacking of the grown Gr
layers, the corrosion of the wrapped copper is retarded. This
is because the grain boundaries of different Gr layers are
located differently. The upper Gr layer may cover the grain
boundaries of the lower Gr layer and the diffusion of
the corrosion product Gr grain boundaries is significantly
inhibited.

3.3 Optimization of anti-corrosion
properties of Gr-derived metal
composites

In addition to Gr, polycrystalline graphene, graphene oxide
(GO), reduced GO (rGO), and graphene quantum dots (GQDs)
have become common Gr-based materials [104,105]. GO,
with a relatively low cost, is considered promising for corro-
sion protection [105]. The oxygen-containing functional
groups are highly processable and thus can be used as
active sites for further modification or functionalization
[106]. In addition to their intrinsic properties, these mod-
ifications can lead to versatility in surface chemistry and
significantly alter and improve the properties of Gr.

He et al. [107] prepared silver-modified rGO reinforced
Cu-based composites via hot-press sintering and tested the
polarization curves, as shown in Figure 8. The polarization
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Figure 7: Electrochemical experimental results. (a) Polarization curves of Cu-Ni/Gr nanocomposite plating prepared with different concentrations of
GNS in the plating solution. (b) Tafel plots of copper substrates coated and uncoated with different masses of Gr layers [102].
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curves of the composites show a significant positive shift in
corrosion potential compared to pure copper, indicating
that the corrosion performance of the composites is much
better than pure copper. The samples with silver-modified
rGO content of 1.6 vol% had the highest corrosion potential,
passivation interval, and best corrosion performance. More-
over, the i, of the composite is much smaller, indicating
that the coating forms a very strong protection. This
improves the corrosion properties of copper even under
very harsh conditions. From the overall results of the
Tafel diagram, the rGO uniformly distributed in the Cu
matrix acts as a strong passivation layer for ion diffusion
and corrosion.

Many Gr films, Gr, and its functionalized composite
coatings, and other Gr-like substances, such as GQDs and
two-dimensional nanomaterials of GO, have been utilized
as building blocks for corrosion protection, as shown in
Table 2. This research on Gr-modified organic anticorro-
sive coatings can be divided into four aspects. First, the
ultrathin 2D structure of Gr forms a shielding and barrier
effect against corrosive media, retarding the penetration
and diffusion of the coating [108]. The effect of shielding
against corrosive solution requires a uniform dispersion of
Gr and an orientation of Gr parallel to the metal surface.
Furthermore, the anticorrosive properties of the coating
are related to the shielding properties and depend on the
bonding strength [109]. Therefore, enhancing the adhesion
of coatings by bonding Gr-modified groups to metal sur-
faces is also the focus of research. Third, functional groups
were modified on the active sites of GO to promote the
formation of protective films, thus achieving self-healing
defects and damages [110]. Eventually, the superior elec-
trical conductivity of Gr was utilized to improve the
cathodic protection effect of zinc-rich coatings on metals.
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Common MMC coatings and MMC properties are shown in
Tables 3 and 4.

4 Analysis of the corrosion
protection mechanism of Gr
composites in metallic materials

4.1 Small size effect of Gr

The small size of Gr can fill the pores and defects in the
coating, which prevents and retards the infiltration of
small molecule corrosive media into the metal substrate
to a certain extent. It also enhances the physical isolation
and the anticorrosive properties of the coating. Wang et al.
[16] cold sprayed Al/Gr coatings using Gr-coated Al powder
having lower porosity than non-Gr-modified coatings. As
the Gr content increases, it affects the formation of metallic
bonds between metals in contact with each other. The
agglomeration of Gr will also decrease the densities. There-
fore, appropriate content and homogeneous dispersion of
Gr can give full play to its small size effect. To improve the
Gr dispersion, Cui et al. [131] used polydopamine (PDA)
to modify Gr and fabricated a PDA-modified Gr/epoxy
resin composite coating. The well-dispersed PDA-modified
GNS filled the pores of the epoxy resin. It makes the
coating denser, inhibits corrosive media penetration,
and improves epoxy resin adhesion. Meanwhile, the mod-
ification of Gr by PDA makes the Gr less prone to curling,
has a more effective aspect ratio, and extends the diffu-
sion path of electrolytes. Um et al. [155] investigated the
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Figure 8:

(a) Tafel polarization curves of pure Cu and composites. (b) Electrochemical corrosion parameters of pure Cu and composites [107].
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effect of Gr size on the anticorrosion performance of poly-
urea (PU) composite-coated Cu substrates using electro-
chemical techniques. The EIS results indicated that the
Gr-incorporated PU composites with Gr sizes less than
2 um provided better corrosion protection for the Cu sub-
strate. This is because the small-sized GNS could be uni-
formly dispersed in PU, thus generating an extended
diffusion pathway to inhibit the penetration of the corro-
sive medium.

4.2 Gr flake structure role

Gr is an extremely thin sheet structure that can be layered
to form a dense physical barrier in the coating. Small mole-
cules of corrosive media can hardly pass through this
dense insulation layer, so the anti-corrosion coating mixed
with Gr has a solid physical insulation effect. The premise
of the shielding property of Gr/GO materials is that their
planes are distributed in a direction parallel to the sub-
strate. This is because the intrusion of corrosive media is
spread from the coating surface to the substrate. Only a
shielding effect parallel to the direction of the substrate
can effectively block the intrusion of corrosive agents.
Gr/GO-modified materials with vertical or haphazardly
oriented distribution cannot meet the structural denseness
of the coating and are contrary to the shielding concept
[132]. Figure 9 demonstrates the mechanism of action of the
titanate-modified graphene oxide (TGO) electrolyte in PU
coating with three-dimensional random distribution and
parallel arrangement. It shows a zigzag penetration path
when the TGO in the composite coating is randomly dis-
tributed in three dimensions. And when the TGO layer is
self-aligned parallel to the substrate surface, a layer pro-
tection network is formed, which gives full play to the
surface barrier effect of the modified GO and blocks the
electrolyte from penetrating the coating [133]. It is obvious

Electrolyte
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that the ordered arrangement of GO composites can solve
the problem of defects in coatings and improve the corro-
sion properties of coatings. However, the ordered arrange-
ment of Gr/GO composites in coating applications needs more
systematic studies. Moreover, the currently used methods
have certain limitations, and achieving the ordered arrange-
ment in practical applications is more difficult.

To further enhance the shielding property of the
coating, the ordered arrangement of Gr can be achieved
by improving the dispersion. There are mainly ordered
alignment methods such as applied electric field induc-
tion, magnetic field induction, and layer-by-layer self-
assembly [134]. Magnetic field-induced ordered alignment
is mainly solved by preparing magnetic Gr materials or
loading magnetic substances (Fe,O3 or Fe;04) onto the
surface of the Gr. However, this method requires the pre-
sence of a uniform horizontal magnetic field and is costly
to operate. Pang et al. [135] investigated the orientation of
GNS in polystyrene coatings under the effect of electric
field induction. The results show that under an electric
field, the conductive particles can cross the polymer’s
hindrance and adjust the curling degree. The distribution
tends to be parallel to the direction of the electric field,
forming multiple conductive channels. The orientation in
the electric field-induced ordered arrangement is mainly
due to the dipole moment of water molecules in the first
hydrated layer on the Gr surface that appears to respond
to the orientation under the electric field, tending to be
parallel to the direction of the Gr plane and the electric
field. Zhao et al. [136] successfully prepared ultrathin multi-
layer anticorrosion coatings (PVA/GO) of polyvinyl alcohol
(PVA) and GO using exfoliated GO as substrates by a bottom-
up layer-layer assembly method. The ordered arrange-
ment of organic and inorganic layers was found to result
in significantly improved mechanical properties, which
was attributed to the well-layered structure of GO in the
polymer matrix, as well as the high degree of planar
orientation and nanoscale pore filling.

Figure 9: Schematic diagram of TGO/PU coating [133].
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The Gr layer number also affects the corrosion perfor-
mance. The corrosion resistance of the composites was
found to increase and then decrease with the increase in
the number of Gr layers [103]. The metal substrate under
the Gr boundary is directly exposed to a severely corrosive
environment for monolayer Gr, as shown in Figure 10(a).
Corrosive media can easily penetrate the defects of Gr and
cause severe corrosion to the metal. The anti-corrosion
effect of bilayer Gr is effective, as shown in Figure 10(b).
In the overlapping structure of bilayer Gr, it is difficult for
chloride ions to reach another defect in the lower Gr layer
by lateral diffusion, and the path of chloride ions to get the
interface between Gr and metal matrix is prolonged. For
multilayer Gr coatings (Figure 10(c)), defects in adjacent Gr
layers are joined together, creating a lot of corrosion paths
from the top Gr layer to the interface between the Gr and
the metal substrate. In addition, Cl™ is difficult to transfer
between the two Gr layers by lateral diffusion. The high-
density defect leads to a shortened corrosion pathway and
easier penetration of the corrosive medium into the Gr
coating. When Cl™ reaches the Gr/metal interface, galvanic
coupling corrosion begins, further accelerating the corro-
sion of the metal substrate.

4.3 Impermeability of Gr

The high impermeability of Gr can be attributed to two
factors: the narrow six-membered ring of carbon in GNPs
and the dense delocalized cloud of m-orbitals of Gr that can
repel any atom or molecule at room temperature. Sun et al.
[156] used graphite or h-BN monocrystals to prepare a

DE GRUYTER

novel micrometer-sized well encapsulated by Gr, as shown
in Figure 11(a). The result showed that the Gr membrane
was impermeable to several gases, including He, Ny, O,, Ne,
Ar, Kr, and Xe. Jiang et al. [157] investigated the selectivity
and permeability of Gr with designed sub-nanometer-sized
pores using DFT calculations (Figure 11b). Gr with a hydrogen-
passivated pore (2.5A x 3.8 A) exhibited a high barrier for
CH, (1.6 eV), whereas it was easy to permeate H, (0.22 eV),
affording an extremely high selectivity for CHy/H,. As a
result, perfect Gr sheets are impermeable to most species,
but the defects and openings in Gr provide diffusion chan-
nels for these species. It is generally believed that the imper-
meability of Gr is highly related to its quality, temperature,
molecular properties, and other external factors. Theore-
tical results indicate that the barrier energy decreases expo-
nentially with an increase in the defect size of Gr [158]. The
energy barrier of different atoms and molecules is shown in
Table 5. Perfect Gr sheets are impermeable to most species,
but the defects and openings in Gr provide diffusion chan-
nels for these species.

The contact angle between water and Gr is very large.
The wettability to water is very weak, and water molecules
are hardly absorbed by Gr. The Gr will block the water
molecules outside the coating in the epoxy resin. Then,
the water molecules cannot contact the metal substrate
surface, thus reducing the corrosion. In addition to incor-
porating Gr as a nano-filler into coatings to enhance corro-
sion protection, some researchers have also prepared
multilayer Gr-based anti-corrosion coatings directly on
the surface of metal substrates. Xu et al. [137] prepared
multilayer Gr anti-corrosion coatings with a thickness of
14 nm by introducing Ti layers onto the mild steel surface
by vacuum deposition and then immobilizing Gr on its

Figure 10: Schematic diagram of corrosion protection mechanism of Gr coating with different number of layers: (a) Single layer; (b) Double layers;

(c) Multi layers [103].
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Figure 11: (a) Schematic of monocrystalline containers sealed with Gr [156]; (b) electron-density isosurface of a hydrogen-passivated pore in Gr [157];
(c and d) schematic of the corrosion mechanism occurring on uncoated Cu (top) and Gr coated Cu (bottom) specimens; (e) potentiodynamic

polarization of the Gr coated and uncoated Cu [93].

surface by mechanical ball milling method through Ti-C
bonding. The results showed that the corrosion rate of
mild steel decreased from 794.5 to 8.2 nm/day after being
covered by a multilayer Gr coating, which is nearly 2
orders of magnitude lower than that of bare steel. It indi-
cates that the Gr coating acts as an impenetrable barrier
on the surface of mild steel, significantly reducing its cor-
rosion rate. To further improve the anti-corrosion effect,
it is more common to modify Gr hydrophobically before
laminating it with the coating, or to laminate it with the

Table 5: Energy barrier of different atoms and molecules

Atom/ Gr Energy Ref.
molecule barrier (eV)
CH4 All-hydrogen passivated 1.6 [157]
porous Gr
H, 0.22 [157]
Oxygen Pristine Gr 16.34 [89]
atom
0, Pristine Gr 10.12 [89]
Cu Pristine Gr 30.62 [159]
Oxygen The center of eight-ring 8.014 [160]
atom defects
The center of seven-ring 10.36 [160]
defects
The center of six-ring defects 21.81 [160]
The center of five-ring defects  21.36 [160]
Lit Pristine Gr 7.92 [161]
Gr with single vacancy 3.6 [161]
Gr with double vacancy 1.31 [161]
Gr with Stone-Thrower-Wales 2.98 [161]

defects

coating first and then modify it hydrophobically. Uzoma
et al. [138] used F-Si to modify GNS and then compounded
them with hydrophobic siloxane-acrylic resins. On the
one hand, the F-Si modification improves Gr dispersion
in siloxane-acrylic resin. On the other hand, the good
hydrophobicity of the composite coating makes it difficult
for corrosive media to wet it, thus enhancing the anti-
corrosion performance of the composite coating.

Raman [93] pointed out that during the kinetic poten-
tial polarization, as shown in Figure 11(e), the intercepts of
the cathodic and anodic diagrams of the Gr-coated copper
were significantly shifted in the positive direction. The
anodic current density of the Gr-coated specimen is much
lower than that of the uncoated specimen. This indicates
that corrosion susceptibility is reduced, which in turn indi-
cates that the Gr coating significantly reduces the dissolution
of Cu. The corrosion properties of Gr-coated Cu were at least
1.5 orders of magnitude higher than that of uncoated Cu. The
protective effect of the Gr layer is related to its water resis-
tance. Cu oxides formed by Cu under environmental condi-
tions do not protect it from Cl°, while the impermeable and
inert Gr layer protects the Cu film from electrochemical
degradation, as shown in Figure 11(c and d).

4.4 Gr conductive effect

The unique structure of Gr gives Gr fast electrical conduc-
tivity. Electrons will pass through the Gr to the metal
coating. The cathodic electrons do not occur directly on
the metal but react directly with the coating. This slows
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down the production of iron hydroxide and reduces the
dissolution of the metal. It also protects the metal, which is
done by using the electrical conductivity of Gr to protect
the metal substrate. The closely stacked Gr forms highly
efficient conductive channels. In the early stage of corro-
sion occurrence, it can transfer the electrons lost in the
anodic reaction to the coating surface in time, effectively
delaying the further occurrence of corrosion reaction.
When applied in zinc-rich anti-corrosion coatings, it can
form electron transfer channels with metallic zinc powder
due to the high electrical conductivity of Gr/GO. There is no
need for a large amount of zinc powder to accumulate
closely, enhancing the effective zinc powder utilization
rate, as shown in Figure 12 [139,140]. By introducing Gr
into the zinc-rich primer, the conductive effect of Gr is fully
utilized to replace part of the zinc powder. Moreover, it
bridges with zinc powder to form a conductive pathway to
enhance the cathodic protection effect of the coating [141].

5 Research progress of Gr
composites

The method of Gr in metal protection is mainly realized
through three methods: 1) Pure Gr film; 2) Gr com-
posite coating; 3) Metal/Gr composites. Boehm [142] first
demonstrated that Gr films could prevent Cu and Cu/Ni
alloys from oxidizing by air. Pure Gr film could act as a
barrier to the metal substrate to prevent metal corrosion.
Wang et al. [143] compared the protective effects of single-
layer Gr and double-layer Gr films and confirmed that

DE GRUYTER

double-layer Gr has a better anti-corrosion effect than
single-layer Gr. Corrosive media such as chloride ions easily
penetrate the Gr defects, causing severe corrosion. In the
overlapping structure of bilayer Gr, it is difficult for CI” to
reach another defect of the underlying Gr by lateral diffu-
sion, and the path of chloride ions to reach the Gr/matrix
interface is prolonged. Wu et al’s [103] study showed that
Gr’s corrosion performance increased with the increase
in the number of layers, and the corrosion performance
decreased with the increase in the number of layers. For
multilayer Gr coatings, defects in adjacent Gr layers are
joined together, creating many corrosion paths from the
top layer of Gr to the interface between Gr and the metal
matrix. In addition, lateral diffusion makes chloride ions
difficult to transfer in two Gr layers. The high-density
defects lead to a shorter corrosion path, and the corrosive
medium is easier to penetrate the Gr coating. When Cl”
reaches the Gr/metal interface, galvanic corrosion starts,
further accelerating the corrosion. Prasai et al. [144] grew
multilayer Gr films on copper and nickel surface to study
their corrosion properties. The corrosion rate of the
copper film with pure Gr is seven times that of the copper
film. Ni coated with multiple Gr films corroded 20 times
more slowly, while Ni coated with 4 layers of mechani-
cally transferred Gr corroded 4 times more slowly than a
bare Ni.

However, the defects of Gr are permeated by O, and
solution, resulting in the corrosion of the matrix. Schriver
et al. [145] found that the preservative effect of Gr only lasts
for a short time (minutes to hours). Fewer defects inside Gr
can solve these problems if we want to use Gr to achieve
long-term anticorrosive effects. Wu et al. [103] studied the
corrosion behavior of Gr coatings with different layers and

Figure 12: Sketch map of the coating in (a) cathodic protection stage and (b) barrier protection stage.



DE GRUYTER

found that the corrosion performance of Gr mainly depends
on the density of defects rather than the number of layers.
Ren et al. [146] first used N-doped graphene (NG) as a passi-
vation layer to protect the metal surface. NG has better
corrosion resistance than pure Gr. The addition of N atoms
and the topological defects on the Gr lattice reduces the
electrical conductivity and inhibits the corrosion of copper.

The anti-corrosion mechanism of Gr composite coating
has been described in Section 3. In 2012, Chang et al. [147]
first proposed using Gr/polyaniline composite coating to
prevent steel corrosion. Roding et al. [148] calculated the
orientation, size, and amount of Gr. Under the geometric
effect, about 0.2 w/w% Gr can reduce the diffusivity by
90%, and about 1 w/w% Gr can reduce the diffusivity by
99%. Due to the high surface area and van der Waals forces
of Gr, the dispersion of Gr in the coating matrix is a pro-
blem that needs to be solved. Some researchers have used
physical methods such as stirring, ball milling, and ultra-
sonic treatment to disperse Gr [149,150]. The physical dis-
persion method has a low cost, but the dispersion effect
could be better, so it is usually used as an auxiliary method
for dispersion. Currently, the covalent functionalization of
Gr is the most widely used. Covalent functionalization can
add active groups such as carboxyl, hydroxyl, and epoxy
bonds to Gr through various chemical reactions. He et al.
[151] used the covalent interaction between the carboxyl
group of GO and the amide group of ethanolamine to dis-
perse Gr in an aqueous solution with good stability. Com-
pared with pure Gr, GO not only has better dispersion but
the oxygen-containing functional groups of GO can also
hinder the penetration of corrosive media [152]. Ramezan-
zadeh et al. [153] studied the interfacial interaction between
the mixed epoxy coating containing functionalized GO and
the steel matrix. They found that adding GO effectively
improved the binding strength and durability of the epoxy
coating and the steel surface. In addition, the non-covalent
functionalization method for dispersing Gr has also been
widely used. Wang et al [16] achieved stable dispersion of
2D GNS in water-based resins through non-covalent m—mn
interactions between Gr and poly(2-butylamine) (P2BA).
The P2BA hybrid promotes the formation of passive oxides
on the steel surface. It inhibits the penetration of aggressive
anions such as chloride, water, and oxygen into the steel
substrate through the coating. Wang et al. [16] proposed a
method of coating Gr on Al particles for cold spraying and
successfully prepared low-defect parallel Gr/Al composite
coatings. Uniformly dispersed Gr can effectively improve
the defects of the coating, and parallel Gr distribution can
effectively hinder the longitudinal propagation of corrosion
cracks. The arrangement direction of Gr also provides an
effective idea for Gr protection in MMCs. Jin et al [154]
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designed and fabricated Gr-encapsulated Cu (Cu@Gr) micro/
nano sheets, which were then sintered to form layered Cu
matrix composites to achieve parallel distribution of Gr. Dis-
persed Gr has a good anti-corrosion effect, and its perfor-
mance depends on the orientation of the Gr. Anisotropy
can be understood in terms of Gr orientation and corrosion
paths due to blocking effects. The parallel distribution of Gr
can effectively hinder the longitudinal propagation of corro-
sion media and cracks and fully exploit the structural char-
acteristics of 2D Gr.

6 Challenges and perspectives

The environmental factors in the marine environment are
complex high temperature, humidity, salinity, and other
environments, as well as the microorganisms in the ocean,
which will accelerate the corrosion. To reduce corrosion,
Gr can be compounded with coatings and metal materials
to give full play to the small effect of Gr to reduce porosity.
In the harsh environment of marine corrosion, Gr anti-
corrosion coatings can not only be used for the outer layer
of marine equipment for heavy corrosion protection but
can also be used for the interior of ships, such as super-fast
heat dissipation in parts of high heat energy electromecha-
nical equipment, large electronic components and large
CPUs, high power radars, etc. Its effect is remarkable Gr’s
high thermal conductivity can help important parts dissi-
pate heat and reduce temperature to improve corrosion
properties. In recent years, research on graphene in metal
corrosion protection has been reported one after another,
and significant progress has been made. The graphene-
based anti-corrosion coating can improve the strength
and friction performance while providing good protection
to the metal substrate, which is a new type of anti-corro-
sion coating with green, stable nature and excellent corro-
sion resistance. However, as a new carbon material, the
application of graphene still faces many challenges.

More attention to the explicit description of the distri-
bution of Gr and interface will help better understand the
relationship between complex interfaces and corrosion
performance. This relationship can pave the way for opti-
mizing the internal coating structure. In addition, there
needs to be more effective processing ways to achieve Gr’s
alignment and spatial organization in composite coatings.
Second, the existing preparation process needs to be improved
to obtain high-quality and large-area Gr. Moreover, this
technology is still in its infancy. The corrosion resistance
mechanism of Gr still needs further in-depth study to guide
the development of new corrosion protection technologies.
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Figure 13: Schematic of the challenges for MMC reinforced with Gr.

With further research, Gr is expected to become an ideal
metal anti-corrosion coating with its unique and out-
standing performance.

Improving the properties of graphite-enhanced cathodic
protection coatings and self-healing coatings is a difficult task.
Specifically, by optimizing the component content (Gr/Zn con-
tent ratio) and the internal structure of the coating, both
electron transfer and shielding protection can be promoted.
Regarding self-healing coatings, attempts should be made
to achieve multiplexed repair for repeated healing and
improved healing efficiency. It is also a challenge to manu-
facture multifunctional coatings with intelligent synergistic
properties such as anti-pollution, self-healing, anti-corro-
sion, and self-cleaning. Gr-based coatings need to be studied
using advanced experimental studies and theoretical methods
to gain insight into the protection mechanisms of Gr-based
coatings. Attempts should be made to establish “quantitative
links” and “multi-scale bridges” between findings at different
levels. Multidisciplinary collaborative research studies must
achieve a breakthrough.

When the metal surface coating fails, the material’s
corrosion resistance plays an important role. Based on a
review of the development of MMC reinforced with Gr and

composite coatings, fabrication methods and barrier perfor-
mance have demonstrated significant progress. However,
there are still numerous roadblocks and challenges to be
addressed and overcome using fundamental science and
industrial technology, as illustrated in Figure 13. The defects
in MMC reinforced with Gr are mainly the defects of Gr and
composites. The defects of Gr weaken the barrier perfor-
mance of Gr and cause a corrosion-promoting effect.
Although studies have demonstrated that large-area con-
tinuous Gr can block the penetration of oxidizing and
corrosive species to a certain extent in short-term experi-
ments, oxidation and corrosion still occur at defective
sites. For MMC reinforced with Gr, the dispersion, con-
tent, size, arrangement, interface, and conductivity of Gr
in the composites are critical factors affecting their anti-
corrosion properties. In MMC reinforced with Gr, the
metal/Gr interface is an essential factor affecting compo-
sites’ mechanical properties and corrosion properties. Good
interface bonding is beneficial for reducing defects and
improving mechanical properties and corrosion properties.
Electroless plating and surface modification were widely
used to strengthen the metal/Gr interface. Covalent and non-
covalent modification methods can improve Gr dispersion



DE GRUYTER

in the matrix. However, toxic chemical agents may harm
human health and the environment. The structure of Gr is
prone to damage during surface modifications. Thus, devel-
oping an eco-friendly and non-destructive dispersion tech-
nique is required for further exploration. Theoretical and
experimental results suggest that Gr aligned parallel to the
corrosion surface provides an optimal barrier against corro-
sive media. Rolling, vacuum filtration, flake powder metal-
lurgy, freezing casting, electrophoresis, preform molding, in
situ growth, etc., can prepare layered structural composites.
Due to the galvanic corrosion between the matrix and Gr, the
corrosion resistance would decrease. The corrosion promo-
tion effect derived from highly conductive Gr or rGO can be
eliminated by chemical modification or the direct use of Gr
derivatives (represented by GO) to fully exploit the barrier
properties of Gr.

Advancement from the laboratory to the pilot scale
and industrialization is a long journey requiring long-
term experiments to monitor service status in realistic
working environments. With continuous improvement in
the quality and barrier performance of MMCs reinforced
with Gr, we foresee that MMCs reinforced with Gr will be
widely applied in the marine environment.

7 Conclusion

The equipment used in the marine environment is highly
prone to corrosion. It is necessary to analyze the causes of
corrosion, elucidate the corrosion mechanism, and explore
the principles. This study analyzes the causes of material
corrosion induced by high-temperature, high-humidity,
and high-salt factors. Combined with the actual service
environment, this study analyzes the complex factors that
induce corrosion. With high thermal and chemical stabi-
lity and excellent resistance to permeation, Gr has made
remarkable research progress in metal corrosion protec-
tion. This study summarizes the recent progress in Gr-metal
corrosion-resistant composites. The optimized characteris-
tics of the corrosion performance of Gr and its derivatives
are analyzed. And the corrosion resistance mechanisms of
Gr composites in metal materials are discussed in terms of
these aspects: small size effect of Gr, sheet structure, water
resistance, and electrical conductivity. The application of Gr
still faces many challenges, for MMC reinforced with Gr, the
dispersion, content, size, arrangement, interface, and con-
ductivity of Gr in the composites are critical factors affecting
their anti-corrosion properties. With continuous improve-
ment in the quality and barrier performance of MMCs
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reinforced with Gr, we foresee that MMCs reinforced with
Gr will be widely applied in the marine environment.
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