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Abstract

Low alloy steels are widely used in bridges, construction, chemical and various equipment and metal components due to
their low cost and excellent mechanical strength. Information in the literature related to the preparation, advantages and
disadvantages, and applications along with research progress of various types of protective coatings suitable for low-alloy
steel surfaces is reviewed, while a conclusive and comparative analysis is also afforded to the numerous factors influencing
the protective ability of coatings. The characteristics of coatings drawn from the latest published literature are discussed
and suggest that the modification of traditional metal coatings and the development of new organic coatings under the
consideration of environmental protection, low cost, simplicity and large-scale industrial application are simultaneously
proceeding, which holds promise for improving the understanding of corrosion protection in related fields and helps to

address some of the limitations identified with more conventional coating techniques.

Keywords Low alloy steel - Corrosion-resistant coating - Metal coating - Composite coating - Diffusion coating -

Organic coating

1 Introduction

Low alloy steel, the most commonly used structural engi-
neering materials, is widely used in bridges, construction,
petrochemical and various equipment along with metal
components due to its low cost and excellent mechanical
strength [1-3]. Unfortunately, the occurrence of acceler-
ated corrosion and/or chemical degradation failures of low
alloy steel is prevalent since its surface is inevitable to
contact with the corrosive media from atmosphere, water,
soil as well as other environments during the long-term
service condition, which contributes greatly to the non-
structural catastrophes and economic losses [4]. Thus, it is
a great challenge to improve the corrosion resistance of low
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alloy steel and extend its life and application range in
various service environments [5-7], through which the
conservation/protection of energy resources and environ-
ment, along with maintenance of production and life safety,
is well achieved. There have been a number of papers
published within the area of the corrosion resistance of low
alloy steel over the last two decades, and the anti-corrosion
measurements for low-alloy steel mainly focus on alloying
and surface treatment [8, 9], in which alloying refers to
adding relatively small amounts of alloying elements into
the steel to obtain a “stainless” material with excellent
corrosion resistance. However, this technique is always
restricted by increased costs and complicated production
processes under the consideration of the corrosion pro-
cesses mainly occurring on the metal surface. In compar-
ison, the coating technique is an effective method
improving the service life of the steel, and a broad spec-
trum of coatings on the steel surface not only offers greater
corrosion resistance than that of the alloying techniques,
but is also responsible for its economic aspects and addi-
tional functionalization [10, 11]. Considering a diffusion-
barrier effect on electrochemically active species followed
by blocking active sites on the steel surface, the coatings
are capable of defining/reducing the corrosion rate of the
underlying steel by well over an order of magnitude.
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Fig. 1 Advantages and disadvantages of metal coatings, diffusion coatings, organic coatings and smart organic coatings

Consequently, it is critical to set up a fundamental under-
standing regarding the preparation methods, properties and
advances of various types of protective coatings. Despite
the existence of a significant body of review literature
within the area of coatings over the last two decades, e.g.,
metal coatings [12, 13], diffusion coatings [14, 15], organic
coatings [16, 17], smart coatings [18, 19] and a series of
composite coatings [20, 21] (the simple summary of
advantages and disadvantages for these protective coatings
is shown in Fig. 1), and accordingly associated with a
series of coating technologies involving electroplating and
electroless plating [22], physical vapor deposition (PVD)
[23], chemical vapor deposition (CVD) [24], laser cladding
[25], plasma spray welding [26], thermal spraying [27, 28],
hot dip coating [29] and so on, some of these methods do
not completely qualify for low alloy steel and/or diverse
use at industrial-scale or under harsh conditions.

This review paper focuses exclusively on consolidating
the information related to the corrosion-resistant coatings
and the corresponding techniques that are suitable for the
protection of low alloy steel based on the recently pub-
lished literature, and an effort has been made herein to
review and/or compare in detail preparation method,
application and advantages/disadvantages, while a con-
clusive and comparative analysis is also afforded to
numerous factors influencing the protective ability of
coatings and its purpose is to improve the understanding of
corrosion protection in related fields and help to address
some of limitations identified with more conventional
coating techniques.
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2 Metal and composite coatings
2.1 Metal coatings

Metal coatings are currently one of the most suitable meth-
ods for surface protection of low alloy steel and have been
widely employed in industrial fields [12, 13], such as avia-
tion, metallurgy, chemical industry, automotive transport
and other fields due to their high wear/corrosion resistance
and electrical properties. Before discussing the types of
metal coatings, it is perhaps prudent to conclude the funda-
mental coating techniques that correspond to the metal
coatings, which mainly include electroplating, electroless
plating, thermal spraying, PVD, CVD and laser cladding
[22-29]. Electroplating offers numerous advantages, such as
a precise control over thickness and microstructure of the
film, moderate cost, facile application, and a low operating
temperature. At the initial stage of coating development,
electroplating chromium coatings on the surface of low alloy
steel has been widely used in industrial fields. In spite of
these benefits, some technical and environmental obstacles
involve cracks in the microstructure, hydrogen embrittle-
ment performance and especially the irreversible release of
toxic Cr't/Cr®", causing serious threats to human and
environment health [30], which acts as a principal driving
force behind the need to secure acceptable alternatives to Cr
metal coatings.

Since the twentieth century, many attempts have been
devoted to alternatives to chromium, as a general classifi-
cation of Ni/Co-based alloy and composite electrodeposits,
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e.g., Ni-Co, Ni-P, Co-P, Ni-Co-P, Ni-W, Ni—-Mo and so
on, and many coating techniques are available, involving
CVD, laser cladding and thermal spraying. Among these
systems, Ni—-Co, Ni-P and Co-P coatings have attracted
considerable attention at industrial scale due to their excel-
lent mechanical properties, corrosion resistance and special
magnetic characteristics [31]. First, the deposition and
thermal spraying of single Ni or Co metal have been in detail
described in some classical literature and reviews [32, 33],
and this is also considered as an initial Cr replacement
coating in industrial fields. Afterward, the superior corrosion
and tribological performance of the Ni—-Co compared to
single Ni were found, and thus, Ni-Co metal coating was
extensively applied in spite of the higher price of Co [34]. An
in-detail review of Ni—Co metal coatings including electro-
deposition mechanism, key operational parameters, chemi-
cal compositions, microstructure, thermal stability, perfor-
mances and applications has been summarized by

Karimzadeh et al. [35], which holds promise for providing
ideas for the further development of Ni—Co-based coatings.
It is important to be aware of the continuous increase in Co/
Ni price, and thus, the incorporation of P as an alloying
element in Ni/Co coatings has been developed and consid-
ered as a potential Cr alternative owing to possessing
desirable properties. Continuously, detailed research and
industrial-scale application have shown an excellent corro-
sion resistance of the Ni—P and Co-P alloy coatings at a wide
range of environment conditions [36—45]. In recent years,
Luo etal. [36-39] explored the growth mechanism of the Ni—
P coating and its corrosion behavior under harsh service
environments, like the coexistence of O,, CO, and H,S, and
the results suggested that a uniform amorphous microstruc-
ture with enhanced corrosion resistance of the coatings can
be well achieved with increasing P content. Accordingly, a
large number of preparation techniques of Ni—P coatings on
steel surfaces have also been developed [37, 38, 40]. A key

Table 1 A summary comparing preparation, performance and applications of Ni—P/Co-P coatings based on latest studies [36—45]

Type Preparation Performance Application References
Ni-P 25 g/L NiSO4:6H,0, 30 g/L Roo1 1, = 3086 Q cm? at 43 h immersion Electronics [36]
NaH,PO,-H,O industry
pH: 5.5-6.0, 90 °C Oil and gas

25 g/L NiSO4-6H,0, 30 g/L Corrosion rate of 0.0036 mm/a in CO, solution at 168 h industry [38]
NaH2P02'H20
pH: 5.5-6.0, 85 °C
20 g/L NiSO4-6H,0, 25 g/L ipeak Of Ni—P coating in 3.5 wt.% NaCl solution at 0.1 Vgcg [39]
NaH,PO,-H,O is higher than that of 304SS steel in tap water at 0.2 Vgcg
pH: 5.5-6.0, 85 °C
Ni—P-  0.100 mol/L NiSO,4-7H,0, Rhenium can improve thermal stability of Ni-P coatings - [40]
Re 0.001-0.0075 mol/L NH4ReOy,
0.200 mol/L NaH2P02H20
pH: 3.5-6.0, 85-90 °C
Ni-P- 15 g/L NiSO4-6H,0, 25 g/L I.or decreased evidently to 7.135 x 10° A cm™2 Ceramic [37]
nano- NaH,PO,-H,0, 5 g/L. ZrO,
ZrO, nanoparticles
pH: 5.0-5.5, 85 °C
Co-P 15 g/L CoSO4-7TH,0, (2, 5, 10) g/L Average microhardness values of heat-treated deposited Aviation and [41]
NaH,PO, Co-P coatings increased to 940 HK automotive
150 mL/L cobalt sulphamate, 20 mL/L R value increased to 11 kQ cm? with increasing P content industries [42]
H3PO4, 0-10 g/L NaH2P02
0.084 mol L™ CoCl,-6H,0, 0.222 mol A better electrocatalytic performance with a current density [43]
L~! NaH,PO,-H,0, 25 °C of 40 mA cm™>
180 g/L CoCl,-6H,0, 4.4 g/ CoCO3;,  Wear resistance increasing with increasing P content [44]
2.17 ecm®/L H3PO,, 15 g/L H;POs,
pH: 1.0, 80 °C
Co-P- 155 g/L CoS0O4-7H,0, 30 g/L Co-P-10 g/L MoS, film obtained at 25 A dm~2 exhibited — [45]
MoS, CoCl,-6H,0, most favorable tribomechanical performance

12 g/L Na,H,PO,, pH: 2.0, 80 °C

Ro.01 a—Impedance at 0.01 Hz; i,ca—peak current; I.,—corrosion current; R.—charge transfer resistance
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issue is that an increase in brittleness for the Ni—P coatings
gradually appears during the heat treatment at a higher P
content, especially under a harsh wear condition. On the
other hand, the review proposed by Bera et al. [41] provides a
critical overview on the advances and fundamental consid-
erations of Co—P metal coatings as well as addressing the
influence of various operating parameters. A summary
comparing the performances and applications of Ni—P/Co—P
coatings based on the latest studies [36—45] is provided in
Table 1.

Despite the favorable engineering benefits of Ni—-P and
Co-P coatings, the high costs of Co/Ni metals and phos-
phorus as a potential water contaminant should be carefully
considered, in which the electroplating process of Co/Ni
metals and phosphorus produces hazardous wastewater,
giving rise to a threat to environment and human health. In
comparison, the metal coatings prepared by thermal
spraying have a series of advantages, e.g., the simplifica-
tion of preparation process, conservation of resources, low
levels of pollution, and so on, which continuously evolve to
meet new challenges arising from the electroplating pro-
cess [46], involving high-velocity oxygen fuel spray
(HVOF) [47-49], plasma spray [50, 51], arc spray [52] and
cold spray. A large number of Fe-based amorphous coat-
ings with excellent wear/corrosion have been prepared by
thermal spray techniques (e.g., preparing FegoCrgNbgBoy
amorphous coating using HVOF proposed by Koga et al.
[47], Fe—40Al metallic alloy coating using HVOF proposed
by Ji et al. [48], Fe-Cr-Nb-B coating using HVOF pro-
posed by Guo et al. [49], FegNizCrsMo,W3SigB,C3
amorphous coating using plasma spray proposed by Liu
et al. [50], Fe43CrisMo4C;5B¢Y, amorphous metallic
coatings using plasma spray proposed by Zhou et al. [51],
FeBSiCrNbMnY  amorphous/nanocrystalline  metallic
coating using arc spray proposed by Lin et al. [52],
FeCrNiNbBSiW amorphous coatings using high-velocity
spray by Zhang et al. [53], etc.), in which the plasma spray
exhibits higher efficiency and possesses a broader appli-
cation potential owing to its superior adhesive strength and
compact structure compared to HVOF spray, and arc spray
possesses a high efficiency at a large-area preparation
though the work in this regard is scarce. In addition, the
preparation and performance of Fe-based amorphous
coatings based on the latest reports [47-58] are summa-
rized in Table 2.

In addition, high-entropy alloy coatings have also
attracted considerable attention at industrial scale in recent
years, and a summary comparing the performances and
applications of high-entropy alloy coatings based on the
latest studies [59-73] is provided in Table 3.

@ Springer

2.2 Metal-nanoparticles composite coatings

The favorable properties (mechanical, tribological and
electrochemical characteristics) of metallic coatings can be
further enhanced by the appropriate second phase or other
nanoparticles being well dispersed throughout the matrix,
which further expands their application under various con-
ditions, and these benefits depend on their content, degree of
dispersion, material type and shape. Currently, the most
commonly used nanoparticles include aluminum oxide
(Al,03) [74-77], silicon carbide (SiC) [78, 79], silicon
dioxide (SiO,) [80, 81], titanium dioxide (TiO,) [82, 83],
titanium nitride (TiN) [84], molybdenum disulfide (MoS,)
[85, 86], etc. For instance, silane incorporation in the
metallic coating is an effective method, in which the silane
molecules were crosslinked with each other by Si—~O-Si bond
and the film was bound to the metal surface through Si—-O—
metal bonds, and thus, silane incorporation was considered
as an effective substitute for the traditional environment-
unfriendly methods of chromate passivation and phosphate
coatings. In addition, Wang et al. [80] found that the incor-
poration of SiO, nano-particulates into the Ni—-W alloy
matrix significantly increased its corrosion resistance since
the SiO, nano-particulates can effectively weaken the cor-
rosion process by filling in crevices, gaps and microscopic
holes on the surface of the Ni-W alloy. Unfortunately, the
major drawbacks of low thickness and high concentration of
defects of the coatings would significantly destroy their anti-
corrosion efficiency. An optimum content (12.5 mL L™") of
TiO, dispersed in the Co metallic coating was reported in the
work of Wang et al. [80], and a superior corrosion and tri-
bomechanical performance were achieved on the basis of
good surface smoothness [82]. In other words, too much or
too little contents of TiO, nanoparticles are both associated
with inevitably accelerating the corrosion behavior, and thus,
this coating is still at the laboratory level. Similarly, the
addition of MoS,, a layered solid lubricant, with appropriate
concentration was favorable to the increase in compactness
of the metallic coating according to the Orowan mechanism
[85, 86]. In the work of Wang et al. [67], the metallic coating
prepared by co-evaporation of MoS, and Co was charac-
terized by an excellent adhesion and improved friction
coefficient. In addition, Al,O3;@MoS, composited with
metal Ni was deposited on the surface of steel, as summa-
rized by Huang and Xiong [77], and the results showed that
the corrosion resistance of the composite coating is the
strongest when Al,Oj3 is 50 wt.%, which can be explained by
Al,03;@MoS; acting as an inert physical barrier to prevent
the formation and development of corrosion sites. On the
other hand, an obvious improvement of the microstructures
and properties for FesoMn;0Co;Cr ¢ high-entropy alloy can
be achieved via the addition of NbC nanoparticles and using
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Table 2 Preparation process and performance of representative Fe-based amorphous coatings [47-58]

Type

Preparation

Corrosion performance

Mechanical performance

References

FegoCrgNbgB,y

Fe-40A1

Fe-Cr-Nb-B

FegNizCryMo,W;3SicB7Cs

Fe43CrisMo14Ci5B Y2

FeCrNiNbBSiW and FeCrNiNbBSiMo

Fe40CugCrisMo14C15B6 Y2

Fe-WoCrsNi3zMo,B4Si4C,

Fesq 2Crig3M0137Mn3 0W 0B3 3C1 1511 4

FeMoCrCoYCSiAlIO

FeCrBSiNbW

HVOF, powder size range: 20-53 pm,
oxygen flow: 896.8 L/min, kerosene
flow: 22.1 L h™!, Oy/kerosene
equivalence ratio: 1.3, step size:

10 mm

HVOF, nozzle length: 76 mm, nozzle
diameter: 8 mm, oxygen flow rate:
400 L/min, natural gas: 180 L/min,
carrier air gas: 30 L/min, stand-off
distance: 280 mm, powder feed
rate: 28 g/min

HVOF, powder size range: 20-53 pm,
oxygen flow: 897 L/min, kerosene
flow: 22.3 L/h, oxygen/kerosene
ratio: 1.3

LPPS, arc current: 600 A, argon flow
rate: 50 L min~", spraying distance:
350 mm, gun traverse speed:

150 mm s~', powder feed rate:
30 g min~', hydrogen flow rate: 4,
6 and 8 L min~"

SPS, Hy: 5.0 L/min, powder feed rate:
6.0 g/min, spray distance: 110 mm,
Ar: 100-120 L/min, power:

54-62 kW

Voltage: 36 V, current: 160 A, wire
feed rate: 27 m/min, air-jet
pressure: 0.7 MPa, spray distance:
200 mm, moving speed: 1.6 m/min

AC-HVAF, spraying distance: 330,
180, 280, 180 mm, air pressure (In
Pa): 103-123, 118-123, 110-128,
110126, fuel pressure (In,
Pa):127-139, 91-99, 83-87, 82-85,
air pressure (Out, Pa): 90.9-91.8,
91.0-91.7, 84.4-91.4, 85.0-92.0,
fuel pressure (Out, Pa): 76.4-76.6,
76.2-76.4, 76.5-78.8, 76.4-78.7

Atmospheric plasma spraying,
voltage: 50, 60, 70 and 80 V,
power: 25, 30, 35 and 40 kW, the
other shown as Ref. [52]

AC-HVAF AMC, particle size
< 0.045 mm, spray distance:
180 mm, powder feeding rate:
3g min~", turntable rate: 133 r
min~", reciprocal time: 10 cycle, air
pressure: 82 Pa, fuel pressure:
70 Pa

APS, powder size: 12, 29 and 56 pm,
spray powers: 15, 22.5 and 30 kW,
arc currents: 300, 450 and 600 A,
arc voltage: 50 V, argon flow rate:
3000 L/h, hydrogen flow rate: 80
L/h, spray distance: 100 mm, gun
pass speed: 350 mm/min

Arc spraying process, spraying
voltage: 36 V, wire feed rate:
2.7 m/min, compressed air
pressure: 700 kPa, stand-off
distance: 200 mm, gun traverse
speed: 100 mm/s

Powder size (60 um): E, = 50

mVgcg, Powder size (50 pm):

E, = 95 mVgcg, Powder size
(30 um): E, = 100 mVgcg

A passive current density of
about 4 A m~2 in 1 mol/L
HCI solution

AC-HVAF AMC exhibited a
lower passive current density
and pitting resistance than
that of HVOF AMC

Porosity: 5.7 & 0.6%, Ra:
8.2 £ 0.2 pm, Hardness: 838 + 23
HVo3

Powder size (60 um): hardness (HV
300) = 349 + 37, Powder size
(50 pm): hardness (HV
300) = 395 + 39, Powder size
(30 pm): hardness (HV
300) = 307 £ 28

Hardness: 890 £+ 75 HV

Lowest porosity of about 0.04% is
obtained at 8 L min~' hydrogen
flow rate

Amorphous content and
microhardness can reach 96.78%
and 1005 HV ;, whereas porosity is
only 0.85% at spraying power of
62 kW and Ar flow rate of 110
L/min

High bonding strength (> 42 MPa)
and low porosity (< 3.5%)

Average hardness is 13 HVq

Lowest porosity reached 2.6

Porosities of AC-HVAF and HVOF
AMCs were 1.03% and 1.25%.
Amorphous phase content and
microhardness of AC-HVAF AMC
were both higher than those of
HVOF AMC

Runs 1: 1099 £+ 100 HV,,
Runs 2: 1011 + 45 HV,,
Runs 3: 884 4+ 61 HV,,

Wear resistance of FeCrBSiNbW
coating is about 4.6 times higher
than that of 3Cr13 coating under
same testing condition. In 3.5%
NaCl aqueous solution, coating has
better corrosion resistance than that
of OCr18Ni9 stainless steel coating

[47]

[48]

[49]

[50]

[51]

[53]

[55]

[56]

[57]

[58]

Ra—High average surface roughness; E,—passivation potential; LPPS—Ilow pressure plasma spraying; SPS—supersonic plasma spraying; AC-
HVAF—activated combustion-high velocity air fuel; AMC—amorphous metallic coating; APS—air plasma spraying
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Table 3 Preparation process and performance of representative high-entropy alloy coatings [59-73]
High-entropy alloy Preparation  Process parameter Corrosive  Performance References
(HEA) coating method media
AlCoCrFeNi Gas tungsten Cladding current: 150-230 A, powder thickness: 3.5 wt.% S-150 (Ecor = — 654 mVgcg [59]
arc (GTA) 1.5-2.5 mm, traveling speed: 1.75 mm/s, Ar flow NaCl Lo = 11.86 HA cm ™), S-180
cladding rate: 15 L/min, arc gap: 4 mm, electrode type: W— (Ecorr = — 515.83 mVgcg,
2 wt.% CeO,, electrode shape: ¢2.4 mm, 45° Lo = 10.86 pA cm™2)
AICrFeMoTi Magnetron Base pressure: 2 x 107 Pa, Ar flow rate: 52 cm®  LBE As-deposited AlCrFeMoTi coating [60]
sputtering min, working pressure: 0.53 Pa, working displayed high hardness (8.32 GPa)
temperature: 300 °C, substrate bias voltage: and excellent corrosion resistance
— 100 V, sputtering power: 200 W, deposition against LBE
time: 2 h
Al 4CoCuq ¢NiSi > Tig 25 Laser cladding Particle sizes: 20 &= 5 um, laser power: 150 W, 4 wt.% HEA coating (Ecorr = — 0.506 Ve, [61]
laser conversion angle: 75°, thickness of coating: NaCl Lo = 2.14 x 107 A cm™?)
120 pm
AlCoCrFeNi Arc cladding Cladding currents: 180 A, arc voltage: 15 V, speed: 3.5 wt.% Ecorr = — 241.5 mVgcg, Loy = 0.132 [62]
1.5 mm/s, shielding gas flow rate: 15 L/min NaCl pA cm ™2
AlCoCrCuNiTi Laser cladding Power: 2000 W, laser spot diameter: 3 mm, - Maximum microhardness of TiN/ [63]
cladding speed: 30 mm/s, overlapping rate: 35% AlCoCrFeNiTi HEA coating is about
737 HV
AICrTiNbMo Electron beam  High voltage: 55 kV, beam current: 10 mA, focus - Mass loss (35 min test): Ti600 [64]
cladding current: 2500 mA, scanning frequency: 200 Hz, (38.81 mg), HEA coating: (1.02 mg)
scanning amplitude: V, =V, = 17, vacuum
degree: 5 x 1072 Pa
Al,CoCrFeNiTi,_, Laser cladding Laser power: 2.0 kW, scanning speed: 11 mm/s, 3.5 wt.% E.orr = — 573.847 mVgcg, [65]
spot diameter: 4 mm, powder mass flow: 6 g/min, NaCl Lo = 10.05 nA cm™
lapping rate: 50%
AlCoCrFeNi Thermal spray  Voltage: 65 V, primary gas flow, Ar: 42.1 L/min, Filtered sea  AlCoCrFeNi (E.,; = — 321 mVgcg, [66]
secondary gas flow, Hy: 2.35 L/min, powder feed water Lo = 0.83 HA cm™?)
rate: 17-21 g/min, powder carrier gas flow, Ar: 6
L/min, stand-off distance: 90 mm
CoCrFeNiCu;_Mo, Coaxial direct  Laser powder: 1100 W, laser spot size: 3 mm, 3.5 wt.% Cug25sMog 75 (Ecorr = — 0.010 Vscp, [67]
laser scanning velocity: 350 mm/min, powder flow NaCl Lo = 4273 x 10° A cm™?)
deposition rate: 16 g/min, carrier gas flow: 7 L/min, shielding
gas flow: 35 L/min, overlapping ratio: 40%
CoCrFeNi Laser cladding Laser power: 400 W, scanning speed: 5 mm/s, Ar 3.5 wt.% 1000 °C-annealed CoCrFeNi coating [68]
atmosphere NaCl showed a pronounced passive
platform (Ecoir = — 0.168 Vscg)
CoCrFeNiAlMn,_, Laser cladding Laser spot diameter: 3 mm, scanning speed: 4 mm/ 3.5 wt.% CoCrFeNiAly gMng , coating [69]
s, overlapping rate: 40%, powder flow rate: 3.3 g/ NaCl (impedance: 25,016.228 Q/em?,
min, laser power: 1300 W Corrosion rate: 0.0464 g/(m2 h))
CoCrFeNiCu,_Mo, Coaxial direct  Spot diameter: 3 mm, laser power: 1100 W, 0.5 mol/L Cug25Mog 75 (Ecorr = — 0.272 VscE, [70]
laser scanning rate: 350 mm/min, overlapping rate: 4%, H,SO, Leorr = 3.954 x 10° A cm™2)
deposition powder flow rate: 16 g/min, carrier gas flow rate:
7 L/min, shielding gas flow rate: 35 L/min
CoCrFeNiTiMo Double Base pressure: 5 x 10~* Pa, gas pressure: 35 Pa, 3.5 wt.% Ecorr = — 0.348 Ve, [71]
cathode double cathode glow discharge deposition NaCl Leorr = 9.82 x 107 A cm™2
glow voltage: — 900 V, bias voltage: — 300 V
discharge
NiCoCrAlSi Plasma spark Process temperature: 1170 °C, soaking time: 90 wt.% HEA-15F (n = 0.33, K, = 6.52 x 107 [72]
sintering 15 min, aluminum intermediate layer: 20 pm, Na,SOy, ng em s R? = 0.99)
applied pressure: 30 MPa 10 wt.%
NaCl
CoCr,FeNiMoy 3 Laser cladding  Spot diameter: 1 mm, laser power: 700 W, scanning 3.5 wt.% CoCr,FeNiMog 3 (Ecorr = =272 mV, [73]
rate: 450 mm/min, overlapping ratio: 40% NaCl Lo = 39 pA cm™?)

E on—Corrosion potential; K,—parabolic constant rate; Rz—goodness of fit; LBE—Lead-Bismuth eutectic
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Table 4 Preparation process and performance of representative particle-reinforced metal-nanoparticles composite coatings [74—88]
Metal—- Preparation Process parameter Corrosive  Performance References
nanoparticle method media
Ni-W-Al,03 Electrochemical pH: 6 £ 0.15, 30 °C, average current 3.5 wt.% Coefficient of friction for sliding distance decreases to [74]
deposition density: 3 A dm ™2, agitation rate: NaCl 4.5 £ 0.5 and coefficient of friction of Ni-P-MoS,
190 £ 10 r/min composite coating on bearing steel balls decreases to 0.05
ALO; Atomic layer pH: 7.2 £ 0.2, 160 °C, deposition 0.2 mol/L Average dissolution rate of alumina coating in neutral [75]
deposition rate: 0.048 nm/cycle NaCl 0.2 mol/L. NaCl is approximately 7 nm h™"'
Al,O3 Anodized samples  Constant voltage: 28 V at 283 K, 3.5 wt.% Both anodic and cathodic currents are further decreased to [76]
constant current density: 100 A NaCl less than 107 A cm™ after desiccation treatment
m™2, room temperature dry: 25.92
Ms
MoS,/Al,03 Pulse pH: 6, 50 £ 2 °C, peak current 0.5 mol/L Ni-MoS,/50 wt.% Al,O3 coating has lowest current density  [77]
electrodeposition density: 1.5 A cm™> NaCl of 26.3 pA cm™
duty cycle: 2/3
Ni-W-SiC Electrodeposition pH: 2.5, 60 °C, current density: 6 to 0.5 mol/L 2.36% SiC has wide passive region and smaller passive [78]
18 A dm 2, stirring rate: 60240 NaCl current density as well as microhardness variation of 711
r/min Hv
Ni-W-SiC Pulsed pH: 9, 60 £ 2 °C, current density: - Hardness of heat-treated Ni-W/SiC increases and grain size  [79]
electrodeposition 48 mA cm ™2 decreases from 7 to 3.8 nm
Ni-W-SiO, Direct current pH: 7.5, 60 °C, current density: 4 A 3.5 wt.% Lowest current density was 26.3. Highest hardness value [80]
deposition dm™> NaCl reached 823 HV
electroplating
Ni-W-SiO, Pulsed pH: 3, 25 £ 2 °C, pulsed parameter: 3 wt.% Nanocomposite electroplated at pH 4 is smoother, thicker, [81]
electrodeposition ~15 mA cm ™2 NaCl more compact, more homogenous and harder when
compared to film obtained at pH 3
Co-TiO, Electrodeposition pH: 4.2, 40 &+ 1 °C, 60 g/L TiO, in 3.5 wt.% Hardness of Co-TiO, nanocomposite increased to 504 HV.  [82]
bath, 30 mA cm~2 and 0.15 g/L NaCl Lowest current density was 1.913 pm/cm?
SDS (C;,H,5S04Na)
Ni-Co-TiN Pulse current pH: 4.2 £+ 0.2, 50 °C, current density: 3.5 wt.% For ultrasonic-assisted coatings, optimum current density is 6 [84]
electrodeposition 2-8 A dm~? NaCl A dm™?, with a tighter structure and better corrosion
resistance
Ti-MoS, Thermal Pulse rate: 0.033 s, evaporation - Ti + IF (inorganic fullerene-like) film were thoroughly [85]
deposition rate: 1 nm s~ characterized and tribological measurements showed
significant reduction in both friction and wear, compared
with a pure titanium film
Co-MoS, Electrodeposition 60 °C, low current density: 2.5 A - Coefficient of friction of Ni-P-MoS, composite coating on  [86]
em™2 bearing steel balls decreased from 0.45 to 0.05 compared
to pure Ni-P coating
NbC Laser cladding Laser power: 2500 W, spot size: - Average Vickers hardness and friction coefficient value were  [87]
4 mm, scanning speed: 3 mm/s, 525 HV and 0.45 separately
overlapping rate: 30%, argon
shielding gas
AlL,O5— Plasma spraying Power: 45 kW, main gas flow (L/min) — Wear resistance of composite coatings was increased by [88]
13 wt.% Ar:H, = 70:7, carrier gas flow: 12 about 1.3-4.9 times
TiO, L/min, powder feed rate: 30 g/min

laser cladding technique, with the average Vickers hardness
and friction coefficient value being 525 HV and 0.45
respectively [87]. Similarly, Al,O3-TiO,-reinforced CoCr-
FeMnNi high-entropy coatings were prepared by the plasma
spraying technique, and the wear resistance of the composite
coatings was increased by about 1.3—4.9 times [88]. How-
ever, it is important to find the appropriate content and
control the distribution beneath the coating subsurface.
Moreover, the most favorable properties of these particle-
reinforced metal-nanoparticles composite coatings are out-
lined in Table 4 [74-88].

2.3 Metal-ceramic composite coatings

These metal coatings on the surface of low alloy steel can
not only protect the metal substrate from corrosion, but
also have the advantage of beautifying the appearance of
decorative materials, which is favorable to further improve
their industrial application ranges. However, some obsta-
cles of metallic coatings, involving high porosity, oxidiz-
able characteristic and internal cracks, still exist and need
to be solved. On the other hand, the multifunctional
requirements of metal coatings cannot be simultaneously
met based on its relatively single characteristic. Thus, the
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development of multifunctional coatings like excellent
wear/corrosion resistance and enhanced hardness will be
the central issue in the future. Currently, the metal-ceramic
composite coatings prepared by adding cermet materials
into the metal coatings to achieve multifunction have been
a research hotspot in the related fields. Among them, the
WC-Co coatings have been maturely applied in the
industrial production, and the bonding phase of WC—Co
coatings is M phase (CozW;C and CogWeC), which can
effectively enhance the corrosion resistance of the coatings,
while this issue has received enough interests in a signifi-
cant body of scientific research [89-91].

In 1990s, laser-cladded ceramic—metal composite coat-
ings with various compositions were developed and the
performance was strongly dependent on the content, size
and distribution of ceramic particles [§9-94]. Pei et al. [89]
studied the performance of the WC-Co metal-ceramic
composite coating and found that the adhesion between the
coating and the substrate was insufficient. In addition,
some issues involving the occurrence of over-burning and/

or residual thermal stress during the spraying process are
not negligible. Meanwhile, Tani et al. [90] also identified
that adhesion is a critical factor affecting the performance
of WC-Co coatings, especially in the corrosion/wear
resistance of WC—Co coatings. In this regard, Bao et al.
[91] used a supersonic flame spraying technique to prepare
a WC—Co coating on the surface of the steel and the results
indicated that no obvious decomposition or loss was
observed in the cross-sectional morphology of the coatings,
accompanied by the decreased porosity and enhanced
interfacial adhesion. Wang et al. [92] specially
designed/modified the WC—Co coating and prepared a new
WC-Co,Cr3 coating by adding a small amount of Cr ele-
ment into Co, WC and W,C phases in the WC—Co,Cr3
coating, as shown in Fig. 2, in which the dissolution of Cr
in the carbides was in favor of significantly reducing the
potential difference between the carbides and the metal
binding agent in the WC—Co,Cr; coating and effectively
improved the resistance of the coating to micro-galvanic
corrosion compared to the traditional WC-based coatings.

Fig. 2 High-angle annular dark field (HAADF) scanning transmission electron microscopy image of WC-Co,Cr; coating, with selected area
electron diffraction patterns of marked areas and corresponding element mapping for W, Co and Cr [92]
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Recently, systematic numerical simulations have been
applied to investigate the first-layer deposition efficiency of
ceramic on metal substrates, providing new mechanistic
information for understanding the initial stage of composite
coatings, and an optimum grain size range was proposed
for lower fragmentation and higher retention [93, 94]. In
comparison, a series of ceramic particles, such as TiC
[95-98], TiN [99-102], Al,O5; [101-104] and WC
[105, 106], can be used to improve the mechanical and
corrosion properties of high-entropy alloy coatings. And
the preparation and most favorable properties of these
ceramic particle-reinforced coatings are summarized in
Table 5. Despite the existence of many benefits, the frag-
mentation of ceramic phases is still a puzzling problem to
be solved in future research.

3 Diffusion coatings

Some coating materials and technologies may be consid-
ered for the improvement of integrity of the steel surface in
high-temperature environments since many coating options
are not suitable for application under high temperatures.
Diffusion coatings refer to diffusing some elements into the
substrate to form a new surface with specific functions
[107], which are currently one of the most suitable coatings
at high temperatures. The common diffusion coatings are
mainly obtained by powder plating, CVD, PVD, ion
implantation and other methods. Among them, the powder
plating is a relatively traditional coating preparation tech-
nology, which can improve the corrosion resistance of the
steel by changing the structure and composition of the
material surface. The obtained coating has a uniform
thickness and a strong bond with the substrate, but requires
a higher operating temperature [108]. Additionally, the
applications of PVD and CVD techniques have mainly
concentrated on the industrial preparation of diffusion
coatings [109—-111]. The thin film with special properties
generated by PVD has strong adhesion and dense structure;
however, its application remains limited due to the disad-
vantages of limited deposition rates, single direction and
uncontrollable compositions. In comparison, these limita-
tions can be compensated by CVD technology considering
its advantages of multi-directional/accelerated depositions
with high purity. In this process, the diffused metal and gas
phase reactant undergo a chemical reaction to form a
volatile metal compound, and then, the compound is
decomposed, deposited and diffused into the metal matrix
to form a diffusion coating at a higher temperature. The
parameters, mechanism and electrochemical characteristics
of diffusion coatings prepared by PVD and CVD tech-
nologies have also received enough interests in recent
years.

The effective improvement of corrosion resistance of
steel has been experimentally determined via the involve-
ment of a small number of carbides, like vanadium and
niobium, into Cr diffusion coating. In a recent study,
OrjuelaG et al. [112] integrated the advantages of both
PVD and CVD surface treatments and deposited a niobium
carbide (NbC) diffusion coating on AISI-1045 low alloy
steel, through which the enhanced corrosion resistance of
the substrate was well achieved, whereas the characteristics
of porosity and poor adhesion of the coating—substrate
interface restricted the long-term protection of coatings
(Fig. 3).

In order to further reduce the porosity of diffusion
coatings, Liu et al. [113] used the PVD technology to
prepare a compact CrN coating with fine equiaxed grains,
and its porosity was significantly reduced, thereby
restricting the diffusion of the corrosive medium to the
coating/steel interface. Dobruchowska et al. [114] prepared
Al-Mn-Si diffusion coating on AISI-4140 alloy steel
substrate by the CVD method, and the obtained coating
was characterized by the excellent corrosion resistance,
stable passivation ranges, along with enhanced re-passi-
vation ability. In addition, the enhancement of corrosion
resistance provided the possibility for practical application
of the coatings in the chloride-rich environment since no
obvious corrosion rusts were observed on the coating sur-
face after the salt spray test lasted for 1000 h, as described
in Fig. 4.

According to the review above, it can be concluded that
PVD and CVD techniques can provide good adhesion of
the coatings to metallic substrates and may be of high
potential when appropriate coating compositions are
selected, in which the CVD is more applicable for the
material with various shapes compared to that of PVD.
Although the industrialization degree of these coatings has
been very mature, the literature research for technological
improvement is relatively less under the consideration of
the high operation cost of PVD and CVD coating tech-
nologies and limitation of diffusion coating composition.
(No chromium or low chromium makes it difficult to fur-
ther decrease the porosity of the coating.) Thus, PVD and
CVD technologies presently focus on depositing diffusion
coating on stainless steel surface to enhance its corrosion
resistance and exploring its application in many precision
instruments and extreme environments. The preparation
and performance of diffusion coatings according to the
latest literature [109-120] are followed as Table 6.

On the other hand, it is important to be aware that
transition layers are usually indispensable for improving
the adhesion property and service performance of the metal
and diffusion coatings on steel. Continuously, a large
number of detailed research regarding their preparation
techniques and mechanism of the enhanced adhesion and
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Table 5 Preparation process and performance of representative HEA—ceramic composite coatings [95-106]

Type Ceramic  Preparation Process parameter Performance References
particle
FeMnCrNiCo TiC Laser Laser beam spot diameter: 3 mm, FeMnCrNiCo + 10 wt.% TiC [95]
cladding scanning velocity: 6 mm/s, flow coatings exhibited an excellent
rate: 25 mL/min anti-wear property, with a
variance of friction coefficient is
0.01109
FeCoCrAINiTi TiC Laser Laser power: 2000 W, scanning Specific wear rate of 30TiC sample [96]
surface speed: 0.3 m/min, spot diameter: was 2.636 x 107 compared to
alloying 3 mm, overlapping ratio: 50%, Ar  2.437 x 10~ mm?/(N m) for
shielding gas FeCoCrAINiTi sample
CrMnFeCoNi TiC Laser Spot diameter: 3 mm, scanning T20C coating exhibited high [97]
cladding velocity: 6 mm/s, powder feeding hardness (362.5 HV,3), low wear
speed: 2.5 r/min, argon shielding rate (0.16242) due to formation
gas flow rate: 3.5 L/min, of composite oxide film on worn
overlapping ratio: 30% surface
CoCrFeMnNi TiC Laser Laser power: 1300 W, scanning Under large compression [98]
cladding velocity: 6 mm/s, Ar shielding gas ~ deformation, internal cracks in
flow rate: 25 mL/min, overlapping  heterogeneous coating (HC) can
ratio: 30% be effectively reduced compared
with composite coating (CC)
owing to good plasticity of
CoCrFeMnNi transition layer
AlCoCrFeNi TiN Plasma Laser power: 2000 W, laser beam As-remelted AlCoCrFeNi(TiN) [99]
spray spot diameter: 5 mm, laser coating exhibited highest
scanning velocity: 7 mm/s microhardness value of 851
HV, 3, which was attributed to
formation of in-situ Al;,05 + TiN
and nano-particles dispersion
strengthening
FeCoNiCrMnTi TiN Laser Laser power: 2000 W, laser beam Substrate (E.or = — 0.217 V, [100]
cladding radius: 2.5 mm, scanning speed: Loore = 545 x 10°° mA cm™),
10 mm/s, coaxial powder feeding Tigp (Ecorr = — 0.161 V,
rate: 12 g/min, overlapping ratio: Lo = 3.37 x 10°° mA cm™2),
30% Tips (Ecorr = — 0.209 V,
Low = 1.15 x 1077 mA cm™?),
Ti| (Ecor = — 0.247V,
Lo = 3.18 x 107" mA cm™?),
Tis (Ecor = — 0412V,
Lo = 3.96 x 107 mA cm™).
While atomic ratio of Ti in
FeCoNiCrMnTi, exceeded 1.0,
corrosion resistance of coatings
decreased
CoCrFeNiMn TiN- Plasma Current: 170 A, scanning velocity: ~ Wear volume of HI coating (TiN- [101]
Al,O3 cladding 100 mm/s, powder feeding rate: Al,O5 reinforced) was
7 g/min 1.07 x 10> mm°, which reduced
by 12.5% compared to pure HEA
coating
CoCrFeMnNi TiN- Plasma Working current: 230 A, scanning ~ Wear rate at different temperatures [102]
Al,O3— cladding speed: 110 mm/min, swing speed: was reduced to 20.48% (room
Cr,B 1300 mm/min, centered Ar gas temperature), 34.75% (200 °C),
flow: 1.7 L/min, working Ar gas 16.13% (400 °C) and 10.12%
flow: 3 L/min, protective Ar gas (600 °C) compared to pure HEA
flow: 9 L/min, powder feed rate: coatings
15 g/min
Ni3oCry5Al15C0o15MosTisYs  Al,O3 Supersonic  Air pressure: 80-90 Pa, C;Hg Friction and wear properties were  [103]
particle pressure: 60—75 Pa, Ar pressure: ensured combined with o-Al,O3
deposition 30-40 MPa, H, flow rate: 3040 strengthening phase

L/min, powder speed: 5-10 r/min,
spray speed: 1000-2000 mm/s,
spray distance: 200-250 mm
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Table 5 continued
Type Ceramic  Preparation Process parameter Performance References
particle
FeCoNiCrMn Al,O3 Cold spray  Gas pressure: 3 MPa, gas temperature: HEA-based coatings exhibited significantly [104]
300 °C, spraying distance: 30 mm, lower wear rates compared to base
nozzle traversal speed: 100 mm/s material of 6082 aluminum alloy
((12-22) x 102 mm* N~' m™)
AlCoCrFeNi  WC High- Oxygen flow: 1700 m*/h, kerosene flow: At flow velocity of 900 r/min, volume loss [105]
velocity 0.030 m*/h, carrier gas flow: 23 m*/h, of AICoCrFeNi coating was
oxygen spraying distance: 370 mm, rotating approximately double that of
fuel speed of powder feeder: 5 r/min, spraying ~ AlCoCrFeNi + 50 wt.% WC-10Co
spraying angle: 90°, moving speed of spray gun: coating
280 mm/s
AlCoCrFeNi  WC- HVOF Oxygen flow: 802.2 L/min, spray distance: Addition of WC-10Co increased [106]
10Co spraying 380 mm, kerosene flow: 24.6 L/h microhardness and local plastic

deformation resistance of coatings, while
it weakened corrosion resistance of
coatings

10 pm

Fig. 3 Scanning electron microscopy (SEM) images of transverse section of niobium carbide coatings deposited using thermo-reactive
deposition (TRD) on AISI 1045 steel. a 1045-Nb-8 coating; b 1045-Nb-12 coating; ¢ 1045-Nb-16 coating; d 1045-Nb-20 coating [112]

corrosion resistance has also been developed, as indicated
in Table 7, which is the preparation process and perfor-
layers that are used for the

mance of transition

improvement of adhesion property and service perfor-
mance of coatings [121-128].
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AIMn 90/10

AIMnSi80/10/10
after1000 h

AIMn 80/20
after192h

AlSI14140
after48h

AIMnSi70/20/10
after192h

Fig. 4 Images of salt spray test for AISI 4140 steel substrate and substrate—coating systems [114]

Table 6 Preparation processes and performance of diffusion coatings according to latest literature [109-120]

Type Preparation  Process parameter Performance References

method

Cr+ Al CVD Stage 1(Al): 550 °C, 1 h, stage 1(Si): 490 °C, 0.5 h Higher Al content can achieve a long-term corrosion protection [109]

vC DC reactive Total pressure range: 0.3 to 0.6 Pa, power density: Impedance increases with C/V ratio, up to 3.27 kQ cm? for C/V = 2.5,  [110]

magnetron 5.5 W cm™2, deposition temperature: 20-500 °C in 3.5% NaCl solution
sputtering

WC-Co CVD 920 °C, pressure: 10,526 Pa, Microwave power: With increasing methane concentrations during sputtering, Co [111]
3500 W, H, flow: 125 cm*/min, CH, flow: 3 cm®/min, diffusion through layer is increased
deposition time: 4 h

NbC TRD 1020 °C, deposition time: 4 h Porosity is 0.81998435% within 24 h. Current density measured in 3%  [112]

NaCl solution is 3.61 x 10> mA cm™>
TiN/ PVD Temperature range: 25-30 °C, time: 20 min, maximum R, (TiN) = 8.9 MQ cm?, R, (CrN) = 161.4 MQ cm? [113]
CrN applied voltage: 330 V

Al-Mn  Cathodic arc 400 °C, intensity of pressure: 1 x 107 Pa, voltage: Current density of AIMnSi (80/10/10) coating and uncoated coating is  [114]

evaporation —10 V, time: 90 min, arc current: 80 A 0.18 x 107 and 2.00 x 10~ A cm™2, respectively

Al CVD-FBR 550 °C, Ar flow: 1500 mL/min, time: 30-105— An increase in HCI input thicker coatings consisting of Fe—Al [115]
180-360 min, HCI in reactive gas mixture: intermetallic phase
10.0-6.7-5.0-3.3-2.5 vol.%

Al CVD 1000 °C, deposition time: 4 h Diffusion coefficient (B-NiAl) = 1.231013 m? s~!, diffusion [116]

coefficient (y'-NizAl) = 4.201014 m? s~', diffusion coefficient (y-
(Ni)) = 3.001014 m? s~

Ti-6Al- CVD Temperature: 400450 °C, total gas pressure: 0.4 Pa, Ra threshold of LV-TPN is higher than limit threshold of 0.1 pum. [117]

4V argon gas pressure: 2 Pa, voltage: 1000 V Fatigue strength after diffusion treatment is higher (11.2 MPa)

Zn-Mg  PVD Reaction diffusion time: 20 s, power density: 3 W/cm?, I o, of Zn-Mg alloy coating was from 449 to 618 nA cm™2. In [118]
sputtering time: 10 min, Bias voltage: —200 V, contrast, ico, value was 4050 nA cm~? for GI coating. Corrosion
temperature: 350, 380 and 415 °C rate of Zn—Mg alloy coating is only about 1/9 to 1/6.6 of that of GI

coating
v-TiAl PVD Temperature: Ty, < 300 °C, argon gas pressure: Effective activation (Qy, = 0.61 EV) and diffusion rate of TGO [119]
0.4 Pa, Bias voltage: —50 V, time: 10 min (1.17 x 107 £ 1.77 x 107> A cm™?) are higher than those of
oxygen, which can inhibit inward diffusion of oxygen and improve
its durability
TiAIN PVD Substrate temperature: 430460 °C, substrate bias: Hardness of PVD coating is 1280 HV [120]

40-110 V, deposition pressure: 0.7—4 Pa

R,—Polarization resistance; FBR—fluidized bed reactor; LV-TPN—triode plasma nitriding; GI—galvanized iron

4 Organic coatings

Considering environmental and human health issues, the
anti-corrosion coatings for low alloy steel are developing
toward organic and no-pollution ones. Among these cor-
rosion protection measures, the organic coating is the most
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widely used, and its cost accounts for two-thirds of all anti-
corrosion expenditures. The organic coatings are mainly
polymer composite materials with complex/heterogeneous
structures and surface/interface diversity in chemical
compositions [129, 130]. The polymer resin in the coating

can adhere to the metal through chemical

bonds or
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Table 7 Preparation process and performance of transition layers used for improvement of adhesion property and service performance of
metallic coatings [121-128]

Transition Preparation Process parameter Performance References
layer method
Cr/CrN, Plasma-enhanced Power: 6 A, frequency: 50 kHz, duty cycle: Adhesion force of Cr/CrN, transition layers [121]
magnetron 80%, gas: 52.6 vol.% N, and 47.3 vol.% Ar, = was improved to 22.5 and 25.7 N,
sputtering pressure: 0.5 Pa, substrate bias: =50 V respectively
V/Cr Laser cladding Power: 1500 W, scanning speed: 400 mm/ Thickness of V and Cr transition layers [122]
min, beam diameter: 3 mm, overlap rate: reached 700 and 900 pm, respectively
50%
NiCrAIYNO/ Vacuum arc Arc current: 200 A, Bias voltage: — 100 V, N, Ni + CrAIYNO/NiCrAlY duplex structure [123]
NiCrAlY evaporation flow rate: 100 cm®/min, O, flow rate: 30 cm®/  promotes growth of exclusive alumina
min, 180-200 °C scale
Functionalized =~ Hydrothermal 0.2 g/L DMF baths, pH: 4, 5 and 6, magnetic Improvement of adhesion properties of [124]
graphene synthesis stirrer at 200 r/min for 1 h, immersion of epoxy coating, R, = 13,952 Q cm? for
oxide (fGO) steel for 1 h and then cured at 120 °C for 1 h  fGO treated in ethanol/epoxy, 4 h in
3.5 wt.% NaCl
MAO MAO equipment i =10 A/dm?, frequency was 200 Hz, positive/ Shear strength of ACP coating is enhanced [125]
with a bi- negative duty cycle: 30%/10%, 20 min by 117% by introducing a MAO(AP)
directional layer
pulse power
FeAl, Magnetron Pressure: 2 x 10™* Pa, sputtering power: FeAl,/Al,O5 coating exhibited best [126]
sputtering 300 W, time: 2 h, Ar gas flow rate: 50 cm®/  adhesive force of 49.75 N
min, working pressure: 0.5 Pa
SiC Model Function y = Asin(2nx/4), which is used for An interface of sine possessed largest [127]
assumptions interface shape of SiC transition layer compressive stress and lowest tensile
stress
Ni25 Laser cladding Laser power: 2000 W, scanning speed: An excellent metallurgical bonding of [128]

240 mm/min, Ar: 10 L/min, optical channel
diameter: 40 mm, powder feeding speed:

9 g/min

Ni25/Fel04 composite coating was
obtained

A—Amplitude; /—wavelength; i—positive/negative current density; DMF—dimethyl formamide; MAO—micro-arc oxidation; ACP—alu-

minum-chromium phosphate

mechanical action, and then, the physical barrier formed
separates the metal surface from the corrosive medium,
thereby hindering the penetration of corrosive ions and/or
formation of corrosive galvanic cells. According to the
existing studies, the organic coatings can be divided into
conductive polymer coatings, shielding polymer coatings,
and smart coatings.

4.1 Conductive polymer coatings

Conductive polymer coatings refer to the conjugated
polymer with © bond in the main chain where the electrons
can easily migrate. Electrochemical deposition and elec-
troless plating are the most commonly used methods to
prepare conductive polymer coatings. Currently, a signifi-
cant body of conductive polymers have been developed,
among which the conducting polymers of polyheterocyclic
compounds with good stability, such as polyaniline (PANI)
[131-134], polypyrrole (PPY) [135-137], polythiophene
(PTH) [138, 139], poly-p-phenylene (PPPH) [140] and
poly-p-phenylene vinylene (PPV) [141], are the most

widely used conductive polymers. Conductive polymers,
which combine the characteristics of metals/polymers and
have excellent physical and chemical properties, have
achieved extensive interests in the field of anti-corrosion
coatings [142-144]. The comparison regarding preparation
and performance of these conducting polymers according
to the latest literature [131-154] is followed as Table 8.

According to the existing literature, the anti-corrosion
mechanism of the conductive polymer coatings can be
divided into the following aspects:

1. The conductive polymer coatings have a dense struc-
ture and remains excellent adhesion to the metal
substrate, acting as a physical barrier to effectively
inhibit the direct contact of water, oxygen, corrosive
ions, etc., with the protected metal substrate [144].

2. The oxidation of the metal substrate can be promoted

by its own oxidation-reduction reaction which can
form a dense oxide layer at the interface, and the
occurrence of subsequent corrosion is further sup-
pressed [145-149].
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Table 8 Preparation processes and performance of conductive polymer coatings according to latest literatures [131-154]

Type Process parameter Performance References
PANI/epoxy 2 g PANI into 100 mL of 2 mol/L H3POy, 44 mol/100 g 1Zlg o1 1, = 2.3 % 10° Q cm? after 100 days of [131]
epoxy resin into 6% acid-doped PANI. Process: (25 °C, ~ immersion of PANI-SSA/epoxy in 3.5% NaCl at
30% RH) for 12 h, then 40 °C for 12 h, and finally room temperature
25 °C for 168 h
PANI@MoS, MoS, into 50 mL of 1 mol L™" HCI, ultrasonically 1Zloo1 1z = 104° Q em?, Lo = 1.69 x 1077 A [132]
dispersing for 30 min, adding 2 mL of aniline, stirring cm ™2 of 8%i-PANI@MoS,-7/EP after 24 h in
for 1 h, then adding 50 mL of 1 mol L™" HCI with 3.5% NaCl at room temperature
1.254 g APS into above solution, stirred at 0-5 °C for
12 h and vacuum drying at 60 °C for 24 h
PANI@ZnP 1.8 g CTAB into 10 mL toluene under sonication for 1Zlo.o1 vz = 2.5 X 10° Q cm? of ER/PANI@ZnP [133]
30 min, adding this solution into 0.93 g Ani, 0.5 g after 168 h in 3.5 wt.% NaCl at room temperature
H3PO,4 and 50 mL deionized water under sonication for
10 min, 2.28 g APS in 10 mL deionized water, final
mixture for 5 min, freezing for 24 h and drying in a
vacuum for 12 h at 50 °C
PANI/epoxy 4 g potassium hexacyanoferrate into 28 g H3POy, stirring  1Zly oy y, = 5.27 X 10° Q cm?, Lo = 1.01 x 1078 [134]
at 25 °C for 1.5 h, mixing 25 g epoxy resin E-44, 3 g A cm ™2 of PUM15 after 24 hin 3.5 wt.% NaCl at
xylene, and 10 g absolute ethanol at 50 °C, adding room temperature
4.23 g H3PO, into solution A
Ti-PPY A: 0.05 mol/L pyrrol (Py) into 30 pL toluene, B: phytic 1Zlpg; g, =2 X 10* Q cm? in 0.05 mol/L PA with [136]
acid into 3.5 mL phosphate buffer, and mixing A, B PPY at room temperature
and ethanol. Electro-polymerization: a galvanostatic
current procedure at 0.5 mA ¢cm™2 for 180 s and
0.9 mA cm™? for 100 s
PPY- 10 g epoxy resin into ethanol suspension containing 1Zloo1 1z = 1.9 x 107 Q cm? after 40 days of [137]
functionalized BNNS, f-BNNS, and/or PPY, vigorous stirring for 2 h f-BNNS, 5s-PPy3/EP in 3.5 wt.% NaCl at room
BN sheets temperature
PT-ETMS/ PT and MnO, nanoparticles were mixed in a solvent R. = 1.32 x 10* Q cm? after 80 days. [139]
MnO, (xylene:n-butanol = 7:3, 40 wt.%), and then thermally Lo = 297.75 nA cm™2 in seawater at room
cured at 150 °C for 1 h temperature
PANI-PA 0.4 mol/L distilled aniline into 250 mL of 0.5 mol/L Re = 4.4 x 10® Q cm? after 50 days in 3.5 wt.% [148]
phytic acid solution, and then 250 mL of 0.5 mol/L NaCl at room temperature
ammonium peroxydisulfate solution into phytic acid
solution with constant stirring for 6.5 h in an ice bath,
temperature at 0-5 °C
V-TiO,/PPY Solutions contained 0.3 mol/L oxalic acid, 0.1 mol/L Low = 41.5 £ 5.8 mA cm ™2 of V-TiO»/PPY in [153]
CTs pyrrole and 1 g L™" TiO, NPs or V-TiO, NPs. Purging 0.1 mol/L HCI at room temperature
with N, gas for 15 min. Cyclic scans were carried out
with potential range from —0.5 to 0.9 V for 30 scanning
circles and scanning rate was 50 mV s~
Si0, @PANI 20 mg SiO,@PANI and 1 g silicone were dispersed in 1Zloo1 1z = 2.24 X% 107 Q cm? for 4:1 in 0.1 mol/L  [154]

1.5 mL THF under ultrasonic agitation for 2 h

H,SO,4 at room temperature

1Zlo.01 nz—Impedance modulus at a frequency of 0.01 Hz; R.—coating resistance; SSA—sulfonylsalicylic acid; CTAB—cetyl-trimethyl
ammonium bromide; Ani—Aniline; BNNS—hexagonal boron nitride nanosheet; f-BNNS—functionalized BNNS; PT-ETMS—phlythiophene
ethyltrimethoxysilane; PT—phlythiophene
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The reduction of the conductive polymer and/or the ion
exchange between the coatings and the corrosive
environment will be accompanied by the de-doping
process of the dopant anion during the service stage.
Some special doping ions, e.g., phosphomolybdate,
sulfonate, etc., can be complexed with the metal cation
on the metal surface after being de-doped, thereby
inhibiting the further corrosion of the metal [150, 151].

Unfortunately, the defects of micro-pores in single
conductive polymer coatings have weakened their protec-
tive effect on the metal substrate since the corrosive ions
can enter the coating/metal interface through these micro-
pores in the coating to some degree. In recent years, some
conductive polymer composite coatings with few defects
and excellent corrosion resistance were explored by com-
pounding conductive polymer coatings with novel materi-

als, like carbon nanotubes and graphene because of their
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of immersion in 0.1 mol/L HCI solution [153]. Z—Real parts of impedance; Z'—imaginary parts of impedance

excellent electrochemical properties and corrosion resis-
tance [152, 153], which has been one of the most attractive
topics in the field of organic coatings.

For instance, Shi et al. [154] prepared a PANI-SiO,
composite coating with hydrophobic properties by com-
bining PANI with modified silica nanoparticles, and the
results indicated that the corrosion resistance of the coating
was still as high as 99.99% after 71 days of immersion in a
0.1 mol/L H,SO,4 environment, which can be explained by
the modified SiO, effectively filling the pores of PANI
polymer to form a dense coating structure. Similarly,
Deyab [152] compounded carbon nanotube material (CNT)
with polyaniline anti-corrosion coatings and found that the
porosity/defects of the PANI coating significantly
decreased with the increase in the CNT content. The
introduction of CNT can enhance a “barrier effect” of the
coating, thereby restricting the permeability of corrosive
ion, O, and water, and improve the corrosion resistance of
the coatings. However, the efficient conductivity may be
continuously enhanced with the incorporation of CNT
owing to the possible presence of electron transfer paths. In
a recent study, Chen et al. [153] introduced transition metal
vanadium (V) into titanium dioxide (TiO,) to make
nanoparticles and then combined PPY to prepare a V-TiO,/
PPY composite coating with a microscopic size. The
combination of PPY and V-TiO, effectively prevented the
infiltration of corrosive ions in most chloride environments,
while the increase in conductivity of the coating owing to

the introduction of V-TiO, would accelerate the formation
of oxide films on the metal surface. And under the syner-
gistic effect of the two, the charge transfer in the corrosion
system was inhibited, and the passivation state of the metal
surface was thus maintained (Fig. 5).

In addition, the graphene sheet as a filler can effectively
hinder the diffusion of gas and liquid molecules because of
its high impermeability and specific surface area. The
inorganic characteristic of graphene can significantly
enhance the compatibility of the coating with the substrate
and improve the shielding performance of the conductive
polymer coatings against corrosive media. However, the
high conductivity of graphene makes it easy to induce
internal defects in the coatings during electrochemical
deposition processes, and cannot obtain the long-term
corrosion resistance. Presently, the application of graphene
in organic coatings is usually achieved by the combination
of graphene-conductive and polymer-shielding polymer,
and a series of related literature will be systematically
reviewed below.

4.2 Shielding polymer coatings

Shielding polymer coatings are widely used for corrosion
protection of steel materials due to their excellent barrier
properties, by which the contact between the substrate and
corrosive medium is effectively blocked. In the meanwhile,
the shielding polymer coating can prevent the charge
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Fig. 6 Molecular structure of CAT in various oxidation states [156]

transfer process between the corrosive medium and metal
matrix because of its non-conductivity in long-term cor-
rosive environments, thereby inhibiting the dissolution of
metal. Currently, the most common barrier polymer coat-
ings include epoxy resin, inorganic—organic hybrid and so
on. However, it is difficult for the traditional shielding
polymer coatings to meet the anti-corrosion requirements
of modern technologies with the increasingly harsh appli-
cation environment. Thus, most of literature has focused on
the modification of conductive polymers (e.g., carbon
nanotubes [155], graphene [156—158], and organic doping
[150], etc.) and then combined with the shielding polymer
coating to prepare an organic coating that can provide the
long-term corrosion resistance and stability.
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For instance, a water-soluble carboxylated aniline trimer
(CAT) was synthesized by Gu et al. [156], as shown in
Fig. 6, through which a stable dispersion of graphene in an
aqueous solution was well achieved under the m-m inter-
action between CAT and graphene, followed by combining
with epoxy materials to obtain an epoxy composite coating
with excellent corrosion resistance. A similar but more
general approach was reported by Qiu et al. [157], who
found that the high-concentration dispersed graphene in
water can be successfully obtained by using a hydrophilic
conductive polymer-PPY nano-colloid as an intercalating
agent and ultrasonic technology. The dispersed graphene
slurry was mixed with the shielding polymer E-51 epoxy
resin to prepare the graphene-PPY-epoxy resin composite
coating, in which 26 can be defined by XRD scanning
angle (Fig. 7). The results showed that the density and
corrosion resistance of the coating significantly increased
with the addition of the conductive polymer-PPY. Addi-
tionally, Ramezanzadeh et al. [158] combined graphene
and conductive polymer-PANI composite nanoparticles
with zinc-rich epoxy resin to prepare a composite coating
with cathodic protection characteristic. A galvanic couple
was formed between zinc and the steel substrate since the
zinc as the anode could inhibit the corrosion of the steel
substrate as the cathode. On the other hand, the addition of
graphene can reduce the pore defects of the coating and
enhance the shielding effect of the layer on corrosive ions.
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Fig. 7 Synergistic mechanism of polypyrrole-intercalated graphene for enhanced corrosion protection [157]
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In the meanwhile, the PANI can promote the electrical
contact between zinc and the substrate and reduce the
oxidation of zinc, thereby achieving the long-term and
stable corrosion resistance of the coating.

In comparison, Pour-Ali et al. [150] doped a macro-
molecular organic substance-camphor sulfonic acid (CSA)
into the conductive polymer coating (PANI) and then
combined it with a typical shielding polymer coating
(epoxy resin). And the technique assembled with epoxy
resin can significantly reduce the defects of PANI itself,
improve the physical barrier effect of the coating, and
effectively prevent the inward diffusion of corrosive ions.
Moreover, PANI formed a passivation layer at the coating/
steel interface and then CSA reacted with Fe*' released
from the surface of the substrate to form insoluble com-
posites to fill the passivation layer and coating defects.
Despite these advantages, some obstacles, including large-
scale production, wear resistance and high-temperature
environment, have limited the further industrial use of
these coatings.

4.3 Smart self-healing coating

Currently, most protective coatings are still largely based
on passivation; however, some damages caused by envi-
ronmental and mechanical attacks may be inevitable, and if
the film damage cannot be repaired in a timely and effec-
tive manner, corrosive ions will penetrate the coating,
followed by the failure of the coating. Thus, it is a
pioneering research topic to develop a new generation of
smart (and environmentally friendly) coatings, where
active components will be incorporated into a passive/
barrier matrix to achieve a self-healing coating system

‘

- Adding
F)evelopinga microcapsules
: microvascular together with
Pre—sto?mg transport curing agents
First concept corrosion twp .
of self-healing inhibitor networ
based on
organic polymer
microcapsules

owning instant feedback to changes in the local environ-
ment for future high-tech applications of low alloy steel. A
timeline illustrating the development of smart self-healing
coatings is provided in Fig. 8. The pioneering research
work in the field of self-healing anti-corrosion coatings is
from the group of Kumar et al. [159—162]. The main idea is
concentrated on pre-storing the corrosion inhibitor in
moderation, and the corrosion inhibitor can migrate to the
damaged position in time and actively repair the damage in
the coating, followed by the formation of a new barrier,
thereby achieving a self-healing of coatings. Ideally, such
active self-healing coating system provides low alloy steel
a super prolonged and robust protection against corrosion.
The global scholars have carried out a lot of research work
on the development and repair mechanism of smart coating
systems, which has become a frontier and hot topic in the
field of metal material corrosion and protection.

There are generally two methods of designing the self-
healing coatings, e.g., an addition of direct dispersion and
nano-containers for loading active agents. The direct dis-
persion refers to the addition of active agents like corrosion
inhibitors into the coating. When the coating is damaged,
the corrosion inhibitor can quickly penetrate into the
coating defect and inhibit the electrochemical reaction of
the exposed metal substrate [163]. However, the self-
healing process is restricted by the number of repairs, and
once the active agent is completely released, it will leave a
diffusion channel for the corrosive media owing to the
damage of the integrity of the coating, followed by the
occurrence of metal corrosion. In addition, the reagents
directly dispersed in the coating may interact with the
coating substrate and affect its adhesion and sealing per-
formance. In comparison, the encapsulation addition of

2015) A

2014 " 4 Designing
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i coatin
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polylactic membrane contaun‘ng
acid imlvmer microcapsules tung oil
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as templates

Fig. 8 A timeline illustrating development of smart self-healing coatings
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active agents into nano-containers can effectively weaken
the adverse effects of direct dispersion on the coating,
while it also achieves the self-healing function of the
coating.

White et al. [164] first proposed the concept of self-
healing based on organic polymer microcapsules in 2001,
in which the polyurea-formaldehyde microcapsules
encapsulated with self-healing components were prepared
through traditional in situ emulsion polymerization to
achieve the self-healing of the damaged area and maintain
the integrity of the original coating structure (Fig. 9). The
emergence of the microcapsule-based self-healing system
has promoted the development of the self-healing field and
received extensive attention, and the principle is shown in
Fig. 9.

In addition, other types of microcapsule-based self-
healing materials have been developed and applied in the
past 20 years [165-168]. For instance, the polyurea-
formaldehyde resin microcapsules filled with a large
amount of epoxy resin have been successfully prepared by
in situ polymerization, in which the microcapsules con-
taining self-healing components together with corre-
sponding curing agents have been added into the traditional
epoxy matrix [169]. The mechanism lies in the contact of
active components with curing agents under the effect of
external force to fill the cracks and restore the original anti-
corrosion function. Li et al. [170] prepared polysulfone
microcapsules containing tung oil by solvent evaporation,
with an average particle size of about 130 pum and a wall
thickness of about 9 um, and then added them into epoxy
matrix. The corrosion results showed that the scratched
coating still exhibited excellent corrosion resistance after
being immersed in chloride solutions for 7 days.

Although the microcapsule-based polymer self-healing
coating has some advantages, it is still faced with some
shortcomings, e.g., the one-time characteristic, and the
failure of microcapsules will be inevitable when the
microcapsules release the healing agent and realize the
self-repair of the coating. In order to overcome this prob-
lem, the semi-permeable membrane microcapsules can be
used to regulate and control the release of encapsulated
self-healing agents [171]. Unfortunately, the self-healing
process may be affected by the crack direction since the
occurrence of cracks is common issue after the coating
being destroyed. Thus, the self-healing efficiency based on
microcapsule-type coatings will inevitably be lower than
the theoretical value. The key ideas behind this issue
should be touched. Firstly, a large amount of self-healing
agents are necessary to achieve the multiple self-repair
functions of the coating at the same damage site. On the
other hand, the self-healing agents should continuously
flow into the damaged location. In this regard, researchers
developed a microvascular transport network and
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releasing healing agent into crack plane through capillary action;
¢ healing agent contacting catalyst and triggering polymerization that
bonds crack faces closed [164]

embedded the device in a self-healing polymer coating
[172—-174]. However, these technologies can only be
applied for preparation of smaller-size coatings, and it is
difficult to prepare microvascular network self-healing
materials on a large scale. In recent years, researchers
created a new microvascular network by using polylactic
acid polymer microspheres or fibers as templates, ensuring
the coatings with multiple and efficient self-healing capa-
bilities, as shown in Fig. 10 [175-177].

Krull et al. [177-179] developed a method to realize the
self-healing function of large-scale coating damage, in
which the coating was composed of epoxy polymer and
micro-channels. In the case of millimeter-level damage, the
self-healing agents in the micro-vessel can be transported
to the damage site under the control of external pressure
and achieve the self-healing of coatings; the central
puncture and lost volume are restored with two-stage
healing agents via a dual microvascular network. The
radiating microcracks are healed by reactive solutions
released from ruptured microcapsules (Figs. 11 and 12).
Moreover, in recent research by Gergely et al. [177], the
self-healing of damage in the millimeter scale can be well
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achieved after using microcapsules and microvascular
strategies to modify polymer coatings, which will provide
the possibility for the large-scale preparation of self-heal-
ing coatings with microvascular networks. In recent years,
a broad spectrum of works regarding smart self-healing

Fig. 10 Vascular morphologies. a 0.25B_C; b 0.5B_C; ¢ 0.25B_A;
d 0.25A_A [176]
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coatings are available, which further provides a critical
overview on the fundamental understanding, novel prepa-
ration techniques and mechanism in the latest three years
[180-191]. Although the self-healing coating of the
microvascular network system has many advantages, it is
still necessary to consider the cost of the microvascular
network self-healing material in the production process and
controllable issues in the transportation of self-healing
agents in the microvasculature, and it can ensure the cir-
culation of the self-healing agents in the micro-vessels of
coatings and the feasibility of multiple self-healing pro-
cesses. In general, the organic coating is more environ-
mental technique compared to many conventional coatings,
and in the future, more pressure will be put on this sector
too.

5 Conclusions

As mentioned earlier, it is inevitable for low alloy steel to
contact with the corrosive media from atmosphere, water,
soil as well as other external environments during the long-
term service condition. Based on the requirement of cor-
rosion resistance, selecting the corresponding coating is of
central importance to extend the service life of low alloy
steel and maintain production and life safety. This article
exclusively consolidates the information related to the
preparation, advantages and disadvantages, applications
and research progress of various types of protective coat-
ings suitable for low alloy steel surfaces based on the latest
published literature. Based on this, the prospects for the

(b)

Fig. 11 Hybrid microcapsule-microvascular self-healing system. a Schematic of hybrid self-healing system; b optical image of hybrid specimen

during filling of damage with two-stage healing agents [177]
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Fig. 12 Schematic showing regenerative process for a two-stage healing agent system [178]

development of anti-corrosion coatings on the surface of
low alloy steel are summarized as follows.

With a gradual increase in global environmental pro-
tection awareness, the environmentally unfriendly tradi-
tional coatings and corresponding coating technologies are
subjected to restrictions in the application range, whereas
the environmentally friendly multifunctional organic
coatings have received extensive attention owing to their
excellent corrosion resistance and self-healing character-
istics. In addition, the coating techniques are becoming
more and more simplified and green; however, their
applications are often restricted by increased production
cost and industrialization difficulty. On the whole, the
modification of traditional metal coatings and the devel-
opment of new organic smart coatings under the consid-
eration of environmental protection, low cost, simplicity
and large-scale industrial application are simultaneously
proceeding. Thus, no matter from the perspective of sci-
entific research or industrialization, the protective coatings
on low alloy steel are still of great potential and one of the
most active areas of material science.
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