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Abstract
The addition of Ni element into steel to prolong the service life of coated steel was investigated in marine atmospheric

environment by laboratory simulated accelerated experiment. The scanning electron microscope and electron probe micro-

analysis combined with electrochemical impedance spectroscopy were used to characterize coated steel properties and

examined the anti-corrosion performance. The results showed that 3 wt.% Ni-advanced steel (3Ni steel) substrate obviously

delayed the failure time of coating compared to carbon steel, therefore prolonging the service life of coating on the steel.

X-ray diffraction patterns for the corrosion products under the scratched coating on 3Ni steel exhibited that FeNi2O4 and

Fe2O3 occurred in the corrosion product of 3Ni steel. It was also found that Ni element enriched in the product layer

through analyzing the appearance and composition of corrosion products by electron probe micro-analysis. Chloride ions

were blocked out of product by the enrichment of Ni element in rust layer.
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1 Introduction

Weathering steels (WS) are usually referred to low-alloy

steel and the steels with low content of carbon, and addi-

tion of one or several low/medium other alloying elements

including Cu, Cr, Ni, P, etc. The total alloying content

should be at least 1.00 wt.% and no more than 5.00 wt.%.

WS are mainly used for applications including bridges,

load-bearing structures, transmission towers, building

constructions, artistic and decorative features, etc. [1, 2].

Researchers have found that the addition of alloying ele-

ments can greatly change the protection of corrosion pro-

duct layer of WS, and thus it has higher corrosion

resistance in urban, rural, and industrial atmosphere than

carbon steel (CS) [3–6]. Moreover, in recent years, an

increasing number of WS are used in coastal structures,

including railway vehicles, bridges, and containers, and

others [7–9]. According to the research, Ni is specifically

introduced into WS to develop a new type of steel in order

to prolong the service life of steel structures in marine

atmospheres, i.e., Ni-advanced WS (NAWS), which has

better corrosion resistance in marine atmospheres [10–13].

In recent years, Ni has been researched as alloying

element to improve corrosion resistance of WS in marine

environment and the results have shown the obvious benefit

effect on its performance [14–17]. However, two primary

problems remained: the optimum content of Ni in WS and

the mechanism of increasing corrosion resistance of WS by

adding Ni. Cheng et al. [18] found that WS with 1.2 wt.%

Ni has a lower corrosion rate in a simulated marine

atmosphere due to the improved composition in corrosion

product film. Diaz et al. [19] studied the corrosion product

films of WS containing 0.92, 1.69 and 2.83 wt.% Ni formed

in marine atmospheres, and it was found that the corrosion

rate decreased with the increase in Ni content. Other

researchers [20–22] further confirmed this conclusion and

showed that the ratio of a-FeOOH was improved by the

addition of Ni in corrosion product film and effectively

enhanced the compactness of corrosion product. Cheng

et al. [23] concluded that the optimal content of Ni in WS

was approximately 3.0%–3.5%, which can provide the best
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balance between the cost and corrosion protection in harsh

atmosphere conditions.

WS can be used without painting due to protective rusts

formed on the surface. Protective rusts are formed in nat-

ural atmospheric environments which provide excellent

corrosion resistance of WS. However, conventional WS

cannot be used without painting in the aggressive marine

atmospheres because of porous and non-adhesive rusts

formed on the steel surface. Thus, WS need be painted in

the aggressive coastal marine atmosphere. Travassos et al.

[24] suggested that applying unpainted WS in highly cor-

rosive environments is impractical. WS without painting

can only be used when exposed to low-corrosivity envi-

ronments. The adhesion between the coating and the sub-

strate was reduced for the increase in corrosion products of

the base metal whose coating was destroyed. Therefore, it

is obviously effective to use incorruptible substrate of WS

for prolonging the life of coating. According to Sun et al.

[25], it has been pointed that painted WS structures owned

longer service life than painted carbon steel structures.

Coatings are one of the most economic performance to

protect steel surface against attacking from aggressive

species [26–31]. The protection behavior of the coating is

mainly dependent on the atmospheric exposure conditions

and the specific paint/metal system in use. In various types

of coatings, the epoxy zinc-rich coating attracts significant

attention for its barrier property, mechanical property,

excellent binding force with substrate, prominent resistance

to water and chemical materials, etc. Hence, epoxy zinc-

rich coating provides long-term protection for a metal

substrate in a harsh environment and is used as anticorro-

sive primer in the marine environment.

Based on the above factors, this work aims to investigate

the service life of epoxy zinc-rich coating which would be

prolonged by the addition of Ni element in the steel. The

mechanism of prolonging the coating service life of Ni

element addition into steel was studied at the interface

between steel and coating. 3 wt.% Ni-advanced (3Ni) low-

alloy steel was independently explored by Shougang group

to observe the interaction effect between the substrate and

the coating. The role of the alloying elements and their

distribution in the corrosion layers were observed by

electron probe micro-analyzer technique (EPMA). The

positive effect of protection for substrate was also tested in

salt spray test for different time by electrochemical impe-

dance spectroscopy (EIS).

2 Experimental

2.1 Materials and preparation

The chemical compositions of CS plate and 3Ni-advanced

steel are shown in Table 1 which are supplied by Shougang

group. The samples with a dimension of 150 mm 9 75

mm 9 3 mm were sandblasted followed by degreasing

with acetone, and then epoxy zinc-rich primers were coated

on CS and 3Ni-advanced steel substrates by brushes. The

coated panels were cured at room temperature for one week

prior to experiment. Coated samples were exposed using a

glass tube fixed on the coating surface using an O-ring with

an exposed surface area of 3.14 cm2. The dry film thickness

of paints was measured using an Elcometer 456 coating

thickness gauge of 100 ± 20 lm.

2.2 Corrosion protection evaluation

The salt spray test (SST) was carried out to simulate the

marine atmosphere environment according to ASTM B117.

The solution of 5.0 wt.% NaCl (pH of 7.0) was added and

vaporized into a salt spray at 40 �C in a salt spray chamber.

The scratched line of coated panels (50 mm 9 2 mm) was

prepared by a surgical knife according to ISO 12944-6 and

exposed to salt fog for certain time. Adhesive strength of

coatings on the substrate was measured using an automatic

adhesion tester (PosiTest AT-A, DeFelsko, USA).

EIS was tested on the surface of coating system after salt

spray test for different time. A conventional three-electrode

system was used which consisted of a Pt counter electrode,

an Ag/AgCl reference electrode and the coated steel plate

as working electrode (with an exposed area of 3.14 cm2).

All tests were carried out on a Parstat 4000 electrochemical

workstation (Princeton Applied Research, USA) by varying

the measured frequency from 100 kHz to 0.01 Hz at open-

circuit potential with an alternating current perturbation of

20 mV sinusoidal voltage (peak-to-zero) in 3.5 wt.% NaCl

solution at room temperature.

Table 1 Chemical compositions of Q345 steel and 3Ni-advanced steel (wt.%)

Material C Si Mn P S Ni Cu Fe

Q345 0.01–0.05 0.1–0.3 0.5–1.0 0.001–0.004 0.001–0.003 – – Balance

3Ni 0.01–0.05 0.1–0.3 0.5–1.0 0.001–0.004 0.001–0.003 3 0.1–0.5 Balance
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2.3 Characterization

The morphologies of metallographic structure of CS and

3Ni steel were characterized by inverted metallurgic

microscopy (Leica DMI500M, Germany). The scanning

electron microscope (SEM, S-3400 N) was used to observe

the cross-section morphology of coated steel after aging

experiment of salt fog. Element distribution of corrosion

products at the interface between coating and metal matrix

was obtained by EPMA (EPMA-1720, SHIMADZU,

Japan). Power X-ray diffraction (XRD) was taken on a

Bruker D8 Advance analyzer at a range of 20�–105� with a

scanning rate of 2 (�)/min and scanning step of 0.03� to

characterize the crystalline phases of the corrosion prod-

ucts. The parameters of the generator were set as 40 kV

and 150 mA.

3 Results and discussion

3.1 Microstructural characterizations of CS
and 3Ni steel

Figure 1 shows representative micrographs of CS and 3Ni-

advanced steel. Equiaxial grain ferrite and granular bainite

microstructures of CS steel are presented in Fig. 1a.

Meanwhile, the blank of fragmented cementite is present

along the grain boundary. The advanced WS with the

nickel content of 3 wt.% also shows the presence of ferrite

microstructures in Fig. 1b, and the grain size is larger than

that of CS. It is found that the order of corrosion resistance

for different phase organizations is as follow: Rct (fer-

rite)[Rct (bainite)[Rct (pearlite) (Rct is charge transfer

resistance) [32]. In Fig. 1b, it has been proven that the

corrosion resistance of 3Ni steel is better than that of car-

bon steel for the presence of ferrite microstructures in 3Ni

steel.

3.2 Anticorrosive performance of coating

Defects in organic coatings may originate from the pro-

duction process (e.g., cutting edges and forming induced

defects) or from mechanical scratch. Moreover, coatings

may possess ionic conductive pathways which located at

the interface, so that the corrosion starts at sites of the

coating inducing invisible damage. Meanwhile, the scrat-

ched coating can be used to evaluate the corrosion pro-

tection of coating rapidly. Figure 2 shows surface

morphology of scratched coating after different salt spray

time. Figure 2a, b shows the morphology for the substrate

of CS, and Fig. 2c, d shows the morphology for 3Ni steel

substrate in the experiment time of 84 and 120 days. It is

obviously that the width of corrosion extends with time

along the scratched line. Moreover, the width of coated 3Ni

steel is lower than that of the coated CS. Thus, the coated

CS endured aggressive corrosion in the scratched zone,

while the coated 3Ni steel endured lower corrosion attack

and had most intact surface in the scratched zone. It is due

to the fact that 3Ni steel substrate was better anticorrosive

than CS [23, 33].

3.3 Rust layer characteristic and elemental
distribution

The cross-section images of scratched coating with corro-

sion product on CS and 3Ni steel are shown in Fig. 3. In

general, the rust layer is thick for CS and the thickness

grew gradually with the corrosion proceeding as shown in

Fig. 3a and b. It can be found that the rust layer is not

dense, and there are some cracks and porous structure.

However, in Fig. 3c and d, the rust layer is dense and there

are little cracks for 3Ni steel; the thickness of the rust layer

does not increase significantly with experiment time. As a

consequence, it can be concluded that the surface products

on 3Ni steel are more compact than those on CS, which

(b)(a)

Fig. 1 Metallographic microstructures of CS (a) and 3Ni steel (b)
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could be better resistant to the invasion of electrolyte in

marine atmosphere.

Element mappings of the corrosion product are shown in

Fig. 4. The chloride and nickel concentration is shown in

the rust layer. In Fig. 4a, Cl element distributes as the band

pattern in the inner rust layer of CS for the time of 42 days,

and the content of Cl element is between 1.72% and 6.34%.

However, the content of Cl is about 1.72% or lower to

1.72% to 3Ni steel in Fig. 4c. Cl element mainly locates in

the outer rust layer, and the concentration of Cl element in

3Ni steel is obviously lower than that of CS. Following the

aging time of 84 days in Fig. 4b, the rust layer of CS

generally shows a uniform chloride ingress from the top

surface to inside of product film, and the proportion of Cl is

between 1.53% and 3% (Fig. 4b). Similarly, Cl element

ingresses into the inner layer of rust with aging time of 3Ni

steel (Fig. 4d) and content is about 1.53%. As stated, the

concentration of Cl element for 3Ni steel is obviously

lower than that of CS. It is ascribe to forming the dense and

compact corrosion product layers in 3Ni steel, preventing

the enrichment of chloride ions. Simultaneously, Ni ele-

ment is also detected in the rust layer of coated 3Ni steel

(Fig. 4e, f). As shown in Fig. 4e, Ni element uniformly

distributes in the rust layer from the top surface to inside of

product film and the proportion is about 6.49% in the aging

time 42 days. However, in the long aging time, Ni element

is enriched in the outer layer of rust as a line of banding

and the content increases to be about 15% (Fig. 4f), which

is approximate two and a half times that of CS.

3.4 Compositions of corrosion product

XRD patterns for the corrosion products under the scrat-

ched coat on CS and 3Ni steel after salt spray tests for

84 days are shown in Fig. 5. The results display the same

compositions of ferric oxyhydroxides on the coated carbon

steel and 3Ni steel, including lepidocrocite (c-FeOOH) and

Fe(OH)3. However, it is also found that NiFe2O4 and Fe2O3

appeared in the corrosion product of 3Ni steel. Wu et al.

[33] reported that NiFe2O4 in the product film can refine

the grains of ferric oxides and ferric oxyhydroxides, and

improve the structure of the products, resulting in a dense

and crack-free film tightly adhered to the metal substrate.

3.5 EIS measurement

EIS measurement can be used to study the corrosion pro-

tective properties of organic coatings on the metal surface.

The primary consideration is the corrosion occurrence on

the metal/coating interface happened [31, 34]. Figure 6

shows Nyquist and Bode diagrams of EIS results for CS

and 3Ni steel in salt spray test for different time. Zre is the

real part of impedance, Zim is the imaginary part of

impedance, and |Z| is the impedance modulus of value. In

Fig. 6a and c, it is obviously that the radius of capacitive

arc for 3Ni steel are larger than that of CS, which means

that the substrate of nickel steel can improve the protection

ability and prolong the failure time of coating.

The impedance modulus of |Z| at the low frequency of

0.01 Hz (|Z|0.01) can be used to evaluate the protective

effect of coating [35, 36]. The change of impedance

modulus at the low frequency (f = 0.01 Hz) of the zinc-rich

coating on steel surface for different salt spray time is

given in Fig. 7. As show in Fig. 7, the protection of coating

for CS matrix is divided into three stages with delayed

time. In stage I, the zinc powders of coating were corroded

Fig. 2 Surface morphology of scratched coating after salt spray for different time of CS (a, b) and 3Ni steel (c, d). a, c 84 days; b, d 120 days
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Fig. 3 Cross-section images of scratched coating with corrosion

product after different time of salt spray test in CS (a, b) and 3Ni steel

(c, d). a, c 42 days; b, d 84 days
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in the initial time of salt spray test and the modulus |Z|0.01

declined. In stage II, barrier protection provided by the

epoxy primer and corrosion product with self-dissolution of

zinc provided by the zinc particles led to the increase in

modulus |Z|0.01. At the final stage III, the protection of

coating was destroyed by corrosive medium of Cl- and

modulus |Z|0.01 declined below the value of 105 X cm2, it is

suggested that the protection effect of coatings decreases

and the coating gradually fails [37, 38]. Similarly, the

modulus |Z|0.01 of 3Ni steel decreased from 0 to 400 h for

the corrosion of zinc. However, the value of |Z|0.01

increased above the value of 105 X cm2 for the barrier

protection in following time resulted in better binding force

between 3Ni steel substrate and coating. It is suggested that

the positive effect of 3Ni steel imposed on the coating
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Fig. 4 Images distribution of elements Cl (a–d) and Ni (e, f) in corrosion product for CS (a, b) and 3Ni steel (c–f) after different test time

observed by EPMA. a, c, e 42 days; b, d, f 84 days

Fig. 5 Phase compositions of corrosion products under scratched

coating after salt spray tests for 84 days
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protection. Therefore, the substrate of 3Ni steel had bene-

ficial effect for prolonging the service life of coating.

The equivalent circuit model is shown in Fig. 8 and is

employed to fit the results of EIS spectra. In Fig. 8, Rs is

the solution resistance, CPE1 is the capacitance of coating,

and Rc is the pore resistance of coating. CPE2 and Rt rep-

resent the double layer capacitance and charge transfer

resistance of production for zinc corrosion, respectively.

Considering the depression effect, a constant phase element

CPE was used to replace the capacitance to achieve a better

fitting result. n (0\ n\ 1) is the coefficient of dispersion

which denotes the deviation between the double-layer

capacitance of solid electrode and the pure capacitance.

The fitting results of CS and 3Ni steel in different time are

shown in Tables 2 and 3.

The variation of CPE2 of zinc corrosion with salt spray

experiment for CS and 3Ni steel are shown in Fig. 9a. As

shown, CPE2 of CS increases from 1.39 9 10–9 to

3.63 9 10–6 F cm-2 s–n, and then decreases rapidly in the

following time. However, the trend of 3Ni steel is flatted

during the experiment time and lower than that of CS. It is

suggested that more dielectric medium is contained in the

corrosion product of coated CS with zinc particles. Fur-

thermore, the similar trend of Rt for CS and 3Ni steel are

shown in Fig. 9b. As shown in Fig. 9b, the value of Rt of

3Ni steel is higher than that of CS in the initial and final

(a)

(c) (d)

(b)

Fig. 6 Nyquist (a, c) and Bode plots (b, d) of EIS results for CS (a, b) and 3Ni steel (c, d) in different salt spray time

Fig. 7 Change of impedance modulus at low frequency (f = 0.01 Hz)

of zinc rich coating on steel surface after salt spray test for different

time

Rs

Rc Rt

CPE1 CPE2

Fig. 8 Equivalent circuit model used to fit experiment impedance data

of CS and 3Ni steel
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Table 2 R, CPE and n values obtained from fitting of EIS for zinc rich epoxy coating on Q345 steel in different time

Time/day CPE1/(S cm-2 s–n) n1 Rc/(X cm2) CPE2/(S cm-2 s–n) n2 Rt/(X cm2)

7 5.28 9 10–8 0.61 2.74 9 106 – – –

21 3.51 9 10–8 0.68 1.21 9 106 1.39 9 10–9 1.00 1.63 9 104

28 4.11 9 10–8 0.74 8.07 9 104 3.83 9 10–8 0.7 1.09 9 106

35 7.72 9 10–10 0.98 9.04 9 103 2.41 9 10–8 0.77 1.27 9 104

42 5.93 9 10–10 1.00 7.24 9 103 3.5 9 10–8 0.80 1.30 9 104

57 1.56 9 10–5 0.51 1.74 9 104 7.42 9 10–8 0.68 4.06 9 104

64 1.71 9 10–8 0.95 2.52 9 104 1.27 9 10–7 0.62 5.91 9 104

72 2.84 9 10–8 0.76 1.66 9 106 6.59 9 10–8 0.82 8.65 9 105

84 2.98 9 10–8 0.72 3.38 9 106 1.37 9 10–8 0.77 4.67 9 105

90 1.18 9 10–8 0.81 4.48 9 105 3.63 9 10–6 0.63 8.67 9 104

120 2.63 9 10–6 0.58 6.73 9 103 1.91 9 10–8 0.78 1.65 9 104

n1, n2 Dispersion coefficient of double-layer capacitance for coating and zinc corrosion products, respectively

Table 3 R, CPE and n values obtained from fitting of EIS for zinc rich epoxy coating on 3Ni steel in different time

Time/day CPE1/(S cm-2 s–n) n1 Rc/(X cm2) CPE2/(S cm-2 s–n) n2 Rt/(X cm2)

7 1.18 9 10–9 1.00 3.73 9 103 2.93 9 10–8 0.70 3.55 9 106

21 5.81 9 10–8 0.66 5.59 9 105 2.68 9 10–8 0.77 5.37 9 106

28 2.27 9 10–9 1.00 1.41 9 103 2.04 9 10–8 0.73 4.16 9 106

35 1.44 9 10–9 0.89 5.56 9 106 2.11 9 10–8 0.71 8.19 9 104

42 2.72 9 10–8 0.71 8.11 9 106 1.35 9 10–9 1.00 3.38 9 104

57 6.49 9 10–9 0.84 1.17 9 107 4.52 9 10–8 0.76 8.41 9 106

64 9.52 9 10–10 0.99 2.95 9 103 3.13 9 10–8 0.72 1.00 9 105

72 4.17 9 10–8 0.68 3.22 9 106 6.38 9 10–5 0.99 1.87 9 105

84 2.47 9 10–8 0.97 1.33 9 105 4.64 9 10–8 0.64 2.98 9 106

90 4.51 9 10–9 0.87 2.22 9 107 2.42 9 10–8 0.85 4.38 9 107

120 1.02 9 10–8 0.86 7.76 9 103 6.28 9 10–8 0.76 1.32 9 105
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Fig. 9 Change of CPE2 (a) and Rt (b) of zinc corrosion after different time of salt spray test
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periods of the experiment. In conclusion, the substrate of

3Ni steel is helpful to form the better protection of zinc

corrosion in the coating and prolong the service life of

coating.

3.6 Discussion

SEM images (Fig. 3a–d) indicated that the uniform rust

layer on 3Ni steel was much thinner than that on CS.

Moreover, the rust layer was very compact, and tightly

adhered to the substrate of 3Ni steel. However, the product

layer on CS presented many cracks and pores which were

even located close to the substrate. Accordingly, the out-

side of corrosive medium may easily get through the pro-

duct film and further damage the metal substrate by means

of these cracks and pores. As shown in Fig. 4a–d, this

evidence was confirmed by the distribution of Cl, which

was significantly concentrated in the loose and cracked

areas. Furthermore, as indicated in Fig. 4c–f, Cl-rich

region precisely corresponds to Ni poor region, and it was

suggested that a repulsive interaction existed between Ni

and Cl in the product film.

According to the published papers [19, 39], Ni was

present in the corrosion product worked as a bivalent state.

Ni atoms can participate in the corrosion process at the

early stage and a small amounts of Ni(OH)2 and NiO were

formed in the product film. Kimura et al. [40] referred that

Ni2? could substitute Fe2? at octahedral sites of Fe3O4 to

form a NiFe2O4 phase in the products. Hou et al. [41]

reported that NiFe2O4 was more thermodynamically

stable than Fe3O4, and could be generated by the reaction

of precipitation between Fe(OH)2 and Ni(OH)2 [42, 43].

Thus, it can be concluded that the scattered Ni(OH)2 and

NiO in the original product film can react with Fe(OH)2,

leading to the formation of the spinel phase NiFe2O4 in the

corrosion product layer. The relevant chemical reactions

are as follows [33]:

2Ni þ 2H2O þ O2 ! 2NiðOHÞ2 ð1Þ

NiðOHÞ2 ! NiO þ H2O ð2Þ

2NiðOHÞ2 þ 4FeðOHÞ2 þ O2 ! 2NiFe2O3 þ 6H2O

ð3Þ
2NiO þ 4FeðOHÞ2 þ O2 ! 2NiFe2O4 þ 4H2O ð4Þ

Generally, the corrosion resistance of substrate and the

coating determined the service life of a coated steel in a

marine atmosphere. In our investigation, the coated 3Ni

steel displayed a better resistance to atmospheric corrosion

than coated CS in tropical marine environment (Figs. 6 and

7). There is no doubt that this improvement of resistance

was attributed to the addition of Ni to the steel. The

granular Ni(OH)2, NiO, and NiFe2O4 can refine the grains

of ferric oxides and ferric oxyhydroxides in the product,

improve the structure of the products, meanwhile evolve a

dense and crack-free film and be tightly adhered to the

metal substrate as shown in Fig. 3. As a result, the corro-

sive medium including chloride ion was effectively

blocked to reach the substrate. Some research reported that

corrosion product film of Ni steel possessed cation selec-

tivity owing to the spinel phase of NiFe2O4 [23, 44].

Consequently, the chloride ions can be obstructed into the

inside products and weaken the localized acidification

effect from autocatalysis of chloride ion in the products.

For the presence of oxygen and oxygen reduction occurred

below the defect of organic coating, an alkaline pH was

formed during the oxygen reduction and a passive iron

surface in an alkaline area would generate [39]. Therefore,

the addition of nickel can also reduce the local acidification

caused by chloride ions and protect the passive layer of

corrosion product.

4 Conclusion

The corrosion behavior of intact and defective coatings for

coated CS and 3Ni steel exposed to a marine atmosphere

was systematically analyzed by various techniques. The

coated 3Ni steel displayed a better resistance to atmo-

spheric corrosion than coated CS in tropical marine envi-

ronment. When the coating was broken, the expansion rate

of corrosion for 3Ni steel under the coating was slower

than that for CS, leading to prolonging the service life of

the coated 3Ni steel. It was also found that NiFe2O4 and

Fe2O3 appeared in the corrosion product of 3Ni steel, and

NiFe2O4 can refine the grains of corrosion products. The

addition of Ni element in the substrate steel can improve

the protection of coating and a dense with little cracks film

of product generated and was tightly adhered to the metal

substrate. Chloridion can be obstructed into the inside

products by the enrichment of Ni element in rust layer.
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