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The marine atmosphere corrosion behavior of a low alloy steel with different nickel contents (0, 0.8, 2,
5 wt%) was studied in the alternate wet-dry conditions(dry/wet conditions). The technique of
polarization curves, EIS and SEM were used to study the effect of Ni on the corrosion resistance of
four steels, which indicated that the addition of Ni shifted the corrosion potential of the steel in the
positive direction and made the corrosion current density lower. The enhancement of the corrosion
resistance of steel favored the formation of a homogeneous and compact inner rust layer, and the
higher the content of nickel was in the steel, the faster the protective rust layer was generated.
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1. INTRODUCTION

Weathering steels always have good corrosion resistance due to the addition of a small amount
of alloying elements, such as Cu, P, Cr and so on, and they are widely used in construction industry
and auto industry. However, when the atmospheric environment contains excessive chloride ions, the
corrosion resistance of conventional weathering steel is not significantly improved [1]. Thus, advanced
weathering steels with better corrosion resistance are being developed for use in harsh marine-
atmosphere environments.

To obtain steel with better corrosion resistance, Ni has received increasing attention for low
alloy steel when used in high atmospheric salinity. There are many studies on the effect of nickel, most
of which are mainly confined to fixed nickel contents or the synergistic effects of nickel and other
alloying elements, which indicated that the excellent corrosion resistance of weathering steel was
mainly attributed to the protective rust layer formed on its surface [2-5]. Many studies have shown that
the compact rust layer and good corrosion resistance of nickel-containing steel could be obtained
owing to the generation of Fe;NiO, spinel double oxide [6-9]. In a series of reports about advanced
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weathering steel containing 3 wt.% nickel, Kimura et al. observed that the formation of Fe;NiO, in the
early stage of corrosion provided nucleation sites for nano Fe(O,0OH)s so that a fine and dense rust
would form [10-11]. M. Morcillo [12] noted that it was not as justified to use weathering steel in an
indoor environment because the corrosion resistance was almost the same as that of carbon steel.
However, weathering steel had an obvious advantage when used in a marine atmosphere due to the
formation of protective rust layers, but it was limited to non-marine atmospheres with relatively low
corrosivity.

To make better use of steels in a marine atmospheric environment, in this study, we took a low
alloy steel as the research object by adding different contents of nickel element to investigate its
influence on corrosion performance of steel, which was exposed to the simulated marine atmospheric
environment. On the one hand, it is imperative to better understand the corrosion behavior of steel and
the role of Ni in more corrosive environment. On the other hand, the paper aims at guiding the
composition design of coastal coating-free weathering steel.

2. EXPERIMENTAL PROCEDURES

Carbon steel (Q235) and low alloy steel (0.8Ni, 2Ni and 5Ni with 0.8 wt.%, 2 wt.% and 5 wt.%
Ni, respectively) were prepared in this study to investigate the effect of nickel content on the
atmospheric corrosion behavior. The content of other alloy elements, such as Cu and Mn, was almost
similar in all the steels.

The immersion corrosion test was conducted on the basis of criterion TB/T2375-93 of the
Ministry of Railways. In consideration of the deposition of chloride ions and to better simulating the
real marine atmospheric environment, a 1.0 wt% NaCl and 0.01 mol/L NaHSOj3 solution was selected
as the corrosive electrolyte. The testing samples were cut into 3 mm % 25 mm *x30 mm. Subsequently,
four sets of steel samples were exposed to alternate conditions of 12 min immersion in the electrolyte
and 48 min drying at 4542 C, 60-80% RH. Each cycle was an hour. Samples were taken out after 72,
144, 240 and 360 cycles(hours), respectively. They were then derusted by immersion in a descaling
liquid, which consisted of 50 ml hydrochloric acid, 50 ml distilled water and 0.35 ¢
hexamethylenetetramine, for approximately 5-10 min. Subsequently, the sample surfaces were rinsed
with deionized water, dried by an air blower, and then weighed to calculate the corrosion mass loss.

Steel samples were ground with SiC sandpapers of 240, 400, 800, 1500 grit in turn and then
polished with a polishing paste of 1.5 grain size. Subsequently, they were eroded in 4% nitric acid
alcohol solution for the microstructure observation with a QUANTA 250 scanning electron
microscope. Electrochemical experiments, performed on a 2273 advanced electrochemical system
from Princeton Applied Research were carried out in a 1.0 wt% NaCl and 0.01 mol/L NaHSO3
solution at 25+1 °C. The electrochemical cell consisted of a saturated calomel reference electrode
(SCE), a large Pt mesh that served as the counter electrode and a work electrode with a 10 mm x 10
mm surface area that was ground with 2000 grit SiC sandpaper. The characteristics of the cross section
and surface morphology of the steel samples were observed by a digital camera and QUANTA 250
scanning electron microscope after being polished. The EIS experiments were conducted over a
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frequency range from 10* Hz to 10 Hz using a 10 V sinusoidal potential modulation close to the
open circuit potential, and the scanning speed was 0.5 mv/s.

3. RESULTS AND DISCUSSION

3.1. Microstructural characterization

No significant microstructural differences were observed between the crosswise and lengthwise
sections of the different steels. Fig. 1 shows the representative micrographs of carbon steel and low
alloy steel. Compared with Q235, which consisted of ferrite and pearlite with a volume ratio 65 to 35,
the microstructure of 0.8Ni and 2Ni had ferrite-granular bainite-lath bainite due to the addition of
nickel.

50 pm

Figure 1. Microstructure of the experimental steels
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The microstructure of 5Ni mainly consisted of massive granular bainite, and it also showed the
presence of martensite. This is because the alloying element Ni modifies the steel phase transformation
diagrams, transformations that have occurred, increasing the hardenability by lowering the critical
cooling rate. Moreover, the microstructure was refined with the increase of nickel element, leading to
an increase of the grain boundary area and a redistribution of elements, which could influence the
corrosion process and the microstructure of steel indirectly [13]. According to the research of Wang et
al [14], the effect of the grain size on the atmospheric corrosion resistance of steel can
be both a help and a hindrance, which would reflect the indirect effect of nickel contents on the
corrosion resistance in this study.

3.2. Electrochemical experiments

The polarization curves and EIS results of carbon steel and low alloy steel measured in the
mixed NaHSO3 and NaCl solution at 25 °C are shown in Fig. 2 and Fig. 3, respectively. The data of
the polarization curves and the AC impedance were fitted by ZsimpWin software. The equivalent
electric circuit was R(C(R(CR))), where Rs represents the electrolyte resistance, R. the charge transfer
resistance, R; the rust resistance, C; the capacitance of the rust layer, and C, the capacitance of the
double electric layer, as seen in Fig. 4.

The change of the corrosion potential and current density due to the Ni addition was very
remarkable as shown in Fig. 2 and table 1. For the Q235 sample, the corrosion current density is 8.24
uA/cmz. Compared with that of carbon steel, the corrosion current density decreased from 6.12 uA/cm2
to 3.80 pA/cm?® with the addition of Ni, and the corrosion potential of nickel-containing steel tended to
be more positive, indicating that with the increase of nickel content, the corrosion rate became lower.
However, the difference in the corrosion potential of 2Ni and 5Ni was reduced compared with that of
0.8Ni and 2Ni, and the current density had a similar trend, indicating that the corrosion resistance of
low alloy steel was not improved linearly with the addition of nickel element contents.

As shown in Fig. 3, the EIS of the low alloy steels had a similar evolution. The Nyquist curve
had two semi-circles, in which a capacitive reactance in the high frequency region was formed from an
interfacial electron exchange. The change of the low frequency capacitive reactance indicates that the
diffusion process was hindered due to the formation of the protective rust layer on the steel surface.
The Nyquist curve of Q235 has only one semi-circle with a smaller diameter, showing that, compared
with Q235, nickel-containing steel achieved better corrosion resistance by promoting the formation of
protective corrosion products on the steel surface.

It can also be seen from Fig. 3 and table 1 that the charge transfer resistance R. and rust
resistance R; of the low alloy steel increase with the gradual increase of nickel content. The increase of
R meant that the corrosion dissolution reaction of the metal substrate was difficult to carry out, but the
inhibition effect was mainly because of the formation of the protective rust layer. Therefore, the results
indicate that the higher the nickel content was, the more easily the protective rust layer formed. R; is
usually used to evaluate the corrosion resistance of the rust layer directly. From table 1, the R; value of
0.8Ni was 390, which was significantly higher than that of Q235. Thence, it comes to the conclusion
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that the rust layer can effectively prevent the further corrosion of low alloy steel and it had good
barrier function, which is in good consistency with the dense structure of the rust layer. According to
all the above results, we can kown that the corrosion reaction was suppressed by the nickel addition in
a certain way.
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Figure 2. Polarization curves of four steels in 1.0 wt% NaCl and 0.01 mol/L NaHSO3 before the wet-
dry cyclic test
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Figure 3. EIS results of four steels in 1.0 wt% NaCl and 0.01 mol/L NaHSO3 before the wet-dry cyclic
test
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Figure 4. Equivalent circuit used for fitting the EIS results of steel

Table 1. The fitted values of the electrochemical parameters (polarization curves and impedance).

steel Q235 0.8Ni 2Ni 5Ni

Corrosion potential (mV) -177 -684 -564 -483
Corrosion current density (nAcm™) 8.24 6.12 5.13 3.80
Tafel slope (Ba) (MV/decade) 99.9 57.9 61.6 79.9
Tafel slope (Bc) (mV/decade) 272.2 236.9 874.4 296.3

R (Qcm?) 205 390 559 675

R¢ (Qcm®) 0 262 450 561

3.3. Corrosion mass loss (rate and corrosion kinetic curve)

To eliminate the impact of the density of different steels, the thickness loss was used to assess
the corrosion situation. The loss can be obtained by the equation TI=m/(p-S), where m is the mass loss,
p the density, and S the surface areas of samples. Thus, the corrosion rate was obtained on the basis of
thickness loss divided by corrosion cycles (hours). Fig. 5 and Fig. 6 show the corrosion rate and
thickness loss of carbon steel and low alloy steel in the simulated marine-atmospheric condition. It can
be seen that the corrosion resistance of nickel-containing steel was better than that of carbon steel at
every corrosion cycle.

Ch. Thee et al studied the corrosion of a weathering steel under an electrolyte film in a cyclic
wet-dry condition and noted that the corrosion rate increases occurred mainly during the drying
process because of the increasing concentration of chloride ions, thus enhancing the oxygen diffusion
through the thinning electrolyte film [15-16]. In this study, during the first 144 cycles, the corrosion
rates of four steels showed little fluctuation, and their thickness loss curves changed with a similar
trend. In this stage, the protective rust layer had not yet formed; corrosion was mainly affected by
oxygen diffusion and the concentration of chloride ions. However, in the following process after 144
cycles, the corrosion rate of the nickel-containing steel decreased greatly, while for Q235, it basically
remained unchanged at a higher value of 0.38 um/h. Accordingly, the corrosion could be divided into
an initial stage and a later stage by 144 cycles for low alloy steel. The thickness loss value in the initial
stage showed that the corrosion resistance was improved with the increase of nickel content, but the
effect was negligible. In the later stage, the corrosion rate decreased significantly, which indicated that
the protective rust layer as a barrier for oxygen diffusion and chloride ion immersion was generated,
and the corrosion resistance increased with the addition of nickel content.
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As the cycle proceeded, the rust layer of low alloy steel grew thick with a better protective
ability, so the corrosion rate began to decrease greatly. At the 360" cycle, the addition of only 0.8wt.%
nickel presented an approximately 2 times lower corrosion loss than that experienced in carbon steel.
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Figure 5. Corrosion rate results of carbon steel and low alloy steel
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Figure 6. Thickness loss results of carbon steel and low alloy steel

Table 2. Fitted values of corrosion kinetic curves

steel Q235 0.8Ni 2Ni 5Ni

A 0.368 2.245 2.593 2.416
n 1.002 0.594 0.528 0.515




Int. J. Electrochem. Sci., Vol. 11, 2016 4168

The variation of thickness loss with corrosion time can be fitted by equation 1, which (also
called the bilogarithmic law) is widely used to predict the atmospheric corrosion behavior of metallic
materials.

logD = logA + n logt @

where D is the thickness loss (mm), t is the exposure time (years), and A and n are constants. n
was used as an indicator for the physico-chemical behavior of the corrosion layer and hence for its
interactions with the atmospheric environment. The fitting coefficient values of A and n for different
steels are shown in table 2. It can be seen that the n value of Q235 was 1.002, indicating that its
corrosion thickness loss increases substantially and almost linearly with the immersion time; that is,
the corrosion resistance of the rust layer formed on Q235 maintains a lower value. Referring to the
nickel-containing steel, the values of n are all less than 0.6, indicative of corrosion deceleration process
caused by the rust layer. According to the research of Dean and Benarie et al [17-18], the exponential
law with n close to 0.5, is an ideal diffusion-controlled mechanism when the corrosion products remain
on the metal surface, just like what occurs in this investigation, which is consistent with the analysis
result of the corossion rate above. Additionally, the n values changed not very significantly with the
increase of nickel content. Thus, nickel addition can affect the property of rust layer and improve the
corrosion resistance of low alloy steel, and the nickel addition of 2 wt% seems to be more cost-
effective for the design of coating-free weathering steel.

3.4. Corrosion macromorphology

Fig. 7 shows the macromorphology of the rust layer on the four steels. No remarkable
morphological changes were found on the rust layers of Q235 in all stages of testing. The loose, porous
property and poor adhesion lead to the layered exfoliation of the rust layer, after which the metal
substrate was subject to further corrosion, and the corrosion forms included pitting corrosion and
general corrosion.

The rusts of the nickel-containing steel were divided into two layers in the later stage of
corrosion: a yellow and loose outer layer and a black and compact inner layer. The inner rust layer
could reduce the active area of the electrochemical reaction, and prevent the penetration of corrosion
ions, such as chloride, effectively.
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Figure 7. Macromorphology of carbon steel and low alloy steel. (a)72 h; (b)360 h

Furthermore, at the 360" cycle, the rust of 0.8Ni began to form layers, and the outer layer was
not yet shed, the outer rust layer of 2Ni was partially shed, while all the outer rust layer of 5Ni was
shed, indicating that the higher the nickel content is, the earlier the protective rust forms.

3.5. Corrosion micromorphology

Fig. 8 shows the micromorphology of the cross section of the rust layer on carbon steel and low
alloy steel. In all corrosion stages, the rust formed on carbon steel was only one layer that was rougher
and more porous than that on the nickel-containing steel surface. The more porous structure of the rust
layer led to a less effective barrier against the ingress of precipitation and chloride pollutants and a
higher corrosion rate, and the results coincide with the corrosion kinetics curves very well. The poor
adhesion and crack-richness of the rust layer led to bubbling, flaking and mass loss.

In addition, the rust layer formed on carbon steel thickened with time, which can improve the
corrosion resistance correspondingly, and a greater effect was that the rust layer accelerated corrosion
by increasing the wetting time due to corrosive ion retention.
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Figure 8. Micromorphlogy of carbon steel and low alloy steel. (a)72 h; (b)360 h

The rust layer of the nickel-containing steel were composed of outer and inner rust layer. In the
literature, it is common to read that the protective nature of rust is associated with its stratification into
two sublayers on the steel surface: a adherent and compact inner layer, which accounts for the largest
proportion of the sttel’s anticorrosive behavior; and a less adherent and porous outer layer [19-21]. As
shown in Fig. 7 and Fig. 8, with the extension of the corrosion cycle, the dense and uniform inner rust
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layer was formed, and it was almost crack-free, especially for 2Ni and 5Ni steels, which is considered
to be the main mechanism of the better corrosion resistance of nickel containing steel. With the
increase of nickel content, the compactness and adhesion of the rust layers became better.

3.6. EDS analysis (lon-selective property)

Table 3 shows the element content distribution of the inner and outer rust layers after 360
cycles of corrosion in terms of EDS technique.

Kamimura and Alcantara et al [22-23] found that when the deposition amount of chlorine ions
reached a certain value, the process of corrosion reaction and the anode and cathode sites would be
influenced, thus, the protective ability of the rust layer would be destroyed and the corrosion rate
would increase. As seen in table 3, the nickel element was rich especially in the inner rust layer, and
the Na" content was higher in the outer layer, while the CI™ content was higher in the inner layer for
0.8Ni steel. In this case, it was easy for Cl to penetrate the rust layer to erode the metal substrate, and
PH value decreased due to Na' hydrolysis which accelerated the anodic dissolution of the metal
surface. When the nickel content was higher than 2 wt.%, the opposite distribution resulted, which
confirmed the effect of nickel on the ion-selective property. This is mainly because that Ni could
replace easily some low-valued atom in the rust layer, thereby forming a cation exchange field [24-25].
It can be inferred that Ni influenced the ion distribution of the rust layer and caused the low alloy steel
to exhibit a cation ion-selective property to improve the corrosion resistance. The results are consistent
with the variation of corrosion potential as shown in Fig. 5.

Table 3. Distribution of elements in the rust layer (wt.%)

Steel Rust layer Ni Na Cl
. Outer 0.73 0.35 0.31
0.8NI Inner 1.18 0.23 1.24
ONii Outer 1.49 0.41 1.43
Inner 2.65 0.81 0.52
ENi Outer 3.53 0.47 0.62
Inner 3.92 0.91 0.32

4. CONCLUSION

The corrosion behaviors of low alloy steels in a simulated marine atmospheric environment
were investigated in this paper. The conclusions summarized from this study are as follows:

(1) Compared with Q235 steel, the rust layer of low alloy steel stratified in the later corrosion
stage, and the inner layer closely adhered to the substrate was continuous and compact, which can
effectively prevent the penetration of chloride ions and improve the corrosion resistance, as seen from
the higher corrosion potential and the lower current density due to the addition of nickel element. The
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higher the nickel content was, the earlier the rust stratified.

(2) The atmospheric corrosion behavior of four steels followed the equation logD=logA +
nlogt, in which the n value was 1.002 for Q235 and approximately 0.5 for low alloy steel, attributed to
the nickel addition, indicating that the low alloy steel would have a better corrosion resistance when
used in high salinity.

(3) The distribution of ions in the rust layer changed when the nickel content of steel was
higher than 2 wt.%, so further corrosion would be inhibited, which was important to guiding the
composition design of steel to improve corrosion resistance in the coastal environment.
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