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Abstract: EH36 offshore platform steel, La (0.0031%) steel, Ce (0.0027%) steel, and Pr (0.0001%)
steel were selected as the research objects. The corrosion of four groups of steel was simulated by
immersion experiments. In the presence of CI™ the effect of rare earth elements (La, Ce, Pr) on
corrosion was investigated by the weight loss method. The morphology of the corrosion products
and the apparent morphology after the removal of the corrosion products were observed by scanning
electron microscopy (SEM); the main components of four steel corrosion products were analyzed
by X-ray diffraction (XRD). The electrochemical behavior and the influence of temperature and
CI™ concentration on the corrosion of the four kinds of steel were analyzed by an electrochemical
polarization curve and Nyquist diagram. The results showed that the addition of trace rare earth
elements, La, Ce, and Pr, to EH36 offshore platform steel can reduce the corrosion rate and the
corrosion current density (Icorr), and increase the charge transfer resistance during the corrosion
process. The Icorr of La steel, Ce steel, and Pr steel is 6.59 x 107° A-em—2,7.57 x 1075 A-cm 2, and
9.53 x 1075 A-cm ™2, respectively, which is lower than that of EH36 steel (Icorr = 1.82 x 107* A-cm~2).
The influence of CI~ concentration and temperature on the four steels showed the same trend; that is,
with the increase in C1~ concentration, the corrosion rate first rises and then slows down, and with
the increase in temperature, the corrosion rate gradually accelerates. Rare earth elements promote the
production of more «-FeOOH in the rust layer, and the compactness of this product plays a certain
role in protecting the steel matrix. The addition of trace rare earth elements, La, Ce, and Pr (less than
0.004%), improves the corrosion resistance of EH36 steel.
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1. Introduction

EH36 steel is a kind of high-strength ship plate steel, which is widely used in large
offshore platforms and key parts of the hull. The marine environment is extremely complex,
and EH36 offshore platform steel is often affected by salt concentration, dissolved oxygen,
temperature, pH, and so on. The study shows that chloride ions are the core factor affecting
corrosion. The corrosion of C1~ on metal materials is reflected in two aspects: on the one
hand, CI~ can destroy the passivated film of metal and cause the material to produce pit
corrosion; on the other hand, C1™ directly participates in the anodic dissolution process
of metal materials [1-3]. When the temperature rises within a certain range, the reaction
speed of the cathode and anode process will be accelerated. The corrosion process will be
promoted by increasing the temperature of the seawater and accelerating the diffusion rate
of dissolved oxygen.

In order to improve the safety and service life of steel, many large steel manufacturing
industries pay attention to improving the corrosion resistance of steel. According to
statistics, effective protective measures can reduce corrosion loss by 25%~40%. There are
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many ways to mitigate corrosion, such as coatings, corrosion inhibitors, and micro-alloying
technology [4-7]. Coating anticorrosion is to form a layer of shielding coating on the surface
of the metal to isolate the metal from the external environment such as oxygen, water, and
corrosion ions, but coating anticorrosion has certain limitations. A corrosion inhibitor
generally refers to that it exists in the corrosive medium with a certain concentration,
mainly changing the nature of the medium, so that the corrosion of metal materials is
reduced. Both coatings and corrosion inhibitors can be used to repress the corrosion
of metals under certain conditions, but neither can fundamentally change the corrosion
resistance of the metal itself. Alloying refers to the addition of other elements in the refining
process to improve the properties of metals. For example, the addition of Mo and V can
improve resistance to hydrogen corrosion [8]; the addition of Zr improves the corrosion
resistance of as-cast Ti-Al-Nb-Zr-Mo alloy [9]. However, the expensive price of these
elements and shrinking mineral resources are not conducive to long-term development.

So many researchers are therefore looking for alternatives to traditional alloyed el-
ements, such as rare earth elements, which have been applied to steel for more than
seventy years. The peripheral electron configuration of rare earth elements is [Xe]4f"6f
and [Xe]4f"~15d'6s?, and it is easy to lose outer electrons. Rare earth elements have strong
bonding ability with O and S. The elements magnesium, aluminum, and calcium are also
commonly used in the iron and steel industry as a deoxidizing desulfurizer, but when
added to liquid steel, calcium, and magnesium, they are volatile because of the low boiling
point and the high vapor pressure. As early as the 1950s, the United States Carpenter
Company tried to add rare earth elements La-Ce in the Cr-Ni system of stainless steel [10],
and not only was the solidification organization refined, but the steel hot workability was
also improved. With the continuous research on rare earth steels, the role of rare earth
elements in purifying the steel, modifying modified inclusions, and improving the strength
and corrosion resistance of steels is gradually being discovered [11]. There are two main
ways in which rare earth elements can improve the corrosion resistance of steel, either
by changing the composition and size of inclusions, or by promoting the production of
more stable and dense rust layers. MnS and Al,O3 are undesirable inclusions commonly
found in EH36 offshore platform steel. Li [12] added different contents of Ce to EH36
steel, and MnS was metamorphosed into a spherical composite Ce;O,S-MnS inclusions
with one-fifth of the original size. The irregularly shaped Al,O3 also changed to spherical
composite inclusions with a size of 1.5 um instead of 5 um. Huang et al. [13] investigated
the effect of La-Ce on HRB400E steel inclusions as well as corrosion resistance properties.
It was found that MnS changed into composite rare earth inclusions and the corrosion
rate was reduced by 1.499 mm/a. The rare earth elements promote the production of
a-FeOOH, which is a stable corrosion product with a protective effect on the steel substrate.
Dong et al. [14,15] verified the effect of Ce on offshore platform steels and they found that
the steel containing Ce had better corrosion resistance properties, a more compact rust
layer, and higher o-FeOOH content.

In many current studies, the rare earth content of steels usually ranges from 0.004%
to 0.02% [16-19]. However, more rare earth content will form large particles of rare earth
inclusions [20]. This will not only clog the casting nozzles during continuous casting and
affect productivity, but also reduce the corrosion resistance. Xi [21] produced steels with a
Ce content of 0.006%, 0.012%, and 0.018%, respectively. The corrosion resistance increased
and then decreased with increasing rare earth content, while the size of inclusions was
smallest for Ce content of 0.012%. Adding ultra-trace rare earth into steel can effectively
avoid the “nodule” phenomenon [15], and improve the production efficiency of offshore
platform steel. The price of La, Ce, and Pr is moderate, and the content is higher than that
of other rare earth elements. In this paper, La (0.0031%), Ce (0.0027%), and Pr (0.0001%) rare
earth steels were used as experimental materials, and studied by means of weekly immer-
sion corrosion, electrochemical corrosion, XRD, and SEM with the aim of investigating the
effect of ultra-trace rare earth elements (less than 0.004%) on EH36 steel. This will provide
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a certain reference for the full utilization of rare earth resources and the development of
new rare earth marine platform steel.

2. Materials and Methods
2.1. Material and Specimen Preparation

In this test, the EH36 offshore platform steel was produced by a steel mill that conforms
to the international standard. The EH36 offshore platform steel was marked as 0#, and its
main components are shown in Table 1. Three kinds of rare earth steel were prepared by
adding La, Ce, and Pr elements to EH36 offshore platform steel in a certain proportion.
The vacuum induction melting furnace was evacuated to 20 Pa and charged with argon at
room temperature. EH36 offshore platform steel was heated until molten and rare earth
elements were added by insertion method. After casting ingot, rolling, multiple rolling,
and normalizing treatment, three kinds of rare earth offshore platform steel doped with La,
Ce, and Pr, respectively, were obtained. The content of rare earth elements was analyzed by
ICP-MS, and the results are shown in Table 2.

Table 1. Main chemical composition of 0# (EH36 steel) (wt%).

Sample Fe C Si Mn P S RE
0# (EH36) Bal. 0.1118 0.1994 1.5595 0.0156 0.0039 0

Table 2. Rare earth element content of rare earth steel (Wt%).

1# (La Steel) 2# (Ce Steel) 3# (Pr Steel)
0.0031 0.0024 0.0001

2.2. Determination of Corrosion Rate of EH36, La, Ce, and Pr Steel

The steel plate was cut into a sample with a size of 30 mm x 10 mm x 3 mm, and
a hole with a diameter of 2 mm was made in the middle of the upper part of the sample
for corrosion weightlessness experiments. The surface of the sample was polished with
400, 800, 1200, and 2000 mesh sandpaper on the grinding machine until the surface was
bright and without obvious scratches. The polished samples were cleaned separately
with absolute ethanol, and dried in the air. The weight before corrosion was recorded as
M;j, and the size of the steel sheet was measured with a vernier caliper. The steel sheets
were immersed in 3.5 wt% NaCl solution at 25 °C for 7 d, 14 d,21 d, 35 d, and 63 d, and
each experiment was conducted in parallel three times. After corrosion, the sample was
immersed in a solution of 500 mL concentrated hydrochloric acid (p = 1.19 g-mL~1), 500 mL
deionized water, and 3.5 g hexamethyltetramine to remove the stubborn corrosion products.
The samples after rust removal were cleaned with deionized water and absolute ethanol,
and the weight was recorded as M. The corrosion rates of the four types of steel were
calculated according to Equation (1).

Vi = 8.76 x 107 x (M — M) /STD (1)

V3 is the corrosion rate, mm/a; M; and M, are the weight before and after corrosion,
respectively, g; S is the total surface area of the sample, cm?; T is the soaking time, h; D is
the density of the material, kg/m?.

2.3. Characterization of Corrosion

The macroscopic morphology after corrosion was recorded by camera. SEM (ZEISS
GeminiSEM 500, ZEISS, Jena, Germany) was used to observe the microscopic morphology
of the products after 63 d corrosion and the surface of the steel after 7 d corrosion.

The surface rust layer was gently scraped with the blade for XRD (Rigaku Ultima IV,
Rigaku, Tokyo, Japan) test. By means of a continuous scanning method on a copper target,
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with a scanning range from 10 to 80 degrees. The test voltage and current are 40 kV and
40 mA, respectively.

2.4. Electrochemical Measurements

Samples with dimensions of 10 mm x 10 mm X 2 mm were used for electrochemical
experiments. One side of the sample was welded with copper wire and sealed with epoxy
resin (the weight ratio of epoxy resin to curing agent is 10:0.9). The exposed surface of
the sample was polished with 400 mesh, 800 mesh, 1200 mesh, and 2000 mesh sandpaper
in turn, and then polished with w2.5 and w0.5 polishing paste on polishing cloth until
the sample surface achieved mirror effect. The electrochemical test experiments were
carried out in CHI760e electrochemical workstation. All electrochemical experiments
used a three-electrode system, which was composed of saturated calomel electrode as
reference electrode (RE), platinum sheet electrode as auxiliary electrode, and the sample
with different corrosion periods as working electrode (WE). The test electrolytes were
NaCl solution. The electrochemical test can be started when the open-circuit potential
fluctuates below 2 mV in two minutes. Electrochemical impedance spectrographs (EIS)
were performed at a frequency range of 10~2 to 10° Hz with a sinusoidal voltage of 10 mV
amplitude as the interference signal. The polarization curve tests were carried out at a scan
rate of 2 mV /s and the voltage range was £5 mV according to the open circuit potential.

In addition, the Nyquist diagram and polarization curve spectrum of corrosion were
tested at 5 °C, 15 °C, 25 °C, 35 °C, and 45 °C to explore the influence of temperature on the
corrosion of the steel. The temperature was controlled at 25 °C, and the concentration of CI1™~
electrolyte was 0.5 wt%, 2 wt%, 3.5 wt%, 5 wt%, and 6.5 wt%, respectively. Nyquist diagram
and Tafel polarization curve were used to explore the influence of C1~ concentration on the
corrosion.

3. Results and Discussion
3.1. Corrosion Weightlessness Experiment

The samples were corroded at C1~ concentration of 3.5 wt%, temperature of 25 °C, and
the results of the corrosion rate after 7 d, 14 d, 21 d, 35 d, and 63 d were shown in Table 3. It
can be seen from the data in the table that the 7-day corrosion rates of 1# (La), 2# (Ce), and
3# (Pr) samples are 0.1314 mm/a, 0.1352 mm/a, and 0.1401 mm/a, respectively, while the
rate of EH36 steel is 0.1509 mm/a. In the initial stage of corrosion, the reason for the low
corrosion rate of rare earth steel may be that rare earth elements change the composition
and size of inclusions in EH36 offshore platform steel. The larger the inclusion size is,
the more corrosion sites there are. Zhang et al. [22-24] found that inclusions tend to form
microcracks between steel substrates, and corrosion ions preferentially erode microcracks.
Zhang et al. [25] also have similar findings. However, with the extension of time, the four
steels show the same corrosion law; that is, the larger the corrosion period, the smaller the
corrosion rate. The corrosion rates of the four kinds of steel were reduced to 0.0891 mm/a,
0.0632 mm/a, 0.0804 mm/a, and 0.0825 mm/a, respectively. This may be due to the
accumulation of corrosion products on the surface of the steel matrix, forming a protective
effect on the steel matrix and hindering the further erosion of C1~.

Table 3. Corrosion rates of four steels after different corrosion cycles (mm/a).

Time (d) 0# 1# 2# 3#
7 0.1509 0.1314 0.1352 0.1401
14 0.1465 0.1278 0.1342 0.1336
21 0.1371 0.1256 0.1320 0.1262
28 0.1300 0.1234 0.1220 0.1239
35 0.1226 0.1138 0.1177 0.1189

63 0.0891 0.0632 0.0804 0.0825
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The samples were removed from the corrosion solution, and the macro morphology of
the four types of steel after 63 d was recorded, as shown in Figure 1. It can be clearly seen
from Figure 1 that some corrosion products on the surface of the 0# sample are relatively
light brown-red, and a few are brown-black. Loose corrosion products provide a transport
channel for water, oxygen, and corrosive ions, so 0# sample corrosion is more likely to
occur, and the corrosion rate will be faster. However, the corrosion products on the surface
of 1#, 2#, and 3# samples are dark brown or black, and they are closely covered on the
surface of the steel matrix, forming a certain protective effect on the steel matrix, whereby
the corrosion is slow. The main components of the brownish-red rust layer are ferrous
hydroxide, ferrous oxide, and hydroxy iron oxide, which are converted from free iron ions
at the beginning of corrosion. The dark brown and black rust layers are stable corrosion
products such as iron oxide and «-FeOOH [26].

0# 1# i K}
Figure 1. Macro morphology of 04#EH36 offshore platform steel, 1#La steel, 2#Ce steel, and 3#Pr steel
after 63 d corrosion.

3.2. Surface Characterization

In order to further study the influence of lanthanum, cerium, and praseodymium
on the corrosion resistance of EH36 offshore platform steel, SEM was used to observe
the micro morphology of the surface and products of the four kinds of steel, as shown in
Figure 2ap—az show the micro morphology of rust removal of 0#, 1#, 2#, and 3# steel with a
corrosion cycle of 7 d, respectively. It can be clearly seen that there are obvious corrosion
pits on the surface of 0#EH36 steel, which is because the corrosion preferentially occurs
around the inclusions at the initial stage of the reaction, and the corrosion continues to
expand outward as the inclusions fall off. However, the surfaces of 1#, 2#, and 3# steels,
which were doped with rare earth, are flat. This is consistent with the previous results of the
corrosion weightlessness experiment. After 63 days of corrosion, there was a large number
of accumulated corrosion products on the surface of the sample, as shown in Figure 2by—bs.
The rust layer covering the surface of the EH36 offshore platform steel matrix is cracked, as
can be seen in Figure 2by, which provides a corrosion path for aggressive ions. However,
it can be seen from Figure 2b;—bj3 that the cracks in the rust layer of rare earth steel are
relatively narrow. The corrosion products can adhere to the steel matrix and form a certain
protective effect on the rare earth steel surface, which can effectively prevent Cl~ from
eroding steel. The corrosion product diagrams were enlarged, as in Figure 2co—c3. Figure 2cg
shows the corrosion products of EH36 offshore platform steel were loose and wrinkled,
with poor compactness and obvious voidness. This wrinkled product is y-FeOOH [27]. As
shown in Figure 2c;—c3, there were small and obviously spherical corrosion products, which
were x-FeOOH. The corrosion products were densely packed and covered the surface of the
steel, forming a certain protective effect on the steel. Therefore, the addition of rare earth
can change the type of corrosion products, form more closely covered corrosion products
on the surface of steel, and improve the corrosion resistance of steel.
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Figure 2. SEM diagrams of the rust removal surface after 7 d corrosion of EH36 offshore platform
steel (ag) and La steel (a) and Ce steel (az) and Pr steel (a3); and the micro morphology diagram of
corrosion products after 63 d corrosion of EH36 offshore platform steel (bg) and La steel (b1) and Ce
steel (by) and Pr steel (b3); the corrosion products after 63 d corrosion magnified 2000 times of EH36
offshore platform steel (cg) and La steel (c1) and Ce steel (cz) and Pr steel (c3).

3.3. Analysis of Composition of Corrosion Products

To further determine the effect of rare earth elements on the corrosion products, the
rust layer after 63 d corrosion was scraped off with a knife, and the main components of
the corrosion products were determined by XRD technology. The test results are shown
in Figure 3. The corrosion products of the four kinds of steel are mainly composed of
a-FeOOH, v-FeOOH, and Fe30;. The corrosion potential of y-FeOOH is close to that of
Fe, and it has electrochemical activity and can be used as a cathode to participate in the
reduction reaction. y-FeOOH is electrochemically active, and the corrosion potential is close
to that of Fe, so it can participate in the reduction reaction as a cathode. It can be clearly
seen from Figure 3 that after the addition of rare earth elements, the proportion of y-FeOOH
decreased, while the proportion of x-FeOOH and Fe;0; increased. Studies showed that
v-FeOOH has poor stability and certain electrochemical activity, which is preferentially
generated at the initial stage of corrosion and can be gradually transformed into o-FeOOH
and Fe3O4. This transformation process promotes the occurrence of corrosion [28]. «-
FeOOH and Fe304 have insulation, a regular shape, and more stable chemical properties,
so they have a protective effect on the matrix and are conducive to improving the corrosion
resistance of steel [29]. Some researchers have proposed that the protective parameter of
the rust layer («/v) is the mass ratio of a-FeOOH to y-FeOOH, and the larger the /7y
value, the stronger the protective effect of the rust layer [30]. Lian et al. [19] studied the
influence of mixed rare earth La and Ce on the corrosion of Q235B and Q355B steel, and
also found that the rust layer became dense and difficult to fall off after the addition of rare
earth La and Ce. The quantitative results of corrosion products showed that the amount
of y-FeOOH decreased while the amount of a-FeOOH increased in La steel and Ce steel.
Combined with the above SEM analysis, it can be seen that doping La, Ce, and Pr can
promote the formation of a more stable and dense rust layer x-FeOOH, which can closely
cover the performance of the steel matrix and hinder the transfer of charge and the erosion
of corrosive ions. Therefore, the addition of rare earth can improve the corrosion resistance
of EH36 offshore platform steel.
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Figure 3. XRD patterns of corrosion products of the steel: 0# is EH36 offshore platform steel, 1# is La
steel, 2# is Ce steel, and 3# is Pr steel.

3.4. Electrochemical Experiments Results

In order to explore the influence of La, Ce, and Pr rare earth elements on the electro-
chemical corrosion behavior of EH36 offshore platform steel, the impedance spectra of 7 d
and 63 d after corrosion and the Tafel polarization curve of 63 d corrosion were measured
at the open circuit potential. The impedance test results are shown in Figure 4a,b.

1000 1000

o 0# o 0#
(a) .o (b) .
800} “ o2 800 | L2
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Figure 4. Nyquist plots and Rct values (d) of the four steels of 7 d (a); and 63 d (b) corrosion; the
Electrochemical equivalent circuit (c).

The Nyquist plots of the four kinds of steel in the corrosion solution were composed
of one capacitive arc, indicating that the corrosion mechanism of the four kinds of steel
was basically the same. The arc radius of the EH36 offshore platform steel was smaller
than that of the rare earth steel with La, Ce, and Pr, respectively, indicating that the
addition of rare earth improved the corrosion resistance of the steel. The surface of the steel
became rough after corrosion, resulting in a non-uniform distribution of the electric field in
the electrode—solution interface, which led to a certain difference between the capacitive
arc and the fitted ideal arc in the high-frequency region [30]. The Nyquist plots were
fitted according to the equivalent circuit shown in Figure 4c to obtain the size of charge
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transfer resistance (R.t), and the fitting results are shown in Table 4. The comparison of
the R value of the four types of steel is shown in Figure 4d. The larger the R, the more
corrosion is impeded. By comparing the value of R, it can be seen that the R value
after 63 d corrosion was greater than the corresponding value at 7 d, which indicates that
the corrosion was less likely to occur with the extension of time. This was due to the
protective rust layer of the steel matrix that hindered the erosion of corrosive ions, which
was consistent with the previous test results. After 63 d corrosion, the Rt value of 1#La steel
was the largest, which was 1.98 x 10 Q-cm?, followed by 2#Ce steel (1.88 x 10% Q-cm?)
and 3#Pr steel (1.73 x 10% Q-cm?). These three values were greater than the R of EH36
steel (1.54 x 10% O)-cm?), which indicates that the rare earth elements La, Ce, and Pr can
improve the density of rust layer, hinder the infiltration of C1~, and improve the corrosion
resistance of EH36 sheet steel during long-term corrosion.

Table 4. Fitted values of Ret (()-cm?) after 7 d and 63 d corrosion of 0# (EH36 steel), 1# (La steel), 2#
(Ce steel), and 3# (Pr steel).

Sample 7d 63d
o# 9.06 x 102 1.54 x 10°
1# 1.34 x 103 1.98 x 10°
24 1.25 x 10° 1.88 x 10°
3# 1.05 x 103 1.73 x 103

Figure 5a shows the Tafel polarization curves after 63 d corrosion. The cathode
polarization curve represented the process of oxygen diffusion while the anode represented
the process of steel dissolution. The polarization curves of the four steels were very
similar, and the cathodic polarization curves almost coincide. With the increase in anode
potential, the anode current increased continuously, the anodization curve of La, Ce,
and Pr steel shifted to the lower right, and the dissolution speed slowed down. The
corrosion current density (Icorr) is positively correlated with the corrosion rate; that is, the
smaller the corrosion current density, the smaller the corrosion rate. The I.orr of 0#EH36
offshore platform steel, 1#La steel, 2#Ce steel, and 3#Pr steel was 1.82 x 10~% A-cm™2,
6.59 x 107> A-em~2, 7.57 x 107> A-cm~2, and 9.53 x 107> A-cm™?, respectively. It was
obvious that the I.orr of EH36 steel was greater than that of the latter three rare earth steels.
This was consistent with the results of corrosion weight loss, which further proves that
doping rare earth elements La, Ce, and Pr reduced the corrosion rate and improved the
corrosion resistance of EH36 offshore platform steel.

. o# 0.20
5 . 1# 0.18}
| *i: o~ O16%
T 'g 0.14}

4! =

= 012t
§ 0.10}
67 0.08 }
. , . 0.06 |

-16 -12 08 04 . : s :

Potential/V Sample
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Figure 5. Tafel curves (a) and the I.orr (b) of the four steels after 63 d corrosion.
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Figure 6 shows the corrosion process of EH36 with and without rare earth elements:
(a) and (d) is the initial corrosion process, which is mainly caused by corrosion ions eroding
the gap between the inclusion and the steel matrix. The inclusion of steel without rare earth
elements is often irregular in shape and large in size, so the corrosion sites are more than
those of rare earth steel. The inclusion continues to dissolve in (b) and (e), a small amount of
corrosion products is generated, the area of CI™ contact steel matrix becomes larger, and the
corrosion range continues to expand; and in (c) and (f), a long-term corrosion process, where
more corrosion products accumulate on the surface of the steel. The corrosion products on
the surface of EH36 steel are relatively loose, the content of protective x-FeOOH is less, and
there are more cracks in the products, which provides a channel for CI~ erosion. However,
the corrosion products on the surface of steel doped with rare earth elements are closely
packed. Rare earth elements promote the generation of a-FeOOH, which hinders contact
between the steel matrix and the environment.
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cr ar o o O »E, C' %}Q
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Figure 6. Schematic diagram of corrosion process. The initial corrosion process of EH36 steel (a)
and RE-EH36 steel (d); the spreading corrosion process of EH36 steel (b) and RE-EH36 steel (e); the
long-term corrosion process of EH36 steel (c) and RE-EH36 steel (f).

3.5. Effect of Temperature and Cl~ Concentration on Corrosion
3.5.1. Effect of Temperature on Corrosion

In order to explore the influence of temperature on corrosion, EH36 offshore platform
steel and 1#La steel were immersed in 3.5 wt% NaCl, and different corrosion temperatures
weresetas 5 °C, 15 °C, 25 °C, 35 °C, and 45 °C, respectively. Nyquist plot (Figure 7agp,a;) and
Tafel polarization curves (Figure 8ag,a;) were used to explore the influence of temperature
on the corrosion of the EH36 and 1#La steel. As the temperature increased, both of them
showed the same trend, whereby the radius of capacitive arc resistance decreased. This
means that the easier the charge transfer, the more likely corrosion will occur. R¢t values
were obtained from the electrochemical equivalent circuit in Figure 4c. The change in R
value with temperature is shown in Figure 9a, where the R value gradually decreases
with the increase in temperature. The values of I, Were obtained by extrapolating Tafel,
and the variation in I.or is shown in Figure 9b. With the increase in temperature, the
corrosion current density gradually increased, and the corrosion accelerated. Yan et al. [31]
reached the same conclusion when they investigated the effect of temperature on the
corrosion behavior of E690 steel in a 3.5 wt% NaCl solution. This was due to the increase
in temperature, which accelerated the diffusion of ions, resulting in accelerated anodic
dissolution of the steel and a decrease in the corrosion resistance of the steel [32].
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3.5.2. Effect of C1~ Concentration on Corrosion

In order to explore the influence of C1~ concentration on corrosion, EH36 offshore plat-
form steel and 1#La steel were immersed in corrosion solution with a CI~ concentration of
0.5 wt%, 2.0 wt%, 3.5 wt%, 5.0 wt%, and 6.5 wt%, respectively. Nyquist plot (Figure 7bg,b1)
and Tafel polarization curves (Figure 8bg,b1) were used to explore the influence of C1™
concentration on the corrosion of the two kinds of steel. The variation in the R value
with CI™ concentration is shown in Figure 9¢; as the Cl~ concentration increased, the Rt
value first decreased and then increased. I.orr was obtained by extrapolating Tafel, and
the change in I.o is shown in Figure 9d. The trend of .o+ Was just opposite to that of
R¢t. Both of the two steels showed the same corrosion trend in different concentrations of
Cl~ solution; that is, with the increase in Cl~ concentration, the corrosion first intensified
and then slowed down. The most severe corrosion was observed at a Cl1~ concentration of
3.5 wt%. Studies [33] have shown that the corrosion solution of 3.0 wt%~3.5 wt% NaCl has
the most serious corrosion properties on steel at room temperature. This is mainly because
when the salt concentration is lower than 3.5 wt%, the solution conductivity increases
with the increase in salinity, so the corrosion rate increases. When the salinity is higher
than 3.5 wt%, the dissolved oxygen decreases as the C1~ concentration increases. The
concentration of dissolved oxygen is an important factor affecting corrosion [34]. When
the C1~ concentration is higher than 3.5 wt%, the corrosion rate is affected by the oxygen
concentration together with the conductivity. As the C1~ concentration goes up, the oxygen
solubility progressively decreases, which leads to a reduction in the corrosion rate. Con-
ductivity tended to increase with a higher C1~ concentration, which led to an increase in
corrosion rate. However, the former corrosion rate reduced to a more significant extent
than the latter corrosion rate increased, so the overall corrosion rate shows a downward
trend. Li et al. [35], who studied the effect of C1~ concentration on the corrosion of E690
steel, found a similar phenomenon as that described above. Furthermore, the existence of a
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film of Fe(OH); also reduced the dissolved oxygen in the film environment on the metal
surface, leading to the weakening of corrosion.

The rare earth elements can improve the corrosion resistance of EH36 steel. The
corrosion trend of EH36 steel and La steel at different temperatures and concentrations
of CI™ solution is not changed; that is, with the increase in temperature, the corrosion
accelerated; with the increase in CI~ concentration, the corrosion first intensified and then
slowed down.

4. Conclusions

1.  The addition of La, Ce, and Pr can improve corrosion resistance and reduce the
corrosion rate of EH36 offshore platform steel. The reason is that more compact
corrosion products were formed on the surface of the steel, which promoted the
production of more a-FeOOH and hindered the further invasion of corrosive ions.

2. The addition of La, Ce, and Pr rare earth elements increased the R.; and the charge
transfer resistance of EH36 offshore platform steel; the Tafel polarization curve moved
to the anode and the I..;r decreased, and the corrosion resistance increased.

3. The doped rare earth did not change the effect of temperature and Cl~ concentration
on corrosion. With the increase in temperature, the corrosion resistance decreased
gradually. With the increase in C1~ concentration, the corrosion was first rapid and
then slow; the corrosion was the most serious at the salt concentration of 3.5 wt%.

Trace La, Ce, and Pr (less than 0.0004%) can also improve the corrosion resistance of

EH36 steel. This provides a further reference for the application of trace rare earth elements.
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