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The effect of tempering temperature (560 °C, 600 °C and 640 °C, denoted as T560, T600 and T640,
respectively) on the corrosion behavior of R5 steel (a kind of mooring chain steel) in artificial seawater
was studied by immersion tests and electrochemical measurements combined with scanning electron
microscopy (SEM). X-ray diffraction (XRD) was conducted to analyze the corrosion products. The
results indicated that the corrosion resistance of the steel was increased with elevating tempering
temperature. Steel T640 with higher tempering temperature exhibited excellent corrosion resistance
with lower corrosion current density, a less weight loss and bigger impedance modulus than steels
T560 and T600. The distinction of corrosion resistance can be attributed to the different grain size and
carbide density in the microstructure.
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1. INTRODUCTION

Nowadays, the exploitation and utilization of marine resources have become a hot point all
over the world, which provide a tremendously high marketing demand for the mooring chain steel.
Offshore platforms have offered an effective solution for oil-gas discovery in deep-sea. They are tied
up to the seabed through mooring systems, which are composed of anchor systems, connectors, and
chains. Due to the poor conditions of service, mooring chains are required to withstand long-term
continuous wave buffeting and the erosion of seawater. A large number of chloride ions in seawater
accelerate the corrosion of the mooring chain steel. Because chloride ions can penetrate through the
corrosion films, particularly via flaws and defects, then further reach the metal base [1]. Therefore, to
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make sure the safety of offshore platforms, the mooring chain steel requires not only high strength but
also excellent corrosion resistance of seawater.

Mooring chain steel is a kind of high strength low alloy (HSLA) steel. The research about
corrosion behavior and mechanism of HSLA steel has been carried out for many years. It has reported
that low alloy steel after heat treatment displays excellent mechanical properties, with good ductility
and high tensile strength [2-4]. Heat treatment is also an effective way to improve the corrosion
resistance of steels [5-8]. Guo et al. [9] reported the microstructure of a low alloy steel under different
cooling rates. The steel with acicular ferrite microstructure exhibited outstanding corrosion resistance.
It was proved that the corrosion behavior of an IF (interstitial-free) steel was intimately associated with
resulting microstructure. Due to pearlite absence, its corrosion potential indicated better corrosion
resistance when compared with conventional low and ultra-low carbon steels [10]. Additionally, a
dual-phase steel produced under intercritical annealing evidenced slightly smaller corrosion resistance
when compared with other treated low carbon steels [11]. This was attributed to distorted
microstructure provided by a residual stress when the martensite was constituted [11]. This clearly
demonstrated the interrelation of the resulting microstructure arrays provided of different steels by
distinctive treatments on the corrosion behavior. Lu et al. [12] investigated the corrosion resistance of a
martensitic stainless steel that was tempered at 300 °C, 500 °C and 650 °C, separately. While tempered
at 500 °C, the corrosion resistance of the steel reduced suddenly. The consequences indicated that
pitting started at substantial interfaces of carbide/matrix, which were provided by the massive amount
of precipitated nanoscale chromium-rich My3Cg carbides. The small gap between the tempering
carbides would impede the generation of a protective passive film on the steel matrix. Zhou et al. [13]
reported the corrosion behavior of low carbon micro alloyed steel in a ClI” containing environment. The
corrosion processes were divided into the initial stage and the later stage. The rust layers of the test
steels were found to be composed of Fe;04, a-FeOOH, B-FeOOH, y-FeOOH and large amounts of
amorphous compounds.

In our previous work [14], we researched the effect of tempering temperature on the
mechanical properties and microstructure of the mooring chain steel, but the effect on the corrosion
behavior was not studied. The aim of this paper was to evaluate the influence of tempering temperature
on the corrosion behavior of the mooring chain steel in artificial seawater. The corrosion resistance of
the steel was characterized by weight loss measurements, electrochemical impedance spectroscopy
(EIS) measurements and potentiodynamic polarization tests. The corrosion products were analyzed by
X-ray diffraction (XRD). Besides, corrosion surface morphologies of these specimens were observed
by scanning electron microscopy (SEM).

2. EXPERIMENTAL

2.1 Materials and heat treatment

The original R5 steel used in this study was a mooring chain steel provided by Jiangsu Asian
Star Anchor Chain Co. Ltd. Table 1 shows the chemical composition of the steel. The following heat
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treatment was carried out in our laboratory. After austenization at 920 °C for 30 min, samples
were quenched in ice-water and then tempered at 200 °C for 3 h to release residual stress. Next,
the treated steel was cut into several designed specimens and these specimens were tempered at
higher temperature (560 °C £ 2 °C, 600 °C £ 2 °C and 640 °C + 2 °C) for 3h to obtain different
tempered microstructures, corresponding to specimen codes T560, T600 and T640, separately.

The samples prepared for immersion tests had a dimension of 20 mm x 20 mm x 2 mm,
whereas those for the electrochemical tests were 10 mm x 10 mm x 5 mm. Artificial seawater
was used as the test medium, composed of (per liter of distilled water): 27 g NaCl, 6 g MgCl.,
1 g CaCly, 1 g KCI. The solution was stirred evenly.

Table 1. Chemical composition of the investigated steel (wt.%)

C Mn Cr Ni Mo Si Al V Fe
0.22 0.65 2.05 1.20 0.46 0.30 0.02 0.05 Bal.

2.2 Immersion test

All the samples were polished with a series of SiC emery papers with 200-grit to 1200-grit,
then cleaned with acetone and ethanol ultrasonic and dried by air. After measuring the initial mass, the
specimens were immersed in artificial seawater for 360 hours. After the test, all the samples were
cleaned with distilled water, then pickled in a solution of 500 ml HCI + 3.5 g hexamethylene tetramine
+ balanced distilled water for 10 min to eliminate the corrosion products. After the products were
totally removed, the samples were carefully cleaned with acetone and ethanol ultrasonic, then dried in
air. The final mass of the test sample was measured for the weight loss test.

2.3 Electrochemical measurements

The exposed surface of the samples for electrochemical measurements was 10 mm x 10 mm,
with an area of 1 cm?. All of the electrochemical test samples were enclosed with epoxy resin, leaving
a working area of 1 cm?. Before testing, the exposed surface was ground with 200-grit to 1200-grit SiC
papers and cleaned with acetone and ethanol ultrasonic, then dried in air. All electrochemical
experiments were performed using an electrochemical workstation CS350, manufactured by Wuhan
CorrTest Instruments Co., China. A three-electrode system was applied in the potentiodynamic
polarization tests and electrochemical impedance spectroscopy tests, with the steel specimen as the
working electrode (WE), a platinum sheet as the counter electrode (CE) and a saturated calomel
electrode (SCE) as the reference electrode (RE). All the potentials reported here were measured
relative to the value of SCE. The test temperature was controlled at 30 °C by an electro-
thermostatic water bath. The open circuit potentials (OCPs) of all WEs were monitored for 1 h until
stable OCPs were achieved. Then, the EIS measurements were performed firstly with a 10 mV
amplitude perturbation and a frequency range from 100 kHz to 0.01 Hz. The experimental results were
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fitted and analyzed by ZSimpWin. Potentiodynamic polarization test was conducted vs. open circuit
potential from —0.2 V to 0.2 V at a scan rate of 0.5 mV/s. The fitting parameters were determined from
the polarization curves using the CView software. The electrochemical results of each type of
specimens were averaged based on at least Three parallel samples from the same heat treatment.

2.4 Analysis of corrosion products by SEM and XRD

The corroded surfaces of the samples were observed by scanning electron microscope of
HITACHI SU-1500 type. The components of corrosion products were examined by a D/MAX2200V
X-ray diffractometer with a Cu target. The scan speed was 2°/min and the 26 angle ranged from 10° to
90°. Further analyses of XRD spectra were carried out with Jade 6.5 software program.

3. RESULTS AND DISCUSSION

3.1 Potentiodynamic polarization curves

Potentiodynamic polarization was measured on the samples with a fresh surface after 1 h
immersion and 360 h immersion. The polarization curves of the specimens measured in artificial
seawater are shown in Fig. 1. As can be seen, the anodic current densities increase continuously with
increasing corrosion potentials, which indicate all specimens show active dissolution behaviors
without passivation [15]. The anodic and cathodic branches show Tafel behavior. Therefore, Tafel
extrapolation can be used to calculate the corrosion kinetics parameters.

The values of electrochemical parameters derived from the polarization curves are given in
Table 2. All these polarization curves have similar shapes in anodic and cathodic branches. The anodic
and cathodic Tafel constants (b, be, respectively) do not change significantly for samples, which
indicate the analogous mechanism for the corrosion reaction of these steels in artificial seawater. For
bare steel, the corrosion current density (icorr) decreases with increasing tempering temperature, while
the corrosion potential (Ecor) shifts towards the noble direction. It reveals the corrosion resistance of
the test steels has become better and better.

After 360 h immersion, the corrosion potentials (Ecorr) all shift to a positive value. Compared
with the bare steels, the corrosion current densities of the samples after 360 h immersion are smaller,
which demonstrate that the corrosion films have a certain protective effect. Moreover, the corrosion
rates of the three tempered steels immersed for 360 h were calculated from the corrosion current
densities taken from Tafel plot by Faraday’s law [16]:

V = 0.00327(ai/nD) 1)

Where V is the corrosion rate (mm/year), a is the molar mass of studied steel (g/mol), i is
corrosion current density (uA/cmz), n is valency, D is steel density (g/cm®). Steel T640 has lower
corrosion rate than steels T560 and T600, which demonstrates the corrosion resistance of steel T640 is
higher than other steels.
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Figure 1. Potentiodynamic polarization curves of the specimens in artificial seawater: (a) bare steels,
(b) steels after 360 h immersion

Table 2. Potentiodynamic polarization parameters from a curve-fitting approach

Type Specimen Ecorr (V) icor (X 10°A/cm?) b, (V/decade) b (V/decade)
o B

0.0

A
T560

Figure 2. Comparison of corrosion rates between potentiodynamic polarization and weight loss
measurements after 360 h immersion

Fig. 2 shows that the tendency of the corrosion rate is also in good accordance with weight loss
method. The average corrosion rates from the immersion tests were calculated by the following

equation [17]:

V = 876004Am/spt

)
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The specimen is the rectangular shape for 20mm x 20mm X 2mm, where V is the corrosion
rate (mm/year), Am is the weight change after the corrosion test (g), s is the surface area of the
specimen (cm?), g is the density of the test steel (g/cm®), t is the immersion time (h).

3.2 Electrochemical impedance spectroscopy (EIS)

To confirm the results of the potentiodynamic polarization, the electrochemical impedance
spectroscopy (EIS) measurements were performed under the same experimental conditions as the
polarization curves. Fig. 3 exhibits the Nyquist plots of bare steels in artificial seawater. It can be seen
that each spectrum includes a single semicircle. The diameter of the semicircle increases with elevating
tempering temperature, which implies that the corrosion resistance of steel T640 is the best among
these steels.
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Figure 3. Nyquist plots of bare steels in artificial seawater
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Figure 4. Bode diagrams of bare steels in artificial seawater: (a) the phase-frequency characteristic
curve, (b) the amplitude-frequency characteristic curve

Fig. 4 shows the Bode diagrams of bare steels in artificial seawater. From Fig. 4(b), the
impedance modulus |Z| of experimental steels gradually increases with elevating tempering
temperature in the low-frequency range, and the impedance modulus |Z| is biggest for steel T640, while
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the smallest one is for steel T560. The corrosion rate is highest for steel T560 and lowest for steel
T640, because the impedance modulus in the low-frequency range is inversely proportional to the
corrosion rate of the steel [18]. The number of time constants can be used to determine the number of
state variables included in the surface reactions of the electrode process [19]. Only one time constant
can be obtained from Fig. 4(a). The spectra of all specimens show a single capacitive in the high-
medium frequency range, which are in relation to the double layer capacitance in parallel with the
charge transfer resistance [20].
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Figure 5. Nyquist plots of the specimens in artificial seawater after 360 h immersion

70 (b)
= T560 1400 |

e T600
4 T640
Fitting

= T560

* T600

4 T640
— Fitting

(4.
=]

'S
=)
T

w
o
T

N
o

=
o
T

-Phase angle(degree)

o

=
(=]

0 1;)1 1‘02 1;:)3 4 5

10
Frequency(Hz) Frequency(Hz)

-2

10 10" 10 10 102 10° 10 10

Figure 6. Bode diagrams of the specimens in artificial seawater after 360 h immersion: (a) the phase-
frequency characteristic curve, (b) the amplitude-frequency characteristic curve

For a better understanding of the corrosion process, the Nyquist plots and Bode diagrams of the
test steels after 360 h immersion are displayed in Fig. 5 and Fig. 6 respectively. From Fig. 5, it is
apparently found that the semicircle diameter of the experimental steel become larger with elevating
tempering temperature, which implies the improvement of corrosion resistance for tested steels. Fig.
6(a) shows two-time constant behavior. In general, the time constant at high frequencies could be
correlated with the electronic properties of the corrosion film, while the time constant at intermediate
frequencies is associated with the charge transfer process at the film/solution interface [19, 21].
Besides, the maximum magnitude of phase angle shifts towards low-frequency range when immersed
for 360 h. The reason could be attributed to the formation of corrosion films on the surface of steels
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[22]. Fig. 6(b) shows that the impedance modulus |Z| in low-frequency range gradually increases with
elevating tempering temperature, which reveals that the corrosion resistance of steel T640 is much
better than other steels.

Based on above impedance spectra features, the electrochemical behavior can be simulated by
equivalent circuits of Fig. 7. The ZSimpWin software was applied to fit the EIS data. Fig. 7(a) was
simulated to the impedance spectra with one time constant and Fig. 7(b) was fitted to the impedance
spectra with two time constants. The fitting results are presented in Table 3. In these models, R; is the
charge transfer resistance associated with the difficulty of the electrochemical reaction. Rs is the
resistance of solution. Rs is the resistance of corrosion film. Qr and Qg are the CPE parameters for film
and double layer of film-electrolyte interface respectively. CPE is the constant phase element, which is
generally used in place of a capacitance to explain the non-ideal capacitance response due to the nearly
complete absence of pure capacitance in the actual electrochemical process [23, 24]. The impedance of
a constant phase element is defined as Z.pz = [@(jw)™]*, where Q is a proportional factor, j is the
complex operator with j = (—1)*?, w = 2xf is the angular frequency, n is an exponential term. If n =
0, the impedance is ideal resistance, while it is ideal capacitance if n = 1. And 0 < n < 1 represents the
deviation from the ideal capacitance, which is correlated with the surface roughness and defect [15,
25]. The equivalent impedance Z, shown in Fig. 7(a) can be expressed as:

Z=R,+——— ©)

—
qul Ret

The equivalent impedance Z, shown in Fig. 7(b) can be written as:

T=Rt @
Zo¢ Rf"'-;‘_ 1

=
ZQq Ret

As shown in Table 3, Rs is quite low and changes little, due to the good conductivity of the
solution and the relative stability of the test system. It is well known that the polarization resistance
(Rp) 1s inversely proportional to the corrosion rate [26, 27]. In the initial stage, the corrosion procedure
of the steels is totally controlled by the charge transfer resistance (Rc). The total polarization resistance
(Rp) is equal to R¢:. After 360 h immersion, since the formation of corrosion films, R, is equal to the
sum of R¢; and Ry, which has been widely used to explain the kinetics of electrochemical corrosion[28].
For bare steels, the R, value of steel T640 is larger than other steels, which shows steel T640 has the
best corrosion resistance among these steels. Furthermore, values of R, increase after 360 h immersion
for all the samples, which could be ascribed to the protective corrosion products formed on the surface
of the steel. These results are in agreement with those obtained from potentiodynamic polarization
measurement.
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Figure 7. Equivalent circuits for EIS data fitting
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Table 3 . The parameters of equivalent circuits for steels
: Rs d Rat f N Ry Rp

Type Specimen o emd  (@em?s) N Qem®) (@QLem?s") Qemd)  (Qcm?d)
Bare steel T560 5.78 0.0004543  0.8127 1195 1195.00
T600 4.99 0.0005047  0.8157 1287 1287.00
T640 5.93 0.0004496  0.8175 1396 1396.00
Steel after 360 T560 8.23 0.0023340  0.7210 1226 0.001160 0.6549  6.63 1232.63
h immersion T600 7.50 0.0017300  0.7424 1490 0.001304 0.6787  8.44 1498.44
T640 7.74 0.0011190  0.8155 1550 0.001036 0.7453  16.65  1566.65

3.3 Analysis of corrosion products

Fig. 8 shows the SEM morphologies of the outer layer of the corroded surfaces after 360 h
immersion in artificial seawater. The corrosion products of steel T560 are porous, defective and loose,
which look like flocs and spherical clusters, as shown in Fig. 8(a). Pores and cracks existing among
these corrosion products can visibly provide transmission channels for corrosion medium, such as
moisture and oxygen [13], which will promote the corrosion process. With increasing tempering
temperature, the outer rust layer structure of each specimen changes from loose to compact. It is
evident that the surface of steel T640 is the most homogeneous and compact of the three-group tested
steels, as shown in Fig. 8(c). The specimen surface is covered uniformly by corrosion products, and
granules of corrosion products are much smaller.

Figure 8. SEM morphologies of the outer layer of the corroded surfaces after 360 h immersion in
artificial seawater: (a) steel T560; (b) steel T600; (c) steel T640

Fig. 9 shows the SEM morphologies of the inner layer of the corroded surfaces after 360 h
immersion in artificial seawater. The corrosion products of the outer layer were easily removed with a
soft brush, which had limited protection to the steel substrate. Compared to the outer rust layer, the
inner rust layer was compact and adherent to the steel, which was difficult to wipe off by physical
methods. Thus it showed good protection to the substrate. As we can see, there are still some cracks on
the inner surface, especially on steel T560. With the increase of tempering temperature, the dense
cracks gradually decrease, and the rusts become uniform, which can effectively protect the substrate
out of corrosion mediums, so as to slow down the corrosion rate.
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Figure 9. SEM morphologies of the inner layer of the corroded surfaces after 360 h immersion in
artificial seawater: (a) steel T560; (b) steel T600; (c) steel T640

Fig. 10 shows the SEM morphologies of the steels immersed for 360 h after corrosion products
removal. As shown in Fig. 10(a), there are many pitting holes on the surface of steel T560. With
elevating tempering temperature, the number of corrosion pits reduces. The surface of steel T640
shown in Fig. 10(c) is relatively better than the samples in Fig. 10(a) and Fig. 10(b). Apparently, the
corrosion degree decreases with the increased tempering temperature.

Figure 10. SEM morphologies of the steels immersed for 360 h after corrosion products removal: (a)
steel T560; (b) steel T600; (c) steel T640

The compositions of corrosion products on the three tempered steels were determined by XRD
analysis, as shown in Fig. 11. It can be obtained that the corrosion products of all samples are
composed of the same compositions in artificial seawater, mainly including y-FeOOH and Fe3O,. The
results are similar to those reported for the corrosion products of low alloy steel in conditions
containing chloride ions [9, 29, 30]. The corrosion of steel is known to be an electrochemical process.
The formation process of the corrosion products on the steel could be discussed in the followings [31]:

Anodic: Fe = Fe** +2e¢”  (5)

In seawater, adsorption of the chloride ions to the surface led to the formation of soluble metal—

chloride complexes [32]:
Fe’™ 4+ 2C1~ + 4H,0 — FeCl, - 4H,0 (6)

FeCl, - 4H,0 — Fe(OH), + 2Cl~ + 2H™ + 2H,0 )
4Fe(OH)* + 40H™ + 0, — 4Fe00H + 2H,0 (8)
Cathodic: O, + 2H,0 + 4e” — 40H"~ 9)

Fe’* 4+ 8FeOOH + 2e~ — 3Fe,0, + 4H,0 (10)
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Table 4 displays the results of quantitative analysis of crystal phases in corrosion products. It
can be found that the ratio of Fe3O, decreases with elevating tempering temperature. During the
process of corrosion, Fe3sO4 with high electrical conductivity could be served as the cathode and
increased the surface area of the cathode [33]. That would accelerate the corrosion rate of the steel
matrix.

Table 4 . Quantitative analysis of crystal phases in corrosion products

Specimen  a-Fe vy-FEOOH  Fe304
T560 54.5 % 378% 17.7%
T600 53.4 % 400% 6.6%
T640 52.8 % 421% 51%

u-FeQOOH
-Fe, O,
e-a-Fe

T640

Intensity (a.u.)

T560

1 1 1 1 1 1 1
10 20 30 40 50 60 70 80 90
29(degree)

Figure 11. X-ray diffraction measurement of the three tempered samples after 360 h immersion in
artificial seawater

3.4 Discussion

In the previous research of our group, the detailed microstructures of the three tempered steels
were studied by transmission electron microscopy (TEM) and electron back-scattered diffraction
(EBSD). The figures were shown in our previous paper [14]. It was obtained from EBSD analyses that
the average grain sizes of steel T560, T600, and T640 were 0.13 pm, 0.15 pum, and 0.39 pm,
respectively. Apparently, with increasing tempering temperature, the average grain sizes of the three
tempered steels increased, while the grain boundary area decreased. It is well recognized that the grain
boundaries are preferred corrosion sites in corrosion medium. Since the large density of crystal defects,
and lattice distortion in the grain boundary, atoms have high energies, and become more active, will
take part in the reaction first. As a result, the larger the volume fraction of grain boundaries, the more
the active atoms on the steel surface, which lead to the increasing of anodic current density [34]. In
addition, the formation of the galvanic couple between relatively anodic grain boundary and cathodic
grain interior can also increase the corrosion rate [35]. Zhang et al. [36] reported WC-CO alloys with
larger WC grain sizes exhibited better corrosion resistance in the solution of H,SO,4. Ghosh D et al.



Int. J. Electrochem. Sci., Vol. 12, 2017 2464

[37] found that the higher corrosion rate of fine grained steel was mainly due to higher grain boundary
area, resulting in pronounced grain boundary attack due to oxidation/sulfidation along the grain
boundaries. In conclusion, with the increase of tempering temperature, the grain boundary area
decreased, which indicated the active sites for corrosion attack reduced, then the corrosion resistance
of the tempered steels became better.

The results of TEM images [14] indicated that steel T560 had acicular ferrite with a high
dislocation density. The density of dislocation and defect decreased considerably with the increase of
tempering temperature. Carbides precipitated in Steel T560 were fine needle shape and dispersively
distributed in the steel substrate. As the tempering temperature increased from 600 °C to 640 °C,
carbides changed from sparse elliptical shape to spherical shape, the density of carbides decreased, and
the interfaces between carbides and the matrix also decreased. From the diffractions, these carbides
were assured to be FesC. Many reports [22, 38, 39] have shown that FesC provided an available area
for the cathodic reactions. It could serve as the cathode in micro-electrochemical cells because of its
more positive potential than ferrite. Accordingly, the ferrite matrix would act as the anode. Thus, the
microcells would accelerate the corrosion of the ferrite, resulting in a higher corrosion rate (low
charge-transfer resistance). It is suggested that dislocations are also the regions of preferential
corrosion sites in seawater. With increasing tempering temperature, the quenching stress released
thoroughly, and the density of dislocation decreased, then the microstructure became uniform and
stable. As a result, the corrosion resistance of steels would be improved correspondingly.

4. CONCLUSIONS

The results obtained from the study of the effect of tempering temperature on the corrosion
behavior of a mooring chain steel in artificial seawater have been presented. The following conclusions
can be drawn from this investigation:

(1) Steel T640 with higher tempering temperature exhibited excellent corrosion resistance with
lower corrosion current density , a less weight loss and bigger impedance modulus than steels T560

and T600.

(2) The corrosion products of the three tempered steels were all found to be composed of Fe30,4
and y-FeOOH. With elevating tempering temperature, the outer rust layers became homogeneous,
while the cracks in the inner rust layers decreased.

(3) The tempering temperature had a strong effect on the microstructure and corrosion
resistance of the mooring chain steel. With elevating tempering temperature, the grain boundary area
decreased, which indicated the active sites for corrosion attack reduced, then the corrosion resistance
of the tempered steels became better. Moreover, the density of carbides decreased. So the microcells
between carbides and the ferrite matrix reduced. As a result, the corrosion resistance of steels would be
improved correspondingly.
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