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The corrosion tendency and fatigue behavior of a SM480C welded joint in a sea-crossing suspension bridge after twenty-year
exposure to a marine environment was investigated in this work. It was found that the corrosion product on the whole surface
of the welded joint is loose, with many holes and cracks, which allowing corrosive media enter and reach the surface of the
substrate. Localized corrosion occurred in the weld zone (WZ) and the heat-affected zone (HAZ), the maximum depth of
localized corrosion in the HAZ reached 1.8mm, and the maximum local corrosion rate is 0.082mm/y. By using Bimetallic
Conjugation Theory calculations, the galvanic effect of the welded joint was qualified, indicates that HAZ was the most
corrosion susceptible area in the welded joint. The galvanic corrosion current on HAZ reached approximately 2μA, which is
much higher than the corrosion of isolated HAZ by about 6.5 times. The corrosion has an obvious influence on the fatigue
performance, the elongation of the bridge deck decreases by 40%~70%, and the tensile strength decreases by 4.5%~31.33%. In
order to ensure the service safety and avoid premature failure, the average thickness of the corroded bridge deck should not be
less than 10mm under the stress amplitude of 115MPa.

1. Introduction

The beefed-up designed strength of bridge steels has been
recently enhanced with the development of cross-sea bridge.
This requires advanced corrosion resistance, toughness, and
fatigue properties of the material. Generally, in the offshore
area, the corrosion behavior of bridge deck steels usually
exhibits obvious regional environment-dependent characteris-
tics [1–4], which are affected by environmental factors such
as the ocean water, oxid film [5], high sedimentation content
of chloride ions [6], temperature, precipitation of secondary
phases, bottom sediments, and external load stress. High-
strength bridge steels are frequently subjected to severe corro-
sion and high fatigue loading during service [7–11]. The corro-
sion pits and defects caused by initial corrosion can act as crack
nucleation sites and exert a negative effect on the subsequent

mechanical and fatigue properties. Therefore, the corrosion
problem of welded joints became an increasingly prominent
damage factor of structural constructions.

Many investigators have studied the corrosion resistance
mechanism by the way of long-term atmospheric environ-
ment outdoors exposure and simulated accelerated test at lab-
oratory simultaneously [12, 13]. Generally, it is believed that
the main factor that affects the durability of bridge structures
is the corrosion degrees, and with the synergistic effect of
service time and load, corroded bridges are more prone to
fracture failure [14–16]. According to Li et al. [17], in sodium
chloride environment, pitting corrosion of high strength steel
occurs firstly near the sulfide inclusion, resulting in crack ini-
tiation and progressively reducing the service life. The use of
simulation platform of corrosion combined with mechanical
fatigue test is another straightforward and widely applied
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method. Y. S. Kim and J. G. Kim [18], for example, have inves-
tigated the influence of corrosion on the mechanical behavior
of the welded joint pipe by combining corrosion simulation
with mechanical simulation. The result shows that the welded
joint is preferentially corroded due to the serious corrosion
factors, and the corrosion rate is high when exposed to the
external environment. The stress concentration phenomenon
on the welded joint of corroded samples increased with expo-
sure time, indicating that the failure risk of the welded joint
had a positive correlation to the increase of corrosion degrada-
tion. In addition, several studies have been conducted on the
galvanic interaction of welded joints. Based on these studies
[19], it can be inferred that apart from the potential differences
between the area of welded joints, other factors (ion concen-
tration/temperature/depth of solution film) also played
important roles in the galvanic internation of welded joints.
In the work of Xu andWang [20], it was observed that the cor-
rosion of high strength low alloy steel (HSLA) and laser
welded hot stamping ultrahigh strength steel (UHSS) in
0.017M NaCl solution mainly occurs in the UHSS matrix.
This phenomenon was ascribed to the current effect caused
by the potential difference of 200mV between UHSS and
OCP. Considering the increased usage amount of UHSS, the
localized corrosion caused by UHSS may reduce the fatigue
performance. Hence, corrosion fatigue crack initiation and
propagation could be greatly accelerated, resulting in a signif-
icant decline of fatigue life [21–26]. Therefore, the corrosion
behavior of bridge steel in this environment must be studied,
especially the synergy influence of the galvanic corrosion and
fatigue behaviors to the welded joints.

The bridge deck is made of SM480C, which is low alloy hot-
rolled structural steel with excellent weldability. The welding
method is CO2 automatic welding. The suspension bridge is
located at themouth of the sea, and the climate at the bridge site
is subtropical marine climate, warm, and rainy all year round.
The temperature is the highest in July and August and the low-
est in January and February, with the average temperature range
of 13.5°C to 28.7°C. In addition, the suspension bridge has been
serviced for more than 20 years. In this environment, there exist
a high risk of corrosion and fatigue problems. Therefore, it is
necessary to investigate the corrosion fatigue resistance perfor-
mance of the bridge decks to ensure the structural safety and
integrity. This study provides critical information needed for
the corrosion protection of the suspension bridge. A scanning
electron microscope (SEM) equipped with an energy dispersive
X-ray (EDX) spectrometer and three-dimensional-morphology
testing analyzer (LSCM) were utilized for the microstructural
characterization of the bridge deck welded joint samples. Elec-
trochemical test methods such as open circuit potential (OCP)
and potentiodynamic polarization (PDP) are employed in
studying the macroscopic galvanic corrosion of the welded
joints. Additionally, fatigue tests such as uniaxial tensile and
strain-controlled low-cycle fatigue tests were conducted to eval-
uate the mechanical properties of the raw and serviced bridge
decks. Moreover, this study explored and analyzed the corro-
sion tendency and fatigue corrosion mechanism, and the corro-
sion damage and health in service status of the bridge were
evaluated in this article and will also provide technical support
for the anticorrosion transformation of the suspension bridge.

2. Materials and Methods

2.1. Materials. SM480C low alloy hot-rolled steel was produced
by Japanese company and tailored to 100 × 100 × 12mm size
through a cutting machine. The main chemical compositions
of the SM480C steel are shown in Table 1. The samples were
prepared by cutting the serviced suspension bridge deck (No.
62 sling) and the bridge deck with welded joints (No. 38 sling),
and the sampling location is given in Figure 1. The metallo-
graphic samples are selected from unserviceable stock bridge
decks.

2.2. Corrosion Morphology and Corrosion Layer Analysis. The
surface morphology of the sample was observed by Olympus
GX-71 metallographic microscope, and the composition of
the bridge deck was analyzed by X-ray diffractometer (XRD).
Test conditions are as follows: Cu-Kα source, current 30mA,
voltage 40kV, 10° ≤ 2θ ≤ 80°, step length 0.02, and collection
time 2.5 s. The micromorphology of the sample was analyzed
by using EVO MA 25/LS 25 scanning electron microscopy
(SEM), and the chemical and phase composition of the sample
surface were characterized by using EDS (X-Flash-Detector
5010) device matching with scanning electron microscopy
(SEM). The macroscopic surface and section morphology
were characterized by KY-YX2010Z 3D morphometer.

2.3. Tensile and Fatigue Test Procedure. The tensile and fatigue
specimens were taken from the actual bridge deck. The
appearance of samples is shown in Figure 2. The width and
the length of test section are 15mm and 30mm, respectively.
The thickness of specimens was measured one by one because
the corrosion degree of different sample surfaces is different.
Constant amplitude axial fatigue tests were conducted in
ambient air according to standard ASTM E466-07 with the
stress ratio R = −1, and the waveform was sine wave. The ten-
sile and fatigue specimens were tested on a W+B LFV-100
hydraulic servo test machine.

2.4. Potentiodynamic Polarization Measurements. The gal-
vanic corrosion tendency of the welded joints was studied
by potentiodynamic polarization curve in an electrochemical
workstation (Gamry Reference 600 workstation) that had a
three-electrode system, a platinum sheet as the counter elec-
trode, and a silver-silver chloride electrode as the reference
electrode. The electrochemical samples were obtained by
wire cutting from the serviced bridge deck. The back of the
samples were polished to the metal matrix with 240#, 400#,
800#, 1200#, and 2000# sic sandpaper. The working surface
of 1 cm2 was exposed to 3.5ωt % NaCl solution, and the rest
were submerged by epoxy resin.

The open circuit potential and electrokinetic polarization
curves of each welding area were compared and tested. The
OCP of the samples was measured for 40 minutes to ensure
the value reached steady state. The potentiodynamic polariza-
tion curves were measured in the potential range from

Table 1: The chemical composition of SM480C steels in weight %.

Cr Mn Ni Si S P Fe

0.22 1.47 0.22 0.18 0.12 0.15 Balance
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-300mV, vs. OCP to +400mV, vs. OCP, and the test rate was
20mV/min. All tests were performed at 25°C and repeated
three times to ensure repeatability.

3. Results

3.1. Corrosion Morphology and Corrosion Layer Analysis.
Figure 3 illustrates the metallographic structure of each area of
the bridge deck samples, including the WZ, the HAZ, and the
BM. Considering the possible differences of metallographic
structure in different regions, three different locations were
selected for testing. It can be seen that the surface eroded by
5% nitric acid alcohol solution, compared with the plate base
material area, and the microstructure of the WZ is more uni-
form and compact. It is obvious that the structure composed

of massive ferrite (white) and pearlite (black) can be clearly
observed. Due to the high temperature of welding, the grain size
in the HAZ is more coarser than that in the matrix, which indi-
cates that there appeared grain growth phenomenon in the
welding process, the uniform distribution of the whole structure
is poor, and it can also found that there exists local segregation
phenomenon of pearlite.

The SEMmorphologies of welded joint microstructure are
shown in Figure 4. Corrosion products in the WZ were strip
and lamellar, while the products in the HAZ were mainly fine
lamellar and slime, with distinct product film stratification.
From the section photos, obvious local corrosion exists in both
theWZ andHAZ, and the depth of corrosion pit in the HAZ is
about 1.8mm, indicating that the welded joint has certain cor-
rosion risk, especially in the HAZ.

50 𝜇m

(a)

50 𝜇m

(b)

(c)

Figure 3: (a) Metallograph picture of the WZ; (b) metallograph picture of the HAZ; (c) sampling location of the welding area.

No.62
sling

No.38
sling

Figure 1: Typical bridge deck samples obtained on different site.

Figure 2: Appearance of a tensile and fatigue sample.
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Figure 5 shows the micrographs and EDS spectra of the
serviced bridge deck surface. For marine environment corro-
sion, the Cl- is inside the corrosion pit. After the beginning
of corrosion, the initial point of corrosion becomes the
anodic point due to the dissolution of active iron [27].

Fe⟶ Fe2+ + 2e− ð1Þ

The matrix is under the peripheral part of the droplet,
serviced as the cathodic site with the occurrence of oxygen
(O2) reduction and generation of hydroxyl ions (OH-).

O2 + 2H2O + 4e− ⟶ 4OH− ð2Þ

The Fe2+ ions were released into the solution inside the
pit and reacted with Cl− ions that migrated to the anodic site

(a) (b)

(c) (d)

Figure 4: (a) SEM morphologies of the WZ; (b) cross-sectional image of the WZ; (c) SEM morphologies of the HAZ; (d) cross-sectional
image of the HAZ.
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Figure 5: Corrosion products and EDS results of bridge deck surface.

Figure 6: Micromorphology of the bridge deck cross section.
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Figure 7: Overall thickness distribution cloud diagram of bridge deck with welded joint.
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to maintain charge neutrality, forming FeCl2.

Fe2+ + 2Cl− ⟶ FeCl2 eqð Þ ð3Þ

The precipitation of this highly soluble salt is given by
reaction.

FeCl2 aqð Þ ⟶ FeCl2 sð Þ ð4Þ

The Fe2+ions genetrated in the corrosion pit reached

OH- genetrated forming Fe(OH)2.

Fe2+ + 2OH− ⟶ Fe OHð Þ2 ð5Þ

Fe(OH)2 can further react to form other oxy-hydroxides,
such as α-FeOOH, γ-FeOOH, and δ-FeOOH [28, 29].

The corrosion product film formed on the surface of the
bridge deck, and the morphology was loose on the whole
with cracks in local parts. The EDS energy spectrum shows
that the corrosion product mainly contains Fe and O and a
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small amount of Cl, S, and Si. Among them, Fe and O
mainly exist in the form of Fe oxides, such as Fe2O3, Cl is
mainly chlorine salt brought by salt fog in marine and atmo-
spheric environment, Si comes from dust particles in the
atmosphere, and S is mainly related to sulfur elements orig-
inally contained in the metal matrix and a small amount of
sulfur oxides in atmosphere.

Figure 6 shows the cross section corrosion product film
layer microstructure pictures of the bridge deck. The surface
layer of the suspension bridge is relatively loose, with a certain
number of holes and cracks, and provides amount channel for
the corrosive medium, such as oxygen, salt, and moisture, into
the substrate surface. The channel is unconducive to the pro-
tection of substrate, causing a gradually increased corrosion
process in substrate during the long-term service.

Figure 7 presents the cloud diagram of the overall thick-
ness distribution of the serviced bridge deck samples. The

overall thinning of the bridge deck is not uniform, which is
obviously raised in the mediate weld zone (the red-orange
area). The thinning is serious on both sides of the weld, and
the remaining thickness of the maximum thinning area is
about 4mm.With the initial thickness of the bridge deck sam-
ples is 12mm, the annual corrosion rate is 0.37mm/y, which is
in a high corrosion risk. As shown in Figure 8, a comparative
analysis was made on the corroded working face and the above
thickness cloud image in the cross section direction. Taking
the repertory bridge deck samples as a reference, it can be seen
that the overall corrosion of the bridge deck that has been in
service is relatively uniform, the intermediate WZ is narrow,
and the bulge is not obvious in the section height diagram.
Overall, the corrosion of the suspension bridge is serious, the
thickness of the maximum thinning area is only about
3~4mm, and the annual corrosion rate is 0.3~0.4mm/y,
which has a high risk of corrosion failure. Considering the sus-
pension bridge has been serviced for more than 20 years, it is
essential to monitor the health status of the key parts and eval-
uate and maintain the whole corrosion damage of the bridge,
so as to ensure the risk early-warning identification, with safe
and reliable service of the bridge in the later service.

3.2. Electrochemical Behavior Analysis. The electrochemical
corrosion behaviors of each zone (BM, HAZ, and WZ) were
evaluated electrochemical workstation device. The OCP
curves are shown in Figure 9. It tells that the open circuit
potentials of samples obtained from BM, HAZ, and WZ
were -0.71V, -0.76V, and -0.69V, respectively. Meanwhile,
the open circuit potential value of WZ and HAZ samples
fluctuated greatly, while that of BM sample fluctuated little.
The corrosion potential of HAZ sample is the lowest, while
that of BM sample is the highest, and the potential value of
WZ sample is between them, indicating that macroscopic
galvanic effect of HAZ may exist in the welded joints. Then,
fit the potentiodynamic polarization curves, and the results
are displayed in Figure 10, using the same work area
(1 cm2) in electrochemical test specimen. Under the premise
of BM and WZ polarization curves were relatively close, the
anode polarization curve of HAZ intersected the cathodic
polarization curves of BM and WZ. The phemenon implied
that under the condition of the welding joint district acci-
dentally met, the anodic dissolution in the HAZ is acceler-
ated by the galvanic effect of the WZ and BM.

To further figure out the influence of galvanic corrosion
accelerating effect on welded joints, the corrosion suscepti-
bility of suspension bridge deck steels in the marine environ-
ment has been studied, and the results are displayed in
Figure 11. It can be seen from this figure that based on the
part of the calculation on the comparison of welded joints,
the calculation results of WZ and HAZ are according to
the measured gain. Besides, the WZ area is about 3 times
of HAZ area, considering the BM’s impossible unlimited
extension influence on the HAZ, assumes that the BM area
and HAZ area ratio is 3. Therefore, under the condition of
the HAZ size is 1 cm2, transform the current density in
Figure 10 to the electric current and potential curves in
Figure 11 through the area ratio, thus obtained the coupling
potential (Ecouple) from the WZ, BM, and HAZ zone. It can
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be seen that the coupling potential horizontal line and the
HAZ anodic polarization curves are intersected at the point
A, the current is about 15μA in point A, and the current
value is 6.5 times better than the corrosion current density
of HAZ (about 2μA), indicating that the HAZ will be more
fragile to the obvious galvanic corrosion accelerating effect
during to the situation when WZ and the BM were acciden-
tally coupling, and the results were correspond with the cor-
roded contour image of HAZ in welded joints.

3.3. Tensile and Fatigue Test Results

3.3.1. Tensile Test Results. The typical nominal stress-strain
curve is shown in Figure 12. The nominal stress of specimen
refers to the load of the specimen divided by the initial area
(the width × the initial thickness ð12mmÞ) of the specimen.
The tensile properties of samples with different corrosion

degrees are shown in Table 2. The variation of nominal yield
stress and the nominal tensile strength with the average
thickness of the specimens is shown in Figure 13. The nom-
inal yield stress and the nominal tensile strength of the spec-
imen decreased with the reduction of the sample average
thickness.

Nominal yield stress = yield load
sample width × sample initial thickness 12mmð Þð Þ ,

Nominal tensile strength = ultimate tensile load
sample width × sample initial thickness 12mmð Þð Þ :

ð6Þ

From Table 2 and Figure 13, the average thickness of
cross section of the samples 1-3 and 3-2 was similar, but
the nominal yield stress and nominal tensile strength of
the 3-2 samples are obviously lower. This is because the sur-
face corrosion morphology can influence the nominal yield
stress and nominal tensile strength. The morphology of cor-
rosion pits on the sample surface is shown in Figure 14.
Compared with the surface condition of samples 1-3 and
3-2, the size of the corrosion pit in sample 3-2 is larger.
The corrosion pits act as a notch, and the larger the corro-
sion pit on the surface of the sample, the greater the influ-
ence on the tensile properties.

3.3.2. Residual Fatigue Life Test Results. The fatigue test results
are shown in Table 3.The stress amplitude 115MPa is the
design stress amplitude of bridge deck. The relationship
between the average thickness and fatigue life under nominal
stress amplitude of 115MPa is shown in Figure 15. With the
increase of the corrosion degree of the samples, that is, the
decrease of the average thickness of the sample, the actual stress
amplitude of the sample increases under the same fatigue load
amplitude.

As shown in Figure 15, the residual fatigue life decreases
with the decrease of average thickness under nominal stress
amplitude of 115MPa. When the sample thickness is 10mm,
the sample has an infinite life, and when the thickness reached
9mm, the fatigue life is lower than 106 cycles. This means that
it no longer meets the design requirements. Therefore, in
order to ensure the safety service of the bridge deck, the aver-
age thickness after corrosion should not be less than 10mm.

The surface morphology and fracture position of the sam-
ple are shown in Figure 16. All the species were covered with

Table 2: Tensile properties of bridge deck samples in service.

Number
Average thickness

(mm)
Yield load

(kN)
Ultimate load

(kN)
Nominal yield stress

(MPa)
Nominal tensile strength

(MPa)
Elongation

(%)

1-3 ≈10.4 64.0 91.4 355 507 31

1-8 ≈9.8 60.8 86.9 337 483 36

2-1 ≈11.6 71.6 93.4 398 519 33

2-7 ≈11.3 65.2 89.0 362 494 31

2-10 ≈7.8 43.0 66.0 239 366 19

3-2 ≈10.5 54.0 81.9 300 454 16

3-7 ≈9.3 52.5 80.4 291 446 16
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Figure 13: Nominal yield stress and tensile strength of specimens
with the average thickness of specimens.

Figure 14: Images of the specimens and surface topography of the
specimens with different corrosion state.
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etch pits. This agrees with reports that fatigue performance
can be reduced by etch pits. For example, Song et al. [30]
investigated the fatigue behavior of the different types of pits.
Results indicate that corrosion pits reduce the fatigue life sig-
nificantly, particularly the sharp pits and the interacting pits.
A nondestructive methodology based on 3D profile data for
fatigue life prediction has been presented. The predictions
are shown to compare well against experimental results. Rah-
gozar and Sharifi [31] measured the fatigue performance of six

standard specimens which were taken from flanges and webs
of three severely corroded steel beams that were recovered
from a petrochemical site. The result shows that there is a
reduction in fatigue life of corroded steel specimens with
corrosion pitting that are due to the “notch factor”effect and
indirectly yield a quantitative relationship between the pitting
corrosion and the corresponding remaining fatigue life of a
corroded steel structure.

4. Conclusions

In this study, typical structure of welded joint samples
obtained from suspension bridge was analyzed using macro
and micro analysis equipment, and their corrosion and
fatigue performance were tested. Some general results are
summarized as follows:

(1) The corrosion of the welded joint in the HAZ was
serious, and the annual average corrosion rate
reached 0.3-0.4mm/y. There existed obviously local
corrosion in both WZ and HAZ, and the depth pit
in HAZ was about 1.8mm, which has a high risk of
local corrosion

(2) The corrosion potential of the HAZ was the most
negative in the welded joint, and the corrosion of
HAZ was accelerated by the galvanic effect of WZ
and BM. The corrosion current (about 2μA) in the
HAZ is increased by about 6.5 times under the con-
dition of single corrosion

(3) The elongation of the serviced specimens decreased
by nearly 40% compared with samples without ser-
vice, and the corrosion thinning and etch pits had a
coupling effect on the decrease of the elongation

(4) The nominal yield stress and tensile strength of the
sample decreased with the reduction of the average
thickness. The surface corrosion pits have a stress
concentration effect similar to the notch, which
reduced the plasticity and strength of the samples

(5) In order to ensure the safety service of the bridge
deck, the average thickness of the samples after
corrosion should not be less than 10mm

Table 3: Fatigue test results of bridge deck specimens.

Average thickness
(mm)

Load amplitude
(kN)

Actual stress amplitude
(MPa)

Nominal stress amplitude
(MPa)

Number of cycles
(N)

≈6.0 20.7 230 115 2:48 × 104

≈8.0 20.7 172 115 1:94 × 105

≈9.0 15.5 115 86.1 5 × 106

≈9.0 20.7 153 115 6:43 × 105

≈10.0 20.7 138 115 5 × 106

≈10.5 27.1 172 150 2:68 × 105

Figure 16: Surface morphology of fatigue test samples cut from
bridge deck.
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