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Abstract: Hot galvanization on steel surfaces can isolate the steel from corrosive environments and
alleviate the stress corrosion cracking caused by the anodic dissolution mechanism. However, the ca-
thodic protection potential of the coating is excessively negative, which may aggravate the hydrogen
embrittlement problem. The effect of a coating on the stress corrosion performance of bridge cable
wire was studied by means of X-ray diffraction (XRD), scanning electron microscopy (SEM), energy-
dispersive spectrometry (EDS), a thermal desorption analysis (TDA), an electrochemical workstation,
and an FIP test. The results show that hot-dip ZnAl and ZnAlIMg alloy coatings can significantly pro-
long the stress corrosion fracture time of steel wire substrates. From a macroscopic perspective, the
stress corrosion cracking fracture is a brittle fracture caused by hydrogen embrittlement. Moreover,
the coating type has little effect on the fracture morphology of bridge cable wire. In NH4SCN so-
lution (50 °C, 20 wt.%), a corrosion product layer composed of ZnS and Al,O3 was formed on the
surface of the coated steel wire. The electrochemical analysis showed that the corrosion resistance
of the ZnAIMg coating was better than that of the ZnAl coating, which was the main reason for the
improvement of the stress corrosion performance.

Keywords: coating; stress corrosion cracking; bridge cable steel wire

1. Introduction

Hot-dip galvanized steel wire is the main load-bearing structure in suspension bridges
and cable-stayed bridges [1]. The harsh service environment requires that the steel wire has
excellent mechanical and corrosion resistance properties [2]. However, a study found that
the stress corrosion cracking problem of galvanized steel wire appeared in many long-span
bridges within ten years after the bridges were completed [3]. Stress corrosion cracking has
two mechanisms: anodic dissolution and hydrogen embrittlement [4].

Permanent microstructural damage is caused by the anodic dissolution mechanism [5].
Therefore, in the steel industry, the corrosion process is often slowed down by hot-dip galva-
nizing on the steel surface [6]. The principle is to isolate the steel from the corrosive environ-
ment through the alloy coating, so as to play a shielding protection role [7]. In addition, the
active metal material can also be used as a sacrificial anode to provide a cathodic protection
current for the steel wire substrate [7,8]. However, Zn is relatively soft and the generated
corrosion products are loose and porous, which limits the improvement of its service life [9].
A small amount of Al was added to the zinc bath to increase the hardness of the coating [10].
Compared with a traditional pure Zn coating, the ZnAl coating has better corrosion resis-
tance and significantly lower costs [11]. Zhao et al. [12] proved that the average service life
of Galfan (Zn-5Al) steel wire under corrosion fatigue conditions was significantly higher
than that of galvanized steel wire. In addition to ZnAl coatings, ZnAlMg coatings have
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also been extensively studied [13]. For example, Suprer Zinc (Zn-4.5A1-0.1Mg) [14], ZAM
(Zn-6Al-3Mg) [15], and MagiZincTM (Zn, 1-2 wt.% Mg, 1-2 wt.% Al) [16] have been pro-
duced on an industrial scale for several years. Henryk Kania found that the improved corro-
sion resistance of ZnAlMg coatings is due to the presence of a more anodic MgZn; phase [17].
Through a neutral salt spray test, Fan et al. [13] proved that the corrosion resistance of the
Zn-5Al1-1.5Mg coating was about 2.4 times that of the Galfan coating. The excellent corro-
sion resistance of the ZnAlMg coating is attributed to the fact that magnesium can inhibit
the formation of soluble or porous corrosion products [18].

The stress corrosion cracking caused by the anodic dissolution mechanism can be alle-
viated by hot-dip Zn alloy coatings. However, the cathodic protection potential of the coat-
ing is excessively negative, and atomic hydrogen may be produced after corrosion [7]. This
is equivalent to leaving the steel structure in a hydrogen-filled state, which may exacerbate
the problem of hydrogen embrittlement [3]. Barton et al. [5] compared the hydrogen con-
tents in galvanized and stripped-galvanized steel wires before and after corrosion. The hy-
drogen content in the uncorroded galvanized steel wire was measured to be about 3 ppm.
It is speculated that hydrogen was introduced during the production of steel wires. For
example, steel needs to be pickled with HCI before hot dipping, and the pickling process
may introduce hydrogen atoms. The galvanized steel wires are soaked in concentrated hy-
drochloric acid for 60 s and then rinsed with water, and the resulting samples are referred
to as “stripped—galvanized steel wires” [5]. Between uncorroded samples, the hydrogen
levels in the stripped-galvanized steel wire samples (~11 ppm) are slightly higher than
those found in the galvanized steel wire. This result is due to hydrogen absorption during
the stripping process. The hydrogen concentration of corroded steel wire is higher than
that of uncorroded steel wire, indicating that the corrosion process may be accompanied by
hydrogen absorption. Moreover, the hydrogen content of galvanized steel wire (~59 ppm)
is much higher than that of stripped—galvanized steel (~36 ppm) wire after corrosion [5].
In recent years, the construction of super-long span bridges has shown a blowout develop-
ment trend, and the span of bridges has increased from 1624 m (1998, Great Belt Bridge) to
1666 m (2022, Lingdingyang Bridge). With the continuous increases in bridge spans, the
strength of the steel wire used in the bridge cables should also be improved accordingly.
However, high-strength steel wire may have the risk of hydrogen embrittlement damage.
Elices et al. [19] showed that when the strength of cold-drawn pearlite steel wire exceeded
2000 MPa, its hydrogen embrittlement sensitivity was significantly increased.

In the past, the research on the stress corrosion performance of bridge cable steel wire
has mainly focused on the steel wire substrate [20,21], and the influence of the coating was
seldom considered. Moreover, the corrosion resistance of the coating was mostly evaluated
in NaCl solution [22,23] without considering the effect of hydrogen embrittlement. Accord-
ing to the literature, NH4SCN solution (50 °C, 20 wt.%) is widely used in the study of hy-
drogen embrittlement, which plays the role of soaking and charging the hydrogen [24,25].
In order to consider the influence of the hydrogen embrittlement mechanism, the NH;SCN
solution (50 °C, 20 wt.%) was selected as the test solution in this paper. The effect of the
coating on the stress corrosion performance of bridge cable wire was studied using the FIP
test. This paper is expected to provide guidance for the research of high-strength steel wire
and the reliability of engineering applications.

2. Materials and Methods
2.1. Test Specimen

The ZnAl- and ZnAlMg-coated steel wires were manufactured by Baosteel Group Nan-
tong Wire Products Co., Ltd. Figure 1 shows a schematic diagram of the steel wire produc-
tion process. The chemical composition of the 14 mm raw wire rods is shown in Table 1. The
steel wire substrates are obtained in the factory via pickling, phosphating, and cold drawing
(Figure 1). Phosphated film (film weight > 6 g/m?) is mainly used as a lubrication and corrosion-
resistant coating during the cold working process [26]. Then, the steel wire substrates are sub-
jected to an alkaline bath (alkali bath solution: 20 wt.% NaOH; temperature: 70 °C), pickling
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(pickling solution: 20 wt.% HCI; temperature: 70 °C), auxiliary plating (mass ratio of flux
solution: NH4Cl:ZnCly:H,O = 9:11:80; temperature: 30 °C; time: 90 s), and hot-dip coating
(temperature: 450 °C; time: 60 s). The phosphating of the film does not have any effect on the
production of the coating, as it is removed during pickling. The hydrochloric acid is heated
to 70 °C to improve its efficiency at high speeds of production. The volatilized acid mist is
treated by alkali washing with air suction. After auxiliary plating, the surface of the steel wire
is dried with the drying solvent method to avoid zinc blasting and improve the surface quality
of the coating. Subsequently, the steel wire substrates are immersed in the zinc alloy plating
bath. The coating types are ZnAl alloy (composition: 95 wt.%Zn, 5 wt.%Al) and ZnAlMg al-
loy (composition: 94 wt.%Zn, 5 wt.%Al, 1 wt.%Mg) coatings, respectively. Then, the residual
stress on the surface of the steel wires is released through a stabilization treatment (tension:
2200 kg; speed: 100200 m/s; heating temperature: 310 °C). Finally, coated steel wires with a
diameter of 6 mm and a strength grade of 2060 MPa are obtained. The surface quality has an
impact on the stress corrosion performance of the steel wire [27]. Therefore, the surface qual-
ity of the samples is as consistent as possible. The surface of the coated steel wire is smooth
and uniform, and there are no trouble issues such as coating peeling and burring. Here,
steel wire substrates as the control samples were obtained using the HCl pickling method [5]
(Figure 1). Next, the residual acid on the surface of the steel wire substrate was rinsed with
water. Since grinding can eliminate defects on the steel wire surface [28], the steel wires were
polished with 2000 mesh sandpaper to obtain a smooth surface. However, because the sur-
face of the steel wire was curved, it was impossible to measure its surface roughness directly.
Therefore, we prepared a flat steel sample and polished it with 2000 mesh sandpaper. The
average surface roughness (R;) of the sample was then measured by a surface profilometer
(Dektak 150, Bruker Daltonic Inc, Germany) to be about 177 4= 52 nm. The specific information
about the test samples is listed in Table 2.

14 mm Pickling mep Phosphating msp Cold drawing ( 5.95 mm-2060 MPa ] 2000 mesh sandpaper polishing
raw wire rod L steel wire substrate J 1

Auxiliary plating 4= Rinsing®= Pickling 4= Rinsing 4= Alkaline degreasing

|

( 6 mm-2060 MPa W
ZnAl coated steel wire

Dry == Hot dipping== Stabilization treatment L ZnAIMg coated steel wire J Pickling =# Rinsing

Factory production Laboratory preparation
Figure 1. Schematic diagram of steel wire production process.

Table 1. Chemical composition of raw wire rods (wt.%).

Composition (wt.%) C Si Mn P S Cr Cu Ni Fe
Steel wire substrate (stripped ZnAl) 0.92 1.25 0.60 0.007 0.002 0.30 0.05 0.02 Bal.
Steel wire substrate (stripped ZnAIMg) 0.90 1.00 0.72 0.007 0.002 0.18 0.01 \ Bal.

2.2. Test Method and Parameters

The microstructure and chemical composition were characterized with a scanning
electron microscope (SEM, Navo Nano SEM450, Thermo Fisher Scientific, Waltham, MA,
USA) equipped with an energy dispersion spectroscope (EDS, NordlysMax3, Oxford In-
struments, Oxford, UK). Considering that the coating is composed of several different ele-
ments, the backscatter electron detector was selected. The morphology of the coated steel
wire was recorded at a beam spot of 6 and an acceleration voltage of 20 kV. The element
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distribution was obtained in surface scan mode, and the composition of the Zn-rich phase
and eutectic phase was measured in point analysis mode. XRD (SmartLab 3, Rigaku Corpo-
ration, Tokyo, Japan) was used to characterize the phase of the coated steel wire, operating
at a voltage of 40 kV at room temperature, a tube current of 40 mA, and a scanning rate of
10°/min.

Table 2. Specific information about the test sample.

Test The Total Number of Samples Samples Information
FIP 16 ZnAl-coated steel wire
Blectrochernical 4 Steel wire substiate (tripped ZnAD
TDS 6 Steel wire substrate (stripped ZnAIMg)
SEM-EDS 4 ZnAl-coated steel wire
XRD 4 ZnAlMg-coated steel wire

The FIP test was proposed in 1978 by the International Federation of Prestressed Con-
crete (FIP, Lausanne, Switzerland) [19,21]. The rupture time of a test piece was determined
by maintaining constant tensile force and immersing it in a solution of 20 wt.% thiocyanate
at a given constant temperature (50 °C). The FIP test was performed on a stress corrosion
tester (QC-1000, China Metallurgical Science and Industry Group Co. Ltd., Beijing, China)
to evaluate the stress corrosion properties of coated steel wires and steel wire substrates. In
order to ensure that the stress corrosion conditions are completely consistent, the formula
F=A X o (where A is the cross-sectional area of the wire and o is the tensile strength grade)
is used to calculate Fiax. The applied loads are 70%Fmax (40.75 £ 0.62 kN) and 80%Fmax
(46.57 £ 0.79 kN), respectively. In order to compare the tensile fracture and stress cor-
rosion cracking fracture, the tensile test was carried out on a microcomputer-controlled
electronic universal testing system (CMT5105, NSS Laboratory Equipment Co., Ltd., Shen-
zhen, China). The macroscopic morphology of the fracture was observed with a digital
microscope (VHX-5000, Keyence Corporation, Osaka, Japan).

The corrosion behavior of the steel wire was monitored using an electrochemical
workstation (CHI604E, Chenhua Instrument Co., Ltd., Shanghai, China) during stress cor-
rosion. The reference electrode was a saturated calomel electrode (SCE) and the counter
electrode was a graphite rod. The test voltage range of the potentiodynamic polarization
curve was 1 V relative to the open-circuit potential (OCP) and the scanning speed was
5mV/s. The sinusoidal voltage excitation signal with a disturbance amplitude of 5 mV was
used for electrochemical impedance spectrum (EIS) testing. The EIS data were fitted using
ZSimpWin software.

The hydrogen content and states were analyzed via a thermal desorption analysis
(TDA, JTF-20A SERIES, J-SCIENCE LAB Co., Ltd., Kyoto, Japan) using a gas chromato-
graph at a heating rate of 100 °C h~! in the temperature range of room temperature to
850 °C. A standard Ar gas flow (40 mL/min) was used for the calibration of the hydrogen
content. The discharged gas was analyzed every 3 min. The mass of the steel wire samples
was about 4.5 g. The hydrogen-charged sample was prepared after soaking in NH;SCN
solution (50 °C, 20 wt.%) for 24 h, and the TDA test was performed immediately after being
charged with hydrogen.

3. Results and Discussion
3.1. Microstructure of Coated Steel Wire before Stress Corrosion

SEM and EDS mapping images of the transverse sections of the ZnAl- and ZnAIMg-
coated steel wires are presented in Figure 2. As can be seen from Figure 2, the thicknesses
of the two coatings are almost identical, which is about 50 um as measured using Nano
Measurer software. Both of the coatings are composed of a light grey granular Zn-rich
phase and a eutectic phase. Figure 3 shows SEM images of the ZnAl and ZnAIMg coatings.
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Backscattered electrons were used as an imaging signal not only to analyze the morpho-
logical features but also to qualitatively analyze the composition. The image is brighter
where the atomic number is larger, such as in the Zn-rich phase (Figure 3). Table 3 shows
the EDS composition at each phase of the coating. The eutectic phase of the ZnAl coatings
is composed of Zn and Al elements and the eutectic phase of the ZnAlIMg coatings is com-
posed of Zn, Al, and Mg elements. Detailed content is shown in Table 3. Figure 4 shows an
XRD pattern of the coated steel wire. It can be seen from Figure 4 that the diffraction peaks
of the two coatings are in good agreement with the diffraction peaks of pure Zn (PDF#04-
0831). Additionally, the diffraction peaks of Al (PDF#04-0787) and MgZn, (PDF#34-0457)
are marked in the XRD pattern. The diffraction peak intensity of Al and MgZnj; is weak
because the contents of Mg and Al are low. According to the above results and the liter-
ature [29], it can be inferred that the eutectic phase of the ZnAl coating is 3-Al/m-Zn and
binary eutectic. The ZnAlMg coating is composed of a granular Zn-rich phase and fine
dispersive Zn/Al/MgZn, ternary eutectic phase around it [30].

-

Figure 2. SEM and EDS mapping images of the transverse sections of (a) ZnAl- and (b) ZnAlMg-
coated steel wires.

Figure 3. SEM images of the transverse sections of (a) ZnAl- and (b) ZnAlMg-coated steel wires.
(1,2,3,7,8,9: Zn-rich phase; 4,5,6,10,11,12: eutectic phase).
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Table 3. Chemical composition in micro-areas (EDS) at each position of the coating (wt.%).

Coating Types Position Zn Al Mg
1 98.4 1.6 \
2 97.8 22 \
3 98.3 1.7 \
ZnAl 4 90.3 9.7 \
5 93.0 7.0 \
6 85.4 14.6 \
7 99.0 1.0 \
8 99.5 0.5 \
9 99.4 0.6 \
ZnAlMg 10 903 5.8 39
11 68.7 23.7 7.6
12 87.3 8.6 4.1
¢ PDF#04-0787 Al
v PDF#34-0457 Man2
< ZnAIMg
3‘ ~ ~~
-+ (o]
& i S 8
Z =248 ) g
F-; J A ¢ A o J\\ JW
— ZnAl
I T | e
- s PDF#04-0831 Zn
S e N ae 8 _ o
j’ = T T Ze e
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g (8¢
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Figure 4. XRD patterns of coated steel wires.

3.2. Stress Corrosion Test

Figure 5 compares the stress corrosion fracture time of the coated steel wire with that
of the corresponding steel wire substrate. Under the same test conditions, the fracture time
of the steel wire substrate (stripped ZnAlMg) was shorter than that of steel wire substrate
(stripped ZnAl), which was mainly due to the different composition (Table 1). At an ap-
plied load of 70%Fmax, the fracture times the of ZnAl- and ZnAlMg-coated steel wires were
6.8 and 11.5 times that of the corresponding steel wire substrate, respectively. Under the
applied load of 80%Fmax, the fracture times of the ZnAl- and ZnAlMg-coated steel wires
were 5.6 and 10 times that of the corresponding steel wire substrate, respectively. This in-
dicates that both the ZnAl and ZnAIMg coatings show significant protective effects on the
steel wire substrate. Hence, the protection of the coating plays a dominant role in the stress
corrosion process compared with hydrogen charging. Moreover, when the metric is the
multiplication factor on the steel wire substrate’s life, the ZnAIMg coating has a stronger
protective effect on the steel wire substrate than the ZnAl coating under two different ap-
plied stress levels. Furthermore, as the applied stress increases, the protective effect of the
coating slightly decreases. This may be due to the stress accelerating the crack propaga-
tion in the coating. To sum up, the stress corrosion fracture time of the coated steel wire
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Figure 5. Stress corrosion fracture times of (a) ZnAl- and (b) ZnAlIMg-coated steel wires and corre-
sponding steel wire substrate under different applied loads.

Figure 6 shows the fracture surface and side appearance of the steel wire substrate
after stress corrosion cracking. There is no necking in the fracture, and it is a brittle fracture
caused by hydrogen embrittlement from a macroscopic view. The angle between the crack
propagation direction and the applied stress direction is approximately 45°, which can be
explained by the hydrogen-enhanced layered pearlite shear fracture model [31]. The main
crack in the overload fracture zone is almost perpendicular to the applied stress direction,
which indicates that the fracture velocity is extremely fast at this time. Figure 7 presents
the fracture surface and side appearance of coated steel wire after stress corrosion cracking.
The fracture macroscopic morphology of the coated steel wire is similar to that of the steel
wire substrate, indicating that the coating does not affect the fracture mechanism of the
steel wire. Partial exfoliation of the coating can be observed on the side of the fracture of the
coated steel wire, indicating that the coating would preferentially corrode. For comparison
with stress corrosion cracking, we carried out tensile tests on the steel wire substrate in the
air. As shown in Figure 8, the tensile fracture of the steel wire substrate has significant
necking, with a surface shrinkage rate of about 40%.

Figure 9 shows the SEM images and corresponding EDS element mapping of the
coated steel wire after 48 h of stress corrosion. In Figure 9a, it can be seen that the cor-
rosion product layer is formed on the surface of the steel wire substrate. The corrosion
product layer is composed of Fe, Zn, Al, S, and O elements. The effect of adding Mg to
the ZnAl alloy coating is mainly to inhibit the formation of soluble or porous corrosion
products. Due to the low Mg content, which is almost undetectable, only the distribution
of Zn and Al elements is shown in Figure 9b. As shown in Figure 9b, after stress corrosion,
the O in the solution is easy to enrich in the Al-rich region, while the S element is easy
to enrich in the Zn-rich region, and it is speculated that the corrosion products are com-
posed of Al,O3 and ZnS. Compared with ZnS, Al,O3 has a denser structure and better
corrosion resistance. The Al,O3 on the surface of ZnAlMg-coated steel wire is more com-
plete, so the protection of the steel wire substrate is stronger (Figure 5). Figure 10 shows an
XRD pattern of the coated steel wire after 24 h of stress corrosion. The diffraction peaks of
ZnS (PDF#39-1963), Al,O3 (PDF#46-1131), and Zn (PDF#04-0831) in the XRD pattern of the
ZnAl-coated steel wire demonstrate that the corrosion products are indeed composed of
ZnS and Al;Oj3. The diffraction peak of Al (PDF#04-0787) also appears in the XRD pattern
of the ZnAlMg-coated steel wire. This phenomenon may be due to the fact that the corro-
sion rate of the ZnAlMg coating is slower than that of the ZnAl coating, and the coating
has not been completely transformed into a corrosion product layer.
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Figure 6. Optical micrographs of fracture surfaces and sides of steel wire substrates after stress
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Figure 7. Optical micrographs of fracture surfaces and sides of coated steel wires after stress corro-
sion cracking. (“fi4%” in the figure means magnification).
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Figure 10. XRD patterns of coated steel wires after 24 h of stress corrosion.
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According to the literature reports, the NH4SCN solution (50 °C, 20 wt.%) has the
effect of soaking and charging hydrogen on steel, and the reaction equation is shown as
Equation (1). In the NH4SCN solution, Fe will also undergo an anodic dissolution reaction,
as shown in Equation (2). In addition, it may be accompanied by a reduction reaction of
dissolved oxygen (Equation (3)) [25]. Similar to Fe, Zn and Al may dissolve in the NH4SCN
solution, resulting in the reaction of Equations (4) and (5). ZnS is formed by the combina-
tion of Zn?* and S?>~. As shown in Equation (6), AI** combines with OH~ to form Al(OH)3.
However, Al(OH);3 is unstable and is thermally decomposed to form Al,O3 (Equation (7)):

SCN™ +2H,0 +2H * +2e = —S5>~ + H, + CO, + NH* (1)
Fe—Fe? +2e~ ()

H,O + O, + 4~ —40H™ (3)

Zn—2Zn%" +2e” (4)

Al— AP +3e” (5)

APP* + 30H™ = Al(OH); (6)

Al(OH)3 2 Al,O3 + 3H,0 7)

3.3. Corrosion Behavior during the Stress Corrosion Process

The fractured time of the steel wire under the applied load of 80%Fmax was too short
to monitor its corrosion behavior during stress corrosion. Therefore, the applied load was
70%Fmax by default during the electrochemical testing. The evolution in corrosion resis-
tance of the wire was continuously monitored during the electrochemical measurement.
The corrosion resistance of the steel wire substrate hardly changes with time, so a set of
data was selected for the analysis. However, the corrosion resistance of coated steel wire
changes significantly, so the data from three representative time points were selected for
the analysis. Figure 11 shows the Nyquist diagram and Bode diagram of the steel wire
substrate under stress corrosion. The points represent the measured values and the lines
represent the fitting values. The Nyquist diagram shows an incompletely sunken capaci-
tive arc affected by dispersion (Figure 11a). The arc of the capacitive reactance is induced
to shrink in the low-frequency region, indicating that the SCN~ is adsorbed on the steel
surface [21].

Figure 12 shows the Nyquist and Bode diagrams of ZnAl-coated steel wire in the
process of stress corrosion. Figure 13 depicts Nyquist and Bode diagrams of the ZnAIMg-
coated steel wire in the process of stress corrosion. The Bode diagram of the ZnAIMg-
coated steel wire is different from that of the ZnAl-coated steel wire at the initial stage of
stress corrosion due to the different coating types. The EIS of the ZnAlMg-coated steel
wire is typical, so the stress corrosion process of ZnAlMg-coated steel wire is analyzed as
an example. The stress corrosion process of coated steel wire can be divided into three
stages: the initial stress corrosion stage, the corrosion inhibition stage, and the substrate
corrosion stage. In the initial stress corrosion stage, the coating was relatively complete and
the peak phase angle was located in the high-frequency region (Figure 13d). During the
corrosion inhibition period, two semi-circles appeared in the Nyquist diagram (Figure 13b)
and peak phase angles appeared in both the high-frequency and low-frequency regions of
the Bode diagram (Figure 13e), indicating two time constants. Similar to Figure 11b, the
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peak value of the phase angle in Figure 13f only appeared in the low-frequency region,
indicating that the crack reached the steel wire substrate at this time.

150 M e 60
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Figure 11. (a) Nyquist diagram and (b) Bode diagram of steel wire substrate under stress corrosion.
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Figure 12. (a) Nyquist diagram and (d) Bode diagram of ZnAl-coated steel wire at the initial stage of
stress corrosion. (b) Nyquist diagram and (e) Bode diagram of ZnAl-coated steel wire at the corrosion
inhibition stage. (c) Nyquist diagram and (f) Bode diagram of ZnAl-coated steel wire at the substrate

corrosion stage.
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Figure 13. (a) Nyquist diagram and (d) Bode diagram of ZnAlMg-coated steel wire at the initial stage
of stress corrosion. (b) Nyquist diagram and (e) Bode diagram of ZnAlMg-coated steel wire at the
corrosion inhibition stage. (c¢) Nyquist diagram and (f) Bode diagram of ZnAlIMg-coated steel wire
at the substrate corrosion stage.

In order to further analyze the EIS in Figures 11-13, an electrical equivalent circuit
model was used to fit the original data. Figure 14 presents the electrical equivalent circuit
diagram, and the circuit description code is LR(QR)(QR). In Figure 14, L1 represents the
inductance, R1 represents the resistance of the solution, R2 represents the resistance of
the corrosion product film, and R3 represents the charge transfer resistance. Due to the
heterogeneity of the surface film, a constant phase element (CPE) is used to represent the
non-ideal capacitance responses of the interface. CPE1 (Q1) represents the interface of the
corrosion product and CPE2 (Q2) represents the interface between the corrosion product
and the coating surface [22].

L1 R1 R2 R3

CPE1
)—

Figure 14. Electrical equivalent circuit in stress corrosion environment.

CPE2
>—

The expression of Z¢pg is shown in Equation (8):
Zepe = [Yo(w)"} ! ®)

where Y is the admittance magnitude of CPE, j is the imaginary number (j> = —1), w is the
angular frequency, and n is the exponent (—1 <n <1). When the n values are close to 1, the
CPE will approach an ideal capacitance [21].

Tables 4 and 5 list the specific values of the electrochemical impedance fitting param-
eters of the steel wire substrate and coated steel wire. As can be seen from Table 5, the
R2 value of the coated steel wire firstly increases and then decreases with the extension of
time, indicating that the corrosion rate is faster in the initial stage of corrosion. The subse-
quent corrosion product film can inhibit the corrosion process and increase the R2 value.
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However, with the extension of time, the corrosion product film is gradually destroyed,
and R2 decreases at this time.

Table 4. Fitting parameters for the EIS of the steel wire substrate.

Coating

L1

R1 Q1-Y, R2 Q2-Y, R3

Type (H-cm?) (Q-cm?) (Q~1.cm2.SM) Ql-n (Q-cm?) (Q~1.cm?.SM) Q2n (Q-cm?)
ZnAl 1.5 x 10~* 53.27 0.2445 1 51.95 0.004665 0.7201 297.5
ZnAlMg 1.4 x 1074 52.48 743.5 0.9999 1.043 0.006496 0.6778 192.8
Table 5. Fitting parameters for the EIS of the coated steel wires.
Coating Time R1 Q1-Y, Ql-n R2 Q2-Y Q2-n R3
Type (h) (H-cm?) (Q-em?) (Q1.cm?.8") (Q-em?) (Q1.cm?.8") (Q-cm?)
1 1.33 x 1074 101.5 0.000713 1 0.8736 0.1149 0.6499 24.02
ZnAl 100 6.87 x 10710 0.02706 8.26 x 1078 0.8539 631.3 0.0123 0.7641 490.6
148 1.29 x 1074 166.6 0.03139 0.6186 18.66 0.0282 0.6108 670
1 1.86 x 107 24.65 232 x 107° 0.8549 128.2 0.0006613 0.8545 10.34
ZnAlMg 120 1.47 x 1075 35.49 0.004824 0.7337 2014 2.38 x 107° 0.9071 222
193 1.42 x 1074 148.5 0.008381 0.4243 28.29 0.008071 0.8136 2018

Figure 15a shows the potentiodynamic polarization curve of the steel wire substrate.
In Figure 15b, the corrosion potential (Ecorr) and corrosion current density (Icorr) values
were taken from the polarization curve in Figure 15a. Figure 16a,b exhibit the polarization
curve and corresponding Ecorr and Ieorr values of the ZnAl-coated steel wire.
Figure 16c,d depict the polarization curve and corresponding Ecorr and Ieor values of the
ZnAlMg-coated steel wire. The corrosion potential of the ZnAl- and ZnAlMg-coated steel
wires at the initial corrosion stage is —1.14V. The corrosion potentials are lower than
—1000 mV/SCE, which indicates a hydrogen evolution process taking place on the sur-
face of the coated steel wires [32,33]. However, Yao et al. [7] found that the rational range
of protection voltages is between —1.130 V and —1.150 V. Therefore, both the corrosion de-
velopment and hydrogen embrittlement of the steel wire substrates were inhibited within
this range [7]. Taking the ZnAlMg-coated steel wire as an example, the Eqr value of
the coated steel wire (—1.14 V) is lower than that of the steel wire substrate (—0.81 V),
and the Iy value (2.20 x 104 A/Cm2) is higher than that of the steel wire substrate
(1.63 x 10~* A/cm?) at the initial stage of stress corrosion. The ZnAl-coated steel wire
also showed the same trend. The first step of the crack initiation under stress corrosion
conditions for the coated steel wire is local corrosion of the outermost coatings [34]. The
hot-dip alloy coating on the surface of the steel wire has two functions: coating material
protection and electrochemical protection. The purpose of the coating material protection
is to isolate the steel wire substrate from the corrosive environment, so as to play a shield-
ing protection role. The purpose of the electrochemical protection is to hot-dip the active
metal material on the surface of the steel wire substrate so that the coating is preferentially
corroded [7]. After the coating is completely corroded, the steel wire substrate begins to
corrode locally, which can extend the service life of the steel wire substrate. In the corro-
sion inhibition stage, the value of L.+ descended from 2.20 x 10~* A/cm? to 0.69 x 10~*
A/cm? and Eoyy increased from —1.14 V to —0.82 V. In this stage, a dense corrosion product
film may be formed on the surface of the steel wire substrate, reducing the corrosion ten-
dency and corrosion rate. In the substrate corrosion stage, the Ecorr value decreased from
—0.82'V to —0.84 V and ILeorr increased from 0.69 x 10~* A/em? to 0.77 x 10~* A/em?. This
indicates that cracks may appear in the corrosion product film at this time, and the cor-
rosion liquid penetrates into the steel wire substrate through the cracks, which increases
the corrosion tendency and corrosion rate. The corrosion current density of the ZnAIMg-
coated steel wire (2.20 x 10~% A/cm?) is lower than that of the ZnAl-coated steel wire
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(3.06 x 10~* A/cm?), indicating that ZnAlMg-coated steel wire has better corrosion resis-
tance. Therefore, the protective effect of the ZnAIMg coating on the steel wire substrate is
stronger and the stress corrosion fracture time of the steel wire substrate can be prolonged
significantly (Figure 5).
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Figure 15. (a) Potentiodynamic polarization curve, (b) corrosion potential, and corrosion current
density of steel wire substrate during stress corrosion.
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Figure 16. (a) Potentiodynamic polarization curve, (b) corrosion potential, and corrosion current
density of ZnAl-coated steel wire during stress corrosion. (c) Potentiodynamic polarization curve,
(d) corrosion potential, and current density of ZnAlMg-coated steel wire during stress corrosion.
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3.4. Thermal Desorption Analysis (TDA)

Due to the differences in the test samples and test methods, the test results were differ-
ent from those reported in the literature [5]. A thermal desorption analysis (TDA) is widely
used to measure the diffused hydrogen content [25,35]. Figure 17 shows the thermal des-
orption analysis profiles of hydrogen. The hydrogen content in the sample before charging
the hydrogen is shown in Figure 17a. Surprisingly, the hydrogen content of the ZnAIMg-
coated steel wire itself is very high, and the hydrogen content decreases after removing
the coating. This suggests that the coating could be a hydrogen trap. The phenomenon
is explained in the literature, whereby the Zn coating acts as a barrier against hydrogen
penetration and diffusion, retaining the hydrogen in its crystal structure due to the inter-
stitial spaces in the hexagonal Zn lattice [32,36]. The ZnAlMg alloy coating has a large
Zn-rich phase, so the above rules are also applicable to this scenario. In addition, the low
hydrogen content in the steel wire substrate indicates that with the method of removing
the coating by HCl pickling, it is difficult to introduce a large amount of hydrogen into the
steel wire substrate. The hydrogen content in the sample after being hydrogen-charged for
24 h is shown in Figure 17b—d. Itis reported that the peak 2 hydrogen, desorbed at temper-
atures above 200 °C as determined by the TDA, had no significant effect on the hydrogen
embrittlement susceptibility [24]. In contrast, the hydrogen embrittlement susceptibility in-
creased in the presence of the peak 1 hydrogen, desorbed from room temperature to 200 °C.
Compared with before hydrogen charging, the content of peak 1 hydrogen in the ZnAlMg-
coated steel wire decreased after the hydrogen was charged for 24 h (Figure 17a,b). This
may have been due to the release of hydrogen after the conversion of the Zn-rich phase to
ZnS (Figures 9b and 10). As shown in Figure 17b, the content of peak 1 hydrogen in the
ZnAlMg-coated steel wire is much lower than that in the steel wire substrate. This suggests
that the corrosion product layer may act as a barrier to the penetration of atomic hydrogen
into the steel. Therefore, the fracture time of the ZnAlMg-coated steel wire is significantly
longer than that of the steel wire substrate (Figure 5). As depicted in Figure 17c, the con-
tent of peak 1 hydrogen in the ZnAlMg-coated steel wire is slightly lower than that in the
ZnAl-coated steel wire. Therefore, the protective effect of the ZnAIMg coating on the steel
wire substrate is better than that of the ZnAl coating (Figure 5). The hydrogen contents
of the steel wire substrates after hydrogen charging for 24 h were compared. The results
showed that the hydrogen embrittlement sensitivity levels of the steel wire substrates are
almost the same (Figure 17d). However, the corrosion resistance test showed that the cor-
rosion resistance of the steel wire substrate with stripped ZnAIMg is worse than that of the
steel wire substrate with stripped ZnAl. In summary, the stress corrosion fracture time is
related to both the hydrogen embrittlement sensitivity and corrosion resistance.
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Figure 17. Thermal desorption analysis profiles of hydrogen: (a) the ZnAlMg-coated steel wire and steel
wire substrate (stripped ZnAIMg) before charging with hydrogen; (b) the ZnAIMg-coated steel wire and
steel wire substrate (stripped ZnAlIMg) after hydrogen charging for 24 h; (c) the ZnAl-coated steel wire
and ZnAlMg-coated steel wire after hydrogen charging for 24 h; (d) the steel wire substrate (stripped
ZnAl) and steel wire substrate (stripped ZnAIMg) after hydrogen charging for 24 h.

4. Conclusions

The effects of ZnAl and ZnAlMg coatings on the stress corrosion performance of
bridge cable steel wire was studied using an FIP test and the fracture morphology was char-
acterized. The corrosion products of the coated steel wires in NH4SCN solution
(50 °C, 20 wt.%) were analyzed by SEM and XRD. The corrosion resistance of the steel
wires was measured using the electrochemical technique. The hydrogen content and states
were analyzed using a TDA. The conclusions are as follows:

(1) The stress corrosion fracture time of coated steel wire is related to the corrosion resis-
tance of the coating, the quality of the steel wire substrate, and the applied load. At
an applied load of 70%Fmax, the fracture times of the ZnAl- and ZnAlMg-coated steel
wires were 6.8 and 11.5 times that of the steel wire substrate, respectively. Under the
applied load of 80%Fmax, the fracture times of the ZnAl- and ZnAlMg-coated steel
wires were 5.6 and 10 times that of steel wire substrate, respectively;

(2) The coating type has little effect on the fracture morphology of bridge cable wire.
From a macroscopic perspective, the stress corrosion cracking fracture is a brittle frac-
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ture caused by hydrogen embrittlement. The angle between the crack propagation
direction and the applied stress direction is approximately 45°;

(3) In NH4SCN solution (50 °C, 20 wt.%), a corrosion product layer composed of ZnS
and Al;Oj is formed on the surface of the coated steel wire substrate;

(4) Theelectrochemical analysis showed that the corrosion resistance of the ZnAIMg coat-
ing is better than that of the ZnAl coating;

(5) The results of the TDA showed that the steel wire substrate has the highest sensitiv-
ity to hydrogen embrittlement. The coating can reduce the hydrogen embrittlement
sensitivity of steel wire, and the protective effect of the ZnAlMg coating on the steel
wire substrate is stronger than that of the ZnAl coating.
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