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The corrosion behavior of EW75 magnesium alloy in the
research vessel KEXUE during the ocean voyage
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The corrosion behavior of EW75 magnesium alloy in the Research Vessel KEXUE (RV KEXUE) during the ocean voyage was
researched. The weight loss, corrosion depths, corrosion morphologies, and corrosion products were all analyzed. The mean weight

loss rate of EW75 alloy Extrusion Surface was 0.0672 mgcm 2y~

Cross-section Surface was 0.0938 mgcm—2y~'

(0.0903 mm y~") after exposure corrosion tests, whereas that of
(0.1537 mm y~"). Both extrusion direction and transverse direction of magnesium

alloy samples occurred the brittle fracture in the harsh marine environment, and the mechanical strength fell precipitously after the
exposure tests. The corrosion resistance of EW75 magnesium alloys obviously showed the anisotropy, which was due to the texture
of the magnesium alloy in the microstructure. High salinity and high humidity environment led to a severe corrosion of EW75
magnesium alloys during exposure in the RV KEXUE during the ocean voyage. This study will provide the effective data for the
service of magnesium alloys in typical marine atmospheric environment.
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INTRODUCTION

Magnesium alloys are the lightest structural metallic materials, which
are widely used in aerospace, military and other fields'2. With the
implementation of the marine power strategy in the world, the
marine atmospheric environment has become one of the important
service environments for advanced magnesium alloy materials and
their structural parts. Carrier rockets have started to launch from the
sea in order to meet the needs of low-inclination orbit satellite launch,
which require the better corrosion resistance of magnesium alloys in
harsh marine corrosive environment. The high-strength magnesium
alloys contained rare earths (Mg-RE alloys) have more excellent
performance®*, which can meet the use requirements of advanced
light metal structural parts in the marine atmospheric environment
with high salt and high humidity>S. Especially, the Mg-7Gd-5Y-1Nd-
0.5Zr (EW75) magnesium alloys have been used in multiple important
equipment due to their high mechanical properties at room and
elevated temperatures’™. Therefore, research on the corrosion
resistance of Mg-RE alloys in typical marine atmospheric environment
become the key issue for their application. Corrosion dynamics
pattern, residual mechanical strength and failure mechanism of Mg-
RE alloys are all need to obtain from the experiments'®'2 They are
used to evaluate the service life of magnesium alloy scientifically in
typical marine atmospheric environment.

Liao et al'® investigated the marine atmospheric corrosion
behavior of AZ31B Mg alloys exposure for 1 year in Shimizu City
of Japan, and they obtained that the weight loss rate of FG-AZ31B
and CG-AZ31B was about 32.6 and 34.6 um/y, respectively. Liao
et al." also analyzed the corrosion products of AZ31 alloys, and the
conclusion showed that (Mggg33Alg167)(OH)(CO3)0083°0.75H,0
formed on surface of samples during the early exposure period,
whereas the corrosion products were mainly consisted of aluminum
element after long-term exposure. Martin et al.'> researched marine
atmospheric corrosion of AZ91D alloy from the Atlantic shore in

Brest, France and found that the corrosion rate of was 4.2 um/year.
The main corrosion product on AZ91D alloy surface was
(Mgs(CO3),4(0OH),-4H,0). The corrosion attacked originally from the
inside of larger a-phase. Cui et al.'® studied marine atmospheric
corrosion behavior of AZ31 alloys in Xisha Islands and analyzed the
effect of CI~ on the corrosion process. They proved that the
corrosion crack initiated from pit etching and then extended to
general corrosion, while the main corrosion product was
Mgs(CO3)4(OH):xH,0. Cui et al."” also researched pitting corrosion
behavior of AZ31 alloy in Xisha Islands and found that pit etching
was the primary corrosion form. The corrosion process was consisted
of initiation and propagation of corrosion pit etching. Liu et al.'®
summarized atmospheric corrosion of magnesium alloys in the
surface aqueous layer. The main influence factors were contained
grains, kinds and distribution of precipitated phases, condition of
corrosion products, Cl~, relative humidity and temperature in the
corrosion environment. Jiang et al.'® researched the corrosion
behavior of Mg-Nd alloys in the harsh South China Sea environment
and obtained the corrosion rate of Mg-xNd (x=0.5, 1.0, 1.5 wt%)
alloy was 0.0837mmy~", 00693mmy~"' and 0.0517mmy~',
respectively. The mechanical strength of Mg-Nd binary alloy was
damaged severely due to the heavy rainfall and high humidity,
sodium chloride in South China Sea environment. Jiang et al.° also
studied the marine atmospheric corrosion pattern of Mg-7Gd-5Y-
1Nd-0.5Zr alloys at Qingdao site, and they found that the mean
corrosion rate was 5.2722 g m~2 per month. Relative humidity and
inorganic salts were the main influence factors for corrosion process.
However, in many cases, structure and equipment in service are in
the mobile condition for a long time. That means the practical
locations of magnesium alloys materials are not permanent, such as
vessel and maritime aircraft. Until now, there are few researches on
corrosion experiment of magnesium alloys on the sailing vessel in
the typical marine atmospheric environment.
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In this work, the EW75 magnesium alloys officially served in the
military field were picked up as the basic experimental materials, and
their exposure corrosion behavior in the RV KEXUE during the ocean
voyage was researched. The weight loss, corrosion depths, corrosion
morphologies and corrosion products were all analyzed. The
synergistic effect of the marine environmental factors and anisotropic
microstructure on the corrosion behavior of EW75 magnesium alloys
was described and discussed. This study will provide the effective

data for the service of magnesium alloys in typical marine
atmospheric environment.

RESULTS AND DISCUSSION

Microstructure of EW75 magnesium alloys

As shown in Fig. 1, the grain size of EW75 magnesium alloys was
small and uniform for both Extrusion Surface and Cross-section
Surface. The precipitated phases evenly distributed after deformation
and aging. The Extrusion Surface showed the extrusion flow
obviously, and precipitated phases distributed along the extrusion
direction. On the other hand, the precipitated phases in the Cross-
section Surface distributed more diffuse. Previous studies had shown
that the precipitated phases of EW75 magnesium alloys were mainly
consisted of elliptic spherical 3’ phases. The crystal microstructure of
precipitated B'phases was base-centered orthorhombic lattice, which
lattice parameter was a = 0.64 nm, b =2.22 nm, ¢ = 0.52 nm, respec-
tively. The structural characteristics model of elliptic spherical p’
phases was Mg;RE?'"%, In the EW75 magnesium alloys, the
precipitated phases impeded dislocation slip at the room tempera-
ture, result that the deformation resistance increased. Consequently,

. 100 pm

the mechanical strength of EW75 magnesium alloys can reach to
more than 450 MPa. As shown in Fig. 1¢, d, the average grain size of
both the Extrusion Surface samples and Cross-section Surface
samples was about 10-20pum. The grain colors in the maps
corresponded to the crystallographic axes shown in the inserted
stereographic triangle. We determined that the (0 0 0 1) base planes
of most grains were parallel to the ED. The average grain size of the
two types of EW75 Magnesium Alloy samples was similar, which
implied that the grain-size difference was not responsible for the
corrosion-rate difference among the different samples types. Mean-
while, the amount and distribution of precipitated phases on the
surface of the two different samples were also basically the same.
Therefore, the key factor that determined the difference of corrosion
resistance of Extrusion Surface samples and Cross-section Surface
samples was that different crystallographic preferred orientations.
The crystallographic texture Extrusion Surface and Cross-section
Surface samples were characterized by EBSD. As shown in Fig. 2,
different colors represented different orientations of the crystal
surfaces. The Extrusion Surface along the direction of extrusion
deformation, the main grain orientation was (0 0 0 1) base
surface?®. This phenomenon was because that the C axis of close-
packed hexagonal (HCP) crystal structure was parallel to the
normal direction during the deformation of the EW75 magnesium
alloys. The Cross-section Surface were mainly composed of (1 0—1
0) and (2 —1 —1 0) crystal surfaces. Different energy levels of
heterogeneous crystal surfaces, resulted to the huge distinction on
electrochemical stability and corrosion resistance®®. Previous
studies had shown that the corrosion rate of different crystal-
lographic planes of magnesium alloys was estimated based on an
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Fig. 1 Microstructureand grain size of different surfaces. a, ¢ Extrusion surface; b, d cross-sectionsurface.
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Fig. 2 EBSD analysis of different surfaces. a, ¢, e Extrusion surface; b, d, f Cross-section surface.

electrochemical-dissolution-rate equation, and the theoretical
dissolution rates of crystallographic planes were as follows: (0 0
01)<(10-10)<(2 —1—10)?°%, The maximum polar density
represented the texture intensity of the Extrusion Surface samples
and Cross-section Surface samples of EW75 magnesium alloy. This
value of Extrusion Surface samples was 8.357, whereas the Cross-
section Surface samples was 5.428. The maximum polar density
was small, indicated that orientation of the crystal faces was
uniform. In this case, relatively uniform corrosion occurred on the
surface of magnesium alloys. On the contrary, severe pitting

Published in partnership with CSCP and USTB

corrosion and location corrosion would occur on the surface of
magnesium alloys. Generally, the corrosion resistance of magne-
sium alloy with relatively uniform corrosion is better.

Surface morphologies and weight loss rate

In this study, AW is marked as the value of the weight loss rate of
EW?75 alloys after more than 3 months exposed corrsion, which
unit of measurement is equalled to gcm=2y~'. AW can be
calculated by the expression: AW= (W, — W;)/ST. In this
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Table 1. The weight loss rate of EW75 magnesium alloys after 3 months exposed corrsion.
EW75 alloys Parallel samples Wo/g wi/g Alg S/cm? /M AW/gem—2y~! Average gcm 2y~
Extrusion Surface Sample 1 13.5131 12.8798 0.6333 60 3 0.0633 0.0672
Sample 2 13.4547 12.7760 0.6787 60 3 0.0679
Sample 3 13.7167 13.0126 0.7041 60 3 0.0704
Cross-Section Surface Sample 1 13.5388 12.5936 0.9452 60 3 0.0945 0.0938
Sample 2 13.4922 12.5301 0.9621 60 3 0.0962
Sample 3 13.5066 12.6013 0.9053 60 3 0.0905

Table 2. The corrosion depth of EW75 magnesium alloys after 3 months exposed corrsion.
EW75 alloys Parallel samples Locations/mm Average/mm T /M Corrosion depth/mmy~' Average/mmy™"
® ® ® @ ®
Extrusion Surface Sample 1 0.0152 0.0147 0.0132 0.0131 0.0143 0.0141 3 0.0846 0.0903
Sample 2 0.0120 0.0134 0.0168 0.0174 0.0160 0.0151 3 0.0907
Sample 3 0.0151 0.0164 0.0196 0.0166 0.0120 0.0159 3 0.0956
Cross-Section Surface Sample 1 0.0285 0.0283 0.0244 0.0210 0.0221 0.0240 3 0.1437 0.1537
Sample 2 0.0293 0.0258 0.0272 0.0281 0.0281 0.0277 3 0.1662
Sample 3 0.0296 0.0242 0.0291 0.0218 0.0214 0.0252 3 0.1513

expression, Wy (g) and W, (g) means the original weight and the
final weight, respectively. W, of the EW75 alloys was measured
before the exposed corrsion, whereas the W; was measured after
all the corrosion products were removed from the surface of the
alloys. S (cm?) is equalled to the sum of the six surface areas of
each sample. T (y) is behalf of the period of exposed corrsion,
which is equalled to 3 months. Actually, the weight loss rate in this
study is an average value on the total surface areas of each sample
after exposed corrsion. The results were shown in Table 1.

As shown in Table 1, the Extrusion Surface samples had the
lowest average corrosion rate 0.0672gcm 2y~', whereas the
Cross-section Surface samples showed the larger corrosion rate
0.0938 gcm~—2y~". This phenomenon may be attributed to the
crystal orientation of texture and distribution of the precipitated
phases in the microstructure of Extrusion Surface samples. In fact,
the Extrusion Surface of EW75 alloys samples mainly consisting of
closely packed crystallographic plane (0 0 0 1) has lower surface
energy and thus its anodic dissolution and cathodic hydrogen
evolution are more difficult than a Cross-section Surface on which
most grains are (1 0 —1 0) and (1 1 —2 0) orientated. As a result,
the rolling surface is more corrosion resistant than a Cross-section
Surface in marine atmospheric environment. In the present study,
the order of weight loss rate is as follows: Extrusion Surface
samples < Cross-section Surface.

In addition, the corrosion depth Py (mmy~') of EW75
magnesium alloys samples after more than 3 months exposed
corrsion was measured via the thickness gauge, and the results
were shown in Table 2, as follows. The corrosion depth of
Extrusion Surface sample showed a minimum value at 0.0903 mm
y~!, whereas that of Cross-section Surface samples showed a
maximum value at 0.1537 mmy~'. This phenomemon was also
due to the crystal orientation of different surface.

As shown in Fig. 3, the corrosion morphology of EW75 Extrusion
Surface and Cross-section Surface samples covered with corrosion
products in the KEXUE vessel was characterized by optical camera.
The metallic luster on the surface of EW75 alloy samples was
disappeared, and the surfaces were gradually covered by a layer of
white crystalline corrosion products after exposure more than
3 months in the KEXUE vessel. Small amounts of brown corrosion
product particles existed on the surfaces, this phenomenon might

npj Materials Degradation (2022) 28

be due to contamination of corrosion products with impurities
after washing by seawater and rain. The differences on the surface
corrosion morphologies of EW75 Extrusion Surface and Cross-
section Surface samples were also apparent to the eyes. The
“pitting point” of the white corrosion products on the Extrusion
Surface samples had an obvious trend along the direction of the
extrusion streamline, whereas the distribution of corrosion
products on the Cross-section Surface was relatively uniform. This
situation was also determined by the microstructure and texture
preference orientation of the EW75 alloys?®.

In typical Marine atmospheric exposure experiment, the
corrosion factors of environment and density of corrosion
products determined the protective effect on the matrix on on
the magnesium alloys?®. The corrosion products of different EW75
alloy samples were analyzed by XRD after more than 3 months
exposure experiment in the KEXUE vessel in Fig. 4. As shown in the
Fig. 4, the diffraction peaks of magnesium matrix were the largest
because that the X-ray reached the matrix through the corrosion
product layers. Meanwhile, the diffraction peaks of both (0 0 1)
and (1 0 1) crystal surfaces in Mg(OH), were very evidently
detected in the corrosion products for all the samples. The
diffraction peak (0 2 1) crystal surface of MgCl, in the corrosion
products was also detected by the x-ray diffraction. Under normal
circumstances, the solubility of MgCl, was large in the seawater
and rain solution, resulted that the residual volume of MgCl, in the
corrosion products was very little. And the diffraction peak of
MgCl, was difficult to be detected in x-ray diffraction analysis.
However, in the marine atmospheric environment, the average
ClI~ concentration was very high, which led to a serious corrosion
of EW75 magnesium alloys. The corrosion product MgCl, formed a
great of quantities on the magnesium matrix surface, so their
diffraction peak was also obvious.

When EW75 magnesium alloys exposed to corrode in marine
atmospheric environment, the grain boundaries corroded origin-
ally due to their high chemical activity. With the gradual corrosion
reaction, the Mg(OH), corrosion product layers formatted more
and more, which improved the layers resistance of grain
boundaries and corrosion potential®®. As the grain boundary
potential raised to higher than magnesium matrix, corrosion
started to occur inside of the grain. Film formation is highly
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Fig. 3 Corrosion morphologies with corrosion products. a—c Extrusion samples; d—f Cross-section surface samples.
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Fig. 4 XRD microanalysis of corrosion products. a Products categories; b product crystal surfaces.

dependent on the exposure environment and time3'. All chloride
environments functioned similarly including the marine atmo-
spheric environment because of excess Mg(OH), formation either
preloaded or as a result of Mg?" release. A thick precipitated Mg
(OH), film with an inner MgO layer was readily formed in alkaline,
chloride environments®233, Oxide thickness was strongly depen-
dent on crystallographic orientation in the chloride containing
environment. The corrosion product layers continuously gener-
ated inside of the grain, which improved the corrosion potential of
o-Mg matrix and prevented electrons transformation. Then
the corrosion reaction transformed back to grain boundaries.
The EW75 magnesium alloys occurred serious corrosion in cycles
in the marine atmospheric environment.

Residual mechanical strength and fracture analysis

The tensile strength, yield strength and elongation of EW75
magnesium alloys measured by universal tensile test machine at
the room-temperature. As shown in Fig. 5, for the EW75 extrusion
direction samples before exposure corrosion, there were few
cleavage steps and secondary cracks in the fracture. Moreover, the

Published in partnership with CSCP and USTB

fracture was a mixed torn edges and dimple, and local torn edges
were connected to with each other. Some dimples were relatively
small, showing the characteristics of ductile fracture. However,
along the transverse direction samples showed the mixed ductile-
brittle fracture, nor was it a typical brittle fracture or a typical
ductile fracture3,

After extrusion deformation and peak-aging, the precipitated
phases of EW75 magnesium alloys were distributed uniformly.
Both the tensile strength and yield strength had a greatly
improvement. As shown in Fig. 6(a), the ultimate tensile strength
of the EW75 extrusion direction samples was about 446 MPa, while
the yield strength was 385 MPa. Moreover, the elongation of
extrusion direction samples even reached up to 12%. The ultimate
tensile strength of the EW75 transverse direction samples was
about 328 MPa, and the yield strength was 264 MPa, the average
value of elongation was about 10%.

Generally, after exposure in the KEXUE vessel, corrosion pits and
micro-cracks formed in the surface of the magnesium alloys,
leading to the decreasing of cross-sectional area. Therefore, the
mechanical strength of magnesium alloy declined during the

npj Materials Degradation (2022) 28
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Fig. 5 The fracture morphologies before exposure corrosion. a, ¢, e Extrusion direction samples; b, d, f transverse directionsample.
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Fig. 6 The mechanical property of the EW75 alloys. Before (a) and after (b) exposure in KEXUE vessel.

tensile test®®. As shown in Fig. 6, the average tensile strength of
extrusion direction samples decreased from 446 to 296 MPa,
indicating that the attenuation ratio was about 33.63%. Moreover,
their average yield strength decreased from 385 to 250 MPa,
suggesting that the attenuation ratio was about 35.06 %. On the
other hand, the tensile strength (328-193 MPa) and yield strength
(264-157 MPa) of transverse direction samples decreased about
41.21% and 40.53%, respectively. In conclusion, transverse

npj Materials Degradation (2022) 28

direction tensile samples showed the more severe corrosion,
indicated that the cross-section surface had the lower corrosion
resistance of EW75 magnesium alloys.

During the exposure test, corrosion pits occurred on the surface
of the samples. With the corrosion reaction processed, the size of
corrosion pits gradually increased. The geometrical shape around
the pitting pits varied greatly, which resulted a serious stress
concentration in this location. Corrosion pits extended to the
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Fig. 7 The fracture morphologies after exposure corrosion. a, ¢ Extrusiondirection samples; b, d transverse direction samples.

depth in the surface of magnesium alloys, resulting in the
decreasing of cross-sectional area. This phenomenon caused the
increasing of the stress per unit area when the load was applied in
the tensile test®*%7,

Figure 7 shows the fracture morphologies of EW75 tensile
samples after exposure corrosion for more than 3 months in
typical atmospheric environment. It can be seen that there were a
lot of cleavage steps and secondary cracks in the fracture, which
indicated that the samples occurred the brittle fracture due to the
low plasticity. Local areas on the EW75 magnesium alloys surfaces
existed amount of corrosion pits, which resulted that the
magnesium matrix became loose®®. In the tensile process of
samples, the tolerance of local corrosion areas was lower than the
uncorded matrix, which led to the stress concentration in the local
corrosion areas. Therefore, the bottom of corrosion pits became
the initial location of crack propagation. When the crack
propagation size reached up to the critical value, the low stress
brittle fracture of EW75 alloys occurred.

The fracture cracks after exposure corrosion by optical
microscope was shown in Fig. 8, which displayed that amount
of deformation twins existed near the fracture. At the beginning of
corrosion reaction, there were only corrosion pits distribution in
local positions on the surface of magnesium alloys. With the
corrosion reaction processed, the corrosion pits propagated
continuously. The crack initiation was controlled by the corrosion.
Crystal twins occurred during the tensile deformation of EW75
magnesium alloys. Once the crystal twins formed, the dislocation
spreads toward the twin boundaries, which became a potential
crack initiation3®. During the tensile tests, either twin nucleation or
crack nucleation in the stress concentration location depended on
the energy of twin interface, type of internal defect and
experimental conditions*®*!, The precipitated phases were broken
or split off from the a-Mg matrix due to the tensile force, which
formed the micro-crack. The surface of EW75 magnesium alloys
formed corrosion pits, leading to stress concentration. When the
alloys were stretched, stress concentration expanded quickly
along the corrosion pits, which was perpendicular to the force
direction. Micro-cracks tensile stress continued to grow along the
grain boundary or inside the grain, and then become the cracks,
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which resulted the fracture of EW75 magnesium alloys. This
process occurred at the force moment. The plasticity of EW75
alloys reduced rapidly due to the corrosion reaction. This
phenomenon proved that the reduction of mechanical property
closely related to the early corrosion reaction.

Atmospheric corrosion mechanism in the exposure
experiment

The Extrusion Surface along the direction of extrusion deformation,
the main grain orientation was (0 0 0 1) base surface. This
phenomenon was because that the C axis of close-packed
hexagonal (HCP) crystal structure was parallel to the normal
direction during the deformation of the EW75 magnesium alloys. In
the EW75 alloys, the crystal surfaces were contained (0 0 0 1), (1
0 —10) and (2 —1 —1 0). In this study, the distinguishing crystal
orientations showed different electrochemical corrosion activity.
The larger the volume fraction of (0 0 0 1) crystal surfaces, the
corrosion resistance better. Corrosion rate increased accompanied
by the reduction of crystal surface intensity of (0 0 0 1) surface,
whereas corrosion rate the decreased along with the enlargement
of volume fraction of both (1 0 —1 0) and (2 —1 —1 0) crystal
surfaces intensity. In the previous studies*>*3, there was a close
relationship between corrosion rate and crystal surface energy. The
higher of the crystal surface density, the lower the electrochemical
corrosion activity, which indicated that the more stable the crystal
surface was. In fact, the surface energy of (0 0 0 1) crystal surface is
1.54 x 10* eV/nm?, whereas these of (1 0 —1 0) and (1 1 —2 0)
crystal surfaces was 3.04x10* and 2.99 x 10%J/mol, respec-
tively?>2°, Therefore, the Extrusion Surface samples mainly
consisted of (0 0 0 1) crystal surfaces had the better corrosion
resistance than the cross-section surface.

During the corrosion reaction, the corrosion product layers
formed on the surface could transform a relative steady-state
between the EW75 alloy and corrosion environment®’. During the
corrosion process in Marine atmosphere environment, the EW75
alloy rapid corroded in the early stage due to the completed
contact with chloride ion, sodium ion, and so on, which resulted a
large corrosion rate. The interfacial equilibrium state was EW75

npj Materials Degradation (2022) 28



npj

Q. Jiang et al.

2 (b) LA .

Micro-cracks

Crack propagation

50um

Fig. 8 The fracture cracks after exposure corrosion by optical microscope. a, ¢, e Extrusion direction samples; b, d, f transverse

directionsamples.

alloy and corrosion environment. During the corrosion medium-
term, the insoluble corrosion products formed on the surface of
EW75 alloys, which partially inhibited the corrosion reaction.
Along with the formation of the corrosion product layer, interface
equilibrium changed to double interface, these were “EW75 alloy--
corrosion product layer” and “corrosion product layer--corrosion
environment”. At this time, the corrosion behavior of EW75 alloy
affected by the structure and compositions of corrosion product
layers, which depended on the relative humidity environment*,
At the later stage of corrosion, the EW75 alloys surface were
covered corrosion product layers. And then the corrosion reaction
channel became exactly the pore of corrosion products, resulted
that the corrosion process tends maintained to be stable
gradually.

As shown in Fig. 9, corrosion environment determined the
protection of corrosion products to a large extent. At the initial
stage of corrosion, MgO and MgCl, existed in the corrosion
products. With the corrosion reacted gradually, the corrosion
products were mainly consisted of Mg(OH), and MgCl,. With the
erosion of MgCl, by the splashing seawater and rain water, the
protective effect of corrosion products on the matrix was greatly
reduced. At this stage, the corrosion product layers were thick and
loose. The crystallization of corrosion product layers was coarse
and heterogeneous, which were easy to damage, and resulted a
serious local corrosion and largest corrosion rate. At the final stage
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of corrosion, the corrosion products were mainly consisted of Mg
(OH),, which had the compact structure and strong adhesion*>4°.
This corrosion product layers could provide a fine protection for
the a-Mg matrix. Meanwhile, the Mg(OH), showed a lower
conductivity, which resulted that the electron transport efficiency
of corrosion reaction was reduced and the dissolution of a-Mg and
hydrogen evolution in cathode were impeded, and then the
corrosion rate of EW75 alloys decreased. At the final stage of
corrosion, the compact corrosion product layers formed and
absorbed on the surface of EW75 magnesium alloys, so the type
became uniform corrosion.

In the marine atmospheric environment, the temperature and
relative humidity were both large during the exposure experi-
ment. Coupled with the effect of wind, the magnesium alloy
surface frequently undergoes the dry-wet alternating process. The
main environmental factors during the exposure experiment were
shown in Table 3. CI~ was also acted as an important influence
factor for corrosion reaction. CI~ was preferentially adsorbed on
the incomplete corrosion production film and breakdown the
surface, opening a channel for the further occurrence and
development of corrosion. The location of incomplete corrosion
production film was preferentially corroded. In addition, the pH of
thin liquid film on the surface of EW75 alloys gradually increased
with the progress of corrosion. Under the condition of alkaline
medium, the protection of corrosion product film enhanced. At
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Table 3. The main environmental factors during the exposure experiment.

Exposure period/d  Wind speed/(m/s) Temperature/(°C)  Relative humidity/(RH)  Atmospheric pressure/(hPa)  Chloride ions mg/(100cm? d)
1-30d 6.1 25.8 76.3 1007.9 4.7270

30-60d 6.0 279 78.0 1006.6 3.5461

60-90d 3.6 24.0 78.9 1004.1 data loss

this time, CI~ can only corrode the limited location of incomplete
product film. The corrosion of EW75 alloys was characterized by
selectivity of ClI~ due to different type of precipitated phases.
Under the condition of high relative humidity, the presence of CI™
promoted the condensation of water vapor, resulted that samples
surface formed a thick liquid electrolyte membrane. However,
there were no formation of magnesium chloride on the surface of
samples. This phenomenon was attributed that magnesium
chloride was water-soluble to dissolve in thin liquid film, and
the magnesium chloride was washed away by waves. In addition,
magnesium hydroxide was more stability than magnesium
chloride, and part of the magnesium chloride reacted to produce
magnesium hydroxide.

Sample size is also a key factor. Smaller samples tend to have a
higher area-normalized corrosion rate than larger samples. The
larger the sample size is, the corrosion of the sample is relatively
uniform. In order to have a good comparison with our own
experimental data, the size of magnesium alloy exposed to
corrosion is consistent in previous studies, 5.0 cm X 5.0 cm x 0.3 cm.

The marine atmospheric environment of this western pacific
voyage was at the high temperature, high humidity, highly-saline,
and intense ultraviolet radiation. During the voyage, the samples
were splashed by the nearby ocean waves due to the wind. On the
other hand, the location of the exposure corrosion in the KEXUE
vessel was special. In this area, the surfaces of magnesium alloys
were often in a state of alternating wetting and drying due to the
periodic wetting of seawater. The oxygen supply was enough during
the experiment, coupled with the synergistic action of sunlight, wind
and seawater environment, resulting in the most severe corrosion
than Qingdao site, Beijing site and South China sea site'®*’.

METHODS
Material preparation and characterization

The Mg-7Gd-5Y-1Nd-0.5Zr (EW75) magnesium alloys were obtained from
State Key Laboratory of Nonferrous Material Preparation and Processing,
General Research Institute for Nonferrous Metals. The experimental alloys
were all smelted with industrial pure magnesium (99.95%), yttrium (99.9%),
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neodymium (99.9%), Gadolinium (99.9%), and Mg-30Zr intermediate alloys.
The ingredients were designed according to Mg-7Gd-5Y-1Nd-0.5Zr. The
actual compositions of Mg-7Gd-5Y-1Nd-0.5Zr magnesium alloy, along with
the major impurity levels, were detected by inductively coupled plasma
atomic emission spectrometry. The chemical compositions of the samples
were as follows: Gd, 6.98; Y, 4.72; Nd, 1.14; Zr, 0.41; balance Mg. The ingots
were homogenized at (535°C~24h)+ (250°Cx5h), then the multi-
directional forging and extrusion deformation were successively carried
out. The material used in the experiment was taken from the R/2
circumference of the top of the cast. After homogenization treatment or
pre-precipitation heat treatment, the multi-direction forging experiment
was carried out in a 1000-ton hydraulic press with a press down rate of
10mm/s and pass deformation of 5%. Before forging experiment, the
sample and cutting board should be placed in the heating furnace for
preheating, and the surface of the sample and cutting board should be
coated with MoS2 as lubricant during forging. The homogenized samples
were forged for six times, and quenched in water immediately after
deformation. The diameters of extrusion billet and extrusion specimen
were 90 cm and 50 cm, respectively, with a plunger speed of 0.5 mm/s at
573 K. Finally the T5 peak-aging was processed at 220 °C for 6.5 h. These
alloys were used as the basic experimental materials in the study.

As shown in Fig. 10, the perpendicular surface to the direction of
extrusion deformation was named as the Cross-section Surface, whereas
the paralleled surface to the direction of extrusion deformation was the
Extrusion Surface. The Cross-section Surface and Extrusion Surface samples
were all corroded with 4% nitrate alcohol solution. Then they cleaned and
dried with deionized water and anhydrous alcohol***°, The metallographic
structures were observed by an optical microscope model (CarlZeiss
Axiovet 2000MAT).

The dimension of the sheet samples for the exposure experiments were
5.0cm x 5.0 cm x 0.3 cm. Firstly, the sheet samples were polished by SiC
abrasive paper (240~5000#) and polishing machine (PG-2), and then
cleaned and dried successively with deionized water and ethanol. Both
Cross-section Surface and Extrusion Surface samples had three parallel
sheet samples to ensure the accuracy of experiment results. The weight of
different samples was tested via the analytical balance. Original weight
(W), original thickness and surface area (S) were all recorded before the
exposure corrosion. Exposure corrosion rack was used to attach the
samples.

The extrusion direction and transverse direction tensile samples were
selected in accordance with the direction shown in Fig. 1. The dimension
of tensile samples was processed according to GB/T228-2002.The thread
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locations of tensile samples were protected with polytetrafluoroethylene
belts (around 20-25 laps) to prevent the thread locations from corrosion.

The mechanical properties of tensile samples before and after exposure
corrosion experiments were tested according to GB228-87 standard. After
exposure corrosion experiments, amount of corrosion products was
existed on the samples surface. The mechanical properties were tested
at room temperature by AG-250KNIS universal tensile machine. The tensile
rate was at 2 mm/min.

To conduct microstructural analysis, samples were prepared by polishing
and etching in a weak solution of nitric acid and alcohol. The ethanol was
used to clean the surfaces of samples. The microstructure, precipitated
phases and surface morphology after corrosion were all measured by SEM
(JSF-6700F), and the texture and grain size of the EW75 magnesium alloy
were determined by the electron backscatter diffraction (EBSD) technique.
The characteristic peaks of EW75 alloys were tested by XRD (D/Max 2550),
whereas the test step was 4°/min.
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The photographs of corrosion experiments in the RV KEXUE. a RV KEXUE, b samples before exposure corrosion, ¢

Exposure tests in the RV KEXUE

The exposure corrosion experiments of EW75 magnesium alloys were
carried out in the RV KEXUE during the ocean voyage from May 12th 2020
to August 17th 2020 (Fig. 11a, b). The RV KEXUE is one of the national major
science and technology infrastructures to undertake multi-disciplinary
ocean research. The ship was designed by Marine Design & Research
Institute of China, and built by Wuchang Shipbuilding Industry Co., Ltd,
which was delivered in 2012 and is operated by the Institute of
Oceanology, Chinese Academy of Sciences.

During this exposure experiments, the RV KEXUE sailed from Qingdao,
and the voyage was around the western pacific, finally the vessel returned
to Qingdao (Fig. 11¢). The marine atmospheric environment of this western
pacific voyage was at the high temperature, high humidity, highly-saline,
and intense ultraviolet radiation. During the voyage, the samples of EW75
magnesium alloys often were splashed by the nearby ocean waves due to
the strong wind. The main positive ions in the atmospheric environment
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were contained Na*, Mg?*, Ca?* and K*, whereas negative ions were main
contained Br~ and Cl™. The samples on the test stand after the RV KEXUE
back to Qingdao were shown in Fig. 11d.

After the exposure corrosion tests, corrosion depths on the surfaces of
different samples were measured by the thickness gauge (Instrument type:
GTS8102). The thickness gauge needs to be calibrated using the standard
EW?75 alloys without corrosion. Each corrosion samples tested five different
locations (four corners and center of the square surface) on the surfaces of
magnesium alloys. All the testing surfaces selected the sides facing the
forward of the RV KEXUE, which corroded more seriously than the reverse
sides because of the rain and ultraviolet radiation.

The EW75 alloys immersed into the chromic acid, and then heated the
solution to a boiling state to remove the corrosion products. Next,
deionized water and ethyl alcohol were used to flush the surfaces. Finally,
analytical balance was employed to measure the final weight (W,) of the
drying samples. The weight loss after exposure corrosion obtained from
the difference between W, and W,;>%>",
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