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The present study aims to investigale the effect of a prefabricated-crown rolling process on the corrosion characteristic of the
AZ31 magnesium alloy. Specimens made of the AZ31 alloy were rolled under various crown conditions, and their
microstructure evolution and corrosion behavior were analyzed. The corrosion behavior was studied using potentiodynamic po-
larization and electrochemical impedance spectroscopy (EIS). The results showed that the corrosion-current density of the AZ31
alloy with a side pressure of 37.5 % of the plate thickness of the precast convexity decreased from 3.79 x 10 Afem® to
1.80 x 107 A/fcm?, and the difference between the edge and the middle of the AZ31 alloy was shortened from 2.05 x 107° A/cm®
to 1.14 x 10°° Afem?. The charge-transfer resistance also increased from 507.1 Q.cm? to 581.2 Q-cm®. The improvement in the
corrosion resistance is a result of the more stable corrosion products and microstructure refinement formed after the prefabri-
cated-crown rolling process.

Keywords: AZ31 magnesium alloy, prefabricated crown, rolling, corrosion, polarization

Namen Studije je raziskati u¢inek valjanja konveksnih preizku%ancev na korozijo, znacilno za magnezijevo zlitino AZ31. Vzorci
iz zlitine AZ31 so bili valjani pod razlicnimi pogoji konveksnosti preizkuSancev, analiziran pa je bil razvoj njihove strukture in
njihovo korozijsko obnaSanje. Korozijsko obnaSanje so preucevali s polenciodinami¢no polarizacijo in spektroskopijo
elektrokemicne impedance (EIS). Rezultati so pokazali, da se je gostota korozijskega toka zlitine AZ31 z bo¢nim tlakom 37.5 %
debeline plosée predulitkov zmanjsala s 3,79 x 10 A/cm® na 1,80 x 10™° A/em?, razlika med robom in sredino zlitine AZ31 pa
se je zmanjala z 2,05 x 10°® Ajem?® na 1,14 x 10 A/em?®. Tudi upornost prenosa naboja se je povedala s 507,1 Q-cm® na
581,2 Q-cm”. Izbolj¥anje odpornosti proti koroziji je posledica stabilnejsih korozijskih produktov in izbolj$ane mikrostrukture
nastale med izbranim nafinom valjanja preizku3ancev.

Klju¢ne besede: magnezijeva zlitina AZ31, predizdelani preizku3anci konveksne oblike, valjanje, korozija, polarizacija

1 INTRODUCTION edge of a magnesium plate can be effectively changed,
so that the edge and middle metal flow almost at the
same time, which is conducive to the reduction of the
edge damage of the magnesium plate.'” However, the
corrosion behavior of a magnesium alloy rolled with pre-
fabricated-crown rolling was not reported. The corrosion
behavior of magnesium alloys is related to many factors,
such as microstructure, phase composition, alloy compo-
sition, working environment and the performance of the
forming oxide film in an aqueous solution.'"'* At pres-
ent, prefabricated-crown rolling is only used to control
the shape and edge crack damage of a magnesium alloy
plate. It is not clear whether there is a genetic effect on
the corrosion behavior of a magnesium alloy and how to
influence it. Therefore, the main purpose of this study is
to investigate how the microstructure of an AZ31 strip
prepared under different convexity conditions affects the
*Corresponding author’s e-mail: corrosion behavior.

Zou517375834(@163.com (Zou Jinchao)

A magnesium alloy is characterized by a low density
and high specific strength, and has a wide application
prospect in the lightweight-engineering fields such as
aerospace and new-energy vehicles. It is considered as a
“third-generation” metal structural material.'* However,
activation and corrosion of a magnesium alloy are very
easy to occur, seriously affecting the stability of the mag-
nesium alloy and being one of the reasons for a restric-
tion of its engineering application.*¢ The results show
that a microstructure refinement can effectively improve
the corrosion resistance of magnesium and its alloys, and
large deformation processing is one of the most effective
methods for the metal-grain refinement.”

Our group, studying magnesium-alloy rolling edge
cracks found that the stress and strain distribution at the
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2 EXPERIMENTAL PART

2.1 Material preparation

Commercial AZ31 magnesium alloy ingots were
used as the base material and prepared into prefabricated
convex samples for a rolling experiment with a wire-cut
electric-discharge machine. The basic thickness of the
samples was 10 mm and the unilateral prefabricated con-
vex dimensions were (0, 0.5, 0.75, 1) mm, respectively.
In the previous research on the side-crack control of
magnesium alloy rolling, the research group found that it
was important for the side pressure to be lower than the
initial thickness of the slab, and the best effect was
achieved when the side pressure was 37.5 % of the plate
thickness.!" Therefore, this experiment was focused only
on magnesium-alloy plates with a unilateral prefabri-
cated convexity of 0 mm (plate) and 0.75 mm; the final
shape and size are shown in Figure 1. The ingots were
homogenized at 350 °C for 2 h, and then a single-pass
rolling experiment was carried out with a double high
rolling mill. The specific rolling parameters were as fol-
lows: the rolling temperature was 350 °C, the rolling
speed was 0.1 m/s and the rolling volume was 35 %.

2.2 Corrosion tests

Corrosion-test samples were extracted by wire cut-
ting from the middle and edge of the sheet after rolling.
The samples were exposed to a 3.5 % sodium chloride
solution at room temperature. Electrochemical tests were
carried out on a PARSTAT 4000 electrochemical work-
station with a three-electrode system. The sample for
prefabricated-crown rolling was used as the working
electrode, the platinum plate as the auxiliary electrode
and the saturated calomel electrode (SCE) as the refer-
ence electrode. One end of the sample was welded with
wires and sealed with epoxy resin, leaving only a work-
ing area of 1 em?. The frequency range from 10° Hz to
0.1 Hz was measured at a disturbance voltage amplitude
of 5 mV. The Zsimpwin software was used to analyze
and fit the measured experimental data. The scanning po-
tential range of the dynamic potential polarization test
was —0.3 V — +0.4 V, and the scanning rate was 3 mV/s.
The experimental data were fitted by the Cview software,
and relevant parameters such as corrosion potential, cor-
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Figure 1: Cross-sectional shape of: a) a flat plate, b) a prefabricated
plate with a convexity 0.75 mm
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rosion-current density, corrosion rate and Tafel slope
were obtained.

2.3 Microscopic measurements

Metallographic samples were extracted from the
rolled plate and prefabricated-crown samples; they were
polished step by step with 400#, 600#, 800#, 1200# and
1600# sandpaper. The samples were washed with abso-
lute ethanol and then polished with a polishing machine.
The polished samples were eroded with a corrosive mix-
ture of 5 g picric acid, 100 mL ethanol, 5 mL acetic acid
and 10 mL distilled water. They were scanned with a
metallographic microscope, equipped with an energy
spectrometer (EDS; INCA, Oxford Instruments) and an
electron microscope (SEM; JSF-6700F) to observe the
grains, grain boundaries and intergranular precipitates of
the AZ31 magnesium alloy.

3 RESULTS AND DISCUSSION

3.1 Potentiodynamic-polarization curve

Figure 2 shows the polarization curves of the rolled
prefabricated-crown (PC) plate and flat-plate samples in
the 3.5 % NaCl solution. It can be seen from Figure 2
that the cathodic-polarization curves of the four samples
are basically the same, while the anodic-polarization
curves show a similar phenomenon of self-passivation.
Both at the edges and in the middle, the corrosion poten-
tial of the prefabricated-crown samples was positively
shifted, and a higher corrosion potential indicated a
lower corrosion tendency.'* The corrosion-current den-
sity is inversely proportional to the corrosion resistance
of the material. The smaller the corrosion current, the
stronger is the corrosion resistance.'>!7

The electrochemical data calculated with the Tafel
extrapolation method are shown in Table 1. It can be
seen that the corrosion current of the sample with the
prefabricated crown of 0.75 mm is smaller than that of
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Figure 2: Polarization curves of the rolled prefabricated crown (PC)
and flat-plate samples in the 3.5 % NaCl solution
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the flat plate, regardless of the position, the edge or the
middle. The difference in the corrosion-current density
between the edge and the middle of the sample with the pre-
fabricated crown of 0.75 mm is 1.14 x 10-° A/cm?, while
the difference for the flat specimen is 2.05 x 10°° A/cm?,
which is nearly twice shorter. It can be seen that the
AZ31 magnesium alloy with the prefabricated crown of
0.75 mm does not only improve the overall corrosion re-
sistance, but also reduces the difference in the corrosion
resistance between the edge and the middle of the plate.

Table 1: Electrochemical data of all the samples immersed in the
3.5 % NaCl solution calculated with the Tafel extrapolation method

Sample code Ecor (V) Teore (Alem?)
PC 0.75 mm edge -1.40 2.94 x 10-°
PC 0.75 mm middle —1.42 1.80 x 106
Flat edge —1.44 5.84 % 10°
Flat middle —1.46 3.79 x 106

3.2 Electrochemical-impedance measurements

The electrochemical impedance spectra (EIS) curves
of the samples of the rolled flat plate and the prefabri-
cated-crown AZ31 magnesium alloy plate in the 3.5 %
sodium chloride solution are shown in Figure 3. In this
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Figure 3: Electrochemical impedance spectrum (EIS) curves of the
samples of the rolled flat plate and prefabricated-crown AZ31 magne-
sium alloy plate in the 3.5 % sodium chloride solution: a) Nyquist dia-
gram and the fitting curve, b) fitling curve of the Bode graph
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figure, A and B represent the edge and the middle of the
specimen with a prefabricated crown of 0.75 mm, while
C and D represent the edge and the middle of the
flat-plate specimen, respectively. The Nyquist diagram
(Figure 3a) of the prefabricated-crown sample after roll-
ing shows two time constants; four samples are com-
posed of a high-frequency capacitive-reactance arc and a
low-frequency inductive-reactance arc. The capaci-
tive-reactance arc in the high-frequency region is related
to the electric double-layer capacitance and the reac-
tion-transfer resistance. Due to the existence of the fre-
quency-dispersion effect, the capacitive-reactance arc is
not a perfect semicircle. Generally, the diameter of a ca-
pacitive loop is associated with the charge-transfer resis-
tance, which is proportional to the corrosion resistance
of the electrode material in the test solution.'® The
low-frequency-induced reactance is caused by pitting
corrosion or a chemical reaction of magnesium ions with
water and the corrosion products in the area without a
film covering on the sample surface.'” As can be seen
from the coordinate values of the impedance spectrum in
Figure 3a, the diameter of the sample with the prefabri-
cated crown of 0.75 mm is larger than that of the flat
plate, namely, A > C, B > D. That is, the sample with the
prefabricated crown of 0.75 mm has a higher corrosion
resistance, and the test results are consistent with the pre-
vious discussion.

The electric equivalent-circuit diagram of the sam-
ples of the flat plate and the prefabricated-crown magne-
sium alloy is shown in Figure 4, where R; is the solution
resistance, R, is the charge-transfer resistance, and C is
the interface capacitance of the double electric layer at
the interface between the electrode and the solution; the
constant phase-angle element Q is often used to replace
the capacitance.?” The inductive-reactance arc in the
low-frequency region represents the desorption of the
corrosion products, usually represented by inductance L
and resistance R, in a series.

The impedance data are fitted to the electrical equiva-
lent circuit by the Zsimpwin software, and the results are
shown in Table 2. Due to the good electrical conductiv-
ity of the sodium chloride solution, the Rs values of the
four samples were close to each other and relatively
small, while the R, values of the sample with the prefab-
ricated crown of 0.75 mm were significantly higher than
those of the flat plate. The charge-transfer resistance (R,)
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Figure 4: Equivalent circuit of the fitting impedance spectrum
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is proportional to its corrosion resistance.?’ This also
means that the corrosion resistance of the prefabri-
cated-crown specimen is improved. The n value is equiv-
alent to the dispersion factor; if it is close to 1, it means
that the electrode surface is smooth and flat, leading to
the formation of a dense oxide film.?> The n value of the
sample with the prefabricated crown of 0.75 mm is close
to that of the other sample, which means that the density
of MgO at the edge and the middle is basically the same.
The gap between the corrosion-resistance values for the
middle and the edge of the prefabricated-crown magne-
sium alloy is reduced after rolling. The reason for it is
the fact that the sliding deformation of the plate in the
middle and front of the edge is synchronized during roll-
ing, the tensile stress is obviously weakened, and the ten-
sile-stress range before and after the deformation zone is
greatly reduced.!" This conclusion is consistent with the
previous tests.

3.3 Microstructure

The microstructures of the edge and middle parts of
the rolled flat plate and prefabricated-crown plate are
shown in Figure 5. The microstructures of the flat mag-
nesium-alloy specimens (Figures 5S¢ and 5d) show an
uneven distribution of coarse and fine grains, while the
grains of the prefabricated crown of 0.75 mm (Figures

5a and 5b) are relatively uniformly distributed. This is
because the sample’s prefabricated edge crown can ef-
fectively change the stress and strain distribution at the
edge of the magnesium plate during the rolling process,
so that the metal at the edge and middle parts can flow as
synchronously as possible; the plate tends to be uni-
formly deformed and the grains are uniformly distrib-
uted.!'* As shown in Figure 5Sa, the edge grains are re-
fined. and both columnar and equiaxial grains are
abundant. This is due to the dynamic recrystallization of
the prefabricated edge-crown sample during rolling, re-
sulting in the appearance of some equiaxial grains.** As
the three-dimensional stress in the middle of the plate is
significantly reduced after the prefabricated edge crown,
resulting in a low grain-refinement degree in the middle
of the plate, the size of the middle grains is increased
(Figure 5b). It is for this reason that the grain gap be-
tween the edge and the middle of the prefabri-
cated-crown plate is reduced, and the grain size of the
whole plate tends to be the consistent.

3.4 Characterization of the corrosion layer

Figure 6 shows the surface morphology of the four
samples with the edge and middle of the prefabricated
crown of 0.75 mm and the flat plate after immersion in
the 3.5 % NaCl solution for 24 h. The corrosion degree

Figure 5: Microstructures of flat-plate and prefabricated-crown samples after rolling: a) and b) represent the edge and middle of the prefabricated
0.75 mm sample, respectively, ¢) and d) represent the edge and middle of the flat sample, respectively
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Table 2: Electrochemical parameters obtained with electrochemical-impedance-spectroscopy fitting

Sample code RJQ-cm? C/1Qem 2" n R/Q-cm? L/Q-cm?’s R/Q-cm?
PC 0.75 mm edge 7.19 2.13 x 106 0.9049 467.7 183.3 135.8
PC 0.75 mm central 6.33 3.62 x 106 0.904 581.2 418.5 148.6
Flat edge 9.70 3.04 x 106 0.8797 391.9 330.6 146.6
Flat central 747 1.73 x 106 0.9103 507.1 251.3 224.6

for the four samples was arranged in the order from large
to small: the edge of the flat plate > the edge of the pre-
fabricated-crown 0.75 mm plate > the middle of the flat
plate > the middle of the prefabricated-crown 0.75 mm
plate. The surface of the sample at the edge of the flat
plate is completely corroded, the film is thick and loose,
with large cracks and a flaky structure (Figure 6c¢). The
solution penetrates into the magnesium-alloy matrix
through the cracks, and may aggravate the corrosion.
However, the surface of the sample with the prefabri-
cated crown of 0.75 mm shows cracks and surface peel-
ing off, but the intact area is large. Compared with the
sample from the middle of the flat plate (Figure 6d), the
surface of the middle sample with the prefabricated
crown of 0.75 mm (Figure 6b) shows a more uniform
and dense corrosion layer with fewer cracks and discon-
tinuities. The formed corrosion layer prevents the matrix
from further contacts with the solution and plays a pro-
tective role.

The corrosion rate of a magnesium alloy is usually
related to the size and uniformity of the grains. Espe-
cially when the 3.5 % NaCl solution is used as the corro-
sive medium, the size of grains affects the chemical ac-
tivity and energy of the material.>>>¢ Zheng et al.”’
studied the effect of the grain size on the electrochemical
performance of pure magnesium. Alloy stacking faults
and defects usually affect the reaction process of the
cathode, which may increase the volume fraction of the
effective cathode, thus affecting the corrosion rate of the
magnesium alloy. A large-size microstructure and resid-
ual stresses have negative effects on the corrosion behav-
ior, while grain refinement has positive effects on the
corrosion behavior.?®?* Therefore, the improvement in
the corrosion resistance of the AZ31 alloy after the pre-
fabrication of the edge crown is mainly due to the refine-
ment of Mg grains and a uniform distribution of mi-
cro-components. Because of the uniform distribution of
the microstructure in the magnesium alloy, the difference

Figure 6: Surface corrosion morphology of the sample in the 3.5 % NaCl solution for 24 h: a) and b) show the edge and middle of the prefabri-
cated convexity of 0.75 mm, respectively, ¢) and d) show the edge and middle of the flat plate, respectively
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in the corrosion properties between the edge and middle
parts of the magnesium alloy is reduced.

4 CONCLUSIONS

1) According to the lower corrosion-current density
from the polarization experiment and the higher
charge-transfer resistance obtained with electrochemical
impedance spectroscopy (EIS), the corrosion-current
density in the middle of the flat-plate sample is
3.79 x 10¢ A/em?, and the corrosion-current density in
the middle of the sample with the prefabricated crown of
0.75 mm is 1.80 x 10-° A/cm?”. The charge-transfer resis-
tance in the middle of the flat-plate sample is
507.1 Q-cm?, and the charge-transfer resistance in the
middle of the sample with the prefabricated crown of
0.75 mm is 581.2 Q-cm?; therefore, the rolled sample
with the prefabricated crown of 0.75 mm has better cor-
rosion resistance.

2) According to the microstructure and corrosion ap-
pearance, dense corrosion products, a grain refinement
and a uniform distribution can effectively improve the
corrosion resistance of magnesium-alloy plates. The dif-
ference in the corrosion-current density between the
edge and the middle of the flat magnesium-alloy sample
is 2.05 x 10-° A/em?, while that for the magnesium-alloy
sample with the prefabricated crown of 0.75 mm is only
1.14 x 10-° A/cm?®. After the edge crown is prefabricated,
the corrosion-resistance gap between the edge and mid-
dle can be effectively reduced and the corrosion-resis-
tance uniformity of the plate can be enhanced.
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