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The Mg-Bi alloy, commonly referred to as the "green metal," finds extensive applications in industries such as automotive and
aerospace due to its exceptional corrosion resistance. The corrosion performance of this alloy is intricately linked with its ele-
mental composition. In this investigation, four distinct types of homogeneous magnesium alloys were meticulously prepared:
Mg-1Bi (B1), Mg-1Bi-1Al (BA11), Mg-1Bi-1Al (BZ11), and Mg-1Bi-1Cu (BCI11). Subsequently, a comprehensive analysis
was conducted to examine the microstructures and corrosion behaviors exhibited by these magnesium alloys, exposed to a 3.5
w/% NaCl aqueous solution. The corrosion resistance test reveals that the corrosion resistance ranking of the four materials is as
follows: BZ11 > BA11 > B1 > BC11. Among them, the uniform state of BZ11 alloy exhibits the lowest corrosion rate, measur-
ing 0.548 mm-y~!, primarily attributed to its fine grain size and a small amount of dispersed second phase particles. Conversely,
the uniform state of BC11 alloy demonstrates inferior corrosion resistance due to a high content of second phase particles within
the alloy composition. SEM and EDS techniques were employed for microstructure characterization of all four magnesium al-
loys. The results indicate that localized corrosion occurs in all four alloys, with the electrochemical corrosion between the sec-
ond phase particles and the matrix being specifically identified as the primary cause for degradation of BC11 alloy. XRD analy-
sis confirms that in Mg-Bi alloy, the @-Mg phase coexists with block- or strip-shaped Mg;Bi, phases as secondary phases. In
contrast, BA11 and BZ11 alloys exhibit no change in secondary phases, consisting mainly of the a-Mg phase and Mg;Bi, phase.
On the other hand, BC11 alloy predominantly contains the a-Mg phase, Mg;Bi, phase, and reticular Mg,Cu as secondary
phases.
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Zlitine tipa Mg-Bi se pogosto omenjajo kot "zelene" zlitine in se danes mo¢no uveljavljajo za uporabo v industriji, kot na primer
v avtomobilski in letalski industriji, zaradi njihove dobre odpornosti proti koroziji. Korozijske lastnosti te vrste zlitin so mo¢no
odvisne od njihove kemijske sestave in vsebnosti glavnih legirnih elementov. V tem ¢lanku avtorji opisujejo raziskavo Stirih
tocno dolocenih tipov natan¢no izdelanih homogenih Mg zlitin. Izbrali so zlitine tipa Mg-1Bi (B1), Mg-1Bi-1Al (BA1l),
Mg-1Bi-1Zn (BZ11) in Mg-1Bi-1Cu (BC11). Po izdelavi zlitin so izvedli ustrezno mikrostrukturno in korozijsko preiskavo
zlitin s potapljanjem njihovih preizkuSancev v vodno raztopino s 3,5 w/% NaCl. Na osnovi korozijskih preiskav so avtorji
ugotovili naslednji vrstni red odpornosti proti koroziji vseh S$tirih zlitin: BZ11 > BA11 > B1 > BC11. Med vsemi je najbolj
enovito stanje izrazala zlitina BZ11, pri kateri so ugotovili majmanjso hitrost korozije (0,548 mm-leto™), ki jo pripisujejo njeni
mikrostrukturi z majhno velikostjo kristalnih zrn in majhno vsebnostjo delcev sekundarne faze. Nasprotno pa je zlitina BC11
imela najslabSo odpornost proti koroziji zaradi visoke vsebnosti delecev sekundarne faze. Rezultati mikrostrukturnih preiskav in
mikrokemijskih analiz pod vrsti¢nim elektronskim mikroskopom (SEM/EDS) so pokazali, da je pri vseh $tirih zlitinah prislo do
lokalne elektro-kemijske korozije med delci sekundarnih faz in kovinsko matrico, kar je bil Se posebej primarni vzrok za
degradacijo zlitine BC11. XRD analize so nadalje potrdile, da v Mg-Bi zlitinah medsebojno obstajata (koeksistirata) a-Mg faza
in faza Mg;Bi, v obliki blokov ali trakov sekundarne faze. Pri zlitinah BA11 in BZ11 ni priSlo do spremembe tipa sekundarne
faze Mg3;Bi, v @-Mg matrici. Po drugi strani pa je v zlitini BC11 prevladovala ¢-Mg matrica ter v njej disperzija sekundarnih faz
MgsBi, in mrezaste Mg,Cu.

Klju¢ne besede: Mg-Bi zlitine, indirektna ekstruzija, alloying, korozijske lastnosti, korozijski produkti
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1 INTRODUCTION

Magnesium (Mg) is the lightest structural metal.
Compared with steel, aluminum alloys, and engineering
plastics, magnesium alloys have excellent properties
such as being lightweight, having high specific strength,
high thermal conductivity, and resistance to electromag-
netic interference."> However, magnesium corrodes in
most inorganic acidic and neutral solutions, which still
restricts a widespread application of magnesium alloys.
Typically, alloying can improve the performance of mag-
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nesium alloys by changing the grain size and altering the
chemical composition, distribution, and volume fraction
of precipitated phases. Mg-Bi alloy is a common type of
magnesium alloy, and the bismuth content can affect the
corrosion resistance of magnesium alloys. Bismuth (Bi)
is non-toxic and known as a "green metal". Adding bis-
muth to an Mg-Al alloy can refine Mg;Al;; and form a
needle-like Mg;Bi, phase.? Xu et al. investigated the in-
fluence of 0.2 w/% and 0.8 w/% bismuth on the corro-
sion resistance of Mg-xBi (x = 0.2 w/% and 0.8 w/%) bi-
nary alloys, suggesting that when the bismuth content
reaches 0.8 % (w/%), a composite oxide film composed
of an insoluble Bi,Os; compound deposited on the surface
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of the matrix, along with porous Mg(OH), forms, inhib-
its the penetration of corrosive media, thus improving the
corrosion resistance of the alloy.* An addition of ele-
ments can change the chemical composition and micro-
structure of a material, thereby improving its corrosion
resistance. Aluminum (Al) is commonly alloyed with
magnesium to provide higher ductility, weldability, and
corrosion resistance.” O. Lunder et al. studied the corro-
sion resistance of an AZ91 alloy in a 5-% NaCl solution
and found that alloying magnesium with aluminum can
enhance the activity of magnesium in electrochemical re-
actions, and aluminum added within a certain concentra-
tion range can act as a passivating agent.® After alumi-
num, zinc (Zn) is the second most commonly used
alloying element in the magnesium alloy production. Yi
et al. studied the effect of different zinc contents (0, 1, 2,
3) % on the corrosion resistance of Mg-Mn alloys.” They
found that the alloy had optimal corrosion resistance
with a zinc content of 1 %. However, as the zinc content
continued to increase, the corrosion resistance of the al-
loy decreased. Additionally, it was shown that increasing
the zinc content can lead to higher stress-corrosion-
cracking susceptibility.® Zhang et al. investigated the cor-
rosion behavior of an Mg-1Bi-1Zn-1Ag alloy in a SBF
solution and observed filamentous and intergranular cor-
rosion as its main forms.’ The formation of these types
of corrosion was attributed to a competition between the
protective effects from product films and galvanic corro-
sion. Moreover, Yan et al. found that copper (Cu) exhib-
its excellent antibacterial properties, which could provide
valuable insights for the future development of biologi-
cal magnesium alloys.!?

However, until now, there have been few studies on
the effect of low contents of different alloying elements
on the corrosion behavior of an Mg-Bi alloy in a 3.5 w/%
NaCl solution. In this work, the corrosion processes of
homogeneous (12 h, 400 °C) BA11, BZ11, BC11 and B1
alloys were studied using a hydrogen evolution weight
loss test, electrochemical technology, polarizing detec-
tion methods, XRD, SEM and EDS characterization
methods in order to reveal the influence of different al-
loying elements on the corrosion resistance of Mg-Bi al-
loys. The purpose of this study is to test this corrosion
behavior, hoping that the addition of low contents of dif-
ferent elements can improve the corrosion performance
of the alloy, and lay the foundation for subsequent re-
search.

2 EXPERIMENTAL WORK
2.1 Material preparation

The raw materials used to prepare ingots included
pure Mg (99.99 w/%), pure Bi (99.99 w/%), pure Al
(99.99 w/%), pure Zn (99.99 w/%) and pure Cu
(99.99 w/%). The entire smelting process was conducted
under a mixed protective atmosphere of CO, and SF;
with a volume ratio of 100:1, respectively. The chemical
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compositions of the alloys were analyzed using induc-
tively coupled plasma atomic emission spectroscopy
(ICP-AES) and presented in Table 1. Subsequently, in
order to improve the segregation of the as-cast structure
and make the metal elements fully diffuse, the as-cast
magnesium alloy was homogenized with heat treatment.
Four alloy ingots were homogenized at 400 °C for 12 h
and then quenched in water at room temperature. The
four alloy ingots underwent a 12-hour homogenization
process at 400 °C, followed by quenching with water at
ambient temperature.

Table 1: Chemical compositions (w/%) of the studied alloys

Composition, w/%

Alloy Mg Bi Al Zn Cu
Mg-1Bi Bal. 1.03 - - -
Mg-1Bi-1Al | Bal. | 1.11 | 0.86 - -
Mg-1Bi-1Zn | Bal. | 1.05 - 0.94 -

Mg-1Bi-1Cu | Bal. | 1.10 - - 0.83

2.2 Microstructure characterization

A Shimadzu-7000 XRD diffractometer was used to
analyze samples polished to a particle size of 5000, in
order to determine the composition of the second phase
in the alloy. The alloy’s microstructure was observed us-
ing an OLYMPUS SC50 metallographic microscope and
an S4800 scanning electron microscope.

2.3 Corrosion analysis

The corrosion behavior of sheets was studied using
hydrogen evolution and electrochemical tests, which
were repeated three times. All samples were mounted us-
ing epoxy resin, ground with 1500-5000 grit SiC papers,
and polished so that the testing plane was parallel to the
ED-transverse direction (TD). An exposed area of 10x10
mm? was considered, and a 3.5 w/% NaCl solution was
used as the corrosive medium. After being immersed for
24 h, the morphology of corrosion products and removal
products was examined using scanning electron micros-
copy (with the surface corrosion products eliminated
through a chromic acid solution (200 gL' CrOs; +
10 gL' AgNOs) for 600 s, followed by ultrasonic wave
agitation).

The hydrogen evolution experiment was conducted in
a 3.5 w/% saturated NaCl solution at a temperature of
25 °C for a duration of 24 hours. An alloy sample was
positioned within an inverted funnel, above which an
dropper containing a 3.5 w/% NaCl solution was placed
to collect the precipitated hydrogen gas, as shown in Fig-
ure 1. The corroded specimen was weighed to determine
its mass loss. The corrosion rate of the alloy was calcu-
lated using formulas (1) and (2) to assess its corrosion
resistance.

The weight loss corrosion rate:!!
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Figure 1: Hydrogen analysis experimental apparatus
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The hydrogen evolution corrosion rate:!?

_876x10* AVM
Atp

P

" (2)

Py: hydrogen evolution corrosion rate (mm-a™'); AV
total hydrogen (mL); M: relationship between the alloy
mass loss rate and hydrogen precipitation rate, 0.001083
(g'mL"); A: sample surface area (cm?); : corrosion time
(h); p: sample density (g-cm3)

For the electrochemical test, a three-electrode model
(CHI660E) was utilized with a saturated calomel elec-
trode serving as the reference electrode, a platinum elec-
trode as the counter electrode and a magnesium alloy
sample being tested as the working electrode. The open
circuit potential (OCP) of the materials was measured for
3600 s. Electrochemical impedance spectroscopy (EIS)
was conducted within a scanning frequency range of
10° Hz to 102 Hz. The data was fitted using Zsimpwin
software through an equivalent circuit. The corrosion
current density (/) was estimated using the Tafel ex-
trapolation method in the cathodic branch. The instanta-
neous corrosion rate P; (mm-a~') was correlated with .o
(mA-cm). The instantaneous corrosion rate (P, mm-y~')
was calculated as follows:!3!4
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P =1, %2285 (3)

i

3 RESULTS

3.1 Microstructure analysis

The XRD patterns of the four homogeneous alloys
are presented in Figure 2. In B1, BA1l, and BZ11 al-
loys, only a-Mg phase and Mg;Bi, phase were observed.
In BC11, in addition to the peaks corresponding to a-Mg
phase and Mg;Bi, phase, a new peak corresponding to
Mg,Cu phase was also discovered. The intensity of the
peaks for a-Mg phase and Mg;Bi, phase in B1 alloy was
low. An addition of 1 w/% Zn did not cause the forma-
tion of intermetallic compounds with Mg or Bi. The peak
strength values of Mg;Bi, phase in BA11 and BCI11 al-
loys increased relative to those of B1 and BZ11 alloys.

Figure 3 illustrates the polarization structure and dis-
tribution of grain sizes in the homogeneous alloys. The
B1 alloy exhibits coarse grains, while additions of Al,
Zn, and Cu refine it. The average grain size is shown in
Table 3. Incorporating a single weight percent of Al re-
duces the grain size by 31 %, while Zn and Cu reduce it
by 61 % and 43 %, respectively, in comparison with the
homogeneous alloy without any additions. Notably, the
refining effect achieved with 1 w/% Zn is comparable to
that obtained with Cu as evidenced by the grain size dis-
tribution diagram.

SEM images of the alloys at low and high magnifica-
tions are presented in Figure 4. EDS results for the white
areas are summarized in Table 2. In B1, BAI11, and
BZ11 alloys, a few rod and polyhedral eutectic structures
are observed. The EDS results indicate that the Mg-to-Bi
atomic ratio in the alloys is approximately 3:2, suggest-
ing the presence of the Mg;Bi, phase. Xu’s research also
produced similar results.!> On the other hand, BCI11 al-
loy exhibits a significant number of second phases pre-
cipitated along the grain boundaries, forming a network
structure when connected with each other. The analysis

¢ «-Mg +Mg,Bi, ¥ Mg,Cu

{
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=
s @
»
% Bt w o+ W | IR ..
g
= \
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Figure 2: XRD patterns of homogenized alloys
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Imm

Figure 3: Polarized microstructure of the homogenized alloys and grain size distribution: a) B1, b) BA11, ¢) BZ11, d) BC11

from Table 2 suggests that the alloys primarily consist of
Mg,Cu and Mg3Bi, phases during the second phase.

Table 2: EDS analysis of homogeneous alloys

Loca- . Element
Alloy tion Particles Mg Bi Al | Zn Cu
Bl A |MgsBiy| 65.62 | 3438 | — | — -
B |MgsBir| 90.38 | 9.62 - | - -
C |MgsBiy| 82.59 | 1741 | — | — -
BALI D |[MgsBiy| 67.68 | 32.14 | — | — -
BZ11 E Mg3B%2 77.04 | 2296 | — | — -
F |MgsBiy| 65.13 | 3487 | — | — -
G |MgCu| 82.71 | 0.94 - | - [ 1634
BCl11 H |Mg;Biy| 7693 | 1495 | — | — 1.11
I | MgCu| 77.06 - - | = 12294

Table 3 shows the area fractions of the second phase
of the alloys measured with Image pro software. More-
over, the average sizes of the second phases are mea-
sured with Matlab software. The area fraction and size of
the second phase in B1 alloy are small, showing bar and
point shapes. The addition of 1 w/% Al increased the av-
erage second-phase size and area fraction of the alloys.
The addition of 1 w/% Zn hardly changes the area frac-
tion of the second phase, nor does it change the size of
the second phase, but the distribution of the second
phase becomes more uniform than that of the Bl alloy
(Figure 4). Introducing 1 w/% Cu enhances both the av-
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Figure 4: Scanning electron microscopy
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Figure 5: a) Amounts of hydrogen precipitation in homogeneous alloys after 24 h, b) hydrogen evolution loss corrosion rates of homogeneous al-

loys

erage size and area fraction of the precipitated phases.
When combined with Figure 2 findings, it can be con-
cluded that the precipitation of Mg,Cu phase progres-
sively enlarges both the area fraction and average grain
size of the second phase along grain boundaries. Table 3
shows the average second-phase size and area fraction of
the homogeneous alloys.

Table 3: Mean dimensions and volumetric fraction of the secondary
phase of homogeneous alloys

Alloy Average size (um) Area fraction
Bl 5.73 0.10 = 0.08
BAIl 6.36 0.26 + 0.06
BZ11 6.96 0.12 + 0.06
BCI1 10.14 0.34 + 0.05

3.2 Hydrogen evolution tests

Figure 5a shows the hydrogen evolution volumes of
the studied alloys after immersion in a 3.5 w/% NaCl so-
lution for 24 h. It can be observed on Figure 5a that the
BAI11 and BZ11 alloys exhibit lower hydrogen precipita-
tion amounts compared to the Bl alloy, while all three
alloys (B1, BA11, and BZ11) demonstrate a nearly linear
relationship between the hydrogen precipitation amount
and corrosion time. It is postulated that the oxide film
formed during the corrosion process either exhibits inad-
equate protective properties or fails to develop a protec-
tive coating on the surface. The hydrogen precipitation
of BC11 alloy exhibits lower levels compared to B1 al-
loy within the first 4 hours, but experiences a rapid in-
crease thereafter, surpassing that of B1 alloy signifi-
cantly. This observation indicates poor corrosion
resistance of BC11 alloy. Figure 5b illustrates the corro-
sion rates of the alloys in the descending order: BC11 >
B1 >BAI11 > BZl11. The hydrogen evolution weight loss
rates for B1, BA11, BZ11, and BC11 alloys were mea-
sured at 56.59 mm-year!, 59.93 mm-year!, 25.06
mm-year~!, and 29.28 mm-year!, respectively, while
their corresponding hydrogen absorption weight gain
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rates were recorded at 11.34 mm-year!, 12.59
mm-year!, 136.41 mm-year!, and 132.67 mm year.

3.3 Electrochemical analysis

Figure 6b shows polarization curves of the studied
samples after soaking in 3.5 w/% NaCl solution, and the
electrochemical corrosion related parameters (Ecorr, Lcorr
P; and R);) obtained from the polarization curves are sum-
marized in Table 4, where S and ¢ represent the slopes
of anode and cathode branches, respectively. The polar-
ization resistance R, was calculated according to the cor-
rosion parameters of the specimens.' The Ecorr value
reflects the thermodynamic stability of the alloy and dif-
fers little from the Ecorr values of the four homogeneous
alloys, indicating that their corrosion tendencies are sim-
ilar.'” Due to the negative difference effect (NDE) in the
anode branch of magnesium alloy, the Tafel extrapola-
tion method was used to calculate Icorr using the cathode
branch.!® The corrosion current density from high to low
is BC11> B1> BAI11l > BZ11. The higher the corrosion

-1.0

12

Potential (V)

-2.0

1 1 1 1 1

107 10¢ 10° 10" 10° 107
Current I)ensily(A-cm'z)

Figure 6: Polarization curves
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Table 4: Electrochemical corrosion-related parameters

Polarization curve-related parameters
Leorr Ecorr Corrosion rate P; Ba Be Ry
(mA-cm™2) V) (mm-y1) (V/dacade) (V/dacade) (Q-cm?)
Bl 0.064 -1.45V 1.462 0.207 -0.120 515.38
BAIl 0.038 -1.46V 0.868 0.065 -0.185 549.62
BZ11 0.024 -1.52V 0.548 0.070 -0.154 870.65
BCl11 0.066 -1.42V 1.508 0.092 -0.139 364.19

current density, the smaller are the charge transfer resis-
tance and the corrosion resistance of the material.'” After
adding 1 w/% Al and 1 w/% Zn, R, increases from 515 Q
to 549 Q and 870 Q, respectively, while after adding
1 w/% Cu, R, decreases from 515 €2 to 364.19 Q. There-
fore, the corrosion resistance, shown in the order from
large to small, is BZ11, BA11, B1, BCI11.

In order to provide a more comprehensive analysis of
the corrosion process observed in the studied samples,
Figure 7 presents Bode diagrams, Nyquist diagrams,

phase angle plots and equivalent circuit diagrams. Addi-
tionally, Table 5 summarizes the calculated values
wherein R, represents the solution resistance, CPEy de-
notes the capacitance between a sample and electrolyte
solution, while R, signifies the charge transfer resis-
tance. Notably, CPEq and R, are employed in parallel to
represent capacitive circuits at high frequencies. The re-
sistance of the corrosion product film and the capaci-
tance of the oxide film are represented as R; and CPE;,
respectively, in order to describe capacitor circuits oper-
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Figure 7: Electrochemical impedance spectrum (EIS) plots of the as-homogenized alloys: a) Bode diagrams, b) Nyquist curves, c) phase angle

plots, d) circuit diagrams

Table 5: Fitting results for electrochemical impedance spectra of the as-homogenized alloys

Alloy Ry CPEy R CPE; R¢ L Ry
Q-cm? Y /uQlem? | n Q-cm? Yo /uQlem? | mp Q-cm? H-cm? Q-cm?
Bl 1.843 91.22 0.46 31.12 221.8 0.93 6.17 133.8 50.37
BAIl 4912 61.36 0.72 107.5 20.02 0.99 3.77 71.9 52.82
BZI11 5.52 41.15 0.79 139.7 17.79 0.99 6.42 277.2 52.77
BCl11 4.165 49.78 0.88 32.3 134.7 0.94 6.16 807.9 72.29
582
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ating at intermediate frequencies. Furthermore, L and R,
respectively, denote inductance and inductive impedance
of the solution.?

The Bode diagrams of homogeneous alloys in Fig-
ure 7a illustrate that a higher low-frequency impedance
modulus corresponds to a greater mass conversion resis-
tance.?! As shown in Figure 7b, the Nyquist plots for the
four alloys consist of a small capacitance loop and a
large capacitance loop in both the high and mid-fre-
quency regions, as well as a low-frequency inductive
reactance arc, which can be verified by the presence of a
time constant in the corresponding Bode phase angle
plot, as shown in Figure 7c. According to the peak value
of the phase-angle-frequency curve in Figure 7c, it can
be determined that there are two peaks in all four alloys,
indicating that the electrochemical impedance spectrum
has two time parameters. These parameters are repre-
sented by a small semicircle corresponding to the high
frequency region and a large semicircle corresponding to
the low frequency region on the Nyquist curve (as shown
in Figure 7b). In the high-frequency region, the capaci-
tor circuit illustrates the charge transfer, while in the me-
dium-frequency region it represents the product film for-

Figure 8: Corrosion morphologies of homogeneous Bl (a, e); BA11
(b, f); BZ11 (c, g) and BCI11 (d, h) alloys
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mation. The relaxation of the corrosion product film
leads to the formation of a low-frequency inductive loop
on the surface of the @-Mg matrix.?> The corrosion resis-
tance of BC11 alloy decreases as the diameter of its ca-
pacitor ring decreases.?*** In contrast, BZ11 alloy exhib-
its the largest capacitance loop diameter and impedance
modulus Zmod (Figure 7b), indicating superior corro-
sion resistance compared to other alloys.

The equivalent circuit diagram of the alloy is de-
picted in Figure 7d. The diameter of the high-frequency
bulk reactance arc represents the charge transfer resis-
tance (R.) between the electrode and the corrosive me-
dium.? A larger R, indicates a more challenging charge
transfer for the alloy. Upon fitting, it was observed that
BZ11 alloy exhibits the highest R.,, suggesting superior
corrosion resistance, which aligns with the experimental
findings on hydrogen evolution.

3.4 Corrosion morphologies

Macroscopic corrosion morphologies and SEM im-
ages of homogeneous B1, BA11, BZ11, and BC11 alloys
immersed in a 3.5 w/% NaCl solution for 24 h are de-
picted in Figure 8. Corrosion pits that form after spalling
of the alloy’s corrosion products, distributed across the
entire surfaces of all four types of alloys are clearly visi-
ble. The B1, BA1l, and BCI11 alloys exhibit a loss of
metallic luster on their surfaces, with numerous pits of
varying depths observed in B1 alloy (Figure 8a). In
comparison to B1 alloy, the surface corrosion of BA11
alloy is shallower, with only a very small portion remain-
ing uncorroded (Figures 8c and 8g). This suggests that
the addition of aluminum can enhance the corrosion re-
sistance of the alloy to some extent. The corrosion mor-
phology of BZ11 alloy is depicted in Figure 8c, reveal-
ing partial retention of the metallic luster in its
macroscopic appearance. Microscopically, the local mor-
phology of BZ11 alloy (Figure 8d) demonstrates a re-
duced corrosion area compared to that of BA11 alloy,
with distinct smooth regions remaining uncorroded.
These findings indicate that the addition of Zn can effec-
tively inhibit corrosion to some extent. However, BC11
alloy exhibits more severe surface pitting and corrosion
cracks (Figure 8d and 8h), indicating a pronounced pro-
gression of the alloy degradation. This observation aligns
with the results obtained with electrochemical experi-
ments and hydrogen evolution experiments.

The corrosion morphologies of homogeneous B1,
BAI11, BZ11, and BCI11 alloys with corrosion products
after immersion in a 3.5 w/% NaCl solution for 24 h is
depicted in Figure 9. Apart from BZ11 alloy, the sur-
faces of B1, BA1l, and BCI11 alloys exhibit corrosion
cracks. Comparatively speaking, B1 alloy (Figure 9a)
displays wider corrosion cracks than BA11 and BCI11 al-
loys. Meanwhile, BA11 alloy exhibits smaller corrosion
cracks (Figure 9b). In contrast, pitting corrosion is ob-
served on the surface of BZ11 alloy (Figure 9c), with
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Figure 9: Corrosion morphologies of homogeneous Bl (al, a2);
BAL11 (bl, b2); BZ11 (cl, ¢2) and BC11 (dl1, d2) alloy films carrying
corrosion products

some areas remaining uncorroded or flat. On the other
hand, dense spherical corrosion products extensively
cover BC11 alloy’s surface (Figure 9d).

4 DISCUSSION

Grain size and second phase are two major factors in-
fluencing the corrosion rate of magnesium alloys. Except
for BC11 alloy, the remaining three alloys have smaller
fractions of second phase (Figure 1). Figure 3 illustrates
the influence of alloying elements on the grain size. The
additions of 1 w/% of Al, Zn, and Cu refine the grain
structure to varying degrees. Corrosion mechanism dia-
grams for the homogeneous B1, BA11, BZ11, and BC11
alloys are depicted in Figure 9.

After 24 h of corrosion, surface corrosion cracks
were observed on the Mg-1Bi alloy (Figure 8), indicat-
ing compromised integrity of the corrosion product film
and diminished corrosion resistance. The emergence of
these cracks can be attributed to the reduction reaction
occurring at the anode during the corrosion process, gen-
erating the H, gas that continuously escapes upwards,
thereby damaging the protective surface layer and lead-
ing to crack formation. The presence of a greater number
of cracks corresponds to a higher concentration of H,
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and consequently exacerbates damage to the oxide layer,
ultimately resulting in increased corrosion.

The addition of 1 w/% Al refines the alloy grain by
31 % so that the grain size shrinks from 1=2 mm to
0=1.2 mm. The addition of Al increases the area frac-
tion of the second phase of the alloy, and a large number
of second phases limits the grain growth. The higher the
growth limiting factor (the GRF or Q value) for the sec-
ond element in the alloy, the stronger is the inhibition ef-
fect on the grain growth and the more obvious is the re-
finement effect. Studies have shown that the Q value of
Al is 4.32,¢ indicating that the addition of Al can have a
grain-refining effect. The results show that the grain re-
finement is more obvious when the Al content is higher
than 2.0 w/%. When the Al content is below 1.0 w/%, its
influence on the grain structure is small.?’?® Compared
with B1 alloy, the addition of Al increases the average
size and area fraction of the precipitated phase (Table 2).
However, the results of the hydrogen-evolution weight-
loss experiment and electrochemical experiment show
that its corrosion resistance is better than that of B1 al-
loy, indicating that the galvanic corrosion of the second
phase and the matrix cannot be the most important factor
affecting the corrosion of the alloy. After 24 h corrosion
of BA11 alloy in the 3.5 w/% NacCl solution, a corrosion
product film was formed on the surface (Figure 8b),
which provided local protection. Due to the continuous
precipitation of hydrogen, relatively loose corrosion
products were locally destroyed, and some fine corrosion
cracks were formed (Figure 8b), resulting in a relatively
sparse corrosion product film. The BA11 surface product
film is denser than that of B1 alloy, and can slow down
the rate of corrosion.

Zn has a high solubility, and up to 1.6 w/% of Zn can
be completely dissolved in an ¢-Mg matrix at room tem-
perature.? Therefore, when the amount of Zn is below
the solubility limit, the alloying element Zn tends to be
incorporated into the @-Mg matrix. Thus, Zn dissolves in
the a-Mg matrix as a solute without forming a new sec-
ond phase (Figure 1). The results show that Zn atoms
exist in a-Mg as solute atoms, while the solid solution
tends to be in a lower energy state, and the formation of
Mg-Zn clusters is relatively stable. Therefore, after the
addition of Zn, Mg atoms are more easily combined with
Zn atoms.*® The alloy is in a more stable state, which
also plays a positive role in its corrosion resistance.
Moreover, the Q value of Zn is 5.008,% and the addition
of Zn refines the grain size of the alloy by 60 %. If the
film of the corrosion product is dense, the grain bound-
ary can be used as a corrosion barrier to prevent corro-
sion expansion. Generally, the solute concentration at the
grain boundary is higher than that inside the grain, and
the grain boundary region, acting as the cathode, acceler-
ates corrosion in the central region of the grain. The de-
crease in the grain size leads to an increase in grain
boundaries and a decrease in the average solute concen-
tration in the grain boundary region, which is equivalent
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Figure 10: Corrosion mechanisms of homogenized B1, BA11, BZ11 and BC11 alloys

to increasing the solute concentration in the alloy matrix,
thus increasing the self-corrosion potential of the alloy
matrix.3!3?

After the addition of 1 w/% Cu, in addition to the
a-Mg phase and Mg;Bi, phase, there is also a new
Mg,Cu phase. The area fraction and average size of the
second phase increase significantly (Table 3). According
to the research, the Q value of Cu is 5.28, which can play
a role in refining grains.?® In addition, the dispersed par-
ticles of the second phase mainly gather at the grain
boundaries. The grain size is refined by 43 %, which is
slightly higher than that of BA11 alloy. Due to the in-
crease in the grain boundaries, a large number of second
phases exist at the grain boundaries and they are con-
nected into a network structure. Due to a potential differ-
ence in the corrosion process, there is obvious micro-gal-
vanic corrosion between the intermetallic phase and the
a-Mg matrix. Pitting preferentially occurs between the
matrix and the second phase.*® In a corrosion process,
Mg;Bi, and Mg,Cu particles act as the cathode sites for
H, precipitation, resulting in a decrease in the density of
the corrosion product layer. With the progress of corro-
sion, the second phase particles may fall off, leaving cor-
rosion pits on the surface. The corrosion pits formed due
to particles falling off increase the surface roughness of
the alloy, leading to an increase of the contact area be-
tween the magnesium alloy and the solution, thus in-
creasing the hydrogen precipitation rate. According to
the results of the hydrogen-evolution weight-loss experi-
ment, the formation rate of the corrosion product film of
BCl11 alloy may be greater than the rate of hydrogen pre-
cipitation before the 4" hour, so the corrosion rate of B1
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alloy is higher than that of BC11 alloy. However, after
the 4™ hour, the corrosion rate may increase rapidly, and
the corrosion resistance may decrease due to the second
phase shedding in BC11 alloy.

5 CONCLUSION

The influences of the microstructure and corrosion
behavior on four types of homogeneous magnesium al-
loys, namely B1, BA11, BZ11, and BC11, were investi-
gated. The findings are as follows:

1) Electrochemical experiments revealed that all four
alloys exhibited similar electrochemical impedance spec-
troscopy (EIS) diagrams consisting of a high-frequency
capacitive loop, a medium-frequency capacitive loop,
and a low-frequency inductive loop. Among them, BZ11
alloy demonstrated superior corrosion resistance with a
corrosion rate of 0.548 mm-y-1 due to its fine grain size
and limited amount of dispersed second-phase particles.
Hydrogen evolution experiments indicated that the hy-
drogen evolution rate for B1, BA11, and BZ11 alloys in-
creased linearly with the corrosion time; among them,
BZ11 alloy displayed the highest level of corrosion resis-
tance.

2) Scanning electron microscopy (SEM) combined
with energy-dispersive X-ray spectroscopy (EDS) were
employed for microscopic characterization of the four
magnesium alloys. The results revealed localized corro-
sion in all four alloys; galvanic corrosion between the
second-phase particles and the matrix was particularly
noteworthy and identified as the primary cause for BC11
alloy’s corrosive behavior. The additions of 1 w/% Al,
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Zn, Cu led to significant reductions in the grain size by
31 %, 60 %, and 43 %, respectively. The X-ray diffrac-
tion (XRD) analysis revealed a-Mg phase, along with
block-like or strip-like Mg;Bi, phases as secondary
phases in Mg-Bi alloy. Mg-Bi-1Al and Mg-Bi-1Zn still
contained a-Mg phase, along with Mg;Bi, phase, while
Mg-Bi-1Cu mainly consisted of a-Mg, Mgs;Bi,, and
reticular Mg,Cu phases.
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