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Abstract: The impact of Mn addition on the microstructure, mechanical properties and corrosion behavior of T6-treated
Al-Si—-Mg—xMn (x=0.2—1.0 wt.%) alloys in a 3.5 wt.% NaCl solution was investigated. The results showed that adding
0.2 wt.% Mn to T6-treated Al-Si—Mg alloys enhanced the corrosion resistance by promoting the formation of
o-AlFeMnSi phase, characterized by smaller absolute Volta potential values compared to eutectic Si, f-AlFeSi and
m-AlFeMgSi phases. However, the addition of 0.5 wt.% Mn and 1.0 wt.% Mn to the T6-treated Al-Si—Mg alloys
increased the size of the a-AlFeMnSi phase. This decreased the properties of T6-treated Al-Si—Mg alloys. Therefore,
the optimum Mn content was 0.2 wt.%, providing a novel approach for synergistically enhancing mechanical properties
and corrosion resistance of AlI-Si—Mg alloys.
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1 Introduction

Al-Si alloys are widely used in the automotive
and aerospace industries due to their remarkable
combination of specific strength, excellent cast-
ability and mechanical properties [1—4]. However,
these alloys, especially in the peak-aged state, are
prone to localized corrosion [5,6]. Thus, enhancing
the corrosion resistance is crucial for prolonging the
service life of Al-Si alloys [7,8]. Many researchers
have identified a strong correlation between the
corrosion behavior of Al-Si alloys and secondary
phases, in terms of the type, number density,
distribution and volume fraction [9]. Although the
presence of dispersed fine secondary phases
improves strength, it generally degrades the

corrosion resistance [10—12]. Therefore, controlling
secondary phases remains a significant challenge
when aiming to improve both mechanical and
corrosion properties of Al-Si alloys.

In recent decades, a large number of studies
have concentrated on tailoring secondary phases in
Al-Si alloys. These efforts encompass alterations in
casting and heat treatment parameters, as well as
introduction of various elements. For example, the
rheological casting of A356 alloy results in the
formation of spherical a-Al phase, the refinement of
Fe-rich phases and eutectic Si particles. The refined
microstructures lead to the small Volta potential
difference between secondary phases and o-Al
matrix [13]. However, the Q phases (AlsMgzSi;Cu,)
that continuously distributed at grain boundaries
work as cathodes, while adjacent precipitate-free
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zone acts as anodes, leading to the micro-galvanic
corrosion of the over-aged AlI-Mg—Si—Cu alloy [14].
Magnesium (Mg) and copper (Cu) can enhance
the strength and hardness of Al alloys [15].
Nevertheless, it is crucial to note that Al,Cu works
as the cathode, while Mg,Si serves as the anode
relative to a-Al matrix. This interaction has the
potential to expedite the corrosion process in Al—Si
alloys [16,17]. For instance, the addition of 0.5 wt.%
Ni to the AI-Si—-Mg—Cu alloy promotes the
formation of y-Al;CusNi phases. The y-Al;CusNi
phases act as the primary cathodes, intensifying
localized pitting and, consequently, reducing the
overall corrosion resistance [18]. Similarly,
introducing 0.5 wt.% Mn and 1.0 wt.% Cu into the
Al-Si—Mg alloy promotes the formation of Cu-rich
0 phases and Mn-rich phases. These phases lead to
the anodic dissolution of adjacent Al, resulting in
localized pitting corrosion [19]. In contrast, the
addition of 0.9 wt.% Yb to ADC12 alloy induces
the Al;Yb phase on Si phase. This modification
effectively restrains the growth of Si phases and
mitigates corrosion activity within the cathode
regions [20]. The introduction of La in Al-Mg—Si
alloys results in discrete short rod-like Si particles
and Mg,Si particles with a La-rich surface shell,
which retards the dissolution of Mg,Si particles [21].
The improved corrosion resistance of Al-Mg—Si
alloys with 0.5 wt.% TiC, can be attributed to the
reduction of Mg,Si and excessive Si phases at grain
boundaries after aging, leading to a decreased
corrosion rate [22]. Nevertheless, the industrial
applications of rare earth element and nano-sized
ceramic particles are restricted due to their high
costs and complex preparation processes.

In this study, we systematically analyzed
microstructure, mechanical properties and the
corrosion behavior of T6-treated Al-Si—Mg—xMn
alloys. The corrosion resistance was assessed by a
combination of immersion testing and electro-
chemical experiments. Furthermore, the micro-
galvanic corrosion behavior of secondary phases
in T6-treated Al-Si—-Mg—xMn alloys was
investigated through scanning Kelvin probe force
microscope (SKPFM). The methodology and
findings of this work provide a theoretical basis
for the development of AI-Si alloys with
excellent corrosion resistance and mechanical
properties.

2 Experimental

2.1 Materials preparation

Four alloys, i.e., Al-Si—-Mg (Base), Al-Si—
Mg—-0.2Mn (Base-0.2Mn), Al-Si—-Mg—0.5Mn (Base-
0.5Mn) and Al-Si—Mg—1.0Mn (Base-1.0Mn) alloys
were fabricated using pure Al (99.90 wt.%), pure
Mg (99.99 wt.%), Al-20wt.%Si, and Al-10wt.%Mn
master alloys in an electric resistance furnace. The
measured chemical compositions of these alloys are
given in Table 1. The casting process involves the
following steps: firstly, pure Al, Al-20wt.%Si and
Al-10wt.%Mn master alloys were melted at 750 °C.
Subsequently, pure Mg wrapped with an Al foil was
introduced into the melt at 720 °C, followed by
stirring. The melt was then stirred with high-purity
Ar for 3 min and finally poured into a steel mold,
which was preheated to 250 °C. Samples with
dimensions of 120 mm x 20mm X 1.5 mm were cut
from as-cast ingots for the subsequent T6 heat
treatment, involving a solution treatment at 535 °C
for 5 h, followed by aging at 180 °C for 5 h.

Table 1 Measured chemical compositions of four studied
alloys (wt.%)
Sample Si Mg Mn Fe Al
Base 7.2 046 0 0.13  Bal.
Base-0.2Mn 7.1 045 021 0.12 Bal
Base-0.5Mn 7.2 043 047 0.14 Bal
Base-1.0Mn 7.1 042 098 0.13 Bal

2.2 Immersion and electrochemical tests

The sample surfaces for immersion and
electrochemical tests were initially ground using
SiC papers and subsequently mechanically polished
using diamond pastes. Electrochemical tests were
carried out using a Princeton Versa-STAT3F
electrochemical workstation. Samples (10 mm X
10 mm x 1.5 mm) were sealed with epoxy for
both immersion and electrochemical tests. For
electrochemical tests, a standard three-electrode
system was used, consisting of test alloys having an
exposed area of 1 cm? as the working electrode, a
platinum plate as the counter electrode and a
saturated calomel electrode (SCE) as the reference
electrode. The open circuit potential (OCP) was
recorded for 1800 s to establish a stable state before
conducting the polarization tests. Potentiodynamic
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polarization tests were initiated from —1.2 to 0.1 V
at a scanning rate of 1 mV/s. Electrochemical
impedance spectroscopy (EIS) measurements were
taken after varying immersion periods (3 and 5 d).
The frequency range of electrochemical impedance
spectroscopy (EIS) ranged from 100 kHz to 10 mHz.
The amplitude of the sinusoidal potential signal was
5 mV. The EIS data were fitted using the Zsimpwin
software. To guarantee reproducibility, each electro-
chemical measurement was carried out three times.

2.3 Microstructure characterization
Microstructures were analyzed using scanning
electron microscopy (FE-SEM, Zeiss Sigma 500,
Germany) equipped with energy-dispersive spectro-
scopy (EDS, Oxford INCA-X-Max). BSE and EDS
samples were prepared through mechanical
grinding and polishing. Phase compositions were
determined using X-ray diffraction (XRD, D/Max
2500PC Rigaku) with CuK, radiation in the 26
range of 20°-80° and a scanning rate of 2 (°)/min.
The 3D corrosion morphology was assessed using

laser scanning confocal microscopy (LSCM,
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OLS3000). Scanning Kelvin probe force
microscope (SKPFM) measurements were carried
out using a Dimension Icon instrument with a
NanoScopeV9 controller (Bruker, Inc). An FEI
Tecnai F30 transmission electron microscope (TEM)
was employed to identify nanoscale particles in
To6-treated alloys. Additionally, tensile tests were
conducted on bone-shaped samples with a gauge
length of 30 mm at room temperature, and the strain
rate was 1x1073 s,

3 Results

3.1 Microstructures of T6-treated alloys

Figure 1 displays the phase content—temperature
composition diagrams of the four studied alloys,
aiming to explore the impact of Mn contents on the
formation of Fe-rich phases. In Fig. 1(a), the Base
alloy contains S-AlFeSi, Mg,Si, z-AlFeMgSi, and
Si phases. When 0.2—1.0wt.%Mn is added, the
[-AlFeSi and 7-AlFeMgSi phases decrease in
quantity, while the a-AlFeMnSi phase appears (as
depicted in Figs. 1(b—d)). As a result, the calculated
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Fig. 1 Calculated phase content—temperature diagrams of four AlI-Si—Mg—xMn alloys: (a) Base; (b) Base-0.2Mn; (c)

Base-0.5Mn; (d) Base-1.0Mn
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phase composition—temperature diagrams imply
that the addition of 0.2 wt.% Mn could potentially
eliminate the n-AlFeMgSi and f-AlFeSi phases.
Furthermore, the formation of the oa-AlFeMnSi
phase takes place prior to that of a-Al during the
solidification process, indicating that Mn atoms
have a tendency to bind with Fe atoms.

Figure 2 shows XRD patterns of the four
Té6-treated Al-Si—Mg—xMn alloys. It can be seen
that the Base alloy is composed of a-Al, eutectic
Si, f-AlFeSi, and n-AlFeMgSi phases (Fig. 1(a)).
When 0.2-1.0 wt.% Mn is added to the Al-Si—Mg
alloys, diffraction peaks corresponding to the
o-AlFeMnSi phase emerge. This suggests that the
S-AlFeSi and 7-AlFeMgSi phases are transformed
into the a-AlFeMnSi phase, which has also been
reported in the relevant references [23,24].
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Fig. 2 XRD patterns of four T6-treated AI-Si—-Mg—xMn
alloys

Figure 3 illustrates BSE images and elemental
distribution of the four T6-treated AlI-Si—-Mg—xMn
alloys. In the Base alloy (Fig. 3(a)), needle-like
[-AlFeSi and spherical 7-AlFeMgSi phases are
observed. As shown in Fig. 3(b), the addition of
0.2 wt.% Mn leads to a transformation of Fe-rich
phases in Base alloy, converting the $-AlFeSi and
w-AlFeMgSi phases into spherical a-AlFeMnSi
phase. As the Mn content increases to 0.5 wt.% and
then to 1.0 wt.%, the a-AlFeMnSi phase undergoes
coarsening and transfers from a spherical shape
to a needle-like morphology. Simultaneously, the
eutectic Si phase is distributed on both sides of
the needle-like a-AlFeMnSi phase (Figs. 3(c, d)).
Nevertheless, when the Mn content exceeds
0.5 wt.%, the coarsening of o-AlFeMnSi phase

becomes less pronounced, while the volume
fraction increases significantly.

Figures 4(a—c) show representative TEM
images of three T6-treated Al-Si—Mg alloys.
Figures 4(d—g) depict HRTEM micrographs and
their corresponding FFT patterns for the needle-like
and granular f” precipitates in T6-treated Base,
Base-0.2Mn and Base-1.0Mn alloys [25,26].
Figure 5 shows the size distribution and number
density of nano-scale needle-like and granular £"
precipitates. It seems that the Mn content does not
have a significant effect on the size distribution
and number density of nano-scale needle-like and
granular " phases.

3.2 Mechanical properties

Figure 6(a) represents engineering
stress—strain curves for the four T6-treated
Al-Si—Mg—xMn alloys, with corresponding tensile
properties summarized in Table 2. It can be seen
that the Base alloy has an ultimate tensile strength
of ~333 MPa, a yield strength of ~292 MPa, and an
elongation of ~4.3%. The ultimate tensile strength
(~355MPa) and elongation (~8.2%) of the T6-
treated Base-0.2Mn alloy are significantly
improved due to the presence of small-sized
spherical a-AlFeMnSi phase [27]. Adding
0.5 wt.% Mn substantially reduces the elongation of
the T6-treated Base-0.5Mn alloy, which is mainly
due to the increased amount of needle-like
o-AlFeMnSi phase [28,29]. The ultimate tensile
strength and elongation of T6-treated Base-1.0Mn
alloy are further decreased due to the increased
quantity of needle-like a-AlFeMnSi phase. The
needle-like a-AlFeMnSi phase serves as sources of
cracks, reducing the ductility. Figure 6(b) compares
the elongation and ultimate tensile strength of
the T6-treated Al-Si—Mg, Al-Si—Mg—Re, Al-Si—
Mg—Cu(Zn), and Al-Si—Mg—nanoparticle alloys
reported in literature [30—37]. Al-Si—Mg alloys,
when incorporated with additives such as Ce [30],
Yb [31], Ti [32], Sc [33], Zn [34], Cu [35], and
nanoparticles [36,37], commonly display high
strength. However, this is invariably accompanied
by a reduction in ductility. The T6-treated
Base-0.2Mn alloy in this study presents a favorable
combination of strength and ductility. This is
mainly because the addition of Mn leads to the
refinement and the morphology modification of the
Fe-rich phases in the Al-Si—Mg alloys.

tensile
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Fig. 3 BSE images and EDS maps of four T6-treated AlI-Si—-Mg—xMn alloys: (a) Base; (b) Base-0.2Mn; (c) Base-

0.5Mn; (d) Base-1.0Mn

3.3 Electrochemical characteristics

Immersion tests were conducted to assess the
influence of Mn on the electrochemical behavior of
the four T6-treated Al-Si—Mg—xMn alloys, and the
measurement included EIS and equivalent
electrical circuit (EEC) fitting. EIS studies were
carried out over various exposure time in 3.5 wt.%
NaCl solution (Figs. 7(a—f)). Nyquist plots reveal
two constants of time corresponding to capacitive
loops at high frequencies (HFs) and low
frequencies (LFs), associated with electrochemical
responses of the passive films and localized

corrosion process (Al-AI** process), respectively
[12,21,38]. It has been indicated that the larger
capacitive loop diameter implies a better corrosion
resistance [39]. With increasing the immersion time,
all alloys display similar electrochemical responses,
while the diameter of capacitive loop decreases
due to the infiltration of aggressive ions
(Figs. 7(a, b)). Furthermore, Nyquist plots indicate
that the corrosion resistance of Té6-treated
Al-Si—Mg alloy increases with the addition of
0.2 wt.% Mn but decreases with further addition of
0.5-1.0 wt.% Mn.
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Fig. 4 TEM images showing needle-like and granular " precipitates in three T6-treated Al-Si—-Mg—xMn alloys:
(a) Base; (b) Base-0.2Mn; (c) Base-1.0Mn; (d, f) HRTEM image with corresponding FFT pattern for granular S"
precipitates; (e, g) HRTEM image with corresponding FFT pattern for needle-like " precipitates
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Fig. 6 (a) Tensile engineering stress—strain curves of four

Té-treated Al-Si—Mg—xMn alloys; (b) Comparison of
elongation (EL) and ultimate tensile strength (UTS) of
T6-treated Al-Si—-Mg, Al-Si—-Mg—Re, Al-Si—-Mg—
Cu(Zn) and Al-Si—Mg—nanoparticle alloys reported in
literature [30—37]

Table 2 Mechanical properties of four To6-treated
Al-Si—Mg—xMn alloys

Alloy UTS/MPa  YS/MPa  EL/%

Base 333%33 29223 43122
Base-0.2Mn 355182 3087, 8.2
Base-0.5Mn 338702 29273 4272
Base-1.0Mn 320132 27758 3753

The Bode phase plots (Figs. 7(c, d)) suggest
that the peak maxima decrease as the exposure
duration increases, which confirms the decrease of
capacitive behavior of the surface layer. The
Té6-treated Base-0.2Mn alloy exhibits the maximum
peak value and peak width, indicating the highest
corrosion resistance and lowest corrosion rate [40].
The Bode impedance magnitude plots indicate a
reduction in impedance value (|Z]) within the

low-frequency range as the exposure time increases
(Figs. 7(e, f)). This is in line with the trend of the
capacitive arc diameter (Figs. 7(a,b)). In the
high-frequency region, the impedance value
remains relatively low and constant, which is
attributed to the solution resistance (Rs). Following
a 5-day exposure, the low-frequency impedance
increases until the Mn content reaches 0.2 wt.%,
and then decreases with the addition of
0.5-1.0 wt.% Mn. This implies that the T6-treated
Base-0.2Mn alloy exhibits greater stability in
3.5 wt.% NaCl solution compared to other three
Té6-treated alloys.

To gain a deeper understanding of the corrosion
behavior, an equivalent electric circuit (EEC) to
simulate the corrosion process is presented in Fig. 8.
The EEC employed in this study comprises
elements such as Rs, Ry (surface layer resistance), Qi
(constant phase element of surface layer), R
(charge transfer resistance), and O, (constant phase
element of double layer). The parameters obtained
through fitting are listed in Table 3. It can be seen
that the Rrand R.: values decrease with the increase
of exposure time, which indicates that extending the
immersion time in 3.5 wt.% NaCl solution will lead
to a decline in corrosion resistance. After being
exposed in 3.5 wt.% NaCl solution for 5d, the
Ry value of the T6-treated Base-0.2Mn alloy
(12340 Q-cm?) is greater than that of the T6-treated
Base alloy (7194 Q-cm?). However, further addition
of Mn will lead to a decrease in the Ry value.
Specifically, the R values of the T6-treated
Base-0.5Mn alloy and the T6-treated Base-1.0Mn
alloy are 11940 and 10220 Q-cm?, respectively. A
higher Rr value indicates more stable passive films
on the surface of the alloy [41]. This suggests that
the passive films have formed on the surface and
the To6-treated Base-0.2Mn alloy exhibits greater
stability compared to its counterparts. Furthermore,
the trend in the charge transfer resistance R.: value
aligns with that of the Ry value. The T6-treated
Base-0.2Mn alloy exhibits the highest corrosion
resistance, as evidenced by its higher R and Rr
values compared to other alloys. For various
immersion test durations, the T6-treated Mn-added
alloys exhibit significantly higher R and R values
compared to the To6-treated Mn-free alloy. This
observation indicates that the T6-treated Mn-added
alloys demonstrate superior corrosion resistance in
the long immersion tests.
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Fig. 7 EIS results of four T6-treated Al-Si—Mg—xMn alloys immersed in 3.5 wt.% NaCl solution: Nyquist plots for 3 d
(a) and 5 d (b); Bode phase plots for 3 d (c) and 5 d (d); Bode impedance magnitude plots for 3 d (e) and 5 d (f)

Al martix

Fig. 8 Equivalent electrical circuit used to model
experimental EIS data of four Té6-treated Al-Si—Mg—
xMn alloys

3.4 Potentiodynamic polarization curves

Figure 9 displays the representative potentio-
dynamic polarization (PDP) curves for the four
Té6-treated Al-Si—Mg—xMn alloys following a
5-day immersion in 3.5 wt.% NaCl solution. These
curves exhibit two distinct stages, denoted as 4B
and BC (Fig. 9(a)). The BC branch corresponds to
the anodic dissolution reaction stage, where the
primary reaction involves the dissolution of a-Al
matrix. In contrast, the AB branch represents the
cathodic reaction stage, primarily characterized by
oxygen absorption in 3.5 wt.% NaCl solution [5].

The pseudo-passivation tendency on the anodic
branches can be attributed to partially protective
passive films on the surface [42,43]. As the
potential increases, a significant rise in corrosion
current density is evident. This observation points
to the deterioration of passive films and the rapid
dissolution of anodic a-Al matrix. Beyond these
breakdown potentials, the anodic kinetics of four
alloys exhibits a similar trend. Furthermore, the
polarization curves of the four alloys demonstrate
similar cathodic kinetics, suggesting that the
addition of Mn has a minimal impact on the
cathodic kinetics of AlI-Si—Mg alloys.

The determination of corrosion current density
(Jeorr) for the four T6-treated Al—Si—Mg—xMn
alloys is associated with the cathodic branch.
Consequently, the corrosion current density has
been determined using the method of extrapolating
the cathodic Tafel region [44]. The -calculated
results in Table 4 reveal the corrosion potentials
(@corr) for the four T6-treated alloys. It can be seen
that the corrosion current density values of the four
To6-treated alloys are in the following increasing
order: Base-0.2Mn < Base-0.5Mn < Base-1.0Mn <
Base. Typically, the corrosion current density is
employed to assess corrosion rates [45]. Therefore,
the To6-treated Base-0.2Mn alloy demonstrates
superior corrosion resistance in 3.5 wt.% NaCl
solution compared to other investigated alloys.
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Table 3 Fitting parameters of EIS tests with exposure time of 3 and 5 d

363

Sample  Time/d RJ/(Qcm?) O/(Q'em?-s") n R/(Q-cm?) O/(Q'cm2sm) M2 Ry/(Q-cm?)
B 3 8 2.33x1073 0.90 9846 1.33 x 1073 0.96 8221
a

> 5 10 279105 090 7194 837x10° 094 6065
3 10 1.25x 107 0.91 17760 543 x 10 0.87 12290

Base-0.2Mn
5 9 1.71 x 107 0.92 12340 6.03 x 10 0.94 10800
3 9 8.34 x10°° 0.92 15780 450x%x10* 0.93 10200

Base-0.5Mn
5 9 8.85 x10°° 0.90 11940 1.05x 10 0.89 8059
3 9 1.51 x 107 0.90 13290 45310 0.97 11200

Base-1.0Mn
9 1.77 x 107 0.87 10220 416 x10* 0.84 7846

n1 and n2 are the constant phase element (CPE) exponents for Q1 and Q», quantifying the non-homogeneity of the electrode surface and the

corrosion layer, respectively
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Fig. 9 (a) Potentiodynamic polarization curves of four
To-treated Al-Si—-Mg—xMn alloys after immersion in
3.5 wt.% NaCl solution for 5d; (b) Enlarged potentio-
dynamic polarization spectra

Table 4 ¢corr and Jeorr values extracted from potentio-
dynamic polarization in Fig. 9(a)

Alloy @cor(vs SCE)/V Jeor/(MA-cm?)

Base —0.775+0.033 6.79+1.310
Base-0.2Mn —0.787+0.026 2.42+0.243
Base-0.5Mn —0.797+0.032 2.79+0.351
Base-1.0Mn —0.801+0.045 3.09+0.456

3.5 Corrosion morphologies

Figure 10 shows the BSE images illustrating
microscopic morphologies of the four T6-treated
Al-Si—Mg—xMn alloys after immersion in 3.5 wt.%
NaCl solution for 5 d without corrosion products.
The eutectic Si phase possesses a higher absolute
Volta potential value in comparison to the o-Al
matrix and serves as the cathode, resulting in the
formation of corrosion pits around the eutectic
Si phase [41]. In the Té6-treated Base alloy, small
corrosion pits extend along the eutectic Si phase,
ultimately leading to the formation of large
corrosion pits (Fig. 10(a)). In the T6-treated Base-
0.2Mn alloy, there is a decrease in the size of
corrosion pits (Fig. 10(b)). However, in the
Té6-treated Base-0.5Mn and Base-1.0Mn alloys, the
size of corrosion pits increases in comparison
to that in the Té6-treated Base-0.2Mn alloy
(Figs. 10(c, d)), although it remains smaller than
that of the T6-treated Base alloy. This phenomenon
indicates that the formation of a-AlFeMnSi phase
inhibits the formation and expansion of corrosion
pits, resulting in a reduction in the size of corrosion
pits in the T6-treated AlI-Si—Mg—xMn alloys.

Figure 11 illustrates LSCM images showing
3D macroscopic corrosion morphologies of the four
To6-treated alloys after immersion in 3.5 wt.% NaCl
solution for 18 d, without corrosion products. For
the T6-treated Base alloy (Fig. 11(a)), some large
corrosion pits are observed, indicating the presence
of heterogeneous corrosion spreading across the
surface and poor corrosion resistance. Upon the
introduction of 0.2 wt.% Mn, the corroded surface
becomes relatively flat and lacks prominent
corrosion pits (Fig. 11(b)). This phenomenon suggests
that the addition of 0.2 wt.% Mn substantially reduces
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Fig. 11 LSCM images showing 3D corrosion morphologies of four T6-treated Al-Si—Mg—xMn alloys after immersion
in 3.5 wt.% NaCl solution for 18 d without corrosion products: (a) Base; (b) Base-0.2Mn; (c) Base-0.5Mn; (d) Base-

1.0Mn

the localized corrosion in the T6-treated Base-
0.2Mn alloy. However, many shallow corrosion
pits appear in the Té6-treated Base-0.5Mn alloy
(Fig. 11(c)), although it is still less corroded
compared to the Base alloy. In contrast, the
Té-treated alloy with 1.0 wt.% Mn addition
(Fig. 11(d)) displays localized pitting
corrosion covering a substantial area, indicating an
inferior corrosion resistance compared to the
T6-treated Base-0.5Mn alloy. However, the
corrosion resistance of the T6-treated Base-1.0Mn

serious

alloy is still superior to that of the T6-treated Base
alloy. This phenomenon suggests that the addition
of Mn is beneficial to inhibiting internal micro-
galvanic corrosion and enhancing the corrosion
resistance of the T6-treated AlI-Si—Mg—Mn alloys.

4 Discussion
As shown in Fig. 12, surface potential maps

have been obtained using SKPFM measurements
to determine the Volta potential difference (VPD)
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between secondary phases and a-Al matrix in
the T6-treated Al-Si—Mg—xMn alloys, with the
VPD distribution along lines in SKPFM images
demonstrated in Fig. 12. Secondary phases in the
four T6-treated Al-Si—Mg—xMn alloys have larger
VPD values in comparison to a-Al matrix. This
implies that the eutectic Si, f-AlFeSi, n-AlFeMgSi
and a-AlFeMnSi phases serve as cathodes, with
a-Al matrix acting as anode. Specifically, VPD
values for p-AlFeSi and 7z-AlFeMgSi phases,
relative to a-Al matrix, are recorded as 307 and
278 mV in the T6-treated Base alloy, respectively

(Fig. 12(c)). However, the VPD value for spherical
a-AlFeMnSi phase in relation to a-Al matrix is
111 mV in the Té6-treated Base-0.2Mn alloy
(Fig. 12(d)), while the VPD value for the eutectic Si
phase relative to a-Al matrix is 265 mV (Fig. 12(h)).
Notably, upon the introduction of 0.5 wt.% Mn and
1.0 wt.% Mn, the VPD values for the needle-like
a-AlFeMnSi phases exhibit an increase relative
to a-Al matrix, measuring 134 and 226 mV,
respectively (Figs. 12(g, h)).

The p-AlFeSi and 7-AlFeMgSi phases exhibit
exceptionally high VPD values relative to a-Al
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matrix, indicating their higher cathodic activity
relative to a-Al matrix, in comparison to the
eutectic Si phase relative to a-Al matrix [13].
However, the VPD value of a-AlFeMnSi phase
relative to a-Al matrix is smaller than that of
eutectic Si phase relative to a-Al matrix, suggesting
that a-AlFeMnSi phase has the lowest cathodic
activity. Consequently, the presence of a-AlFeMnSi
phase on the eutectic Si phase seems to inhibit the
cathodic activity of the eutectic Si phase. This
transformation of Fe-rich phases due to the addition
of Mn reduces the micro-galvanic corrosion effect
between secondary phases and a-Al matrix.

During the solution treatment of the four Al—
Si—-Mg—xMn alloys, the Mg,Si phase completely
dissolves into the a-Al matrix. In the T6-treated
Al-Si—-Mg—xMn alloys, the Mg,Si phase primarily
exists in the form of precursor fS” phase.
Interestingly, despite the presence of Mn, there is no
significant influence on the size, distribution, or
number density of " phase. Therefore, it can be
concluded that variations in the corrosion resistance
of the To6-treated Al-Si—Mg—xMn alloys are not
primarily attributed to the Mg,Si phase. Based
on microstructures and electrochemical results
proposed above, we proposed a possible mechanism
to explain the effect of Mn on the corrosion
behavior of the T6-treated Al-Si—Mg alloys, as
shown in Fig. 13. Specifically, Mn affects the type,
size and distribution of Fe-rich phases in the
T6-treated Al-Si—Mg alloy, and thus affects the
corrosion behavior. The VPD values of secondary
phases relative to the a-Al matrix are the key factor
to determine the micro-galvanic corrosion. The
main analysis is as follows: due to the high activity
of secondary phases in the alloy, anodic dissolution
will occur instead of film forming reaction, resulting
in the loss of electrons in the anode a-Al matrix to
form AI*". Finally, AI** will undergo hydrolysis to
produce AlI(OH); and H'. The specific reaction
steps are shown in Reactions (1) and (2) [46]:

Al=AB+3e (1)
XAP* +yH,0=Al (OH)}* " +yH" (2)

Therefore, it can be inferred that the higher H"
formed in the corrosion pit leads to the accelerated
dissolution rate of the anode a-Al matrix and the
decrease of pH value in corrosion pits. Further, the
corrosion behavior can be analyzed according to the
change in H' concentration in corrosion pits. At the

early corrosion stage, the absolute Volta potential
values of f-AlFeSi phase and eutectic Si phase are
higher than that of the a-Al matrix. Therefore, the
[-AlFeSi phase and eutectic Si phase (working as
the cathodes) and a-Al matrix (working as the
anodes) produce a micro-couple effect to accelerate
the corrosion process. In addition, part of the
[-AlFeSi phase is distributed on the eutectic Si
phase. It makes the cathodic activity of eutectic Si
phase higher, resulting in severe corrosion of the
o-Al matrix and the formation of corrosion pits
(Fig. 13(a)). In the middle stage of corrosion, the
corrosion pit around the eutectic Si phase expands
and the corrosion pit gathers (Fig. 13(b)). At the
later stage of corrosion, due to the continuous
dissolution of the anode «a-Al matrix, the
concentration of H" in corrosion pits increases, and
the size of corrosion pits further increases
(Fig. 13(c)). With 0.2 wt.% Mn added to the Base
alloy, the spherical a-AlFeMnSi phase is partially
distributed on eutectic Si phase. The VPD value of
spherical a-AlFeMnSi phase relative to the a-Al
matrix is smaller than that of the eutectic Si relative
to the oa-Al matrix. Therefore, the spherical
a-AlFeMnSi phase inhibits the cathode activity of
eutectic Si phase. The corrosion degree of the a-Al
matrix is less than that of the Base alloy in the early
and middle stages of corrosion, and the size of
corrosion pits eventually formed is reduced
(Figs. 13(d, e)). At the later stage of corrosion, the
H" concentration in corrosion pits of Base-0.2Mn
alloy is smaller than that of the Base alloy. At the
final stage, the size of corrosion pits in the
Base-0.2Mn alloy is smaller than that in the Base
alloy (Fig. 13(f)). In addition, the spherical
o-AlFeMnSi phase is not distributed on eutectic Si
phase, which also inhibits the micro-galvanic
corrosion in Base-0.2Mn alloy. It weakens the
corrosion degree of a-Al matrix, and thus the
Base-0.2Mn alloy finally shows an excellent
corrosion resistance.

The a-AlFeMnSi phase changes from
spherical to needle-like when 0.5 wt.% Mn is added
to the Base alloy. The VPD value of needle-like
o-AlFeMnSi phase relative to the a-Al matrix is
still lower than that of the eutectic Si and S-AlFeSi
phases relative to the a-Al matrix. The needle-like
a-AlFeMnSi phase distributed on eutectic Si phase
still has an inhibitory effect on the cathode activity
of eutectic Si phase. The contact area between the
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Fig. 13 Schematic illustrations showing initiation and propagation of localized corrosion of four T6-treated
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needle-like a-AlFeMnSi phase and o-Al matrix is
larger than that between the spherical a-AlFeMnSi
phase and o-Al matrix. Therefore, the dissolution
degree of a-Al matrix around the needle-like
o-AlFeMnSi phase is greater than that around the
spherical a-AlFeMnSi phase at the early and middle
stages of corrosion (Figs. 13(g, h)). At the later
stage of corrosion, the H" concentration in
corrosion pits of base-0.5Mn alloy is higher than
that of Base-0.2Mn alloy but still lower than that of
Base alloy (Fig. 13(1)).

After adding 1.0 wt.% Mn to the Base alloy,
the size and volume fraction of needle-like
o-AlFeMnSi phase in the Base-1.0Mn alloy
continue to increase, resulting in an increase in the
contact area between the needle-like a-AlFeMnSi
phase and a-Al matrix. In the early and middle
stages of corrosion, the increase in contact area
between the needle-like a-AlFeMnSi phase and
o-Al matrix in the Base-1.0Mn alloy leads to the
formation of corrosion pits larger than those of the
Base-0.5Mn alloy. However, since the VPD value

of the needle-like a-AlFeMnSi phase relative to
o-Al matrix is smaller than that of the f-AlFeSi
phase relative to the a-Al matrix, the corrosion
degree of the a-Al matrix in the Base-1.0Mn alloy
is smaller than that of base alloy (Figs. 13(j, k)). At
the later stage of corrosion, the concentration of H*
in corrosion pits of the Base-1.0Mn alloy is greater
than that of the Base-0.5Mn alloy, but smaller
than that of Base alloy (Fig. 13(1)). Therefore, the
decreasing order of corrosion resistance of the four
T6-treated Al-Si—Mg—xMn alloys is as follows:
Base-0.2Mn > Base-0.5Mn > Base-1.0Mn > Base.

5 Conclusions

(1) When 0.2-1.0wt.% Mn is added to
Al-Si—Mg alloys, the fp-AlFeSi and z-AlFeMgSi
phases experience a transformation, converting into
the a-AlFeMnSi phase. Additionally, Mn does not
have a substantial impact on the distribution and
size of nano-scale f" precipitates in T6-treated
Al-Si—Mg alloys.
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(2) In the Té6-treated Al-Si—Mg alloy, as
the Mn content is incrementally increased, the
corrosion resistance follows a trend of first rising
and then falling. Specifically, the T6-treated
Base-0.2Mn alloy demonstrates the most favorable
corrosion resistance performance among them.

(3) The VPD value of a-AlFeMnSi phase
relative to a-Al matrix is smaller than that of
p-AlFeSi relative to a-Al matrix. Accordingly, the
formation of a-AlFeMnSi phase can inhibit the
micro-galvanic effect. In addition, the spherical or
needle-like a-AlFeMnSi phase inhibits the cathode
activity of eutectic Si phase, resulting in a decrease
in the H' concentration in corrosion pits and
preventing the expansion of corrosion pits.

(4) The Base-0.2Mn alloy demonstrates a high
ultimate tensile strength of ~355MPa, a yield
strength of ~308 MPa, and an elongation of ~8.2%.
The enhanced mechanical properties can be
attributed to the presence of small-sized spherical
o-AlFeMnSi phases.
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1. FHRKE MRS TR WE MRS E SR E, K& 130025;
2. HMRRE RRBAERAIERALRRE, KF 130012

# E: WK T Mn BN T6 &5 Al-Si-Mg—Mn (x=0.2%—1.0%, FiESE)EEDMALR . JiHmeE LA
3.5% NaCl (i &5 OB R AT sz . S5 8R, I 0.2% Mn (5 =530 i8I {213 o-AlFeMnSi A1)
TERG, 125 T6 & Al-Si-Mg A& MM tht, ZAMH53LE Siv B-AlFeSi fl z-AlFeMgSi AHAHEL, BEA /ML R
FeEHBAME. AT, T6 & Al-Si-Mg &4 0.5% Mn (F =5 H)F 1.0% Mn (FiE2E)HIN T a-AlFeMnSi 41
PIRSE, BT Te & Al-Si-Mg &&ikat. Fit, & Mn S8R 02% (RE5E), N Al-Si-Mg &4
(19 3 2V RE RN P PSR AL T — bl (R B S8 B 7 7
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