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Abstract: The microstructures and corrosion behaviors of the Al-6.5Si—0.45Mg casting alloys with the addition of Sc
were investigated by using scanning electron microscopy, X-ray diffraction, electrochemical measurement techniques
and immersion corrosion tests and compared with those of Sr-modified alloy. The results show that Sc has evident
refining and modifying effects on the primary a(Al) and the eutectic Si phase of the alloy, and the effects can be
enhanced with the increase of Sc content. When the Sc content is increased to 0.58 wt.%, its modifying effect on the
eutectic Si is almost same as that of Sr. Sc can improve the corrosion resistance of the test alloy in NaCl solution when
compared with Sr, but the excessively high Sc content cannot further increase the corrosion resistance of the alloy. The
corrosion of the alloys mainly occurs in the eutectic region of the alloy, and mostly the eutectic a(Al) is dissolved. This
confirms that Si phase is more noble than a(Al) phase, and the galvanic couplings can be formed between the eutectic

Si and a(Al) phases.
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1 Introduction

Al-Si—Mg casting alloy has many advantages,
such as good mechanical properties and specific
strength, excellent fluidity and castability, and good
corrosion resistance. So, it has widely been used in
the automotive and aerospace industries [1,2]. The
mechanical properties of Al—Si—Mg casting alloys
mainly depend on the morphology and distribution
of the primary a(Al) phase and eutectic Si phase in
the microstructure of the alloys. The primary a(Al)
phase usually presents big dendritic structure, and
the eutectic Si phase exhibits a very coarse
plate-like morphology in the microstructures of
untreated Al-Si casting alloys [3]. These
microstructural characteristics greatly deteriorate
the mechanical properties of the alloys, especially
ductility [4]. The morphologies of the primary a(Al)

phase and the eutectic Si phase can significantly be
changed by adding grain-refining agent, such as
Al-Ti, Al-Ti-B or Al-Ti—C master alloys, and
eutectic Si modifying agents, such as sodium and
strontium, to the alloy melts before casting, leading
to significant improvement in the mechanical
properties of Al-Si—Mg casting alloys [5,6].
However, good grain-refining and modifying effects
can be achieved only when the grain-refining agents
and modifying agents are simultaneously added to
the alloy, and the effects degenerate after a
prolonged holding time of the alloy melt [7,8].
Besides, the joint addition of the grain-refining
agent containing boron together with the
Sr-modifier may result in the formation and settling
of SrBg particles [9,10], as a result, reducing the
available amount of Sr for modifying the eutectic Si
in the alloy melts.

In recent years, the roles of Sc in Al-Si—Mg
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casting alloys have been studied [11-19], and the
existing studying results suggest that Sc has both
refining and modifying effects on the primary a(Al)
phase and eutectic Si phase of Al-Si—Mg casting
alloys. PRAMOD et al [11] found that the addition
of 0.4 wt.% Sc to the A356 casting alloy resulted in
a 50% reduction in the secondary dendritic arm
spacing and changed the morphology of eutectic Si
from plate-like to fibrous and globular. PANDEE
et al [18] and XU et al [19] claimed that the
addition of Sc significantly refined both the primary
a(Al) grain size and the eutectic silicon particle size
of the AlI-Si—Mg casting alloys.

The addition of the grain-refining and the
modifying agents to Al-Si—-Mg casting alloys
changes the microstructures of the alloys [20],
while it can also significantly affect the corrosion
resistance of the alloys. LEE et al [21] found that
the addition of 200x107® Sr to the A356 alloy could
increase the galvanic couplings, resulting in high
corrosion current density of the pitting corrosion at
eutectic a(Al) of the inter-dendritic region in
3.5 wt.% NaCl solution. FARAHANY et al [22]
pointed out that Bi, Sb and Sr elements could refine
the eutectic Si of the Al-11Si—2Cu—0.8Zr die cast
alloy, but also have a detrimental effect on the
corrosion rate of the alloy. OZTURK et al [23]
suggested that the corrosion resistance of the A356
alloy was improved through Sr addition. DUYGUN
et al [24] found that the corrosion current density
and corrosion resistance values of the Al-9wt.%Si
alloy with addition of Sr in NaCl solution were
more stable than those of the unmodified alloy.
OSORIO et al [25] pointed out that the corrosion
resistance of Na-modified Al-9wt.%Si alloy in
NacCl solution tended to decrease when compared
with the unmodified alloy. CARDINALE et al [2]
suggested that the addition of different rare-earth
elements to AIl-Si casting alloy caused the
formation of a protective rare-earth oxide-
hydroxide film on alloy surface with the increase of
exposure time in the NaCl solution. ZOU et al [26]
found that the corrosion resistance of the
hypoeutectic Al-Si alloy with addition of Yb in
NaCl solution was very good. As for the effect of
Sc on the corrosion resistance of Al-Si—Mg casting
alloy, there have yet been few studies so far.

Therefore, in this study, the microstructural
characteristics and corrosion behaviors of the
Al-6.551—-0.45Mg casting alloys with the different

contents of Sc were investigated by using scanning
electron microscope (SEM), X-ray diffraction
(XRD), electrochemical impedance spectroscopy
(EIS), potentiodynamic polarization techniques and
immersion corrosion tests in 3.5 wt.% NaCl
solution at room temperature and compared with
those of Sr-modified alloy.

2 Experimental

All the test alloys were prepared in a pit-type
resistance furnace. The starting materials include
99.9 wt.% high purity Al, pure Si and
Al-50wt.%Mg, Al-2wt.%Sc and Al-10wt.%Sr
master alloys. The pure Al ingots were firstly
placed to a graphite crucible in the furnace and
melted. The proper amount of pure Si and the
master alloys were then added to the Al melt
according to the desired composition of the test
alloys when the Al melt was heated up to
(740+5) °C. The alloy melts were fully stirred after
the pure Si and master alloys were completely
melted, and degased for 5 min using argon gas at
(730+5) °C. The alloy melts were finally poured
into a preheated ((200£5) °C) steel mold with
dimensions of 80 mm in depth and 30 mm in
internal diameter at (720+5) °C. For comparing,
Sr-modified Al-Si—Mg alloy was also prepared in
the same procedure. The alloy samples for
microstructure analyses and corrosion test studies
were cut off at (30+2) mm from the bottom of the
alloy castings. The chemical compositions of all the
alloy samples were analyzed by using Metalscan
2500 metals analyzer, and the results are listed in
Table 1. The alloy samples were successively
abraded with silicon carbide (SiC) emery papers up
to 3000# followed by ultrasonic treatment,
anhydrous ethanol cleaning and air drying for
examining the microstructure as well as for the
XRD studies. Cold field emission SEM
attached with EDAX (JSM—-6700F) was employed

Table 1 Chemical compositions of test alloys (wt.%)

Alloy Si Mg Sc Sr Al
ASO 6.56 043 0 0.04  Bal
AS1 6.67 045 0.13 0 Bal.
AS2 6.76 045 0.28 0 Bal.
AS3 6.50 041 045 0 Bal.
AS4 6.60 043 0.58 0 Bal.
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to observe the microstructures and to examine the

chemical elemental distribution of the alloy samples.

Bruker-D8 Advance instrument with Cuk,
radiation was used to scan the alloy samples. The
scanning speed was 5 (°)/min and the scanning
range was of 20°—80°.

Electrochemical  studies included EIS
measurement and potentiodynamic polarization
curve measurement. Electrochemical measurements
were carried out by using CHI660E electrochemical
workstation and a conventional three-electrode cell
in 3.5 wt.% NaCl solution at room temperature. The
alloy samples with a surface area of 1 cm” were
used as working electrodes. A platinum electrode
with the dimensions of 10 mm % 10 mm % 0.2 mm
and a saturated calomel electrode (SCE) were used
as counter electrode and reference electrode,
respectively. The ratio of liquid volume to sample
surface area was more than 100 mL/cm? in the cell.
The alloy samples were firstly immersed in the
solution for 1 h to establish the stable open-circuit
potential (¢.cp). When the alloy samples reached the
stable @,p, potentiodynamic polarization curves
were recorded by sweeping the electrode potential
from pocp to =250 mV and to 250 mV at a scanning
rate of 1.0 mV/s. Corrosion potential (@) and
corrosion current density (J..;) were calculated by
the Tafel extrapolation method. EIS measurements
were conducted at the ¢, by using a sinusoidal
potential signal with a frequency range of 100 kHz
to 0.05 Hz and voltage RMS of 5 mV, and 12 points
per decade were taken during EIS measurements. In
order to ensure the reliability of the electrochemical
measurement results, at least two samples were
tested for each alloy, and the measurement results
of the two samples should basically be the same,
otherwise another sample was tested. The
impedance spectra were fitted using the ZView
electrochemical analysis software by selecting
appropriate circuits.

Immersion corrosion tests were also performed
in 3.5 wt.% NaCl solution at room temperature.
The alloy samples with the dimensions of
10 mm x 10 mm X 3 mm for immersion corrosion
tests were prepared using the same procedure
mentioned above, and immersed for 5, 10, 15 and
20 d in 3.5 wt.% NaCl solution, respectively. When
an assigned immersion corrosion duration was
reached, the alloy samples were taken out from the
NaCl solution and treated in a solution of 20 g/L

chromic oxide + 50mL/L phosphoric acid at
(80+£2) °C for 3 min to remove the corrosion
products. The mass losses of the alloy samples
before and after immersion corrosion test were
measured using a high precision scale with an
accuracy of 0.01 mg, and the corrosion rate was
calculated by Eq. (1) according to the ASTM G1-03
standard [27]:

C=K— (1)
ATD

where C, represents the corrosion rate (mm/a), K is
a constant (6.78x10%), m is the mass loss (g), 4 is
the area of exposure in the NaCl solution (cm?), T'is
the time of immersion (h), and D is the density of
the alloy (g/cm®). Three sets of samples were
performed for immersion corrosion tests of each
alloy. The corrosion rate value of each alloy was the
average of the corrosion rates of the three samples,
and the error ranges were also calculated based on
the test results of the three samples. The surface
morphologies of the alloy samples after 20 d of
immersion in 3.5wt.% NaCl solution were observed
using the SEM.

3 Results and discussion

3.1 Microstructure

To understand the effect of Sc on the
microstructural characteristics and the distribution
of the alloy elements in the Al-6.5Si—-0.45Mg
casting alloy, the microstructures and elemental
distribution of the alloy samples with the addition
of Sc or Sr were observed by the SEM attached
EDAX, and the results are shown in Figs. 1 and 2,
respectively. As can be seen from Fig. 1 that the
microstructures of all the alloy samples consist of
the primary a(Al) phases and the eutectic regions.
The primary o(Al) phases of the Sr-modified
alloy (ASO) present big dendrite morphology and
the eutectic Si phases exhibit the fine fibrous
structure (see Fig. 1(a)), which is quite different
from the morphology of the coarse plate-shaped
eutectic Si phase in the Al-Si casting alloy without
modification treatment [15]. This indicates that Sr
element has a good modifying effect on the eutectic
Si, but does not have refinement effect on the
primary a(Al) phases of the Al—6.5Si—0.45Mg
casting alloy. For the alloy samples with the
addition of Sc, the morphologies of the primary
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Fig. 1 SEM images of of Al—6.5Si—0.45Mg casting alloys with addition of Sc or Sr: (a) ASO; (b) AS1; (c) AS2; (d) AS3;
(e) AS4

(b)

()

(d)

©§

Fig. 2 EDAX elemental distribution mappings of alloy samples: (a) ASO; (b) AS1; (c) AS2; (d) AS3; (e) AS4

a(Al) phases have no obvious change and still from coarse acicular to little rod- or worm-like
present dendritic structures, but the morphologies of shape when the addition content of Sc is increased
the eutectic Si phases are gradually transformed from 0.13 to 0.45wt.% (AS1, AS2, AS3) (see
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Figs. 1(b, c, d)). When the addition content of Sc is
further increased to 0.58 wt.% (AS4), the a(Al)
phases are significantly refined, and the
morphologies of the eutectic Si are also modified to
fine fibrous or granular shapes (see Fig. 1(e)),
which are very similar to that of the eutectic Si
phases in the sample ASO. Sc can refine the a(Al)
phase of Al-Si—Mg casting alloy mainly because
Al;Sc phase particles precipitate in advance during
solidification of the alloy melts [13,17,19]. The
crystal structure of Al;Sc is very similar to that of
Al, so it can act as the heterogeneous nucleation
sites of Al, refining the a(Al) phase of the
alloy [17]. There are no sufficient Al;Sc phase
particles formed in the alloy melts when the Sc
content is relatively low, thus the refining effect is
not very obvious. Good refining effect needs
relatively high Sc content [13]. Therefore, the
morphologies of the primary a(Al) phases of AS1,
AS2 and AS3 are similar and present dendritic
structures because of their relatively low Sc content.
But the refinement of the a(Al) phase of the alloy
with the addition of 0.58 wt.% Sc is very obvious
because it has the highest Sc content among all the
test alloy (see Fig. 1(e)). Modification of the
eutectic Si with Sc is consistent with the
impurity-induced twinning (IIT) modification
mechanism, it is also related to the Sc content of the
alloy [19].

The dendritic structure characteristics of the
primary o(Al) phases of the alloy sample ASO, ASI,
AS2 and AS3 can also be identified from the
EDAX elemental distribution mapping shown in
Figs. 2(a—d), and the equiaxed characteristics of the
primary a(Al) phases of the alloy sample AS4 is
also obvious (see Fig. 2(e)). These results indicate
that the addition of little amount of Sc cannot
evidently refine the primary a(Al) phases of the
Al-6.551—0.45Mg casting alloy, but has a certain
modifying effect on the eutectic Si phases of the
alloy. The addition of a relatively high content of Sc
can not only have evident refinement action on the
primary o(Al) phases of the Al—6.5Si—0.45Mg
casting alloy, but also have a good modifying effect
on the eutectic Si phase. As for Si element, it is
known from Al-Si phase diagram [28] that the
solubility of Si in Al is of 1.65 wt.% at eutectic
temperature of 577 °C, but only 0.05 wt.% at room
temperature. Just because of the very low solubility
of Si in Al, the Si mainly presents as pure Si phase

in the eutectic regions of the alloys (see Fig. 2). In
addition to the Si, the elemental distribution results
indicate that the distribution of Mg is relatively
homogeneous, but there are some distributions at
the a(Al) grain boundaries of the alloys. The Sc
element is also mostly presented at the primary
o(Al) grain boundaries of the alloys, and there is a
relative concentration of the Sc element with the
increase of Sc content. EDAX analyses were
performed at the locations of the Mg and Sc
concentration in the samples AS3 and AS4, and the
EDAX patterns are shown in Fig. 3. It is seen that
the location of the Mg concentration should be the
presence of Mg,Si phase (see Fig. 3(a)), whilst the
location of the Sc concentration is reasonably
speculated as Al;Sc phase based on the mass ratio
of the examined Al to Sc content (see Fig. 3(b)).

In order to identify the phases, XRD analyses
were carried out for the test alloys, and the XRD
patterns are shown in Fig. 4. As can be seen from
Fig. 4 that there are a(Al), Si and Mg,Si phases for
all the test alloys, the a(Al) peaks appear at 38.60°,
44.83°, 65.18° and 78.30° (ICDD-01-089-2837),
the Si phases at 28.49°, 56.02°, 68.99° and 76.08°
(ICDD-01-089-5012) and the Mg,Si phases at
40.12°, 47.43° (ICDD-00-001-1192). At 58.15°
(ICDD-01-073-1148), there is a weak peak of
Al;;Mg;; phase for the samples AS3 and AS4.
A weak Al3Sc peak appears at 33.49° (ICDD-00-
017-0412) only for the sample AS4, but there is not
any Al;Sc peak presenting in the XRD pattern of
the other alloy samples. It should be attributed to
their very low concentration level in the alloys.

3.2 Corrosion behavior
3.2.1 Electrochemical corrosion behavior

To study the electrochemical corrosion
behaviors of the test alloys, the EIS measurements
were performed for the alloy samples after 1 h of
immersion in 3.5 wt.% NaCl solution at room
temperature, and the results are represented as
Nyquist, Bode impedance and Bode phase angle
plots in Fig. 5. It can be seen from Fig. 5(a) that the
Nyquist plots exhibit a semi-circle capacitive arc
for the samples AS1, AS2 and AS4, and a capacitive
arc and an inductive arc for the samples ASO and
AS3. It is well known that the diameter of the
capacitive arc indicates the corrosion resistance of
the alloys, and the big diameter represents a good
corrosion resistance [23,29]. The diameters of the
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Element wt.%

Al 59.25
Si 27.12
Mg  11.60
Sc 0.09
10 15 20
E/keV

Element wt.%

Al 46.71
Si 18.82
Mg 2.32
Sc 32.14
10 15 20
E/keV

Fig. 3 EDAX patterns at locations of Mg and Sc concentration: (a) Mg concentration in AS3; (b) Sc concentration in
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Fig. 4 XRD patterns of test alloy samples

capacitive arc of the samples AS2, AS1, AS3, ASO
and AS4 decrease successively, indicating that their
corrosion resistances are successively weakened.
High impedance value (]Z]) in Bode impedance plot
at low frequency region is an indication of good
corrosion resistance of the alloys [30]. It is seen
from Bode impedance plots (see Fig. 5(b)) that the
slope of the plots at the middle frequency region
successively decreases for the samples AS2, ASI,
AS3, ASO and AS4. The impedance value (|Z]) at
low frequency range also successively decreases,
the change law of which is consistent with that of
the diameter of the capacitive arc. Therefore, it can

be concluded that the corrosion resistance of the
samples AS2, AS1, AS3 is better than that of the
samples ASO and AS4, and the sample AS2 has the
best corrosion resistance. The Nyquist plots of the
samples ASO and AS3 have an inductive arc. The
appearance of inductive arc generally indicates the
existence of unstable conditions in the corroding
substrate and the relaxation process of adsorbed
corrosion intermediates, and can accelerate the a(Al)
dissolution [31]. Bode phase angle plots (see
Fig. 5(c)) basically represents the change in the
capacitive behavior. The peak value and area in the
frequency range of 10° to 1 Hz for the samples AS2,
AS1, AS3, ASO and AS4 are successively decreased.
It confirms the decrease of capacitive behavior and
breakdown of the surface layer. The phase angle
values of the samples ASO and AS3 decreasing to
below 0° at 0.05 Hz indicates the ingress of
aggressive ions through the surface layer and
accelerates the a(Al) dissolution with multiple
reaction kinetics. The phase angle maxima and peak
area of the alloy sample AS2 are the highest, whilst
the samples ASO and AS3 exhibit inductive
behavior due to their higher reactivity in the low
frequency region.

More information about the corrosion
mechanism of the test alloys can be obtained
through fitting the EIS data with proper equivalent
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Fig. 5 EIS results of test alloy samples: (a) Nyquist plots;

(b) Bode impedance plots; (c) Bode phase angle plots
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circuit (EC) models. In order to obtain a high
precision fitting results, two types of EC models, as
shown in Fig. 6, were used for fitting the EIS
data [31], the EC model shown in Fig. 6(a) for AS1,
AS2 and AS4, and the EC model in Fig. 6(b) for
ASO and AS3. The circuit parameters of the EC
models include solution resistance (R;), surface
layer resistance (R,), charge transfer resistance (R»),
constant phase elements (CPE) of surface layer (Q))
and double layer ((Q,), inductance (L) and
inductance resistance (Rp). CPEs with coefficients
n, and n, are used instead of capacitance to
show the deviation from the ideal capacitive
behavior [32]. The circuit parameters obtained from
curve fitting for the EIS data are listed in Table 2.
As can be seen from Table 2 that, the R; value of
the sample AS2 is 29.68 kQ-cm” and successively
decreases to 11.41 and 2.58 kQ-cm” for the samples
AS1 and AS4, respectively. There is not R, value for

(b) J

R, L

Fig. 6 Equivalent circuit models used for curve fitting of
EIS results for AS1, AS2 and AS4 (a), and for ASO and
AS3 (b)

Table 2 Circuit parameters obtained from fitting for EIS data of test alloys

Alloy R/ , an/ oo R/ , an/i2 " Ry/ ) L/ . Ry/ ) Chi-

(Q-cm”) (pSs"-em ) (kQ-cm”) (s"-cm ) (kQ-cm”) (H-em”) (kQ-cm®) squared
R T R
UGS 95 o el 2 e s - - oo
A w6 ow tes a4 oot - - oo
AS3 66?38; - B - 2?.?: 008(;‘2i 7026863E 67975121 ’ 2(5.2281jE 0.0013
A4 T 33 6or o1 aw oot o - - 0w
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the samples ASO and AS3 because of their
inductive behavior, but their Ry values are 2.13 and
2.28 kQ-cm?, respectively. The R, value is related
to the compactness of the surface layer, and a
higher R; value implies that the surface layer is
more compact, and it is less likely destroyed in the
corrosion environment [23]. A stable and compact
surface layer can block the penetration of
electrolyte and inhibit the further dissolution of the
substrate [22]. The highest R; value and lowest O,
value of the sample AS2 imply that it has the best
corrosion resistance. The charge transfer resistance
(Ry) is a measure of electron transfer across the
surface and inversely proportional to corrosion
rate [23]. The high R, value and low Q, values
indicate a better corrosion protective ability for the
alloy samples. The R, value of the sample AS2 is
the highest, and the R, values of the samples AS1
and AS3 are also higher than those of the samples
ASO and AS4. These further confirm that the
corrosion resistances of the samples AS1, AS2 and
AS3 are better than those of the samples ASO and
AS4, and AS2 has the best corrosion resistance
among all the alloy samples.

It has been known from the microstructure
analysis results mentioned above that the eutectic Si
phases of the test alloys are gradually modified with
the increase of the addition of Sc, and the addition
of 0.58 wt.% Sc has a very good modifying effect,
and is almost the same as that of the Sr element.
The study of OZTURK et al [23] revealed that the
formation of surface layer depended on the size and
shape of eutectic Si phases, and the compact surface
layer could be formed on the Al-Si alloy modified
with Sr element, as a result, improving the
corrosion resistance of the alloy compared with
unmodified alloy. However, in this study, the EIS
measurement results indicate that the R, value of
the Sr-modified alloy (ASO0), which reflects the
property of the surface layer, is not noticed because
of the inductive behavior. The morphology of the

eutectic Si of the sample AS4 is similar to that of
the sample ASO, whilst the R, value of it is also
very low (see Table 3). This implies that a good
surface layer cannot be formed on the
Al-6.5Si—-0.45Mg casting alloys with fine eutectic
Si phase. The fine eutectic Si phases increase the
interface between the eutectic Si and the eutectic
a(Al) phases. It makes charge transfer easier, thus
decreasing the charge transfer resistance R, value.
Besides, the electrochemical activity of the alloy
surfaces may also be increased due to the increase
of the interface between the eutectic Si and the
eutectic a(Al) phases. It may also increase the
difficulty of the formation of surface layer. The
coarse eutectic Si phase forms a heterogeneous
surface structure, and it increases the difficulty of
the formation of a stable surface layer on the alloys
in aqueous solutions [33]. The eutectic Si phases of
the sample AS1 are relatively coarse. It is
responsible for the relative low R; value of the
sample AS1. The microstructure of the sample AS2
is the most suitable for the formation of a stable
surface layer, thus it has the best corrosion
resistance.

Potentiodynamic polarization measurements
were also carried out for the test alloys after 1 h of
immersion in the 3.5 wt.% NaCl solution at room
temperature, and the polarization curves are
represented in Fig. 7. As can been seen from Fig. 7
that the polarization curves of the samples ASI,
AS2 and AS3 are significantly shifted to the left
compared with that of the alloy sample ASO, it
implies that both the cathodic and anodic current
densities of the samples AS1, AS2 and AS3 are all
lower than those of the sample ASO, that is, they
have lower cathodic and anodic reactions. Decrease
of the reactions suggests the low dissolution rate of
the alloys. Thus these alloy samples exhibit lower
corrosion rate when compared with the sample ASO.
The polarization curve of the sample AS4 is very
similar to that of the sample ASO, indicating that

Table 3 Polarization parameters extracted from potentiodynamic polarization curves of test alloys

Alloy Peor(vs SCE)/V o'V Jeon/ (WA -cm?) R/(kQ-cm?)
ASO ~0.686+0.004 —0.686+0.004 18.51+0.42 2.15+0.02
ASI ~0.813+0.007 —0.694+0.005 0.44+0.09 9.67+0.01
AS2 —0.73+0.01 —0.642+0.004 0.32+0.06 20.03+0.05
AS3 —0.769+0.008 —0.664+0.006 4.54+0.03 6.95+0.01
AS4 —0.688+0.004 —0.688+0.004 22.73+0.67 2.54+0.02
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Fig. 7 Potentiodynamic polarization curves of test alloys

after 1 h of immersion in 3.5 wt.% NaCl solution

they have similar corrosion rate. Besides, a rapid
increase in the current density can be observed at
the potentials of —0.694, —0.642 and —0.664 V in
the anodic region of the polarization curves of the
samples AS1, AS2 and AS3, respectively. This
indicates the breakdown of the surface layer at the
onset of the potential values, which is known as the
breakdown potential ¢, (see Fig. 7). There are not
evident breakdown onset in the anodic region of the
polarization curves of the samples ASO and AS4,
indicating that the breakdown potential coincides
with the corrosion potentials of the alloys.
Therefore, although there are difference in the
corrosion potential of the test alloy samples, the
breakdown potential is relatively close to each other
(see Fig. 7).

The corrosion potential and corrosion current
density (J.or) Wwere extracted by the Tafel
extrapolation method from the polarization curves
shown in Fig.7, and the results are listed in Table 3.
Additionally, the polarization resistance R, was
determined by using the Sterne—Geary equation,
and also given in Table 3. It is seen from Table 3
that the J.,, values of the samples AS1, AS2 and
AS3 are lower than those of the samples ASO and
AS4, and the J.,, value of the sample AS2 is the
lowest among all the alloy samples. Therefore, the
corrosion rates of the samples AS1, AS2 and AS3
are all lower than those of the samples ASO and
AS4, and the corrosion rate of the sample AS2 is
the lowest among all the test alloys. A higher R,
value indicates the better corrosion resistance of the
alloy [34]. The R, values shown in Table 3 also
reflect the change law in the corrosion resistance of

the test alloys.

Due to the fine eutectic Si phases of the
samples ASO and AS4, more galvanic couplings can
be formed in the alloys during immersing in the
corrosion solution because the eutectic Si phase is
more noble than the eutectic a(Al) phase around it,
and can act as local cathodes with respect to the
eutectic a(Al) phase compared with the samples
AS1, AS2 and AS3 [33,35]. It is the reason that the
samples ASO and AS4 have high J.., value. As for
the Mg,Si and Al;Sc phases, the amount of the
Mg,Si phases precipitated at the a(Al) grain
boundaries of all the test alloys is the same because
of the nearly same content of Mg and Si in the
alloys. Therefore, the Mg,Si phases do not cause
the difference in the corrosion resistance of the test
alloys. The amount of the Al;Sc phases increases
with the increase of the Sc content. However, the
study of CAVANATGH et al [36] revealed that
Al;Sc phase was slightly cathodic to the o-Al
matrix of Al-alloys, and it displayed good
electrochemical compatibility with Al-alloys. So
Al3Sc phase did not increase the susceptibility of
corrosion of Al-alloys [36]. Therefore, the effect of
the variation in the amount of Al;Sc phases in the
different test alloys on the corrosion rate should be
very small. In this sense, the morphology and
distribution of the eutectic Si phases should be a
key factor affecting the corrosion resistance of the
Al—6.55i—0.45Mg casting alloy.

3.2.2 Immersion corrosion

In order to substantiate the results of the
electrochemical corrosion behavior studies, the
immersion corrosion tests of 5, 10, 15 and 20 d in
3.5 wt.% NaCl solution at temperature,
respectively, were performed for all the test alloys.
The average corrosion rates of the alloy samples
after immersion for different durations were
calculated based on the mass loss before and after
the immersion corrosion test, and the results are
shown in Fig. 8. As can be seen from Fig. 8 that the
corrosion rates of the samples AS1, AS2 and AS3
are all lower than those of the samples ASO and
AS4, and the sample AS2 has the lowest corrosion
rate among all the alloy samples except for the
immersion duration of 20d. These results are
basically in agreement with the electrochemical
corrosion measurement results. The corrosion rate
of the sample ASO increases with the increase of the
immersion duration from 5 to 10 d, but decreases

room



Yu-kun MA, et al/Trans. Nonferrous Met. Soc. China 32(2022) 424-435 433

with further increase of the immersion duration.
The increase of the immersion duration gradually
destroys the natural oxide layer on the surface of
the alloys, resulting in the increase in the corrosion
rate of the alloy. As for the decrease of the
corrosion rate of the alloy with further increase of
the immersion duration, there may be two reasons:
one is that with the fast dissolution of the eutectic
o(Al) phase around the eutectic Si phases, the
contacting area between the eutectic Si and a(Al)
phases decreases, it surely decreases the rate of
further dissolution of the eutectic a(Al) phases
because of the reduction of the corrosion current
density; the second is that the accumulation of the
corrosion products on the alloy sample surface
during immersion further inhibits dissolution of the
alloy substrate. The corrosion rates of the samples
AS1, AS2, AS3 and AS4 are all lower than that of
the sample ASO. It indicates that the addition of Sc
to the Al—6.551—0.45Mg casting alloy can improve
the corrosion resistance of the alloys when
compared with the addition of Sr element. Besides,
the corrosion rates of the samples AS1, AS2, AS3
and AS4 basically increase with the increase of the
immersion duration (see Fig. 8). It may be because
the decrease in the contacting area between the
eutectic Si and a(Al) phases and the accumulation
of the corrosion products on the alloy surfaces have
not reached the severity that can decrease the
corrosion rate of the alloy samples for the
immersion test duration of this study due to their
relatively low corrosion rate.
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0.02

Corrosion rate/(mm-a")

0.01

0
ASO AS1 AS2 AS3 AS4

Sample
Fig. 8 Comparison of corrosion rates of alloys after 5, 10,
15 and 20 d of immersion in 3.5 wt.% NaCl solution

The surface morphologies of the samples after
20 d of immersion in the 3.5 wt.% NaCl solution
were observed by the SEM and the results are
shown in Fig.9. As seen from Fig. 9 that the
surface corrosion morphologies of all the alloy
samples are similar, and no significant difference
can be noticed. The dissolution of the a(Al) phases
mainly occurs in the eutectic region between the
primary a(Al) phases. The eutectic a(Al) phases
around the eutectic Si phases are dissolved, but the
eutectic Si phases are remained in the eutectic
regions. It confirms that the Si phase is more noble
than the a(Al) phase, and the galvanic couplings
can be formed between the eutectic Si and a(Al)
phases. Figure 9 also shows that the dissolution of
the a(Al) phases in the eutectic region of the sample

Fig. 9 SEM images of alloy surface after 20 d of immersion in 3.5 wt.% NaCl solution and after removing corrosion

products: (a) ASO; (b) ASI; (c) AS2; (d) AS3; (e) AS4
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AS0 seems to be more serious, indicating that it has
the highest corrosion rate.

4 Conclusions

(1) Sc has an evident refining and modifying
effects on the primary a(Al) and the eutectic Si
phases of the Al-6.5Si—0.40Mg casting alloy, and
the effects are enhanced with the increase of Sc
content. When the Sc content is increased to
0.58 wt.%, its modifying effect on the eutectic Si
phases is almost same as that of Sr element.

(2) The test alloys containing 0.13, 0.28 and
0.45 wt.% Sc (AS1, AS2 and AS3) exhibit higher
surface layer resistance R; and/or charge transfer
resistance R, compared with the Sr- and
0.58 wt.% Sc-modified alloys (ASO and AS4)
during the EIS measurements. Therefore, the
corrosion resistances of AS1, AS2 and AS3 are all
better than those of ASO and AS4. The fine eutectic
Si phases of ASO and AS4 are responsible for the
poor corrosion resistance.

(3) The potentiodynamic  polarization
measurement results reveal that AS1, AS2 and AS3
have lower corrosion current density and higher
polarization resistance than ASO and AS4. This
indicates that Sc can decrease the corrosion rate of
the Al-6.5Si—0.45Mg casting alloy compared with
Sr. But the excessively high Sc content cannot
further decrease the corrosion rate of the samples
although it refining and
modifying effects on the primary a(Al) and eutectic
Si phases of the alloy.

(4) The immersion corrosion tests substantiate
that the corrosion rates of AS1, AS2 and AS3 are
lower than those of ASO and AS4. The corrosion
mainly occurs in the eutectic region of the alloys
during the immersion, and mostly the eutectic a(Al)
phases are dissolved, but the eutectic Si phases are
remained in the eutectic region. It confirms that the
Si phase is more noble than the a(Al) phase, and the
galvanic couplings can be formed between the
eutectic Si and a(Al) phases.

can exhibit better
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