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In this study, the effects of magnesium addition on the microstructure and comprehensive properties of Al-
5Si-5.3Cu-0.3Sr-0.2Zr-0.2Y-0.06Ti alloys were investigated by optical microscope, scanning electron
microscope, transmission electron microscope, hardness tester, and tensile testing machine. It is found that
the addition of magnesium increases the number of undissolved particles in the alloy. However, on the one
hand, magnesium addition refines the h¢ phase and increases its number density in the alloy. On the other
hand, it generates a smaller Q¢ phase. Both phases can enhance the precipitation strengthening and dis-
location strengthening of the alloy. In addition, adding magnesium reduces the width of the precipitation-
free zone (PFZ) and changes the distribution of grain boundary precipitates (GBPs). At 1% magnesium
addition, the dislocation strengthening and precipitation strengthening effects of the h¢ and Q¢ phases were
the best, the width of PFZ was the smallest, and the GBPs were discontinuously arranged along the PFZ.
Therefore, a high-strength, high-hardness, and intergranular corrosion-resistant cast aluminum alloy with
dense structure, a tensile strength of 364.4 MPa, elongation of 4.87%, hardness of 145.4 HV, and inter-
granular corrosion grade of 3 was obtained.
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1. Introduction

Al-Si-Cu alloy is a commonly used die-casting Al-Si alloy,
which can be strengthened by heat treatment to improve
mechanical properties and is usually used in automobile
cylinder blocks and cylinder heads ( Ref 1-5). Microalloying
is usually used to improve the microstructure and comprehen-
sive properties of Al-Si-Cu alloys to obtain Al-Si-Cu alloys¢
better properties (Ref 1, 4). Magnesium (Mg) is a microalloying
element commonly used in aluminum alloys (Ref 6, 7).
Magnesium addition can slightly refine the sizes of a-Al and
eutectic Si (Ref 8). When magnesium is added to Al-Si-Cu
alloy, the main strengthening precipitations in the alloy become
the Q/Q¢ and h¢/h-Al2Cu phases (Ref 6, 9-11). The aging
precipitation sequence of Al-Si-Cu-Mg alloy is as follows: (Ref
12)

ass ! GPZ ! h00 ! h0 ! hass ! Q00 ! Q0 ! Q

Existing research has shown that the precipitation of a high-
density fine Q¢ phase occurs before the h¢ phase, thereby
becoming an obstacle to the movement of dislocations, which is

conducive to improving the strength of the alloy and pro-
foundly impacts its hardness. The hardness is enhanced due to
the coexistence of dominant Q¢ and h¢ phases in the peak-aged
state when the high-density fine Q¢ phase precipitates before the
h¢ phase (Ref 7). Hao et al. Ref 12 found that the precipitated Q¢
phase is partially coherent with the Al matrix, resulting in
lattice distortion, which enhances the strength of the alloy. In
addition to enhancing the hardness and strength of the alloy, the
Q¢ phase also improves the corrosion resistance of Al-Si-Cu-
Mg alloy with high copper (Cu) content. In Al-Si-Cu-Mg alloys
with high Cu content, the corrosion resistance of the alloy can
be improved by forming discontinuous Q¢ precipitates at grain
boundaries (Ref 13). In general, the structure of Q¢ in Al-Si-Cu-
Mg alloy is generally smaller because Cu atoms are gradually
segregated to the Q¢/a-Al interface during aging, which inhibits
the coarsening of the Q¢ precipitation (Ref 14). Q is an
equilibrium phase that precipitates after Q¢ (Ref 12). There are
strong mixed covalent-ionic TM-Si bonds in the Q phase,
which is beneficial to increase the hardness of the alloy (Ref
15). Farkoosh et al. Ref 6 found that higher amounts of Q
precipitation produced Orowan strengthening to increase
strength.

The introduced Q phase or Q¢ phase and the transformation
of other phases by adding magnesium into the Al-Si-Cu alloy
have a beneficial effect on alloy properties, which indicates the
significance of magnesium addition on Al-Si-Cu alloys.
Accordingly, the effects of various Mg contents on Al-Si-Cu
alloys were investigated in the present study.
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2. Experimental

2.1 Alloy Preparation

Table 1 shows the specific composition of the alloy. The
melting and heat-treatment process of Al-5Si-5.3Cu-0.3Sr-
0.2Zr-0.2Y-0.06Ti-xMg alloy was as follows. First, pure Al
(99.79%Al) and Al-Cu (50.12%Cu), Al-Si (20%Si), and Al-Ti-
B (5.11%Ti) master alloys were placed in a graphite crucible in
a furnace, whose rated temperature was set to 850 �C and was
kept for 2 h. The casting mold was heated. C2Cl6 wrapped in
tin foil was added for degassing after the above-mentioned raw
materials melting. The master alloys of Al-Zr (4.11% Zr), Al-Sr
(9.89% Sr), and Al-Y (10% Y) were added, and the temperature
was maintained for 3 h. Pure magnesium (99.9%Mg) was
added when the temperature dropped to 710 ± 10 �C. Degas-
sing was performed three times at a degassing interval of
10 min, after which it was allowed to stay for 15 min. The slag
was then removed, and the melting liquid was cast into an ingot
mold. The ingot heat-treatment process was as follows:
470 �C 9 2 h + 480 �C 9 2 h + 490 �C9 2 h + 500 �C 9 2
h + 510 �C 9 16 h (Room-Temperature water quench) solid
solution + 191 �C 9 18 h (air cooling) aging.

2.2 Performance Characterization

The microstructure and properties of Al-5Si-5.3Cu-0.3Sr-
0.2Zr-0.2Y-0.06Ti-xMg alloy were analyzed as follows. The
material was removed from the mold and cut into samples with
a dimension of 10 mm 9 10 mm 9 5 mm. The samples used
for SEM observation, hardness test, and intergranular corrosion
test were prepared as above. The samples used for SEM
observation and analysis were cleaned with alcohol and then
corroded with a corrosion solution of 0.5% HF. FEL Quan-
ta100F scanning electron microscope equipped with energy-
dispersive spectrometry (EDS) was used to observe the
metallographic structure, precipitation distribution of the alu-
minum alloy. FEI TECNAI G2 F20 200 kV field emission
transmission electron microscope was used to observe intra-
granular precipitates and grain boundaries. Before the test, the
sample to be observed was pre-ground to 0.1 mm, and then, the
sample was punched by an electrolytic double spray instru-
ment. Finally, ion thinning was performed. The thinned
samples were observed under a TEM, and their microstructure
and precipitation-diffraction patterns were analyzed. The results
of TEM observation were measured by ImageJ. The hardness
test was performed with a HV-1000 digital microhardness
tester, and the pressure load was set as 500 gf. Five
measurements were taken on different parts of the sample.
After obtaining the hardness value, results with more significant
errors were removed, and the average value of the remaining
data was recorded as the final hardness value of the sample. The

room-temperature tensile properties were tested using a WDW-
200G tensile testing machine. Tensile specimens were pro-
cessed as shown in Fig. 1. During the measurement, the
maximum tensile-force parameter of the tensile machine was
set as 20 kN, and the tensile speed was set as 0.5 mm/min.
After stretching, the tensile strength and elongation were
calculated. The experimental process of the intergranular
corrosion (IGC) test was as follows. The surface of the samples
was cleaned with 10% NaOH solution for about 10 min and
then placed in 30% HNO3 solution until the surface was
smooth and regained its metallic luster. The samples were
ultrasonically cleaned with anhydrous ethanol. The samples
were suspended in a beaker containing a corrosive solution
(NaCl 57 g/L + H2O2 10 mL/L), and then, the beaker was
placed in a DHG-9030 blast drying oven at a constant
temperature of 35 �C for 6 h. Finally, the XQ-1 metallographic
mounting machine was used to metallographically mount the
samples. The maximum corrosion depth of the samples after
IGC was observed using a 4XC-MS optical microscope.

3. Results and Discussion

3.1 SEM Analysis

Figure 2 shows the SEM image of Al-5Si-5.3Cu-0.3Sr-
0.2Zr-0.2Y-0.06Ti-xMg alloy. Figure 3 shows the surface scans
of Al, Si, Cu, and Mg elements of Al-5Si-5.3Cu-0.3Sr-0.2Zr-
0.2Y-0.06Ti-1 Mg alloy. It can be observed from Fig. 2 that the
alloys exhibit dense structures. Moreover, the size of the
eutectic silicon is mostly less than 10 lm, and the distribution
is uniform. The morphology of eutectic silicon is primarily
worm-like or spherical, with rounded edges and no agglomer-
ation (Ref 4, 16, 17). This shows that the addition of
magnesium does not adversely affect the modification effect
of Si (Ref 16, 17). Furthermore, it can be seen from Fig. 2 that
the main intermetallic compound is h-Al2Cu (Ref 17-19). The
addition of magnesium increases the amount of undissolved
intermetallic compounds in the alloy. Fig. 3 shows that the Cu
and Mg elements distribution in the #3 alloy is very uniform
and they are distributed mostly in a(Al) phase.

The increase in undissolved intermetallic compounds in the
alloy after adding magnesium may be attributed to the
following reasons. On the one hand, this may be due to the
reaction of Mg with Al, Si, Cu, Y, Fe, and other elements in the
alloy to generate some intermetallic compounds (Ref 6, 20).
Some intermetallic compounds may be difficult to dissolve in a
solid solution, so the number of undissolved particles increases.
On the other hand, the addition of magnesium will cause the
segregation of the Cu phase in the alloy (Ref 21). It is easy to

Table 1 Al-5Si-5.3Cu-0.3Sr-0.2Zr-0.2Y-0.06Ti-xMg alloy
composition table

Sample Si Cu Sr Zr Ti Y Mg Al

#1 5 5.3 0.3 0.2 0.06 0.2 0 Bal
#2 5 5.3 0.3 0.2 0.06 0.2 0.5 Bal
#3 5 5.3 0.3 0.2 0.06 0.2 1 Bal

Fig. 1 Tensile specimen drawings
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generate bulk Al2Cu in the solid solution stage, which leads to a
decrease in the solubility of Al2Cu during the solid solution and
increases the number of undissolved Al2Cu after solution aging.
According to Fig. 2(c) and 3, it can be seen that when 1% Mg
is added, Cu is evenly distributed in the matrix and no large
agglomeration is formed. Therefore, although the segregation
of Cu is aggravated with the increase in the concentration of
Mg, in the case of adding 0-1% Mg, the distribution of Cu in
the matrix is still relatively uniform.

3.2 TEM Analysis

Figure 4 shows the TEM image for intragranular, h¢ phase
(FTT image) and Q¢ phase (FTT image) of Al-5Si-5.3Cu-0.3Sr-
0.2Zr-0.2Y-0.06Ti-xMg ((a), (c), (e), the red circle is the h¢

Fig. 2 SEM of Al-5Si-5.3Cu-0.3Sr-0.2Zr-0.2Y-0.06Ti-xMg alloy
(a) #1; (b) #2; (c) #3

Fig. 3 EDS surface scan of Al-5Si-5.3Cu-0.3Sr-0.2Zr-0.2Y-0.06Ti-
1 Mg alloy (a) Al; (b) Si; (c) Cu; (d) Mg
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(Al2Cu) precipitation). Table 2 presents the results of the
average distance between adjacent h¢ and h¢ phase number
density of Al-5Si-5.3Cu-0.3Sr-0.2Zr-0.2Y-0.06Ti-xMg alloy as
measured by ImageJ. Figure 4(a), (b), (c), (d), (e) and (f) shows
that the precipitation in the alloy grains is mainly the h¢ phase
(Ref 17). As the magnesium addition increases, the size of the
h¢ phase reduces. In addition, the results of Fig. 4(a), (b), (c),
(d), (e) and (f) and Table 2 show that the number density of the
h¢ phase in the alloy is found to increase as magnesium
increases while the average distance of adjacent h¢ phases is
found to decrease as magnesium increases. It can be seen from
Fig. 4(g) and (h) that the addition of magnesium also generates
Q¢ (Al5Cu2Mg8Si6) precipitate (Ref 11, 22-24), which is

rectangular in shape. And as the magnesium content increases,
the size of the Q¢ phase becomes smaller. Figure 5 shows the
TEM images of PFZ and GBPs of Al-5Si-5.3Cu-0.3Sr-0.2Zr-
0.2Y-0.06Ti-xMg alloy (Ref 23, 25, 26). Figure 5 reveals that
with the increase in magnesium content, the width of the PFZ is
continuously narrowed, and the arrangement of GBPs along the
PFZ is firstly discontinuously distributed, secondly continu-
ously distributed, and finally discontinuously distributed (Ref
25).

The strengthening mechanism of h¢ precipitate is consistent
with the Orowan reinforcement model (Ref 27). Under this
strengthening mechanism, the dislocation lines cannot directly
cut through the h¢ precipitate during plastic deformation.
However, under the action of external force, the dislocation
lines can bend around the h¢ precipitate and finally leave a
dislocation around the h¢ precipitate loops, allowing disloca-
tions to pass through. The bending of the dislocation line will
increase the lattice distortion energy in the dislocation-affected
zone, which increases the resistance to the movement of the
dislocation line and increases the slip resistance (Ref 27, 28).
As the resistance of dislocation movement increases, the
obstacle to dislocation movement becomes larger, and the
dislocation strengthening effect will be strengthened. The
Orowan strengthening mechanism belongs to the second-phase
strengthening mechanism in which the particles cannot be
deformed. The reduction in the particle size of the second-phase
precipitate, reduction in the distance between the second-phase
precipitate, and the increase in the number density of the
second-phase precipitate all increase the dislocation strength-
ening effect and the precipitation strengthening effect (Ref 12,
27, 29). According to the results of Fig. 4 and Table 2, the
dislocation strengthening effect and the precipitation strength-
ening effect of the alloy increases with the increase in
magnesium content. The Cu atoms will react with the Mg-Si
atomic clusters first, so the Q¢ phase will precipitate before the
h¢ phase, serving as a hindrance to dislocation movement (Ref
7), enhancing the dislocation strengthening effect. The small
size of the generated Q¢ precipitate is also beneficial to
increasing the precipitation strengthening effect (Ref 12).

GBPs, PFZ, and adjacent matrix lead to the formation of
micro-galvanic corrosion due to the potential differences, which
results in the intergranular corrosion (Ref 23, 25, 26). When
GBPs are continuously distributed, the formation of the
continuous IGC path is easy, which increases IGC susceptibility
(Ref 23, 25, 30). Therefore, changing the continuous distribu-
tion of GBPs helps to eliminate the IGC susceptibility and
improve intergranular corrosion resistance. The more dispersed
the distribution of GBPs is, the more difficult the forms of
continuous corrosion channels is, and the stronger the inter-
granular corrosion resistance is Ref 25, 30, 31. In addition, the

Fig. 4 TEM of Al-5Si-5.3Cu-0.3Sr-0.2Zr-0.2Y-0.06Ti-xMg alloy.
(a) intragranular-TEM (SADP) of #1; (b) h¢-HRTEM(FFT) of #1; (c)
intragranular-TEM (SADP) of #2; (d) h¢-HRTEM(FFT) of #2; (e)
intragranular-TEM (SADP) of #3; (f) h¢-HRTEM(FFT) of #3; (g) Q¢-
HRTEM(FFT) of #2;(h) Q¢-HRTEM(FFT) of #3

Table 2 Average distance between adjacent h¢
precipitates and h¢ precipitates number density of Al-5Si-
5.3Cu-0.3Sr-0.2Zr-0.2Y-0.06Ti-xMg alloy

Sample
Average distance between
adjacent h¢ precipitates, nm

h¢ precipitates
number density, lm2

#1 128.6 21.7
#2 61.8 145.5
#3 46.7 230.3
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smaller the width of PFZ is, the better the intergranular
corrosion resistance of the alloy is Ref 25, 31.

3.3 Performance Analysis

Table 3 shows the tensile strength, hardness, and elongation
of Al-5Si-5.3Cu-0.3Sr-0.2Zr-0.2Y-0.06Ti-xMg alloy. With
increased Mg content, the tensile strength of the alloy initially
decreases and then increases, its hardness increases, and its
elongation decreases.

The tensile strength of Al-Si-Cu alloys is affected by both
undissolved particles and strengthened precipitates (Ref 12, 21,
27, 29). From the results in Fig. 2, it can be seen that #2 has
more undissolved particles than #1. Therefore, #2 may have
more macroscopic casting defects, which may result in
premature fracture of the alloy during plastic deformation.
Hence, Fig. 4 shows that the size of the h¢ phase of the #2 after
adding magnesium is smaller than #1 and its h¢ number density
is higher than that of #1, its dislocation strengthening and
precipitation strengthening effects are better than those of #1,
however, its tensile strength is far inferior to that of #1.
Although the addition of 1% Mg increases the undissolved
particles of #3, which may produce more casting defects than
#1 and causes the alloy to fracture earlier in the plastic
deformation stage. However, it further increases the number
density of the h¢ precipitation, reduces the distance between h¢
particles, and reduces the size of the h¢ precipitate. This further
improves the precipitation strengthening effect of the alloy (Ref
27, 29). Moreover, adding magnesium generates the Q¢
strengthening precipitation with a small size (Ref 7, 12), which
improves the precipitation strengthening effect and dislocation
strengthening of the alloy. Both of them improve the tensile
strength of the alloy. At this time, the strengthening effect
induced by precipitation strengthening and dislocation strength-
ening is the best, and #3 does not fracture early in the plastic
deformation stage. Hence, the #3 has the highest tensile
strength.

The plasticity of the alloy is mainly related to the brittle
particle and the undissolved particle of the alloy (Ref 21, 32,
33). Combined with the results in Fig. 2, adding magnesium
increases the number of undissolved particles in the alloy. The
higher the number of undissolved particles, the worse the
plasticity of the alloy. Since the addition of Mg causes the Cu
phase to segregate (Ref 21), it increases the number of
undissolved brittle h precipitates (Ref 33, 34), which reduces
the ductility of the alloy. Studies have shown that when
magnesium is added to Al-Si-Cu alloy, the matrix transfers the
high load on brittle phases already at small strains. It makes the
brittle phases crack at low strains, which is also one of the
reasons for the reduced elongation (Ref 32). Under the action of
these two factors, the elongation of the alloy decreases
continuously with the increase in Mg content, which is the
same as the result of the previous study (Ref 6).

The increase in the hardness of the alloy is mainly related to
the strengthening precipitation in the alloy (Ref 7, 15). The
structure of the Q precipitate produces TM-Si bonds that lead to

Fig. 5 TEM images of PFZ and GBPs of Al-5Si-5.3Cu-0.3Sr-
0.2Zr-0.2Y-0.06Ti-xMg alloy (a) #1; (b) #2; (c) #3

Table 3 Tensile strength, hardness and elongation of Al-
5Si-5.3Cu-0.3Sr-0.2Zr-0.2Y-0.06Ti-xMg alloy

Sample Tensile strength, MPa Elongation, % Hardness, HV

#1 351.2 5.38 112.2
#2 291.1 4.92 122.5
#3 364.4 4.87 145.4
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an increase in hardness, and Q¢, as a substance of the same
chemical formula as the Q precipitation, may have similar
properties (Ref 15). As the magnesium content increases, the

size of Q¢ precipitation becomes smaller, which improves the
hardness of the alloy (Ref 7, 12). On the other hand, the
addition of magnesium refines the size of h¢ precipitate. The
smaller the size of the h¢ precipitate is Ref 12, the higher the
hardness of the alloy is. Therefore, the hardness of the alloy
increases as the magnesium content increases.

Figure 6 shows the OM images of Al-5Si-5.3Cu-0.3Sr-
0.2Zr-0.2Y-0.06Ti-xMg alloy after the IGC test. Table 4 shows
the maximum IGC depth and IGC grade for Al-5Si-5.3Cu-
0.3Sr-0.2Zr-0.2Y-0.06Ti-xMg alloy. It can be seen from Fig. 6
and Table 4 that with the addition of magnesium, the
intergranular corrosion depth of the alloy initially increases
and then decreases. The intergranular corrosion resistance
initially decreases and then increases with increased Mg
content. This is consistent with the changes in PFZ and GBPs
in the TEM of Fig. 5 (Ref 25, 30, 31). #2 has the worst
resistance to intergranular corrosion. However, its width of PFZ
becomes smaller after adding magnesium, which improves its
resistance to intergranular corrosion. Notwithstanding, its GBPs
are continuously distributed along PFZ, which easily forms
corrosion channels and causes intergranular corrosion (Ref 30).
Therefore, although the refinement of the width of PFZ
improves its IGC resistance, its IGC resistance is the worst
among the three samples due to the continuous distribution of
its GBPs (Ref 25). And #3, with 1% Mg, the width of PFZ is
further refined, and its GBPs distribution is dispersed, which
reduces the probability of corrosion channel formation and
improves the intergranular corrosion resistance, so its inter-
granular corrosion resistance is the best (Ref 25, 31).

4. Conclusions

(1) The high strength of the alloy is attributed to the precip-
itation strengthening phenomenon of the h¢ and Q¢ pre-
cipitates. The best precipitation strengthening effect of
h¢ and Q¢ precipitates was attained at the addition of 1%
Mg, with a tensile strength value of 364.4 MPa.

(2) The addition of magnesium changes the distribution of
GBPs and the width of PFZ. The smallest width of PFZ
was observed at the addition of 1% Mg, and the GBPs
were discontinuously distributed at the same time.
Therefore, the intergranular corrosion resistance reached
its peak at this time, with the intergranular corrosion
grade of 3.

(3) The enhanced hardness of the alloy is attributed to the
refinement of h¢ precipitate and the generation of Q¢.
The most significant hardness enhancement induced by

Fig. 6 OM diagram of intergranular corrosion of Al-5Si-5.3Cu-
0.3Sr-0.2Zr-0.2Y-0.06Ti-xMg alloy (a) #1; (b) #2; (c) #3

Table 4 Maximum intergranular corrosion depth and
intergranular corrosion grades of Al-5Si-5.3Cu-0.3Sr-
0.2Zr-0.2Y-0.06Ti-xMg alloy

Sample
Maximum intergranular
corrosion depth, lm

Intergranular
corrosion grade

#1 115.83 4
#2 196.43 4
#3 60.71 3
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the h¢ and Q¢ precipitates was attained at the addition of
1% Mg, with a hardness value of 145.4 HV at this time.
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