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The Al-Mg-Si alloys are heat-treatable materials, widely 
employed in the automotive industry, aerospace, 

and other fields, due to characteristics such as medium 
strength, low specific strength/stiffness, high formability, 
good weld ability, low cost, and high corrosion resistance [1, 

2]. The relative content of Mg and Si (Mg/Si) were widely 
recognized for having an influence on the microstructure, 
mechanical properties and precipitation behavior of Al 
alloys [3-6]. Additionally, the presence of excess Si would 
promote the precipitation of uniform and fine-grained 
β″ phases, improving the age hardening response of the 
alloy. However, the excessive Mg content would reduce 
the stretching formability, make the 6xxx alloys exhibit 
low strength but excellent corrosion resistance [7, 8]. Some 
elements, such as Mn, Cu and Cr, are added as micro-
strengthening elements of Al-Mg-Si alloys [9-11].

Al-Mg-Si-Zn alloys are considered as the most 
promising candidates for automotive materials. The 
solid solubility of Zn in Al is 82.8 wt.% at eutectic 
temperature, and Zn atoms can combine with Mg 
forming plate-like semi-coherent η′ metastable 
precipitates and equilibrium η-MgZn2 precipitates on 
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(111)Al planes [12]. The solid solubility of MgZn2 in 
Al is 28 wt.% at eutectic temperature and 4-5 wt.% at 
room temperature [13]. Therefore, Zn is considered a good 
potential element to improve the properties of 6xxx alloys. 
Yan L, et al. [14] observed η′ phase and found the improved 
bake hardening response as 0.6wt.% Zn was added in the 
Al-Mg-Si alloys with a Si content of 0.85 wt.% [9]. Wang 
X et al. [15] found that the Zn-free alloy sheet consists 
mainly of CubeND, P and Goss orientations, while the 
sheet with high Zn content and Si content of 0.9wt.% 
after solution treatment possesses a stronger structure 
consisting of CubeND, Cube, (012)<100>, (113)<392> and 
(023)<032> orientations. The effect of Zn addition on the 
precipitate sequence of Al-Mg-Si alloys was also widely 
reported [12, 13, 16]. With the increasing of Zn content, the 
precipitate sequence of Al-Mg-Si alloys from SSSS → 
atomic clusters → GP zones (pre-β″) → β″→ β′, U1, U2, 
B′→β changed to SSSS→atomic clusters→GP zones 
(pre-β″)→β″, L, S, C, QP, QC→β′→β.

All the research about Al-Mg-Si-Zn was focused 
on alloys with low Si contents (less than 0.9%). The 
microstructure and mechanical properties when the 
Si content is more than 0.9% remained unclear. The 
interest of this study is associated with the change of 
mechanical properties and microstructure of Al-Mg-Si-
Zn with more Si addition. In this work, the influence of 
Si content on the microstructure and properties of Al-
Mg-Si-Zn alloys were investigated.
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Table 1:  Chemical compositions of Al-Mg-Si-Zn samples (wt.%)

Fig. 1:  Profile and geometry of high strength graphite mold

Alloys Si Mg Zn Fe Cu Mn Cr Ti Al

#1 0.66 1.20 2.00 0.09 0.15 0.06 0.06 0.12 Bal.

#2 0.98 1.22 2.04 0.10 0.14 0.06 0.06 0.12 Bal.

#3 1.50 1.17 2.03 0.11 0.15 0.06 0.06 0.11 Bal.

#4 1.91 1.23 2.00 0.10 0.13 0.05 0.06 0.11 Bal.

#5 2.38 1.16 2.00 0.11 0.13 0.05 0.06 0.11 Bal.

#6 3.12 1.18 2.05 0.12 0.12 0.05 0.05 0.10 Bal.

#7 3.47 1.16 2.03 0.11 0.11 0.05 0.05 0.10 Bal.

#8 4.00 1.20 2.05 0.12 0.11 0.04 0.05 0.09 Bal.

#9 4.41 1.15 2.00 0.12 0.11 0.04 0.05 0.09 Bal.

A commercial thermodynamic package (JMatPro) was used 
to determine the volume change of the aluminum alloy test bar. 
Microstructure analysis was carried out by a Zeiss Axio Imager 
A2m optical microscope (OM). The samples for microstructure 
observation were etched in a 0.5%HF+99.5%H2O solution. The 
XRD-6100 X-ray diffraction (XRD) was used to identify the 
phases, interplanar spacing and structure (along the longitudinal 
direction of the specimen). The second phases were investigated 
using a JSM-7500F scanning electron microscope (SEM) and 
an energy dispersive X-ray spectroscope (EDS). The tensile 
strength and elongation were tested on the CMT5105 electronic 
universal tensile testing machine.

2 Results and discussion
2.1 Microstructure
Figure 2 shows the as-cast microstructures of alloys 
with different additions of Si. As can be seen, the as-cast 
microstructures show typical hypo-eutectic structure, where 
the α-Al exists as cellular grains and the granular and lumpy 
Mg2Si phases distribute in intragranular and grain boundary, as 
shown in Figs. 1 (a) to (c). With the increasing of Si, eutectic 
phases begin to appear in the alloys as shown in Fig. 1 (d) to (i). 
They are plate-like eutectic Si distributing at the grain boundary 
which make the grain boundary coarsen [17].

The XRD patterns in Fig. 3 indicate that the phases existing 
in Alloy #1 are mainly Mg2Si and Mg5Si6. With the increase 
of Si content, additional Si and Al3.21Si0.47 phases precipitate in 
the form of Al-Si eutectic phases in the alloys, as shown in the 
curves of Alloys #5 and #9 .

To study the effect of Si content on microstructure, the mean 
shape factor (S) was applied to represent the second phase shape 
change. The mean shape factor (S) was calculated as follows [18, 19]:

1 Experimental procedure
The 6061 raw materials were placed in a graphite crucible 
and melted in an electrical resistance furnace at 780 °C for 20 
min. After melted completely, the pure magnesium, pure zinc 
particles and AlSi12 wrapped with aluminum foil were added 
into the graphite crucible, stirred, then reheated to 780 °C 
and held for 10 min. After this, the furnace temperature was 
lowered to 720 °C and kept for 5 min. At last, the alloy ingots 
were cast in a high strength graphite mold, as shown in Fig. 1. 
The chemical compositions of the experimental Al-Mg-Si-Zn 
alloys with different Si contents are shown in Table 1. 

(1)

where S is the mean shape factor; Ai is the area of second 
phases; Pi is the perimeter of a second phase; n is the number 
of second phases.  

The changes of second phase area fraction (A) and the mean 
shape factor (S) with Si content (x) are shown in Fig. 4 and 
Table 2. The correlation coefficient (R2) was calculated to 
determine the data correlation.

As shown in Fig. 4, the S increases firstly and then decreases 
with the increase of Si. With the Si content less than 1.50wt.%, the 
morphology of Si is similar to circular, the same as that reported 
in Ref. [20], as shown in Points 1 and 2 in Fig. 2 (b, c), which 

π
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Fig. 2:  Microstructures of alloys with different Si contents: (a) Alloy #1; (b) Alloy #2; (c) Alloy #3; (d) Alloy #4; 
(e) Alloy #5; (f) Alloy #6; (g) Alloy #7; (h) Alloy #8; (i) Alloy #9

(a) (b) (c)

(d)

(g)

(e)

(h)

(f)

(i)

Fig. 3:  XRD patterns of as-cast alloys with different Si 
contents

led to a greater S value. The maximum solubility of Si in Al is 
1.65wt.%. When the Si content is more than 1.50wt.%, excess 
of Si agglomeration forms plate eutectic structure between α-Al 
grains, which reduces the S value correspondingly.

2.2 Mechanical properties
Figure 5 shows the tensile strength and elongation of the alloys 
with different Si contents. It can be found that, in general, the 
tensile strength increases, while the elongation decreases with 
the addition of Si.

The ratio of the peak intensity of the (200) plane to the (111) 
plane in XRD curves in Fig. 3 was calculated. The results 

Fig. 4: Change of area fraction (A) of second phases and 
mean shape factor (S) with different Si contents
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Fig. 5:  Tensile strength and elongation of alloys

are shown in Table 3. As compared with pure aluminum, 
the increasing of Si content leads to an increase of I(200)/I(111) 

value from 0.467 to 2.111, indicating that the number of Al 
(200) structure monotonously increases compared to the Al (111)
structure, which results in the decrease of alloy elongation. It is 
rather strange that the elongation of Alloy #3 decreases sharply, 
which may be related to the precipitation of Mg2Si. According 
to Fig. 2, a large amount of granular Mg2Si phases precipitate in 
the intragranular of Alloy #3 crystal, while the amount of Mg2Si 
phases in the intragranular of the Alloy #4 decrease significantly, 
and most of Mg2Si phases segregate at the grain boundaries. 
All of these lead to a lower elongation of Alloy #3 and a higher 
elongation of Alloy #4.

To analyse the effects of the mean shape factor (S), area 
fraction (A) and the Si content (x) on the tensile strength (T) of 
the alloys, a mathematic model of multiple linear regressions 
was established as follows:

                           T=ax+bS+cA+intercept                            (2)

Table 4:  Calculation results based on Eq. (2)

T=ax+bS+cA+intercept Value

a 664.86089

b 12.69124

c 27.60178

Intercept 164.35423

R2 0.74796

2.3 Volume change
Figure 6 shows the appearance of aluminum alloy test bars 
after casting: the middle column is sprue, and the other two 
sides are test bars. Figure 6 indicates that the test bars of #1, 
#2 and #3 got broken as outlined by the red rectangles, while 
the other test bars have no obvious fractures. This shows that 
with the increasing of Si content, the volume shrinkage and the 
shrinkage stress of the alloys decrease.

According to the Bragg equation, the interplanar spacing can 
be represented as follows:

                                       2d·sinθ=λ                                      (3)

where d is the interplanar spacing; θ is diffraction angle; λ is 
the X-ray wavelength. 

Figure 7 shows the interplanar spacings of samples obtained 
in terms of the XRD curves (Fig. 3). The increasing Si content 
caused the increase of interplanar spacing between the (111) 
and (200) planes of Al alloys, but has almost no influence 
on the interplanar spacing between (220) and (311) planes. 
The smaller volume change of alloys with high Si content is 
ascribed to the increased interplanar spacing.

3  Conclusions
(1) With the increase of Si content, the mean shape factor of 

the second phase firstly increases and then decreases.
(2) The regression analysis results show that the Si content 

has the main influence  and the mean shape factor has the least 
influence on tensile strength. The tensile strength of Al-Mg-
Si-Zn alloy generally increases with the increase of Si content. 
Compared to the Al (111) structure of the alloy, the number 
of Al (200) monotonously increases with the increase of Si 
content, which results in reduced elongation.

(3) The interplanar spacings of (111) and (200) crystal planes 
increase with the increasing of Si content and the volume 
shrinkage of alloy decreases during the solidification process, so 
that the alloy with higher Si content does not break easily.

Table 3:  Ratio of peak intensity of (200) plane to (111) 
plane as shown in Fig. 3

Samples I(200)/I(111)

Al 0.476

#1 0.519

#5 0.869

#9 2.111

By using the regression analysis method, the coefficients a, 
b, c were obtained as shown in Table 4. It can be found that the 
Si content has the main influence on tensile strength and the 
mean shape factor has the least influence on tensile strength.Mean shape factor (S) Area fraction (A)

Model S=intercept +ax+bx2+cx3 A= intercept +ax

a 18.55692 10.77019

b -922.06739 --

c 10060.46038 --

intercept 0.35474 0.0221

R2 0.94825 0.93864

Table 2:  Calculation results of mean shape factor and area 
fraction with different Si contents
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Fig. 7:  Interplanar spacings of #1, #5 and #9 alloys

Fig. 6:  Photos of samples with different Si contents
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