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The microstructure and mechanical properties of Al-8.1Mg-2.6Si-(0.08 to 4.62)Zn alloys (in
wt pct) have been investigated by the permanent mold casting process. X-ray diffraction analysis
shows that the s-Mg32(Al, Zn)49 phase forms when the Zn content is 1.01 wt pct. With higher
Zn contents of 2.37 and 3.59 wt pct, the g-MgZn2 and s-Mg32(Al, Zn)49 phases precipitate in the
microstructure, and the g-MgZn2 phase forms when the Zn content is 4.62 wt pct. Metallurgical
analysis shows that the g-MgZn2 and s-Mg32(Al, Zn)49 phases strengthen the
Al-8.1Mg-2.6Si-(0.08 to 4.62)Zn alloys. After solutionizing at 510 �C for 180 minutes and
aging at 180 �C for 90 minutes, the g¢-MgZn2 phase precipitates in the a-Al matrix, which
significantly enhances the mechanical properties. Addition of 3.59 wt pct Zn to the
Al-8.1Mg-2.6Si alloy with heat treatment increases the yield strength from 96 to 280 MPa,
increases the ultimate tensile strength from 267 to 310 MPa, and decreases the elongation from
9.97 to 1.74 pct.

https://doi.org/10.1007/s11661-018-4684-2
� The Author(s) 2018

I. INTRODUCTION

ALUMINUM alloys are widely used to produce
castings with complex external geometries and internal
cavities,[1,2] and they have the advantages of low density
and good mechanical properties. This is attractive for
transport because lightweight structures are beneficial
for reduction of CO2 emissions.[3,4] Currently, Al-Si-Mg
(Cu) alloys are the main materials used to produce
casting components with good mechanical properties by
either gravity die casting or low-pressure die casting.[5,6]

Several strengthening phases have been reported for

Al-Si-Mg (Cu) alloys. Ouellet and Samuel[7] found that
the Al-Si-Cu alloy (319 type) is strengthened by h¢ and b¢
precipitates formed after heat treatment. Wiengmoon
et al.[8] found that the h¢¢ and h¢-Al3Cu phases are
responsible for the precipitate hardening of 319 alloys.
However, Jahn et al.[9] found that the quaternary Q¢
(containing Al, Mg, Si, and Cu) and S¢ (containing Al,
Mg, and Cu) phases are the key precipitates in the cast
319 alloys. Hwang et al.[10] identified h and Q precip-
itates in the 319-type Al-Si-Cu alloy. Mishra et al.[11]

found that the ternary S¢ (Al2CuMg type) phase
strengthens 339-type aluminum castings.
On the other hand, Al-Zn-Mg alloys are used to

manufacture high-strength components. Owing to
fine-scale precipitation of metastable Zn- and Mg-rich
phases, the strength of Al-Zn-Mg-Cu alloys can reach a
level of 650 MPa for the yield strength and 700 MPa for
the UTS after aging at 120 �C for 24 hours.[12] Yang
et al.[13] investigated an Al-Zn-Mg alloy with a
Mg-to-Zn atomic ratio of 0.34 to improve the strength
through formation of the coherent polyhedral s-phase
[(Al, Zn)49Mg32]. Li et al.[14] investigated solution
treatment of the microalloyed Al-Zn-Mg alloy system
with Sc and Zr and found that both g¢-MgZn2 precip-
itates and fine Al3(Sc, Zr) particles are homogenously
distributed throughout the a-Al grains under heat-treat-
ment conditions. This alloy has a yield strength of
560 MPa, an UTS of 580 MPa, and an elongation of
10 pct. Shin et al.[15] studied Al-Zn-Mg alloys with high
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Zn contents and found that the UTS can reach higher
than 470 MPa for die castings. They attributed the high
strength to the very fine lamellar structure of Zn-rich
phases within the a-Al matrix.

In general, Al-Si-Mg (Cu) alloys have better castabil-
ity than Al-Zn-Mg (Cu) alloys. Ji et al.[16,17] developed a
high-strength Al-Mg2Si-Mg-Zn alloy for high-pressure
die casting. Solution and aging treatment for a short
time resulted in a significant improvement in the
mechanical properties,[18] and the alloy has been used
for shaped components in aerospace manufacturing.[19]

Similarly, Yan et al.[20] found that the mechanical
properties of Al-Mg-Si-Cu alloys are enhanced by Zn
addition, yielding an alloy with a yield strength of
270 MPa, an UTS of 335 MPa, and an elongation of
26.5 pct. Ding et al.[21] also found that the addition of
3.0 wt pct Zn can significantly enhance age hardening of
Al-Mg-Si alloys. Therefore, it is worthwhile investigat-
ing the effect of Zn addition to Al-Mg-Si alloys
processed by gravity die casting, the improvement in
the properties, and the strengthening mechanism.

In this study, the effect of Zn concentration on the
microstructure and mechanical properties of Al-8.1
wt pct Mg-2.6 wt pct Si-(0.08 to 4.62) wt pct Zn alloys
processed by gravity die casting was investigated under
both the as-cast and heat-treated conditions. Phase
formation, the microstructural characteristics, and the
correlation between the microstructure and the mechan-
ical properties of the alloys were characterized for
different Zn concentrations.

II. EXPERIMENTAL

Al-8.1 wt pct Mg-2.6 wt pct Si (hereafter denoted
Al-Mg-Si) alloys with different levels of Zn addition
(hereafter denoted Al-Mg-Si-Zn) were prepared from
pure Al, Mg, Zn, and Al-50 wt pct Si master alloys.
Each element was loaded into a clay–graphite crucible
(capacity of 30 kg) at a calculated ratio considering the
additional contents of burning loss. During melting in
an electric resistance furnace, the temperature of the
melt was controlled at 730 ± 5 �C. Pure Al and
Al-50 wt pct Si were melted before adding pure Mg
and Zn ingots. Beryllium (20 ppm) was added to the
melt to reduce oxidization of Mg. When the melt was
homogenized to 730 ± 5 �C, a rotary degassing unit was
used to inject pure Ar into the melt for 3 minutes, and
the melt was held in the furnace for 30 minutes to

provide time for the floating dross and impurities to
reach the melt surface. Samples for composition testing
were obtained by pouring the melt into a mushroom-like
mold. The compositions of the alloys were measured by
an optical mass spectroscope (OMS), in which five
sparks were tested to obtain the average composition of
each alloy. The compositions of the alloys are given in
Table I.
After analyzing the compositions with the OMS, the

melts were cooled to 710 �C and poured into a gravity
mold. Before pouring, the surfaces of the molds were
coated with boron nitride and preheated to 350 �C.
Figure 1 shows a photograph of a complete casting,
along with the dimensions of the tensile test samples. At
least five castings were made for each alloy for
microstructural characterization and tensile property
testing.
During solution treatment at 510 �C, the temperature

of the furnace was recorded by a thermocouple with
± 1 �C accuracy. Different holding times (0 to 420 min-
utes) were evaluated. After solution treatment, the
tensile test samples were immediately water quenched
and then subjected to aging at 180 �C for 90 minutes.
The tensile tests were performed with an Instron 5500

Universal Electromechanical Testing System. The
cross-head speed used for the tensile tests was
2 mm min�1. At least five samples were tested to
determine the mechanical properties.
X-ray diffraction (XRD) was performed with a

SmartLab high-resolution X-ray diffractometer using
Cu Ka radiation. The XRD spectra were analyzed using
MDI Jade 6.0 software containing the PDF database.
The samples for microstructural examination were
obtained from the middle of the tensile test samples.
At least ten fields of view for microstructural examina-
tion were randomly chosen for metallurgical analysis.
The microstructures were characterized by optical
microscopy (Zeiss) and scanning electron microscopy
(SEM, SUPRA 35VP) with energy dispersive spec-
troscopy (EDS). The specimens for transmission elec-
tron microscopy (TEM) were prepared using slices of
the alloys, which were mechanically ground to about
70 lm in thickness followed by ion beam thinning using
a Gatan precision ion polishing system at 5.0 kV with an
incident angle of 4 deg. TEM was performed using a
JEOL-2100 transmission electron microscope equipped
with an EDS system operating at an accelerating voltage
of 200 kV.

Table I. Compositions of Cast Al-Mg-Si-Zn Alloys with Different Zn Contents (Weight Percent)

Alloys Mg Si Zn Fe Be (Ppm) Others Al

Al-Mg-Si 8.11 2.61 0.08 0.15 20 < 0.10 bal.
Al-Mg-Si-Zn 8.05 2.65 1.01 0.11 22 < 0.10 bal.
Al-Mg-Si-Zn 8.15 2.68 2.37 0.18 18 < 0.10 bal.
Al-Mg-Si-Zn 8.10 2.62 3.59 0.12 25 < 0.10 bal.
Al-Mg-Si-Zn 8.13 2.66 4.62 0.16 21 < 0.10 bal.

3248—VOLUME 49A, AUGUST 2018 METALLURGICAL AND MATERIALS TRANSACTIONS A



III. RESULTS

A. Effect of Zn on the Al-Mg-Si Alloy in the As-cast
Condition

Figure 2 shows the as-cast microstructure of the
Al-Mg-Si alloy. Figure 2(a) presents an optical image
showing a hypoeutectic microstructure consisting of
primary a-Al dendrites, Al-Mg2Si eutectics, and Fe-rich
intermetallic. From metallurgical analysis, the volume
fractions of the primary a-Al, Al-Mg2Si eutectic and
Fe-rich intermetallic phases are 55.0, 44.6, and 0.4 pct,
respectively. The backscattered SEM image in
Figure 2(b) shows that the eutectic Mg2Si phase has a
lamellar morphology. The average spacing of the
Al-Mg2Si eutectic measured by the transversal method

using Image-Pro Plus 6.0 is 1.76 ± 0.28 lm, which is the
average distance between the center lines of two
adjacent Mg2Si phases. The Fe-rich intermetallic phase
is located at the boundaries of the primary a-Al
dendrites and Al-Mg2Si eutectic and has an irregular
shape. SEM/EDS analysis [Figure 3(b)] shows that the
Fe-rich intermetallic phase is Al3Fe, which forms at a
relatively low cooling rate,[22,23] rather than b-AlFeSi,
which forms at a relatively high cooling rate.[24]

Figure 4 shows the as-cast microstructures of Al-Mg-
Si-Zn alloys containing different Zn contents. Similar to
the microstructure in Figure 2, the alloy with
1.01 wt pct Zn consists of the primary a-Al phase,
Al-Mg2Si eutectic phase, and Fe-rich intermetallic phase
[Figure 4(a)]. When the Zn content is increased to
2.37 wt pct, the AlMgZn intermetallic phase is observed
at the boundaries of the a-Al grains [marked in
Figure 4(b)]. Upon further increasing in the Zn content
to 3.59 and 4.62 wt pct, the AlMgZn intermetallic phase
becomes coarse with an irregular morphology, as shown
in Figures 4(c) and (d). The volume fraction and the
average area of the AlMgZn intermetallic phase were
measured as a function of the Zn concentration using
Image-Pro Plus 6.0, as shown in Figures 5 and 6. The
volume fraction of the AlMgZn intermetallic phase
initially increases with increasing Zn content but levels
off at 3.7 pct. The average area generally increases with
the increasing Zn content to 21.80 lm2 at 4.62 wt pct
Zn.
The compositions of the AlMgZn intermetallic phase

in the Al-Mg-Si-Zn alloys with different Zn concentra-
tions are given in Table II. When the Zn contents are
2.37 and 3.59 wt pct, the atomic ratio of Zn/Mg in the
AlMgZn intermetallic phase is the same (Zn/Mg = 0.8).
However, the ratio increases to 1.1 when the Zn content
is 4.62 wt pct. This can be explained by the XRD
patterns of the as-cast Al-Mg-Si-Zn alloys (Figure 7).
The Mg32(Al, Zn)49 phase is observed with 1.01 wt pct
Zn addition. However, both the Mg32(Al, Zn)49 and
MgZn2 phases are present when the Zn contents are 2.37
and 3.59 wt pct, and the MgZn2 phase is the only
intermetallic when the Zn content further increases to
4.62 wt pct. This confirms that the variation in the Zn/
Mg atomic ratio is associated with the different inter-
metallic phases in the alloys.

Fig. 1—Permanent mold casting fabricated according to ASTM
B-108 and the key dimensions of the tensile test bars.

Fig. 2—(a) Optical and (b) backscattered SEM image showing the as-cast microstructure of the Al-Mg-Si alloy.
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Figure 8 shows the effect of the Zn content on the
tensile properties of the Al-Mg-Si-Zn alloy in the as-cast
condition. When the Zn content increases from 1.01 to
4.62 wt pct, the yield strength increases from 108 to
185 MPa and elongation decreases from 2.47 to
1.06 pct, while the UTS is generally constant at about
230 MPa. However, the Al-Mg-Si-Zn alloy with high Zn
content (4.62 wt pct) shows severe hot tearing during
casting and has low ductility. High hot tearing suscep-
tibility is undesirable in gravity die casting.[25,26] There-
fore, based on the combination of the mechanical

properties and castability, the Al-Mg-Si-Zn alloy with
3.59 wt pct Zn was selected for further heat treatment.

B. Effect of the Zn Content in the Heat-Treated
Condition

Figure 9 shows the effect of solution treatment on the
microstructure of the Al-Mg-Si-Zn alloy containing
3.59 wt pct Zn. Most of the AlMgZn intermetallic phase
dissolves in the primary a-Al phase after soaking at
510 �C for 10 minutes [Figure 9(b)]. The AlMgZn

Fig. 3—(a) Backscattered SEM image and (b) the corresponding EDS analysis of the Fe-rich intermetallic phase in the Al-Mg-Si alloy in the
as-cast condition.

Fig. 4—Backscattered SEM images showing the as-cast microstructures of the Al-Mg-Si-Zn alloys with (a) 1.01, (b) 2.37, (c) 3.59, and (d)
4.62 wt pct Zn.
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intermetallic phase completely dissolves with longer
solution-treatment time [Figure 9(c)]. This is supported
by the XRD pattern shown in Figure 10, in which the
peaks for Mg32(Al, Zn)49 and MgZn2 disappear after
soaking at 510 �C for 10 minutes.

The morphology of the Mg2Si phase changes after
solution treatment, but significant spheroidization of the
Mg2Si phase does not occur when the soaking time is
less than 60 minutes. After soaking at 510 �C for
180 minutes, the Mg2Si phase completely spheroidizes.
Furthermore, solution treatment does not cause any
obvious changes in the irregular morphology of the

Al3Fe intermetallic phase (identified in Figure 9) or the
shape of the primary a-Al phase. To confirm the above
observation, the Mg2Si- and Fe-rich intermetallic phases
after soaking at 510 �C for 180 minutes were further
investigated by TEM, and the results are shown in
Figure 11. From the TEM images, the Al3Fe inter-
metallic phase exhibits a long-plate morphology with
sharp corners. However, the Mg2Si phase has an oval
morphology, which is significantly different from its
morphology in the as-cast condition. Therefore, solution
treatment results in dissolution of the AlMgZn inter-
metallic phase and spheroidization of the Mg2Si phase.

Fig. 5—Effect of the Zn content on the volume fraction of the
AlMgZn intermetallic in the Al-Mg-Si-Zn alloy.

Fig. 6—Effect of the Zn content on the average area of the AlMgZn
intermetallic in the Al-Mg-Si-Zn alloy.

Table II. SEM/EDS Quantitative Analysis of the AlMgZn Intermetallic Phase in Al-Mg-Si-Zn Alloys with Different Zn Contents

Zn (Wt Pct) Morphology Compounds Mg (At. Pct) Zn (At. Pct) Al (At. Pct)

2.37 irregular Al4.8MgZn0.8 15.2 12.2 72.6
3.59 irregular Al4.8MgZn0.8 15.5 12.2 72.3
4.62 irregular Al7.6MgZn1.1 10.3 11.3 78.4

Fig. 7—XRD patterns of the Al-Mg-Si-Zn alloys in the as-cast
condition.

Fig. 8—Effect of the Zn content on the tensile properties of the
Al-Mg-Si-Zn alloy in the as-cast condition (YS = yield strength,
UTS = ultimate tensile strength, EL = elongation).
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Subsequent aging of the solution-treated samples was
performed at 180 �C for 90 minutes. The samples were
examined by TEM, and the results are shown in
Figures 12 and 13. In Figure 12, there is a grain
boundary between the Mg2Si particle in the eutectic
and the Al matrix. Numerous precipitates form within
the Al matrix. The diffraction patterns from precipitates
[indicated by white dashed ellipses in Figure 13(b)] are
typical diffraction streaks of the g¢-MgZn2 phase.

[27]

Figure 14 shows the effect of the Zn concentrations on
the tensile properties of the Al-Mg-Si-Zn alloy after
solution treatment at 510 �C for 180 minutes and subse-
quent aging at 180 �C for 90 minutes. Similar to the
properties in the as-cast condition, increasing the Zn

concentrations results in an increase in the yield strength
but a decrease in elongation. The values of the yield
strength and UTS are significantly higher after solution
treatment and aging. For the Al-Mg-Si-Zn alloy contain-
ing 3.59 wt pct Zn, after solution treatment at 510 �C for
180 minutes followed by aging at 180 �C for 90 minutes,
the yield strength is 280 MPa, the UTS is 310 MPa, and
the elongation is 1.74 pct. Compared to the values under
the as-cast condition, the yield strength is 59 pct higher,
the UTS is 37 pct higher, and the elongation is 81 pct
higher. The results in Figure 14 also show that the
properties can be tailored by varying the zinc concentra-
tion in the alloy, which is important for industrial
applications, especially when high ductility is required.

Fig. 9—Effect of solution treatment at 510 �C for (a) 0, (b) 10, (c) 30, (d) 60, (e) 180, and (f) 240 min on the microstructure of the Al-Mg-Si-Zn
alloy with 3.59 wt pct Zn.
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IV. DISCUSSION

A. Solidification of the Al-Mg-Si-Zn Alloys

According to the equilibrium phase diagram calcu-
lated using Pandat software (Figure 15), intermetallic
phases form as the Zn concentration of the Al-Mg-Si-Zn
alloy increases. Figure 15 shows that the a-Al, Mg2Si,
b-Al2Mg3 and AlMgZn phases form after solidification
with different Zn concentrations. The different phases
and volume fractions calculated by the Scheil equation
under nonequilibrium conditions are given in Table III.
The volume fraction of the b-Al2Mg3 phase decreases,
but that of the AlMgZn phase increases as the Zn
concentration of the Al-Mg-Si-Zn alloy increases.

The calculated phase diagram in Figure 15 shows that
the b-Al2Mg3 phase forms when the Zn content is less
than 2.4 wt pct. With the increasing Zn concentration,
formation of the b-Al2Mg3 phase is suppressed by
precipitation of the stable s-Mg32(Al, Zn)49 phase in the
Al-Mg-Zn alloy.[28] The volume fraction of the AlMgZn
intermetallic initially increases and then stabilizes at

3.7 pct when the Zn content increases to 3.59 wt pct,
although the average area of the AlMgZn intermetallic
increases at high Zn concentration (4.62 wt pct). This
can be explained by phase evolution of the AlMgZn
intermetallic at different Zn concentrations. At low Zn
content (< 1.01 wt pct), the ternary s-Mg32(Al, Zn)49
phase precipitates during solidification. This stable s
phase distributes along the grain boundaries and inside
the grains.[29] With the increasing Zn content from 2.37
to 3.59 wt pct, the g¢-MgZn2 and ternary s-Mg32(Al,
Zn)49 phases form in the microstructure.[30] At high Zn
content (4.62 wt pct), only the g¢-MgZn2 phase is
present based on the XRD results (Figure 7). The
mechanical properties of the alloy are determined by
its microstructure. Because of the irregular morphology
and discontinuous distribution along the grain bound-
aries, the AlMgZn phase [g¢-MgZn2 and s-Mg32(Al,
Zn)49] inhibits crack initiation and accelerates crack
propagation, which results in a decrease in the ductility
but enhances the strength of the Al-Mg-Si-Zn alloy in
the as-cast condition.[31,32]

Fig. 10—XRD patterns of the Al-Mg-Si-Zn alloy with 3.59 wt pct
Zn after solution treatment at 510 �C for different times.

Fig. 11—TEM images showing the morphologies of (a) Mg2Si particles and (b) the Fe-rich intermetallic phase in the Al-Mg-Si-Zn alloy with
3.59 wt pct Zn after solution treatment at 510 �C for 180 min.

Fig. 12—Brightfield TEM image showing the different phases in the
Al-Mg-Si-Zn alloy with 3.59 wt pct Zn after solution treatment at
510 �C for 180 min and aging at 180 �C for 90 min.
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B. Heat Treatment of the Al-Mg-Si-Zn Alloys

With solution treatment at 510 �C for 30 minutes, the
g¢-MgZn2 and s-Mg32(Al, Zn)49 phases dissolve in the
primary a-Al matrix. The behavior of the Mg2Si phase is

different from that of the b-Mg2Si precipitates in
Al-Si-Mg alloys.[33] This is because the Mg2Si phase in
quaternary Al-Mg-Si-Zn alloys has a limited concentra-
tion in the primary a-Al matrix, which is determined by
the excess Mg content in pseudo-binary Al-Mg2Si
alloys.[16]

A number of precipitates have been reported in
Al-Mg-Zn-based alloys after heat treatment. Table IV
summarizes the precipitates observed in Al-Mg-Zn-
based alloys.[12-14,27,31,32,34,35] g-Type precipitates are
observed in alloys with magnesium concentration below
2.5 wt pct, while s-Mg32(Al, Zn)49 phases are observed
for relatively high magnesium concentration. A numer-
ical model has also been established to prove that the s
phase exists with the increasing Mg content in
Al-6 wt pct Zn-2 wt pct Cu-(1 to 4) wt pct Mg
alloys.[36] With the addition of silicon, the precipitates
observed in Al-Zn-Mg-Si-based alloys are slightly dif-
ferent. The precipitates reported in the literature are
given in Table V.[20,21,30]

The precipitates observed in this study agree with
those reported in the literature. This study reveals that
the g¢-MgZn2 phase exists in the Al-8.1 wt pct
Mg-2.6 wt pct Si-3.59 wt pct Zn alloy after heat treat-
ment (solution treatment at 510 �C for 180 minutes,
water quenching and then aging at 180 �C for 90 min-
utes). For AlZnMg alloys, the typical precipitate
sequence is
a fi GP fi g¢-MgZn2 fi g-MgZn2.

[12,14,27,35] Based on
the brightfield TEM images shown in Figure 13,
high-density short rod-shaped fine precipitates ranging
in the size from 5 to 10 nm are observed in the
microstructure, which has been confirmed to be the
g¢-MgZn2 phase.

[27]

Fig. 13—(a) Brightfield TEM image in the [011]Al zone axis and (b) the corresponding selected area diffraction pattern of the g¢-MgZn2
precipitates in the Al-Mg-Si-Zn alloy with 3.59 wt pct Zn after solution treatment at 510 �C for 180 min and aging at 180 �C for 90 min.

Fig. 14—Effect of the Zn content on the tensile properties of the
Al-Mg-Si-Zn alloy after solution treatment at 510 �C for 180 min
and subsequent aging at 180 �C for 90 min (YS = yield strength,
UTS = ultimate tensile strength, EL = elongation).

Fig. 15—Equilibrium phase diagram of the Al-Mg-Si-Zn alloy on
the cross section of Al-8.0 wt pct Mg-Zn-2.6 wt pct Si calculated by
Pandat software.

Table III. Volume Fractions of the Different Phases in the
Al-Mg-Si-Zn Alloys Calculated Using the Scheil Equation

Zn (Wt Pct) 0 1 2 3 4 5

a-Al Phase 37.7 37.1 36.8 36.3 35.7 35.2
Al+Mg2Si Eutectic 60.5 60.8 60.9 61.0 61.2 61.4
b-AlMg Phase 1.8 1.2 0.4 0.2 0.1 0
AlMgZn Phase 0 0.9 1.9 2.5 3.0 3.4
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C. Mechanical Properties of the Al-Mg-Si-Zn Alloys

Several researchers have determined the mechanical
properties of Al-Mg-Zn-based alloys after heat treat-
ment, and the properties of the alloys are summarized in
Table VI.[12,14,16,20] The strength of the T6 temper is
significantly affected by the zinc concentration. Both the
yield strength and UTS decrease with the decreasing zinc
content. Precipitate strengthening in Al-Mg-Zn-based
alloys is strong and effective because of the small size
and uniform distribution,[37] which significantly
enhances the strength of Al-Mg-Zn alloys.

In the current study, the Al-8.1 wt pct Mg-2.6 wt pct
Si-3.59 wt pct Zn alloy processed by gravity die casting
has a yield strength of 280 MPa, an UTS of 310 MPa
and elongation of 1.74 pct. The property enhancement
is closely associated with precipitate strengthening and
spheroidization of the eutectic phases. As mentioned
above, precipitate strengthening is effective.
Spheroidization of the eutectic phase can inhibit
creation of cracks under loading. Therefore, heat
treatment is an important processing step for this
material.

V. CONCLUSIONS

(1) The as-cast microstructure of the Al-8.1 wt pct
Mg-2.6 wt pct Si alloy consists of the primary
a-Al phase, Al-Mg2Si eutectic phase, and Al3Fe
phase. The AlMgZn intermetallic phase forms
when Zn is added to the ternary alloy. When the
Zn content is 1.01 wt pct, the s-Mg32(Al, Zn)49
phase forms in the microstructure, whereas the
s-Mg32(Al, Zn)49 and g-MgZn2 phases precipitate
when the Zn content is 2.37 or 3.59 wt pct. The
g-MgZn2 phase is present when the Zn content is
4.62 wt pct.

(2) The s-Mg32(Al, Zn)49 and g-MgZn2 phases
strengthen the Al-Mg-Si alloy over a range of
Zn contents. With a Zn content of 3.59 wt pct,
the mechanical properties under the as-cast con-
dition are a yield strength of 176 MPa, an UTS of
225 MPa, and elongation of 1.06 pct.

(3) When solution treatment is performed at 510 �C
for 30 minutes, the s-Mg32(Al, Zn)49 and
g-MgZn2 phases in the Al-8.1 wt pct
Mg-2.6 wt pct Si-3.59 wt pct Zn alloy rapidly

Table IV. Summary of the Precipitates Observed in Al-Zn-Mg-Based Alloys After Heat Treatment

Alloys Mg (Wt Pct) Zn (Wt Pct) Precipitates Refs.

Al-5.36Zn-1.21Mg 1.21 5.36 GP1, GP2 Berg et al.[34]

Al-5.48Zn-2.02Mg 2.02 5.48 g¢ Li et al.[14]

Al-9.78Zn-2.04Mg-1.76Cu 2.04 9.78 g¢ Wen et al.[12]

Al-4.21Zn-2.26Mg 2.26 4.21 g¢ Zhao et al.[35]

Al-6.0Zn-2.3Mg-1.8Cu 2.30 6.00 g¢ Yang et al.[27]

Al-7.6Zn-2.55Mg 2.55 7.60 s Yang et al.[13]

Al-(5.49 to 11.53)Mg-5.3Zn 5.49 to 11.53 5.30 s Pech-Canul et al., Valdez et al.[31,32]

Table V. Summary of the Precipitates Observed in Al-Zn-Mg-Si-Based Alloys After Heat Treatment

Alloys Mg (Wt Pct) Zn (Wt Pct) Si (Wt Pct) Precipitates Refs.

Al-0.66Mg-0.85Si-0.6Zn-0.2Cu 0.66 0.60 0.85 g¢, b-Mg2Si Yan et al.[20]

Al-0.9Mg-0.5Si-3Zn 2.02 3.00 0.50 GP2, g¢, b-Mg2Si Ding et al.[21]

Al-10.2Mg-3.2Zn-2.7Si 10.2 3.20 2.70 g¢ Yang et al.[30]

Table VI. Mechanical Properties of Al-Mg-Zn-(Si) Alloys After Heat Treatment

Alloys
Mg

(Wt Pct)
Zn

(Wt Pct)
Si

(Wt Pct) Process
YS

(MPa)
UTS
(MPa)

EL
(Pct) Refs.

Al-9.78Zn-2.04Mg-1.76Cu 2.04 9.78 — extrusion 654 702 12 Wen
et al.[12]

Al-5.48Zn-2.02Mg 2.02 5.48 — rolled sheet 561 581 10.1 Li et al.[14]

Al-11.0Mg-2.9Si-3.5Zn-0.6Mn 11.00 3.50 2.90 high-pressure die
cast

300 420 3 Ji et al.[16]

Al-0.66Mg-0.85Si-0.2Cu-0.6Zn 0.66 0.60 0.85 rolled sheet 270 335 26.5 Yan
et al.[20]
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dissolve in the a-Al matrix, but no obvious
spheroidization of the Mg2Si phase occurs for
this short treatment time. When the solution
treatment time is increased to 180 minutes, the
lamellar Mg2Si phase spheroidizes to compact
and nodular shapes.

(4) After aging at 180 �C for 90 minutes, high-density
fine precipitates of the g¢-MgZn2 phase form in
the a-Al matrix. The g¢-MgZn2 precipitates
improve the strength of the Al-Mg-Si-Zn alloy
after heat treatment. The mechanical properties of
the alloy containing 3.59 wt pct Zn are a yield
strength of 280 MPa, an UTS of 310 MPa and
elongation of 1.74 pct.
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