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Microstructures and Mechanical Properties of Binary
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Binary Al-Zn alloys with different Zn contents were fabricated by casting and heat treatment. Analysis of
mechanical properties showed that the hardness and tensile strength of Al-Zn alloys increased with in-
creased Zn content, with the post-heat treatment hardness and ultimate tensile strength of Al-49Zn alloy
reaching as high as 152 HV and 330 MPa, respectively. Meanwhile, the plasticity and toughness of Al-Zn
alloys decreased with increased Zn content. Solid-solution strengthening was the main strengthening
mechanism for Al-Zn alloys, and Orowan strengthening was also observed in Al-49Zn alloy. The fracture
mode of Al-20Zn and Al-35Zn alloys was ductile, whereas Al-20Zn alloy showed good impact toughness.
This work provided a basis for further improving the cast component design of the Al-Zn-X system.
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1. Introduction

Al alloys are receiving considerable attention for structural
applications due to their low production cost, high liquid flow
capacity, and good thermal stability (Ref 1-5). To date, Al-Si
base is the most commonly used system for cast Al alloys (Ref
6, 7). The tensile strength and hardness of Al-Si base alloys are
known to be very low in their as-cast state. Thus, to improve
the mechanical properties of Al-Si base cast alloys, artificial
aging after solid-solution treatment that can precipitate the
nanoscale phase and achieve precipitation strengthening must
be used in these alloys (Ref 8, 9).

Heat treatment without subsequent artificial aging can
significantly reduce the production cost and improve the
production efficiency of cast Al alloys. Thus, the development
of new cast Al alloy systems not requiring artificial aging has
potential engineering applications.

As shown in the Al-Zn phase diagram in Fig. 1, a high
number of Zn atoms can be dissolved in the Al lattice within a
wide temperature range (Ref 10), and serious lattice distortion
in Al-Zn alloy can lead to solid-solution strengthening of this
alloy (Ref 11-14). Furthermore, no intermetallic compound was
observed between Al and Zn, so solid-solution strengthening
was the main strengthening mechanism in Al-Zn alloy and
single solid-solution treatment can be used as heat treatment
method of Al-Zn alloy. Apart from saving on the artificial aging
process, the low melting points of Al-Zn alloys led to other cost
benefits, such as the extension of die life and energy savings
from melting (Ref 15).
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Our previous works have shown that binary Al-20 wt.% Zn
alloy possesses excellent strength and plasticity (Ref 16-21).
Increasing the Zn contents of Al-Zn alloy must lead to more
serious lattice distortion of Al matrix, which can cause higher
hardness and tensile strength. However, systematic studies on
the microstructures and mechanical properties of high-Zn-
content binary Al-Zn alloys during casting and heat treatment
processes are lacking.

In the present study, high-Zn-content binary Al-Zn alloys
with different Zn contents were fabricated by melting and
casting. To optimize the performance of Al-Zn alloys, they
were subjected to solid-solution treatment with different
parameters. We aimed to (a) clearly understand the solidifica-
tion and solid-solution process of the Al-Zn system, (b)
elucidate the influence of Zn content on the microstructure,
mechanical properties, and deformation mechanism of Al-Zn
alloys, and (c) obtain new cast Al alloy systems with cost
benefits and thus provide a basis for improving the further cast
component design of the Al-Zn-X system.

2. Experimental Methods

Al-20Zn, Al-35Zn, and Al-49Zn (mass fraction) alloys were
prepared by melting commercial pure Al (99.9%) and pure Zn
(99.9%) in a resistance heating furnace with a graphite crucible.
A graphite casting mold was used, and the casting temperatures
of Al-20Zn, Al-35Zn, and Al-49Zn alloys were 983, 953, and
923 K, respectively. The as-cast alloys were heated for 5 h and
then quenched in water. Heat treatment was conducted from
573 to 803 K, and different temperatures were employed for
different Al-Zn alloys according to their melting points.

The microstructures of alloys were examined by optical
microscopy (OM), scanning electron microscopy (SEM), and
transmission electron microscopy (TEM). The grain size and
arm spacing for samples were measured by the intercept
method. The chemical (Al and Zn elements) composition of
SEM specimens was examined by energy-dispersive Xx-ray
spectrometry (EDS). TEM films were prepared by grinding the
alloy to a thickness of 30 pm followed by ion milling. The
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phases of Al-Zn alloys after each different treatment were
confirmed by x-ray diffraction (XRD) with Cu Ka radiation.

Hardness measurements were performed with a Vickers
microhardness tester (using 3000 gf load for 15 s). Hardness
tests on every sample were repeated ten times to check the
reproducibility and reliability of results. Tensile tests were
performed at a strain rate of 1 x 107* s~ by using an Instron
5982-type test machine. The surfaces after the tensile tests were
observed by SEM. Charpy impact tests with a pendulum were
carried out to evaluate the impact toughness of the Al-Zn
alloys. Standard 2-mm Charpy V-notch samples with dimen-
sions of 10 x 10 x 55 mm® were machined in the crack arrester
orientation.

3. Results and Discussion

Figure 2 shows the OM images of as-cast Al-Zn alloys with
different Zn contents. A typical dendritic structure was
observed in the as-cast alloys, and arm spacing decreased with
increased Zn contents. A structure with an average arm spacing
of about 20 pm was obtained in the as-cast Al-49Zn alloy, as
shown in Fig. 2(c).

The microstructure of as-cast Al-49Zn alloy was also
examined by SEM and TEM (Fig. 3). Figure 3(a) and (b)
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Fig. 1 Al-Zn binary phase diagram (Ref 10)

shows that a high concentration of Zn gathered in the
interdendritic eutectic regions of the as-cast alloy due to the
segregation of solutes during casting. The white and gray
regions in the TEM image corresponded with Al and Zn phases,
respectively. A high density of nanoscale Zn lamellae was
observed in coarse Al grains, as shown in Fig. 3(c).

A typical eutectic growth model was observed in the Al-Zn
system during solidification. The growth of Al-rich crystal
resulted in the accumulation of Zn atoms near the Al phase, and
the enrichment of Zn atoms promoted the nucleation and
growth of the Zn phase in the neighboring regions of Al crystal.
Thus, Zn fibers and lamellae were observed in the Al grains
(Fig. 3c¢).

Figure 4 shows the OM images of as-SS Al-Zn alloys with
different Zn contents. All three samples showed a similar grain
structure. The dendritic grains disappeared, and equiaxed grains
about 200 um in size were obtained in the as-SS Al-Zn alloys.

The element distribution of as-SS Al-49Zn alloy was
examined by SEM and EDS (Fig. 5). Compared with as-cast
Al-49Zn alloy, recrystallization and grain coarsening of Al
were obtained in the Al-49Zn alloy after heat treatment at
673 K for 5 h (Fig. 3a and 5a). Furthermore, GB segregation of
Zn in as-cast Al-49Zn alloy was eliminated in Al-Zn alloys
after solid-solution treatments (Fig. 3b and 5b).

Figure 6 shows the TEM images of as-SS Al-Zn alloys with
different Zn contents. Al-20Zn alloy was characterized by the
absence of Zn precipitate phase and well-defined GBs, as
shown in Fig. 6(a). Figure 6(b) shows that an equiaxed Zn
phase about 500 nm in size was obtained along the GBs in as-
SS Al-35Zn alloy. The low density of Zn phase in Al-20Zn and
Al-35Zn alloys meant that most Zn atoms dissolved in the Al
lattice during heat treatment and were then frozen in the Al
matrix during water quenching. Hence, a solid-solution reaction
occurred in Al-Zn alloys.

Compared with the grain interior Zn phase in as-cast Al-
49Zn alloy, the grain interior Zn phase in as-SS Al-49Zn alloy
showed a similar shape but smaller size and more uniform
distribution in Al matrix, as shown in Fig. 6(c).

Figure 7 shows the XRD patterns of as-cast and as-SS Al-
Zn alloys. The Zn peak was not observed in as-SS Al-20Zn
alloy, but obvious Zn peaks and nearly no change in intensity
were observed in Al-49Zn alloy after solid-solution treatment.
These findings corresponded well with the TEM images
(Fig. 6a and c). The Al peaks obviously shifted toward the
high-angle orientation after heat treatment, as shown in the
inset in Fig. 7.

Fig. 2 OM images of as-cast (a) Al-20Zn, (b) Al-35Zn, and (c) Al-49Zn alloys
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Fig. 4 OM images of (a) as-SS Al-20Zn alloy treated at 530 °C for 5 h, (b) Al-35Zn alloy treated at 470 °C for 5 h, and (c) Al-49Zn alloy

treated at 400 °C for 5 h

Fig. 5 (a) SEM image and (b) EDS map of Al-49Zn alloy treated at 400 °C for 5 h

Apart from the recrystallization and grain coarsening of Al,
three phenomena were observed in Al-49Zn alloy during heat
treatment: (1) The segregation of Zn was almost eliminated
(Fig. 5b), (2) the size of the Zn phase in Al grains was
obviously refined (Fig. 6¢), and (3) the Al XRD peaks shifted
toward the high-angle orientation (Fig. 7). Solid-solution
reaction possibly led to the uniform distribution of Zn elements
and the refinement of Zn phase. The atomic radius of Zn
(0.153 nm) was smaller than that of Al (0.182 nm). As Zn
atoms dissolved in Al lattice, the lattice parameter of Al matrix
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decreased, and the Al peaks shifted toward the high-angle
orientation. Thus, an obvious solid-solution reaction occurred
in the as-cast Al-49Zn alloy during heat treatment.

Figure 8 shows that the hardness of as-cast Al-Zn alloys
increased with increased Zn content, and solid-solution treat-
ment can effectively increase the hardness of Al-Zn alloys.
After heat treatment at 673 K, as-SS Al-49Zn showed the
highest hardness value of 152 HV. Moreover, as-SS Al-49Zn
alloy showed higher hardness than Al-44Zn-2.5Cu (Ref 15) and
Al-Si base alloys (Ref 22-24).
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Fig. 6 TEM images of (a) as-SS Al-20Zn alloy treated at 530 °C for 5 h, (b) Al-35Zn alloy treated at 470 °C for 5 h, and (c) Al-49Zn alloy

treated at 400 °C for 5 h
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Fig. 7 XRD of as-cast Al-49Zn alloy, as-SS Al-20Zn, and Al-49Zn
alloys treated at 803 and 673 K for 5 h
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Fig. 8 Vickers hardness of as-cast and as-SS Al-Zn alloys after
heat treatment at different temperatures for 5 h

Compared with as-cast Al-Zn alloys, as-SS Al-Zn alloy
showed lower GB strengthening effect due to grain coarsening.
However, the dissolution of Zn atoms into Al lattice increased
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Fig. 9 Stress-strain curves of as-SS Al-Zn alloys

the solid solution of Al-Zn alloys. For as-SS Al-49Zn alloy, the
Zn phase in Al grains was refined due to the solid-solution
reaction; thus, Orowan strengthening by the nanoscale Zn
phase was another important strengthening mechanism for as-
SS Al-49Zn alloy. The net effect resulted in the hardening of as-
SS Al-Zn alloys higher than that of as-cast Al-Zn alloys.

Figure 9 shows the stress-strain curves of as-SS Al-20Zn,
Al-35Zn, and Al-49Zn alloys treated at 803, 743, and 673 K,
respectively. The measurement error of strength and elongation
values was <3%. The lowest yield strength and ultimate
strength were exhibited by as-SS Al-20Zn alloy. However, the
tensile elongation of this sample was as high as 6.8%.
Compared with as-SS Al-35Zn and Al-49Zn alloys, as-SS Al-
20Zn alloy showed lower solubility and solid-solution strength-
ening effect and thus lower tensile strength. The lower
solubility of as-SS Al-20Zn alloy also weakened the interaction
between solute atoms and dislocation during tensile process.
Hence, as-SS Al-20Zn alloy showed higher work hardening
rate and elongation.

Different from the trend of change in hardness, as-SS Al-
49Zn alloy did not show higher strength than Al-35Zn alloy
during tensile process, as shown in Fig. 9. The serious lattice
distortion in as-SS Al-49Zn alloy led to the plastic instability of
this sample during tensile test, which decreased the strength and
elongation values.
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Fig. 10 SEM fractographs after tensile test: (a) as-SS Al-20Zn alloy treated at 803 K for 5 h, (b) Al-35Zn alloy treated at 743 K for 5 h, and

(c) Al-49Zn alloy treated at 673 K for 5 h
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Fig. 11 Impact toughness of as-SS Al-Zn alloys after heat treat-
ment at different temperatures for 5 h

SEM analysis was conducted to determine the rupture
mechanisms of as-SS Al-Zn alloys. Fracture surfaces after tensile
tests are shown in Fig. 10. Figure 10(a) and (b) revealed that as-
SS Al-20Zn and Al-35Zn alloys exhibited ductile fractures with
dimples and shear zones. The rupture model consisted of a
fracture that occurred through the formation and coalescence of
microvoids crossing the entire sample (Ref 25-27).

The fracture surface of as-SS Al-49Zn alloy illustrated the
typical cleavage fracture type, as evidenced by many brittle
cleavage planes separated by tearing ridges (Fig. 10c). Cracks
can also be observed in this sample. The fracture surface
characteristics of as-SS Al-49Zn alloy corresponded well with
the poor ductility of this sample (Fig. 9).

Figure 11 shows that the impact toughness of as-SS Al-Zn
alloys decreased with increased Zn content, whereas the
temperature of solid-solution treatment was not very effective
in influencing Charpy impact values. With increased Zn content
of Al-Zn alloys, hardness and strength increased and ductility
decreased. The impact values of metal were also influenced by
both the ultimate tensile strength and the elongation due to
fracture (Ref 28). The net effect of strength and ductility
resulted in the highest impact toughness (58 kJ/m?) of as-SS
Al-20Zn alloy. Notably, as-SS Al-20Zn alloy showed similar
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impact toughness to traditional cast aluminum alloy, such as as-
SS Al-Si base alloy (Ref 29).

4. Conclusion

The effects of Zn content on the microstructures and
mechanical properties of binary Al-Zn alloys during casting
and heat treatment processes were investigated. The following
conclusions were drawn.

1. A typical dendritic structure was obtained in the as-cast
Al-Zn alloys, and arm spacing decreased with increased
Zn content. A typical eutectic growth model was exhib-
ited in Al-Zn alloys during solidification, and Zn segrega-
tion occurred in the interdendritic eutectic regions after
casting.

2. Solid-solution treatment induced a change in dendritic
grains to equiaxed grains about 200 um in size, a uni-
form distribution of Zn elements in Al-Zn alloys, and a
refinement of the Zn phase in Al-49Zn alloy.

3. The hardness of Al-Zn alloys increased with increased
Zn content, and the hardness of Al-49Zn alloy after heat
treatment reached as high as 152 HV. Solid-solution
strengthening was the main strengthening mechanism of
as-SS Al-Zn alloys. Orowan strengthening by the nanos-
cale Zn phase was another strengthening mechanism of
as-SS Al-49Zn alloy.

4. With increased Zn content in Al-Zn alloys, tensile
strength increased and tensile elongation decreased. The
ultimate tensile strength of Al-49Zn alloy was 330 MPa,
and the tensile elongation of Al-20Zn alloy was 6.8%.
The fracture mode of as-SS Al-20Zn and Al-35Zn alloys
was ductile.

5. The impact toughness of as-SS Al-Zn alloys decreased
with increased Zn contents, and as-SS Al-20Zn alloy
showed a high impact toughness of 58 kJ/m?.
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