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Abstract: The effects of heat treatment on the microstructure and mechanical properties of ZA27 alloy were studied by X-ray
diffraction (XRD), scanning electron microscopy (SEM) and mechanical characterization. The results indicated that the as-cast
microstructure of the alloy was mainly composed of a, decomposed f, # and ¢ phases. After solid solution treatment at 365 °C for 1 h,
a and 75 phases dissolved, and the microstructure of specimen was mainly composed of the supersaturated S phases. The phase
decomposition of supersaturated ZA27 alloy is a two-stage phase transformation: the decomposition of the supersaturated S phase at
the early stage of aging, and with the increase of aging time, ¢ phase decomposition through a four-phase transformation: a+e—>7 "+
7. A good combination of high tensile elongation and reasonable strength can be achieved by suitable heat treatments.
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1 Introduction

A new series of hyper-eutectic zinc—aluminum
based alloys were first developed based on the ZAMAK
alloys in North America in 1970s [1]. The aluminum
content was selected as about 8%, 12%, 22%, 27% (mass
fraction) and the copper content was up to 3% (mass
fraction). They were named after their aluminum content
as ZA8, ZA12, ZA22 and ZA27, respectively [2—8]. Of
these alloys, ZA27 alloy exhibits attractive physical and
mechanical properties combined with high tensile
strength and wear resistance properties, making it a
bearing alloy as a replacement of their conventional
counterparts like aluminum cast alloys, copper-based
alloys and cast iron in various engineering applications
[9-12]. However, some properties of this alloy which
must be taken into account are comparatively poor
ductility and its dimensional instability, as a result, its
extensive applications in industry are seriously limited
[13,14].

To meet the growing demands for the application of
these alloys, further investigations on the correlation
among the thermal and thermo-mechanical process
parameters, the microstructure evolution and the
mechanical properties need to be considered [15—-20].

But up to now, little research has been done on the
effects of artificial aging on the mechanical properties of
supersaturated ZA27 alloy systemically [21,22]. For a
clear understanding of the structure dependence of
properties of this alloy, further studies on the
microstructural changes and phase transformations
during heat treatment are of practical importance.

In this work, the effects of heat treatment on the
microstructure and mechanical properties of ZA27 alloy
are studied. It is helpful for us to design and optimize the
heat treatment procedure of ZA27 alloy.

2 Experimental

The experimental ZA27 alloys were prepared from
99.99% Zn, 99.99% Al, 99.99% Mg, and Al-37.41%Cu
master alloys, which were charged in a graphite crucible
and then melted in a resistance furnace at 700 °C.
Degassing was carried out with zinc chloride. After
thorough stirring, the melt was cast into a preheated mild
steel mold at 550 °C. The compositions of the
investigated alloys in the as-cast state are given in Table
1, as measured by inductively coupled plasma-atomic
emission spectroscopy (ICP-AES).

In a high precision furnace, the experimental
samples were solid-solution treated at the temperature
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Table 1 Composition of experimental ZA27 alloy (mass
fraction, %)
Al Cu Mg Zn
27.11 2.09 0.012 Bal.

from 300 °C to 365 °C for 1 h, followed by water
quenching. Subsequently, the samples treated were aged
at the temperature from 90 °C to 250 °C for 1, 3, 5, 8, 12
and 24 h, respectively.

Both the as-cast and heat-treated samples were
studied by Sirion 200 SEM equipped with Gensis 60
energy dispersive X-ray spectrometer (EDS). The phases
in the experimental alloy were analyzed using SIMENS
D500 type X-ray diffractometer (XRD) operated at 40
kV and 45 mA. Characteristic XRD patterns were
obtained within a range of diffraction angle (26) from
35° to 47°. The tensile properties and hardness of both
the as-cast and heat-treated samples at room temperature
were obtained based on the average of five tests.

3 Results and discussion

3.1 As-cast characteristics

During the solidification of ZA27 alloy, the primary
o phase solidified firstly to form the cores of dendrites
bordered by the f phase. The 5 phase and ¢ phase
solidified finally in the inter-dendrite regions. The
resultant microstructure appeared as a dendritic
multiphase structure, as shown in Fig. 1(a), the dendrite
core is a dark-contrasted Al-rich a phase, which is
surrounded by the subsequently solidified Zn-rich S
phase (colored gray) and the light-contrasted Zn-rich 5
and ¢ phases in the inter-dendrite regions. The average
composition of each phase was determined using EDS
and is listed in Table 2.

Table 2 Average composition of a, #, ¢ and f phases in as-cast
ZA27 alloy

Phase w(Zn)/% w(AD/% w(Cu)/%
o 21.40 76.92 1.68
n 82.01 15.93 2.06
e 83.09 1.26 14.65
B 71.24 26.16 2.60

Examination of Fig. 1(a) at higher magnification
revealed that the f phase was in fact composed of fine
lamellar structure, where the Al-rich oy phase, and the
Zn-rich nr and ¢ phases appeared as dark and light
imaged lamellar respectively, as shown in Fig. 1(b). It
was reported that the S phase was decomposed in a
cellular reaction: f—>ar+nr+e, where aluminum-rich ar
and zinc-rich # phases are both metastable phases [2].

According to the XRD examination, a, # and ¢
phases coexisted in the as-cast ZA27 alloy, as shown in

Fig. 2, where the characteristic diffraction peaks of the
phases were separately indexed. The peaks (111) and
(200) of a phase appeared at 26=38.5° (d-spacing 0.2338
nm) and 44.7° (d-spacing 0.2024 nm). The peaks (0002)
and (1010) of the 5 phase were at 260=36.7° (d-spacing
0.2473 nm) and 39.2° (d-spacing 0.2308 nm),
respectively. The peaks (1010) and (0002) of ¢ phase
(CuZn,) were at 26=37.8° (d-spacing 0.2378 nm) and
42.3° (d-spacing 0.2134 nm), respectively. The peak
(1011) of both 5 and & phases overlapped at 26=43.5°
(d-spacing 0.2078 nm).

Fig. 1 As-cast microstructures of ZA27 alloy: (a) SEM image;
(b) Magnification of Fig. 1(a)
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Fig. 2 XRD pattern of as-cast ZA27 alloy



644

3.2 Solutionizing characteristics
3.2.1 XRD analysis

The XRD patterns of the ZA27 alloy after solid
solution treatment at different temperatures for 1 h are
shown in Fig. 3. It was observed that there were four
phases, S, 1, o and ¢ in the as-quenched specimen after
solid solution treatment at 300 °C for 1 h. With the
increase in solution temperature, the diffraction intensity
of the n and o phases started to decrease, while the
diffraction intensity of the / phase increased. After
solution treatment at 365 °C, the diffraction intensity of
the 7, o and ¢ phases became very weak, while the
diffraction peak of the f phase was well developed. The
results show that the # and a phases dissolved more
adequately when the alloy was solution treated at higher
temperature.
3.2.2 Microstructure analysis

Figure 4 shows the SEM micrographs of ZA27
alloy after solid solution treatment at different
temperatures for 1 h. It can be seen that dissolving the #
and a phases back into the f matrix was the main course
of the solid solution treatment. At the solid solution
temperature of 300 °C (Figs. 4(a) and (b)), the
microstructures of ZA27 alloy consisted of a (dark), S
(gray), ¢ and # (light) phases, and solution treatment at
345 °C led to the reduction of the size of o phases and 7
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Fig. 3 XRD patterns of ZA27 alloy after solid solution
treatment at different temperature for 1 h

phases (Fig. 4(c)). Generally, the ability of diffusion of
elements is improved at higher temperature, which
accelerates the dissolution of Zn and Al. When the
heating temperature reached 365 °C (Fig. 4(d)), the
matrix of the as-quenched specimen was the

supersaturated f phase, where the Al-rich o phase
appeared as dark contrast particles of 1-3 um in diameter.
This is because the discontinuous precipitation was
developed along the grain boundaries in the f§ phase after
10—20 min aging at room temperature [23].
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Fig. 4 SEM images of ZA27 alloy after solid solution treatment at different temperatures for 1 h: (a), (b) 300 °C; (c) 345 °C;

(d) 365 °C
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3.3 Aging characteristics
3.3.1 XRD analysis

After solid solution treatment at 365 °C for 1 h, the
samples were aged at temperature ranging from 90 to
250 °C. The XRD patterns of the supersaturated ZA27
alloy after different periods of artificial aging are shown
in Fig. 5. It was observed that the supersaturated f phase
was decomposed at the early stage of aging. After aging
at 140 °C for 1 h, both the diffraction peaks (111) and
(200) of the S phase disappeared, accompanying the
formation of a, 7 and ¢ phases. Obviously, the formation
of a, n and ¢ phases is one of the characteristics of the
decomposition of the § phase.

The diffraction peak of 7' phase (433) was detected
after aging at 140 °C for 5 h, accompanied by the
decrease in intensity of ( IOTO) and (0002) planes of the
¢ phase. With increasing in aging time, the diffraction
intensity of the & phase further decreased, while the
intensity of (433) plane of the 7' phase increased at
26=44.1°. This implies that a four-phase transformation:
ot+e—>T'+n, started to occur, where 7' is the
rhombohedral phase Al;Cus;Zn which has higher stability
than the & phase [22]. In addition, with the increase in
aging temperature as shown in Fig. 5, the diffraction
intensity of the ¢ phase started to decrease, while the
diffraction intensity of the 7'’ phase increased after aging
for 12 h. This shows that ¢ phase gradually transformed
into 7" phase also at elevated temperature.
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Fig. 5 XRD patterns of supersaturated ZA27 alloy after various
periods of aging

3.3.2 Microstructure analysis

Figure 6 shows the SEM images of the
supersaturated ZA27 alloy after various periods of aging
at 90 °C. The SEM images show two sets of
microstructures in the initial period of aging (Fig. 6(a)):
one is the dark o phase and the other is the light S phase.
With increasing in aging time, the size of a phase
became larger and larger, meanwhile the /S phase
gradually disappeared (Figs. 6(b)—(c)). It is shown that
the f was decomposed completely, whereas the amount
of a phase increased slowly after aging at 90 °C for 24 h
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(Fig. 6(d)). Because diffusion was limited under lower
temperature, these precipitates were very small and
dispersed evenly in the matrix.

Figure 7 shows the SEM images of the
supersaturated ZA27 alloy after various periods of aging
at 140 °C. The above two steps of phase decomposition
mentioned in the XRD analysis were detected using
SEM.

At the early stage of aging (Fig. 7(a)), the
supersaturated S phase decomposed into irregularly
cellular structure through discontinuous reaction: f—>
o+nte, which was developed along the grain boundaries.
In addition, the supersaturated f phase transformed into
the lamellar structure, which was developed within the
grain. Compared with the XRD pattern of the S phase at
the early stage of aging, it is clear that this early
precipitation belongs only to the decomposition of the
supersaturated £ phase. With increasing in aging time,
large and coarse o and 7 phases located in the grain
boundaries were swallowing the small a and # phases
(Figs. 7(b) and (c)). Sequentially, phases gathered and
the coarser equilibrium microstructure was formed, as
shown in Fig. 7(d).

Another phase transformation, i.e., the four phase
transformation, a+e—>T "+#, was observed after aging at
140 °C for 5 h. As shown in Fig. 7(b), gray precipitates
were observed inside the light-imaged ¢ phase and
considerably developed after aging at 140 °C for 12 h, as

shown in Fig. 7(c). With the combination of XRD
analysis, the gray precipitates were recognized to be the
T' precipitates, one of the production of decomposition
of the & phase. The average composition of the T’
precipitates was determined using EDS and is listed in
Table 3. Both the dark- and gray-imaged precipitates of o
and 7" phases well developed after prolonging aging at
140 °C for 24 h, as shown in Fig. 7(d).

Table 3 Average composition of 7' phase (mass fraction, %)

Zn Al Cu
14.01 48.82 37.17
Figure 8 shows the SEM images of the

supersaturated ZA27 alloy after various periods of aging
at 250 °C. After aging at 250 °C for 1 h, the
supersaturated f phase transformed into the cellular
structure along the grain boundary as well as lamellar
structure inside the grain with a lamellar spacing of
0.1-0.3 pm. In addition, the gray precipitates of 7’ phase
were also observed, which indicates the four-phase
transformation, a+e—> 7"+, occurring at the early stage
of aging at 250 °C (Fig. 8(a)). After aging at 250 °C for
5 h, the o and # phases became coarser and shorter, while
the lamellar spacing increased to 0.2—0.5 um (Fig. 8(b)).
With the increase of aging time, the o and # phases
further coarsened, resulting in granulating of the
a+n lamellar. After aging at 250 °C for 24 h, the

@,

Fig. 7 SEM images of ZA27 alloy after various periods of aging at 140 °C: (a) 1 h; (b) 5 h; (c) 12 h; (d) 24 h
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Fig. 8 SEM images of ZA27 alloy after various periods of aging at 250 °C: (a) 1 h; (b) 5 h; (¢) 12 h; (d) 24 h

microstructure is characterized mainly by granular
structure of coarse a phase surrounded by light-imaged #
phase. Lamellar structures are intrinsically unstable
because of the interface energy associated with the
boundary between the phases. The energy is derived
from the crystallographic mismatch of the atoms across
the interface causing elastic strains, and also from
possible atom-bonding mismatch across the interface.
The energy of the system will be reduced if the phases
can be rearranged with less interfacial area. One way of
reduction in the interfacial area is lamellar coarsening, by
which a coarser lamellar structure forms and replaces the
original lamellar structure.
3.3.3 Mechanical properties analysis

Figure 9 shows the hardness and tensile mechanical
properties of the supersaturated ZA27 alloy after various
periods of aging at 90—250 °C. The properties under the
as-quenched condition are also evaluated for comparison.
As can be seen from Fig. 9, the material exhibited the
highest level of strength and hardness after solid solution
treatment at 365 °C for 1 h. With increase in aging time,
the hardness and tensile strength both decreased.
Quantitatively, after aging at 140 °C for 12 h, the
hardness and tensile strength dropped from HB152 and
497 MPa to HB108 and 316 MPa, respectively. However,
the ductility of the material in terms of elongation
increased significantly in comparison with quenching

state, and reached peak value of 26.5% after aging at 140
°C for 24 h. As can be seen in Fig. 9, the aging time also
had an influence on the mechanical properties of the
ZA27 alloy. The hardness and tensile strength decreased
significantly in the initial 5 h, and then decreased slightly
over the subsequent 24 h. The tensile elongation
increased significantly compared with the quenched state,
and then almost kept a constant with increase in aging
time.

The observation of maximum hardness and strength
in the as-quenched state can be explained by
understanding the dissolution of alloying elements
including Zn, Al and Cu. The S phase formation is
accompanied by a large amount of distortion which
rapidly increases the strength and hardness of the alloy.
Aging process relieves the internal stresses across the
phase boundaries by permitting local rearrangement of
atoms. Meanwhile, because the precipitation is
progressing, the f phase possesses a lower excess of
solute and solid-solution strengthening will be weaker.
Thus, the hardness and tensile strength of the alloy
decrease and the tensile elongation increases. At low
aging temperature of 90 °C, the precipitated phases are
very fine, which results in a relatively high hardness and
tensile strength. When the aging temperature rose to 140
°C, it was found that the supersaturated S phase
decomposed into a fine lamellar structure and fine
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Fig. 9 Mechanical properties of supersaturated ZA27 alloy after
various periods of aging at 90-250 °C: (a) Hardness; (b)
Tensile strength; (c) Tensile elongation

spheroidized structure, which plays an important role in
improving the plasticity of the alloy. Consequently, a
high plasticity alloy with reasonable hardness and
strength was obtained. At the high aging temperature of
250 °C, the microstructure was characterized mainly by
coarse lamellar structure as well as coarse a phase
surrounded by # phase. As a result, the tensile strength
and hardness decreased significantly.

4 Conclusions

1) The microstructure of the as-cast ZA27 alloy

consists of large dendrites of Al-rich primary a phase,
decomposed f phase around the primary a phase, # phase
and ¢ phase in the inter-dendrite region.

2) With the increase in solution temperature, o and
phases gradually dissolve into the S phases. After
solution treatment at 365 °C for 1 h, the microstructure is
mainly composed of the supersaturated f phase with
little dark Al-rich a phases along the grain boundaries.

3) The phase decomposition of supersaturated ZA27
alloy is a two-stage phase transformation: the
decomposition of supersaturated S phase, f—a+n+ ¢, at
the early stage of aging, and the decomposition of &
phase, a+e—>T"+y, after prolonged aging.

4) The hardness and the tensile strength both
decrease with increase in aging time while aging at 140
°C gives peak ductility and the tensile elongation
amounts to over 25%. The fine spheroidized structure
plays an important role in improving the strength and
plasticity of the alloy.
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