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Abstract: The phase equilibria and compositions at the Mg-rich corner of the Mg—Zn—Al ternary system at 335 °C were systemically
investigated through the equilibrated alloy method by using X-ray diffraction (XRD) and scanning electron microscopy (SEM)
assisted with energy dispersive spectroscopy of X-ray (EDS). It is experimentally testified that the a-Mg solid solution is not in
equilibrium with the Mg3,(Al, Zn)yo (7) ternary intermetallic compound or ¢ quasicrystalline phase, but only in equilibrium with one
ternary intermetallic compound AlsMg;;Zn, (¢). The whole composition range of the ¢ phase was also obtained at 335 °C, i.e.,
52.5%-56.4% Mg, 13.6%—-24.0% Al, 19.6%—33.9% Zn (mole fraction). The solubility of Al in the MgZn phase is remarkably more
than that in the Mg;Zn; phase, and the maximum is about 8.6% Al. Aluminum and zinc are simultaneously soluble in the a-Mg solid

solution.
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1 Introduction

The Mg—Zn—Al ternary phase diagram is of
theoretical and technical importance for the
Al-Zn—Mg—Cu series Al alloys (7XXX) and AZ or AM
series Mg alloys. The phase equilibria of Al-rich corner
have been mainly focused in the earlier studies, and
successfully applied in the optimization of composition
and process of 7XXX series Al alloys [1]. However,
there are only three isothermal sections at 300—335 °C at
Mg-rich corner of Mg—Zn—Al ternary system [2—6]. It
was believed that there exist two ternary compounds of
Mg (ALZn)g (r) and AlsMg1Zns (¢) in equilibrium
with the a-Mg solid solution [2—5]. However, it is
worthwhile to note that the 7 compound is completely
surrounded by the MgZn or ¢ phase in the
microstructures of the treated alloys consisting of a-Mg+
MgZn+r or a-Mg+g+t phases, according to the results
obtained at 300 or 320 °C by REN et al [3,4]. Because
there is no contiguity between the r compound and a-Mg
phase in these treated alloys, it is doubtful whether the
relationship is in equilibrium. In addition, the a-Mg/t
phase equilibrium relationship at 335 °C is determined
by LIANG et al [5], only using one alloy treated for 240

h. It is thought that the annealing time is too short to
achieve the phase equilibrium relationship in the treated
alloy because the 7 compound is surrounded by the
MgZn or ¢ phase by the peritectic reaction [3,4]. On the
other hand, it is believed by PETROV [6] that there is
quasicrystal phase (g), not 7 intermetallic compound in
equilibrium with the a-Mg solid solution at 335 °C
except for these compounds mentioned above, according
to the results of TAKEUCHI and MIZUTANI [7]. The
quasicrystal phase is stable in the Al;sMgy4Zny; alloy
held at 360 °C for 5 h or heated from room temperature
to 380 °C by means of differential scanning calorimeter
at the rate of 10 °C/min. Unfortunately, the kinetics of
phase transformation is neglected because the annealing
time is so much short or the heating rate is relatively fast.
Therefore, it is necessary to take longer annealing time at
certain temperature to certify the stability of the
quasicrystal phase in the Mg—Zn—Al ternary system.
Recently, the ZA series Mg alloys have been
increasingly focused due to better heat resistant property
than AZ series Mg alloys [8—14]. Moreover, it is
believed that the strengthening phases mainly include z,
quasi-crystalline, ¢ and MgZn compounds [11,13].
However, it is worth noting that the amount and size of
the 7 phase gradually decrease with the extent of the
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annealing time in the ZA73 Mg alloy treated at
325 °C [12]. It thus implies that the 7 intermetallic
compound is possibly not in equilibrium with the a-Mg
solid solution at this temperature in the Mg—Zn—Al
ternary system. On the other hand, the quasicrystal phase
is metastable and transforms into the 7 intermetallic
compound when annealed at 220 °C [14]. Therefore, it is
necessary to systematically determine the phase
equilibria at the Mg-rich corner of Mg—Zn—Al ternary
system, particularly the phase equilibrium relationship
with the a-Mg solid solution. Considering the kinetics of
phase transformation and the liquid phase formed at 340
°C in the Mg—Zn binary system [15,16], the isothermal
section at the Mg-rich corner of the Mg—Zn—Al ternary
system at 335 °C was detailly investigated by means of
the equilibrated alloy method, in order to better
understand the relationship between the composition,
microstructure, process and mechanical property in the
ZA series Mg alloys.

2 Experimental

Twenty-two  desired alloys with nominal
compositions of MggyAlyy, MgrpAlysZns, MgrgAlyZng,
MggAlysZnis, MgypAlisZngs, MgyAlZng, MgeoAls-
Zny,  MgeAlsZny,  MggAleZng, — MgeoAl Zns,
MggAbLZnss, MgeoAliZnse, MggoAlsZns,, MgroAliZny,,
MgzoAlZnyg, MggoZny, Mg7oZn;0, MggpZnyy,
MgsoAlysZnys, MgsoAlyZng, MgsoAlszZngg, MgssAls-
Zn;s were prepared by using high purity Mg (99.99%,
mass fraction), Al(99.99%), and Zn (99.999%). These
alloys were melted in a high purity graphite crucible in
the argon atmosphere by using an induction furnace, then
the samples were cut from the ingots and held at (335+2)
°C for 1200 h or 3648 h, and finally quenched by water.
The phase constituents of the treated alloys were
determined by X-ray diffraction (XRD) on a Philips
PW3040/60 diffractometer with Cu K, irradiation, with a
voltage of 40 kV and a current of 40 mA as well as a
scanning rate of 3 (°)/min. The microstructures and
compositions of the treated Mg—Zn—Al alloys were
analyzed by scanning electron microscopy with the
assistance of energy dispersive spectroscopy of X-ray
(SEM-EDS) on a HITACHI S3400N under an

accelerating voltage of 20 kV.
3 Results and discussion

Because the Mg;Zn; phase is stable only at the
temperatures of 325-340 °C [15,16], three Mg—Zn
binary alloys were prepared and treated at 335 °C.
Figures 1 and 2 show the microstructures and XRD
patterns of the MggoZny, and MggoZny alloys treated at
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Fig. 1 Back scattering electron image (a) and XRD pattern (b)
of MggoZn,, alloy held at 335 °C for 1200 h
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Fig. 2 Back scattering electron image (a) and XRD pattern (b)
of MggoZny, alloy held at 335 °C for 1200 h

335 °C for 1200 h, respectively. By the SEM-EDS and
XRD analysis, the treated MggoZn,, alloy is composed of
the a-Mg solid solution and Mg,;Zn; compound (Fig. 1).
Similarly, the MggZny, alloy consists of the MgZn and
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Mg;Zn; compounds (Fig. 2). The corresponding
equilibrium phase constituents and compositions of the
two treated alloys are listed in Table 1. The composition
range of the Mg;Zn; phase is 30.7%—32.5% Zn (mole

Table 1 Equilibrium phase constituents and compositions in
Mg—Zn—Al system at 335 °C

Equilibrium phase
All Equilibrium phase composition
oy constituent (mole fraction)/%
Mg Al Zn
a-M 93.6 64 -
MesoAlzo y ¢ 63.0 370 -
a-M 933 47 20
MgzoAlysZns y ¢ 616 306 7.8
a-Mg 920 51 29
Mg70A12()ZH10 (] 56.2 23.9 19.9
y 611 292 97
a-Mg 912 57 3.1
Mg60A1252n15 y 61.4 29.3 9.3
P 564 240  19.6
a-M 925 38 3.7
MezoAlisZms P : 546 199 255
a-M 93.0 29 41
MeoAliZnis P ¢ 535 161 304
a-M 93.7 21 42
MeooAlisZn P ¢ 525  13.6 339
a-Mg 928 22 50
Mg60Angn32 (] 53.6 14.0 32.4
MgZn 50.7 8.6 40.7
a-Mg 93.9 20 41
Mg60A1102n30 Man 49.8 8.2 42.0
0 529 136 335
a-Mg 948 04 48
MggALZ
BooAh AN MgZn 47.9 15 506
a-Mg 944 06 50
MggALZ
B0t 2o0ss MgZn 485 22 493
a-Mg 94.1 13 46
MggALZ
80X 426 MgZn 480 45 475
a-Mg 92.8 19 53
MggoAleZ
SeofMe2 e MgZn 485 64 451
a-Mg 95.1 04 45
Mg;oALZ
102029 MgZn 474 13 513
a-M 947 07 46
MeoALZnag MgZi 49 27 483
a-Mg 95.9 - 41
MgsoZ
Eso£M20 Mg, Zn, 69.3 - 307
a-Mg 95.1 - 49
MgyoZ
Er0£M30 Mg,Zn, 69.2 - 308
Mg7Zn3 67.5 - 32.5
MgeoZ
Be0cllao MgZn 46.6 - 534
53.6 215 249
MesoAlasZnas . 432 235 333
533 188 279
MgsoAlyZnsg

42.5 20.0 375
54.1 27.8  18.1
44.4 305 251
58.7 325 8.8
60.4 29.8 9.8
54.7 249 204

MgsoAl33Zn;;

MgssAlzZn,s

TS =R 9 8|9 8 |«

fraction) at 335 °C. Therefore, it is experimentally
testified that there does exist the Mg;Zn; phase rather
than the Mgs;Zn,, phase in the Mg—Zn binary system
[15,16]. At the same time, it also implies that the
annealing temperature should remain at 335 °C.

As one of the most important strengthening phases,
the 7 intermetallic compound or quasicrystalline phase
(¢) in equilibrium with the a-Mg solid solution is of
technical and theoretical importance for the ZA series
Mg alloys. If the 7 or ¢ phase is in equilibrium with the
a-Mg solid solution, there exist two three-phase regions
consisting of a-Mg+ep+1(q) and a-Mg+(g)+ MgZn at the
Mg—Zn side [2—6]. Figure 3 shows the backscatter
electron (BSE) images and X-ray diffraction patterns of
the MggoAlipZns, alloy treated at 335 °C for 1200 and
3648 h. By SEM-EDS analysis, the dark, gray and light
phases correspond to the a-Mg solid solution, ¢ and
MgZn compounds (Figs. 3(a) and (b)), respectively,
which are also confirmed by XRD analysis results
(Fig. 3(c)). The compositions of the corresponding
equilibrium phases are listed in Table 1. It shows that
there exists a three-phase region composed of a-Mg, ¢
and MgZn phases at the Mg-rich corner of the
Mg—Zn—Al ternary system. Therefore, it suggests that
the 7 or ¢ phase is not practically in equilibrium with the
a-Mg solid solution, i.e., metastable in the as-cast ZA
series Mg alloys.

In order to further confirm the result mentioned
above, both MgsAl|3Zny; and MggAlgZn;, alloys were
also held at 335 °C for 1200 and 3648 h, respectively.
Their microstructures and X-ray diffraction patterns are
illustrated in Figs. 4 and 5, respectively. The treated
MgeoAlj3Zny; alloy consists of 7, ¢ compounds and a-Mg
solid solution according to the SEM-EDS analysis result.
However, the 7 intermetallic compound is not identified
by XRD analysis in the MggAl;3Zny; alloy treated for
1200 or 3648 h, as shown in Fig. 4(e), since the volume
fraction of the 7 phase is lower than 5% (Figs. 4(a) and
(c)). The 7 phase is completely surrounded by ¢, and
does not contact with a-Mg solid solution (Figs. 4(a)—
(d)), which is similar to the results obtained at 300 or
320 °C [3.4]. Moreover, the 7 phase almost disappears
and no new phase forms with the increase of the
annealing time from 1200 h to 3648 h, as shown in Figs.
4(a)—(d). It means that the ¢ phase may be completely
eliminated when the annealing time is much more than
3648 h, and then, it is also believed that the 7 phase is not
in equilibrium when treated at 300 or 320 °C for 720 h
[3,4]. Therefore, it is experimentally certified that the z
compound should be metastable, and the equilibrium
phase constituents are the a-Mg solid solution and ¢
compound in the treated MggAl 3Zn,; alloy. This also
indirectly supports the result obtained in the treated
MggoAljpZn;, alloy. Finally, the equilibrium compositions
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Fig. 3 Back scattering electron images and XRD patterns of

MggoAljoZnsg alloy held at 335 °C for different time: (a) 1200 h;

(b) 3648 h; (c) XRD patterns

of the a-Mg and ¢ phases are listed in Table 1.

The MggAlgZns, alloy consists of the dark and light
phases when held for 1200 h (Fig. 5(a)). A very small
amount of new gray phase forms with the extension of
the annealing time to 3648 h (Fig. 5(b)), so that it may
not be detected by XRD analysis, as shown in Fig. 5(c).
By SEM-EDS analysis, the dark, light and new gray
phases are the a-Mg solid solution, MgZn and ¢
intermetallic compounds, respectively. It implies that
there does exist a three-phase region consisting of a-Mg,
MgZn and ¢ phases. Their equilibrium compositions are
also listed in Table 1. The result directly confirms that
the 7 or g phase should be metastable in the ZA series Mg
alloys, which is consistent with the result obtained in the
treated MggAljgZnz, alloy. Therefore, it can be
concluded that 7 or ¢ phase is indeed not in equilibrium
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Fig. 4 Back scattering electron images and XRD patterns of
MggoAl 3Zn,; alloy held at 335 °C for different time: (a), (b)
1200 h; (c), (d) 3648 h; (¢) XRD patterns
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Fig. 5 Back scattering electron images and XRD patterns of
MggoAlgZns, alloy held at 335 °C for different time: (a) 1200 h;
(b) 3648 h; (c) XRD patterns

with the a-Mg solid solution at 335 °C. Thereby, it is
also necessary to recognize the role of the 7 or ¢ phase in
improving the heat resistant property of the as-cast ZA
series Mg alloys.

The rest of the Mg—Zn—Al alloys treated at 335 °C
for 1200 h are also analyzed by XRD and SEM-EDS.
There are two kinds of alloys consisting of two or three
phases. The BSE image and XRD pattern of the treated
MggAl Zn;y alloy are shown in Fig. 6. The equilibrium
phase constituents are composed of a-Mg and MgZn
phases. At the same time, there also exist a-Mg and
MgZn phases in the treated MggpAl,Znz5, MgeoAlyZnsg,
MggoAlsZnyy, Mgr0Al1Znyy and Mgy Al,Znyg alloys. It
can be also determined that the equilibrium phase
constituents are a-Mg+g phases in the Mg;Al,Zng and
MgAli5Zn,5 alloys, a-Mg+y phases in the Mg;yAlysZns
alloy, g+t phases in the MgsyAly0Zn3, and MgsoAlysZnys
alloys and y+¢ phases in the MgssAl;0Zn;s alloy,
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Fig. 6 Back scattering electron image (a) and XRD pattern (b)
of MggoAl Zn; alloy held at 335 °C for 1200 h

respectively. Figure 7 shows typical microstructure and
pattern of the treated Mgy AlyZn,y alloy, which is
located in three-phase region composed of a-Mg, y and ¢
phases. Moreover, the equilibrium phase constituents of
the treated MggoAlysZn;s alloy are also composed of the
a-Mg, ¢ and y phases. Similarly, it can be obtained that
the equilibrium phase constituents are y+@+z in the
treated MgsoAl;3Zny; alloys. The equilibrium phase
compositions in these treated alloys mentioned above
were all determined by SEM-EDS, as listed in Table 1.
Based on the equilibrium phase compositions listed
in Table 1, the isothermal section of Mg-rich corner at
335 °C is consequently constructed in the Mg—Zn—Al
system, as shown in Fig. 8. There exist four intermetallic
compounds such as y, ¢, MgZn and Mg;Zn; in
equilibrium with the a-Mg solid solution, while there is
not equilibrium relationship between the 7 or g phase and
a-Mg phase, which is completely different from the
presently accepted results [2—6]. Moreover, the
composition range of ¢ ternary compound is also
determined, i.e., 52.5%-56.4% Mg, 13.6%24.0% Al,
and 19.6%—33.9% Zn (mole fraction). It shows that the ¢
phase is not the linear intermetallic compound, different
from the calculated result obtained by LIANG et al [5] or
PETROV et al [6]. It is suggested by the calculated
result that the Mg contents in the ¢ compound remain
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Fig. 7 Back scattering electron image (a) and XRD patter (b) of
MgAlyZnyg alloy held at 335 °C for 1200 h
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constant, and the Zn or Al compositions change to some
extent. It was probably convenient to construct the
thermodynamic model of the ¢ compound and calculate
the relative phase equilibria. The solubility of Al in the

MgZn phase is remarkably more than that of Mg;Zn;
phase, i.e., the maximum of the former reaches 8.6% Al
(mole fraction) at 335 °C, while the latter is almost zero.
This is probably the reason why there is completely the
MgZn phase, not the Mg,;Zn; phase in equilibrium with
the a-Mg solid solution in the isothermal section at
335 °C calculated by LIANG et al or PETROV et al [6].
Moreover, the solubility of Al in the y phase is around
37% (mole fraction), equilibrated with a-Mg phase in the
Mg—Al binary system, which is obviously different from
the earlier result [17], and consistent with the result
obtained recently by our group by means of the diffusion
couple technique [18]. At the same time, the solubility of
Zn in the y compound is also very large, and the
maximum is about 9.7% Zn (mole fraction).

Al and Zn are simultaneously soluble in the a-Mg
matrix, and the solubility of Zn increases due to the Al
addition. It inevitably affects the solid solution strength
of the Zn solute in the a-Mg matrix [19]. On the other
hand, the Mg—Zn based Mg alloy is one of the important
precipitation strengthening systems, their precipitation
behaviors have been extensively studied during the aging,
such as Mg—Zn—Cu [20], Mg—Zn—Sn [21], etc. However,
the effect of Al on the precipitation behavior of the
Mg—Zn based alloys is not still paid attention, such as
the sequence, composition and structure of the
metastable phases, etc. Most studies were focused on the
strengthening role of the second phases such as 7, MgZn,
quasicrystalline and ¢ phases in the ZA series Mg
alloys [8—13]. Obviously, the thermal stability of the 7

A
4,0.6

1
0
m
6 0.4

Fig. 8 Isothermal section of Mg-rich corner in Mg—Zn—Al ternary system at 335 °C
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intermetallic compound or g quasicrystalline phase is not
better than that of the y phase, according to our result.
Therefore, the strengthening role of Al and Zn in the
o-Mg matrix should be largely noted, in particular for the
precipitation strengthening during the aging, in order to
better understand the fact that the creep-resistant
property of ZA series Mg alloys containing the 7 or ¢
phase is better than that of AZ series Mg alloy.

On the other hand, it is necessary to re-assess the
thermodynamical data of Mg—Zn—Al ternary system
according to the results obtained in this work, including
the thermodynamical models, stability and composition
ranges of the non-stoichiometric compounds such as ¢
and 7, and binary compounds such as y, MgZn and
Mg,;Zn;, in particular for the thermodynamical
description of the a-Mg solid solution. Finally, it can
thermodynamically provide the accurate and reliable data
for the composition design, optimization of heat
treatment and process of the Mg—Zn—Al based Mg alloys,
particularly for the precipitation behavior of the a-Mg
matrix during the aging. At the same time, the role of ¢
intermetallic compound or ¢ quasicrystalline phase
should be recognized in the as-cast ZA series Mg alloys,
particularly for the dissolution behavior during the
homogeneous or solid solution treatment and the
precipitation behavior during the aging at lower
temperatures. Finally, it can be revealed why the
heat-resistant property of the ZA series Mg alloys is
improved, compared to the AZ series Mg alloys, so that
the fundamental information can be provided for
designing the new type of the creep-resistant Mg-based
alloys.

4 Conclusions

1) The isothermal section of Mg-rich corner in
Mg—Zn—Al ternary system at 335 °C is constructed.
There are three-phase regions composed of a-Mg+gp+y,
o-Mg+p+MgZn, a-Mg+MgZn +Mg;Zn; at the Mg-rich
corner.

2) It is experimentally testified that there indeed
does not exist the equilibrium relationship between the ¢
intermetallic compound or ¢ quasicrystalline phase and
o-Mg solid solution, completely different from the
currently accepted result. Therefore, it is necessary to
clarify the mechanism of heat resistance in the ZA series
Mg alloys containing the 7 or g phase.

3) Aluminum and zinc are simultaneously soluble in
the a-Mg solid solution, and the solubility of Zn in the
0-Mg matrix increases due to the Al addition. It suggests
that it should be of practical importance to further
investigate the effect of Al content on the precipitation

behavior in the ZA series Mg alloys.
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- o= = &3 YN =]
Mg—Zn-Al =T A E# M/ 335°C FREE
fEEF, IR, EA, 3815, FuRR, B o, A3
RAGK A MRLE etk S BB TR E S %, TR 110819

B . RATsE L, FH X FHEH. HRRE LRSS, REHPIT T Mg-Zn-Al =GR F A 335
°C [1PHAHA A LAY o NI FAESE, a-Mg BRI FHA Y Mgs(ALZn)y () =758 B EYEL g HERAH T
i1, WS —A=J0 &) AlsMg i Zng (AR . K43 T o AHTE 335 °C AEA - Ya L Bl 52.5%~56.4% Mg,
13.6%~24.0% Al. 19.6%~33.9% Zn(E/R73%0). Al 7E MgZn FHH 6 3 5 328 K T-4E Mg, Zns MR A %, Hods
KAE AT ik 8.6%AI(FE/R I3 H0). Al A Zn T LA [V AE o-Mg [l vA4&

EHEIR: Mg—Zn-Al &; FRE:  SBEMLSY; BRE
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