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Abstract: AM50—4%(Zn,Y) alloy with a Zn/Y mole ratio of 6:1 was subjected to thermal analysis, and the results were used for
designing a two-step progressive solution treatment process. The effects of solution and aging treatments on the microstructure and
mechanical properties of the AM50-4%(Zn,Y) alloy were investigated using OM, XRD, SEM/EDS, TEM, tensile test and hardness
test. The experimental results demonstrated that the two-step progressive solution treatment could make the @ and S phases
sufficiently dissolve into the matrix which possessed higher supersaturated degree of the dissolved solute compared with the one-step
solution treatment. This resulted in a certain enhancement of the precipitation strengthening effect during the subsequent aging
process. The precipitation of the @ phase had a greater impact on the comprehensive mechanical properties of the alloy than f phase
precipitation when the aging treatment was performed at 180 °C. The peak aging strength of the AM50—4%(Zn,Y) alloy which was
subjected to the two-step progressive solution treatment process (345 °C for 16 h and 375 °C for 6 h) was obtained after the aging

treatment at 180 °C for 12 h.
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1 Introduction

Recently, the applications of magnesium alloys have
been continuously expanded due to their superior mass
reduction and advantageous properties [1]. Among the
commercial magnesium alloys, Mg—Al system alloys
such as AM50, AM60, AZ91 and AZ61 were the first to
be developed, and they have also been most widely used
in different applications. However, these alloys exhibited
unsatisfactory strength and ductility both at room and
elevated temperature, due to the coarse morphology and
low thermal stability of the f-Mg;;Al;, phase. Recently,
some studies have revealed that the alloying as Ca, Sb,
Sr, Si, Sn or RE element addition was an effective
method to improve the mechanical properties of the
Mg—Al system alloys. This approach improves the
properties by refining the grain size, decreasing the
amount and improving the morphology of the S phase,
while consequently new beneficial phases such as Al,Ca,
Mg;Sb,, AlLSr, Mg,Si, Mg,Sn and AI-RE are
formed [2—6]. Furthermore, the new Mg—Zn—Al(ZA)

alloys with high Zn content have been attracted
widespread attention due to their excellent high
temperature resistance, creep resistance and low cost [7].
It has also been reported that the addition of Cu to
Mg—Zn—Al alloys could refine the eutectic besides
accelerating the age-hardening, thus leading to the
obvious improvement of the ambient and elevated
temperature strength characteristics [8].

Mg—Zn—Al alloys can be considered to be one of
the most promising heat treatable alloy types due to their
excellent age-hardening response. Corresponding results
have indicated that there is a great potential to further
increase the strength via various heat treatments, and the
effort has been made to further improve the precipitation
strengthening effect of the Mg—Zn—Al series alloys by
multi-alloying [9]. It is, however, challenging to get the
second phases which are formed during alloying to
completely dissolve into the matrix through traditional
solution treatments where the treatment temperature is
10-20 °C below the solidus temperature for some
magnesium alloys [10]. This limitation can be
circumvented by using a longer solution time or higher
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solution temperature. This will, however, have a
deteriorating effect on the properties of these alloys.
Therefore, a two-step solid solution method has been
developed and applied in order to make the second
phases fully dissolve into the a-Mg matrix of the AZ64
alloy, thus obtaining better subsequent age-strengthening
properties [11].

In our previous work related to similar alloys [12],
it was not possible to form the quasicrystal /-phase
(MgsZngY) when using the AM50—(Zn,Y) alloy with an
mole ratio of 6:1 for Zn to Y. Nevertheless, the
mechanical properties of the alloy were obviously
improved. Thus, in this work, the AM50—4%(Zn,Y) alloy
with the best comprehensive mechanical property was
chosen for further study. The effects of the different heat
treatment conditions on the microstructure and
mechanical properties of the alloy were investigated.

2 Experimental

2.1 Alloy preparation

The AM50-4%(Zn,Y) alloy was prepared from a
commercial AM50 magnesium alloy ingot, high-purity
Zn (>99.9%, mass fraction) and Mg—25%Y master alloy.
Firstly, the AMS50 magnesium alloy was melted at
700 °C in an electric resistance furnace under a
protective atmosphere of 99.5% N, and 0.5% SFs
(volume fraction) mixture. The Zn and the Mg—25%Y
master alloy were subsequently added into the melts, and
the melting temperature was increased to 720 °C. The
temperature of 720 °C was maintained for 30 min in
order to ensure that the added alloying elements were
completely dissolved. Subsequently, the melts were
cooled down to 700 °C and poured into a boron nitride
(BN) coated metal mold (¢70 mm X 130 mm) which had
been preheated to a temperature of 200 °C. The actual
elemental composition of the sample is presented in
Table 1.

Table 1 Elemental composition of sample AMS50—4%(Zn,Y)
(mass fraction, %)

Al Mn Zn Y Mg

4.96 0.30 3.38 0.71 Bal.

2.2 Cooling curve

The melted alloy in a graphite crucible was taken
out of the electric resistance furnace and a K-type
thermocouple (d=1.5mm) with a fine steel tube was
immersed into the melts at 700 °C. A schematic of the
experimental set-up is presented in Fig. 1. A high-speed
data acquisition system that was linked to a computer
was utilized to record the cooling data, and the cooling
rate was approximately 0.2 °C/s.

Fig. 1 Test model for determination of solidification curves:
1—K-type thermocouple; 2—Asbestos; 3—Graphite crucible;
4—Steel tube; 5S—Liquid metal

2.3 Heat treatment

Based on the thermal analysis result of the
AMS50-4%(Zn,Y) alloy, the one-step and two-step
progressive solution treatments of the alloy were carried
out as designed temperature for the required time, then
water quenching was adopted. Following, the alloy
subjected by one-step and two-step progressive solution
treatments with optimum solutionizing parameters were
aged at 180 °C for 24 h. For convenience, it could be
designated that the two-step progressive solution
treatment as T4y and the corresponding T6 treatment as
T6y;, and the others were T4; and T6;, respectively.

2.4 Microstructure and mechanical properties

The heat treated samples were chemically etched in
4% HNO; ethanol solution after mechanical polishing.
The microstructure was observed through a Zeiss Axio
Observer Al optical microscope (OM), a Hitachi
S—3400N scanning electron microscope (SEM) equipped
with an energy dispersive spectroscope (EDS) and a
SU8010 field emission scanning electron microscope
(FESEM). The phases were analyzed by D/max LI A
X-ray diffraction (XRD) and JEM—-2100 transmission
electron microscope (TEM). An electric spark machine
was utilized to obtain tensile samples from the ingot. The
tensile properties were tested using a WDW-100
materials test machine at a stretching speed of
3 mm/min. The hardness was tested using a HVS—5
Vickers indentation test machine. It is worth nothing that
the hardness of each sample was obtained from the
hardness measurements of six points.

3 Results and discussion

3.1 As-cast microstructure
The SEM image and XRD pattern of the as-cast
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alloy are shown in Fig. 2, where the discontinuous strip
and granular gray phases are clearly observable. The
lamellar eutectics, bright granular intermetallics, as well
as fine particles are distributed in the as-cast
microstructure. According to the results of the EDS
analysis, the compositions of the gray phase and the
eutectic MggssiAljgspZnse;  and

lamellar were

Mgeo.18Als 30203, 43, respectively. Combined with the
results of XRD, these gray phases were identified as a
p-Mg7(Zn,Al);; phase, and the bright lamellar eutectics
around the f-Mg;;(Zn,Al);; phase were regarded as a

Fig. 3 SEM image (a) and area scan maps of elements Mg (b), Al (c), Zn (d), Y (e) and Mn (f) of as-cast alloy
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®d-Mg, (Zn,Al);; phase. In addition, it should be noted
that the phase containing Y and Mn was not detected by
XRD. The bright granular intermetallics were further
examined using EDS analysis, the results of which show
that the observed Al/Y/Mn mole ratio (33.98:6.12:35.45)
was close to 6:1:6 which has been previously identified
as the AlgYMng phase [13]. On the other hand, the
excessive Mg content in the spectrum could be
attributed to the contribution of the excess Mg within the
a-Mg solid solution matrix [14]. The SEM image
and elemental maps of the alloy are shown in Fig. 3. The

(b)

"—g-Mg

a— f-Mg17(Zn,Al)12
o—@-Mg21(Zn,Al)17
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bright granular intermetallics were enriched with Al, Y
and Mn elements, which could be actually further
identified as the AlsYMng phase. Moreover, fine particle
ALY phase was also observed in the microstructure and
its size was about 1-2 um due to a pot of AlgYMng, and
the Al,Y phases were resulted from the bare of Y and Mn
elements in the alloy, so they were not detected in the
XRD pattern.

3.2 Thermal analysis

Thermal analysis is a method to analyze the phase
transition by means of using the cooling curve and first
derivative curve of cooling curve. The peaks of the first
derivative curve can be used to determine the phase
transition point of the alloy during solidification [15].
Figure 4 shows three sharp peaks in the first derivative
curve, which are related to the solidification process of
the alloy and the associated phase transitions. The three
peaks are denoted as peak A, peak B and peak C. The
reaction temperatures of peak A and peak B are 604.1 °C
and 3823 °C, respectively. These correspond to
reactions: L—a-Mg (peak A) and L—a-Mg+p (peak B).
However, compared with the actual phase transition
temperature of 437 °C, the formation temperature of the
f phase was low, which is due to the addition of Zn and
Y elements [16,17]. Similarly, the peak C could be
identified as the @ phase and the reaction temperature
was 353.8 °C which corresponds to the temperature
(366 °C) of the peritectic reaction: L+f—@+a-Mg [18].
Based on the results of the thermal analysis, 345 °C was
chosen as the one-step solution treatment temperature to
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ensure that the @ phase fully dissolved into the a-Mg
matrix, and to prevent microstructural over-heating
defects. The second solution treatment would be carried
out subsequently based on the optimal results of the
one-step solid solution treatment. The condition of the
second treatment step was chosen so that no @ phase
existed in the microstructure after the first treatment.
Therefore, 375 °C was chosen as the second solution
treatment temperature to ensure that the S phase fully
dissolved into the a-Mg matrix and obtained a significant
possible dissolution degree.

700 F
10.2
604.1 °C
o 600 ~
g 500 S
Qo ~
& 3
5 -02 5
= 400 =
First derivative
oy —0.4
300+ . | . | 35?.8 C
0 300 600 900 1200 1500

Solidification time/s

Fig. 4 Thermal analysis result of as-cast alloy

3.3 Solutionizing microstructure

The optical microstructures of the alloys which
were obtained after different treatment time using
one-step solution treatment at 345 °C are presented in
Fig. 5. As shown in Fig. 5, the lamellar @-Mg,,(Zn,Al);

Fig. 5 Microstructures of AM50—4%(Zn,Y) alloy treated at 345 °C for different time (T4y): (a) 4 h; (b) 8 h;(c) 12 h; (d) 16 h
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phases around the p-Mg7(Zn,Al);, phases were
gradually dissolved into the o-Mg matrix, and the
discontinuous strip second phases were transformed into
rod-like shapes as the solution time increased. However,
the granular AlgYMng and ALY phases were still
distributed in the microstructure due to their excellent
thermal stability.

Two-step solution treatment of the alloy at 375 °C
with different time was carried out after the (345 °C,
16 h) solution treatment. The microstructures of the
alloys which were treated at 375 °C for different time
(T4y;) are presented in Fig. 6. Besides the small quantity
of AlgYMn¢ and ALY phases, all the f-Mg;7(Zn,Al),,
phases had been dissolved into the a-Mg matrix when
the solution time treated at 375 °C was 6 h. Thus, a high

degree of dissolution had been obtained.

3.4 Aging microstructure and hardness

Figure 7 shows the SEM images of alloys aged at
180 °C for different time after T4; and T4y heat
treatment. Obviously, the T6; heat treatment did not
cause the S phase to completely dissolve into the a-Mg
matrix. Most of fine precipitates were distributed at the
grain boundary and interior grain, as shown in Figs. 7(a)
and (b). More precipitates could be formed and dispersed
uniformly throughout the matrix of the T6; heat-treated
alloy, as presented in Figs. 7(c) and (d). For the T6; and
T6y heat-treated alloys, the volume and amount of
precipitates increased significantly, and the precipitates
around the grain boundaries began to segregate and

2423

coarsen when the aging exceeded the optimum condition,
as shown in Figs. 7(b) and (d). The TEM observations of
the peak-aged alloy (T6y treatment for 12 h) were
utilized to further analyze the composition of the fine
precipitates after the aging treatment, as shown in Fig. 8.
The results show that a mass of nano-scale f phases with
the size of 2—4 nm were precipitated from the matrix.
Furthermore, some polygonal compounds with the size
of 100-200 nm were found in the alloy. These
compounds correspond to be the @ phase. The phase
compositions of the AZ64 alloy still contained the f
phase and the @ phase after T6 treatments, which were
developed by DONG et al [9] and LIANG et al [11].

The variations of the Vickers hardness of the T6;
and T6y heat-treated alloys with time are presented in
Fig. 9. The first point of the curves corresponds to the
hardness in the as-cast state. It can be seen that the
hardness values for the T6; and T6; heat-treated alloys
first increased, and then subsequently decreased with
increasing aging time. In fact, the T6; and T6y
heat-treated alloys obtained their peak hardness
values of HV 75 and HV 79 after 12 h. The hardness of
the alloy that was prepared by the T6 treatment
could be controlled by the amount and the morphology
of the precipitation phases. Interestingly, the peak
hardness value of the T6;; heat-treated alloy was higher
than that of the T6; heat-treated alloy, which clearly
indicated that the precipitation of the @ phase had a
greater impact on the hardness of the alloy than the S
phase.

Fig. 6 Microstructures of AM50—4%(Zn,Y) alloy treated at 375 °C for different time (T4y): (a) 2 h; (b) 4 h; (c) 6 h; (d) 8 h



2424 Shuai DAL et al/Trans. Nonferrous Met. Soc. China 28(2018) 2419-2426

’. TSR i

Fig. 7 SEM images of AM50—4%(Zn,Y) alloy treated at 180 °C for different time: (a) T6;, 12 h; (b) T6;, 18 h; (c) T6y, 12 h;

(d) T6y, 18 h

Fig. 8 TEM images of AM50—4%(Zn,Y) alloy treated at 180 °C for 12 h (T6y): (a) S phase; (b) @ phase
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Fig. 9 Age-hardening curves of AM50—4%(Zn,Y) alloys treated

at 180 °C for different time (T6; and T6;;)

3.5 Tensile properties

The tensile stress—strain curves of the AMS0—
4%(Zn,Y) alloy with as-cast, solid-solution and
peak-aging states are shown in Fig. 10. Table 2 lists the
typical tensile properties of the alloys in different states.
The two-step progressive heat treatment obviously
enhanced the age-strengthening effect on improving
tensile properties of the alloy more than the one-step heat
treatment. The tensile strength of the alloys was
improved significantly after the aging treatment. The T6y
heat-treated alloy possessed optimal tensile properties;
the values of UTS, YS and 6 were 231 MPa, 126 MPa
and 8.5%, respectively.

The solid solution strengthening was not significant
due to the weakened second-phase strengthening that
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Fig. 10 Tensile stress—strain curves of AM50-4%(Zn,Y) alloy
with different states

Table 2 Tensile properties of AMS50-4%(Zn,Y) alloy with
different states

State UTS/MPa YS/MPa /%
As-cast 207 93 10.0
T4, (345 °C, 16 h) 198 86 10.4
T4y (345 °C, 16 h)+
193 83 10.7
(375°C, 6 h)

T6; (180 °C, 12 h) 222 109 8.1
T6y (180 °C, 12 h) 231 126 8.5

would deteriorate the strength of the alloy. Because of
this, the UTS and YS values decreased slightly after the
solution treatment. According to previous research, the
interdendritic intermetallics are prone to split up due to
stress concentration during the loading process, which in
turn causes the brittle intergranular cracks [19]. The
notable improvement of the strength was mainly ascribed
to the dissolved second phase and supersaturation degree
of a-Mg as a result of the subsequent aging treatment.
However, in the present study, the ductility decreased
slightly. As for the aged Mg—Al—Zn system alloys, the
fine continuous precipitates throughout the a-Mg grain
were more beneficial for improving the strength of the
alloys [20,21]. For the T6; heat-treated alloy, the strength
of the alloy increased remarkably. This was attributed to
the amount of fine precipitates which had formed in the
matrix, and which were distributed around the grain
boundaries after the aging treatment. On the other hand,
the unsolved f-phase was still distributed at the grain
boundaries and the matrix, which resulted in
deteriorating the ductility of the alloy. Compared to T6,
heat-treated alloy, more fine precipitates were formed in
the T6y heat-treated alloy during the subsequent aging
process. This can be attributed to the fact that most of the
@ and f phases dissolved into the a-Mg matrix by the
two-step progressive solution treatment. The fine

continuous precipitates that dispersed uniformly
throughout the grains could effectively hinder the
dislocation movement, leading to a distinct precipitation

strengthening effect.
4 Conclusions

1) The AMS0-4%(Zn,Y) alloy was mainly
composed of the a-Mg matrix, the f-Mg;7(Zn,Al);, phase
and the lamellar @-Mg,,(Zn,Al);; phase. Additionally,
some amounts of granular AlgYMng and ALY phases
were found in the alloy.

2) With the addition of Zn, the formation
temperature of the S phase, which is formed by the
eutectic reaction of L—a-Mg+f, decreased from 437 to
382.3 °C. The ®-phase was formed by the peritectic
reaction of L+f—®+a-Mg at 353.8 °C.

3) A two-step progressive solution treatment could
make the @ and f phases sufficiently dissolve into the
matrix, which resulted in the formation of fine
precipitates in the subsequent following aging process.

4) The two-step progressive heat treatment had a
more obviously enhanced age-strengthening effect on
improving the mechanical properties of AMS0—
4%(Zn,Y) alloy than that of the one-step heat treatment.
After the T6y treatment ((345 °C, 16 h + 375 °C, 6 h) +
(180 °C, 12 h)), the values of UTS, YS and ¢ of the alloy
were 231 MPa, 126 MPa and 8.5%, respectively.
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