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Abstract: The microstructure and properties of the as-cast, as-homogenized and as-extruded Mg—6Zn—4Sn—1Mn
(ZTM641) alloy with various Al contents (0, 0.5, 1, 2, 3 and 4 wt.%) were investigated by OM, XRD, DSC, SEM, TEM
and uniaxial tensile tests. The results show that when the Al content is not higher than 0.5%, the alloys are mainly
composed of a-Mg, Mg,Sn, AlgMns and Mg,Zn; phases, When the Al content is higher than 0.5%, the alloys mainly
consist of a-Mg, Mg,Sn, MgZn, Mg3,(Al,Zn)s9, Al,MgsZn,, Al;;Mn, and AlgMn;s phases. A small amount of Al (<1%)
can increase the proportion of fine dynamic recrystallized (DRXed) grains during hot-extrusion process. The room-
temperature tensile test results show that the ZTM641—1Al alloy has the best comprehensive mechanical properties, in
which the ultimate tensile strength is 332 MPa, yield strength is 221 MPa and the elongation is 15%. Elevated-
temperature tensile test results at 150 and 200 °C show that ZTM641-2Al alloy has the best comprehensive mechanical
properties.
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1 Introduction

Mg alloys are widely used in many fields such
as transportation, electronics and military
industries, due to their low density, high specific
strength, specific stiffness and excellent damping
properties [1-3]. However, the widespread
application of Mg alloys is still limited due to their
low absolute strength and poor formability [4—6].
Thus, it is essential to develop some high-strength
and low-cost wrought Mg alloys to expand their
application area.

Among various Mg alloy systems, a new
heat-treatable Mg—Zn—Sn alloy has
attracted more and more attention due to the

wrought
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thermal Mg,Sn phase and typical precipitation
strengthening Mg—Zn phases [7,8]. However, the
Mg,Sn phase is coarse and the hardening behavior
of Mg—Zn phases is unsatisfactory, which leads to
unfavorable mechanical properties of Mg—Zn—Sn
alloy [9,10]. Thus, further improving the
mechanical properties of Mg—Zn—Sn alloy has
become the current research direction. It is well
known that alloying is an effective method to
improve the mechanical properties of Mg alloys,
mainly due to the formation of new secondary
phases or refinement of phases [11—13]. In the
recent years, alloying elements of Mg—Zn—Sn are
mainly Y [14], Sb [15], Mn [16-18], Ca [19],
Al [20] and other elements. Although the rare earth
elements can effectively improve the mechanical
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properties and creep resistance of Mg alloys, the
relatively high cost also limits the application of
rare earth Mg alloys [21]. Thus, non-rare earth
elements have attracted more and more attention.
Among them, Al and Mn are promising alloying
elements to improve mechanical properties of Mg
alloys. As for Al element, on one hand, it is reported
that excessive Al will precipitate Mg ,Al;, phase at
a low eutectic temperature instead of thermal
Mgs,(AlZn)y phase [22]. Obviously, the content of
Al plays an important role in the mechanical
properties of Mg—Z7n alloys and is worthy to be
explored. On the other hand, it is reported that Al
can effectively improve the mechanical properties
due to decreasing grain size and Al solute
atoms [23]. As for Mn element, researchers have
found that adding a small amount of Mn (<0.6 wt.%,
here after all compositions are in mass fraction
unless stated otherwise) to Mg alloys can reduce the
content of Fe impurities and thus reduce the
corrosion rate [24,25]. Nevertheless, the function of
Mn is more than that. Recently, YU et al [26] have
found that Al would preferentially combine with
Mn to form Al-Mn phases with a high eutectic
temperature. The results show that Al-Mn phases
may play an important role in elevated temperature
performance. At present, there are few studies on
the effect of the combined addition of Al and Mn on
the microstructure and properties of Mg—Zn—Sn
alloy.

QI et al [27] researched the effect of Sn
addition on the microstructure and mechanical
properties of Mg—6Zn—1Mn alloy, and found that
the as-extruded Mg—6Zn—4Sn—1Mn (ZTM641)
alloy had the highest ultimate tensile strength
(331 MPa) and yield strength (272 MPa), but the
elongation was slightly low, 10.76%. In order to
obtain the best comprehensive mechanical
properties of the alloy, we try to add Al element to
ZTM641 alloy to explore a novel high-performance
Mg alloy, and to investigate the effect of Al addition
on the microstructure and mechanical properties of
ZTM641 alloy in the present work. It is hoped that
the research can provide the necessarily theoretical
and experimental basis to prepare Mg alloys with
better mechanical properties.

2 Experimental

The alloy ingots with nominal compositions of

ZTM641—xAl (x=0, 0.5, 1, 2, 3 and 4 wt.%) were
prepared by commercially pure Mg (=99.9 %), pure
Zn (299.9 %), pure Sn (=99.9 %), pure Al (=99.9 %)
and Mg—4.10%Mn master alloys. Since the melting
point of Mn element is 1244 °C, which is too higher
compared with the melting point of 648 °C of Mg
element, it cannot be smelted by traditional
methods. According to the Mg—Mn phase diagram,
the melting point of the Mg—Mn master alloy is
basically close to the Mg melting point, which
reduces the temperature required for subsequent
alloy smelting. All materials were melted in an
electrical resistance furnace under CO, with a spot
of SFg protective gas to prevent oxidation, and then
cast into a steel mold. The ingots were then
homogenized at 330 °C for 24 h followed by air
cooling. The homogenized ingots were extruded
into rods at 350 °C with an extrusion ratio of 25,
and the extrusion speed was 2 m/min.

The mechanical properties of the as-extruded
samples were evaluated by tensile tests at room
temperature (RT), 150 and 200 °C. Tensile tests
were carried out at a strain rate of 2 mm/min using
an INSTRON 3369 electronic universal material
testing machine. Mechanical properties were
determined by a complete stress—strain curve. The
ultimate tensile strength (UTS), yield strength (YS)
and the elongation to failure (EL) were obtained
based on the average of five tests.

The optical microstructure (OM) was observed
by an Olympus BX53M. Phase constitutions were
determined by an Ultima IV X-ray diffractometer
using a Cu K, radiation with a scanning angle from
10° to 90° and a scanning rate of 4 (°)/min. The
scanning electron microscopy (SEM) observation
was examined by a JSM—6360 scanning electron
microscope equipped with an Oxford INCA Energy
350 energy dispersive spectrometer. Thermal
analysis was carried out by using the NETZSCH
STA 449C differential scanning calorimeter, and
the heating curves were recorded at 50—750 °C.
The transmission electron microscopy (TEM)
observation was FEI Tecnai G2 F20 equipped with
energy-dispersive spectroscopy (EDS) detectors.

3 Results and discussion
3.1 Microstructure evolution

3.1.1 As-cast microstructure
The XRD patterns of the as-cast ZTM641—xAl
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alloys are shown in Fig. 1. It can be seen that
ZTM641 alloy mainly contains a-Mg, a-Mn,
Mg,Sn and Mg;Zn; phases. When the Al content is
0.5%, the a-Mn phase disappears and the AlgMn;
phase is formed. When the Al content are 1% and
2%, the test alloys are composed of a-Mg,
Mg32(A1,Zn)4g, Aleg5ZI'12, Mng’l, Alng’l5, Al]an4
and Mg,Sn phases. When the Al content increases
to 3% and 4%, the test alloys consist of a-Mg,
Mgsy(AlLZn)yy, AlbMgsZn,, AlgMns, Al;;Mn, and
Mg,Sn phases. In order to accurately verify the
phases, further experiments on the as-cast alloys
were carried out with SEM.

The backscatter electron (BSE)-SEM images
of the as-cast ZTM641—xAl alloys are shown in
Fig.2. It can be seen from Fig. 2 that all the
cast alloy structures consist of a-Mg dendrites and
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Fig. 1 XRD patterns of as-cast ZTM641—xAl alloys:
(a) x=0; (b) x=0.5; (c) x=1; (d) x=2; (e) x=3; (f) x=4

Fig. 2 Low magnification BSE-SEM micrographs of as-cast ZTM641—xAl alloys: (a) x=0; (b) x=0.5; (c) x=1; (d) x=2;
(&) x=3: () x4
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eutectic compounds between dendrites. As the Al
content increases, the volume fraction of the
eutectic compounds gradually increases, and the
dendrites are refined to some extent. This is because
the enrichment of solute elements at the solid—
liquid interface hinders crystal grain growth, and
forms subcooled components, which can provide
driving force for nucleation in the subcooled zone,
thus playing a role in grain refinement. The growth
restriction factor (GRF) is wusually used to
characterize the segregation ability of solute
elements [28]:

GRF=mCy(k—1) (1)

where m is the liquidus slope, C, is the
concentration of the solute in binary alloy, and £ is
the partition coefficient. The GRF value reflects the
ability to form a stable crystal nucleus in melt. The
larger the GRF factor value, the more obvious the
grain refinement effect of the solute element.
According to Eq. (1) and the corresponding
Refs. [29,30], the GRF values of Zn, Sn, Al and Mn
element are 5.31, 1.47, 4.32 and 0.15, respectively,
which indicates that Al element has a good potential
to refine the structure of the cast alloys.

To further confirm the types of phases, the
typical phases in Fig. 3 were analyzed by EDS, and
the results are summarized in Table 1. The EDS
results show that the bright white phase in Fig. 3 is
mainly composed of Mg and Sn, with a mole
ratio of about 2:1, which can be determined as the
Mg,Sn phase by combining XRD results. As shown

in Figs. 3(a) and (b), when the Al content is not
higher than 0.5%, the dark color phase mainly
contains Mg and Zn elements, and the Mg/Zn mole
ratio is about 7:3, which can be identified as
Mg;Zn; phase by combining XRD results. However,
when Al is higher than 1%, Mg;Zn; phase becomes
MgZn phase. The Mg;Zn; phase is metastable and
will be gradually replaced by the MgZn equilibrium
phase [31]. It is suggested that Al element may
promote the metastable phase transition process. In
addition, the EDS results in Table 1 cannot
distinguish MgZn, Mgj(Al,Zn)y and Al,MgsZn,
phases well. This may be mainly because the
atomic radii of Zn and Al are closer (Mg 15.99 nm,
Al 14.32 nm, Zn 13.33 nm), and Al and Zn may
replace each other [32]. Although the components
of the phases discussed above are analogous, the
type of phases can be presumed on the basis of
mole ratio and morphology. From the results of F
and I points, it can be seen that with the increase of
Al content, the morphology of Al,MgsZn, changes
from blocky to network. When Al is less than 2%
and the mole ratio of Mg/Zn is about 1:1, MgZn
exists as a continuous elongated strip. Although Al
element is detected, it is the result of elemental
segregation and atomic substitution just discussed
above. Mgs(Al,Zn)y phase exists as bone-like
phase in the alloys, and mole ratio of Al to Zn in
Mgs,(ALZn)sy phase is about 50:1. Thus, I and G
points can be presumed to be Al,MgsZn, and
Mgs,(Al,Zn)y phases, and the results are consistent
with previous report [33]. Furthermore, it can be
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Fig. 3 High magnification BSE-SEM micrographs of as-cast ZTM641—xAl alloys: (a) x=0; (b) x=0.5; (c) x=1; (d) x=2;

(e) x=4; (f) EDS line profile in (e)
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Table 1 EDS results of as-cast ZTM641—xAl alloy

Composition/at.%
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Position Phase
Mg Zn Sn Mn Al

A 6354 - 3457 - - Mg,Sn
B  66.8333.17 - - - Mg;Zn;
C - - - 6278 31.22 AlgMn;
D 68302995 - - 134 Mg;Zn;
E  455340.14 - - 1441 MgZn

F 66542147 - - 11.76 ALMgsZn,
G 46013567 - = 18.29 Mgs,(ALZn)yy
H 352 - — 45185093  Al;Mny
I 63.601927 - - 1694 AlLMgsZn,

Peak 1

100 260 3(I)0 4(I)0 560 6(I)0 700
Temperature/°C
Fig. 4 DSC curves of as-cast ZTM641—xAl alloys at
heating rate of 10 K/min: (a) x=0; (b) x=0.5; (c) x=1;
(d) x=2; (€) x=3; () x=4

seen from C and H points that the AlsMns and
Al;1Mny phases are the main Al-Mn phases exiting
in the studied alloys. This indicates that Al tends to
combine with Mn, and there is no significant
difference in morphology of different types of
Al-Mn phases, which is consistent with the
previous study [34].

Apparently, the mass ratio of Zn/Al plays a
crucial role in the phase formation. With the
increase of Al content, the transformation sequence
of the phase related to Zn or Al is as follows:
Mg;Zn;—Mg3:(AlZn)s0tMgZn—Mgs,(Al,Zn) 4o+
AlLMgsZn,. When the Zn/Al mass ratio is less than
6:1, the corresponding Al-containing phases are
mainly composed of AlI-Mn phase. When the Zn/Al
mass ratio is greater than 3:1 and less than 6:1, the
corresponding Al- or Zn-containing phases are
mainly composed of Mgs(Al,Zn)y and MgZn
phases. When the Zn/Al mass ratio is greater than
1.5:1 and less than 3:1, the corresponding Al- or
Zn-containing phases are mainly composed of
Mgs,(AlLZn)y and Al,MgsZn, phases. In order to
verify this result, the DSC was further conducted to
study the phase transition.

The DSC curves of the as-cast ZTM641-xAl
alloys are shown in Fig.4, and the detailed
information is in Table2. For all
experimental alloys, Peak 1 during the heating is
the melting temperature of the alloys. With the
increase of Al content, the melting temperature
gradually decreases from 622.92 to 593.27 °C,
which indicates that the Al addition is beneficial to
reducing the casting temperature and improving the
casting performance of the alloys. According to the

shown

Table 2 Data of DSC peaks for as-cast ZTM641—xAl in

Fig. 4
Heating temperature/°C
Alloy

Peak 1 Peak 2 Peak 3

ZTM641 622.92 - 342.44

ZTM641-0.5A1  622.92 565.43 342.41

ZTM641-1Al 619.44 588.89 339.74

ZTM641-2A1 610.67 590.69 340.64

ZTM641-3Al 597.65 576.77 349.40

ZTM641—-4Al 593.27 566.33 357.14
above microstructural analysis, the eutectic

compounds in ZTM641 alloy are mainly composed
of Mg,Sn and Mg;Zn; phases. Combined with the
Mg—Zn—Sn ternary phase diagram, it can be
inferred that the following eutectic reaction occurs
at the Peak 3 (342.44 °C): L — a-Mg + Mg,Sn +
Mg;Zn; [35]. As the Al content increases to 0.5%,
Peak 2 appears at 565.43 °C, corresponding to the
a-Mg and AlgMns phases [36]. If the quantity of
Al-Mn phases is relatively limited, the heat
transformation will be small during phase transition
process and the precipitation temperature of AlI-Mn
phase is higher than that of a-Mg [37,38]. Thus, it is
difficult to accurately detect the melting
temperature of Al-Mn phase in the DSC curve.
However, the solid solubility of Mn in the a-Mg,
Mg,Sn and Mg—Zn—Al phases is slight, so it can be
inferred that all Mn elements are formed as AlI-Mn
phases in the ZTM641—xAl alloys. According to the
above microstructure and previous report [39—41],
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as the Al content increases to 1%, it can also be
inferred that the following reaction occurs at Peak 3
(339.74 °C): L — a-Mg + Mgs(Al,Zn)s+ MgZn +
Mg,Sn. Finally, combined with the above
discussion, for ZTM641-3Al and ZTM641-4Al
alloys, the following eutectic reaction occurs at the
Peak 3: L — a-Mg + ALMgsZn, + Mgs(AlLZn)e +
Mg,Sn.
3.1.2 As-homogenized microstructure

The homogenization treatment before hot
extrusion not only can dissolve the eutectic
compound, eliminate dendrite segregation, and
improve the non-uniformity of the as-cast structure
composition, but also can greatly reduce the plastic
deformation resistance of the alloy and improve the

Cai-hong HOU, et al/Trans. Nonferrous Met. Soc. China 31(2021) 1951-1968

forming performance. Figure 5 shows the BEM-
SEM images of the as-homogenized ZTM641—xAl
alloys. It can be seen that most of the
non-equilibrium segregated phases between the
dendrites are dissolved in the matrix. When the Al
content is low, most of the eutectic compounds are
dissolved, and the homogenization effect is better.
When the Al content is high, that is, in the case of a
low Zn/Al mass ratio, the volume fraction of the
bright Mg,Sn bulk phase, Al-Mn particle phase,
strip-like  MgZn phase and Mg—Zn—Al phase
increases, and the homogenization effect becomes
worse. It can be attributed to the good thermal
stability of these phases and limited solubility of the
matrix.

Zn Point A: MgZn Zny| Point B: Mg;,(ALZn),
Mg Element  at.% Mg Element at.%
Mg 42.04 Mg 73.62
Al Zn 46.05 Zn 22.28
Al 12.04 Al 3.86
Zn
N 7n Zn
0 3 6 9 12 150 3 6 9 12 15
E/keV E/keV

Fig. 5 BSE-SEM micrographs of as-homogenized ZTM641-xAl alloys: (a) x=0; (b) x=2; (c) Enlargement of circular
rectangular part in (b); (d) x=4; (e, f) Corresponding EDS results of points in (c)
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3.1.3 As-extruded microstructure
Figure 6 shows the optical microstructures of

the as-extruded ZTM641—xAl alloys, taken from
the parallel plane to the extrusion direction (ED).
Due to the DRX during the hot extrusion process,
the grain structure of all alloys is significantly
refined. In order to better show the grain size of the
alloy, the grain size of the as-extruded sample is
calculated by using Heyn transversal method. The
calculation formula of the average grain size is as
follows:

L L

N, NM
where d is the average grain size, N; is the number
of cut grains per unit line length, L is the length of
the secant line, N is the total number of cut grains,
and M is the magnification of the photo. Line is
introduced to pass through the grain, and the

2

number of grains passing through the line is
counted. The average value is calculated after
several measurements, and the size of the grain is
counted. Among them, the ZTM641 alloy has a
mixed crystal structure, shown in the orange and
white ovals, and the grain size of ZMT614 alloy is
calculated to be 5.9 um. The second phase
remaining after homogenization treatment is broken
into small particle phases during the extrusion
process, and these dispersed particles play an
important role in hindering recrystallization. After
adding 1% Al, the structure is refined, and the grain
size is reduced to 4.9 um. However, when the Al
content exceeds 1%, the bulk second phase
gradually increases, and the grain size increases. As
shown in Figs. 6(d) and (f), with the further Al
content, the grain size gradually increases, after
calculation, it increases from 5.2 to 5.6 pm.

Fig. 6 Optical micrographs of as-extruded ZTM641—xAl alloys: (a) x=0; (b) x=0.5; (c) x=1; (d) x=2; (e) x=3; (f) x=4

(Extruded direction is horizontal)
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STIOHN et al [42] proposed the
interdependence theory, believing that the grain size
(dy) 1is the result of the interdependence of
nucleation and growth, and then deduced the
prediction formula of grain size, which is expressed
as follows:

dgs:xcs+xdl+xsd (3)

where x is the distance that the previous grain
must grow to generate sufficient component super-
cooling; x4 is the diffusion length from the solid—
liquid interface at x. of the previously nucleated
grain, where component supercooling reaches its
maximum value. The sum of x. and xq, denoted by
Xnfz, Tepresents the length of the nucleation-free
zone, and xy is the distance between x,; and the
next most potent particle in the melt. This model
explains, to a certain extent, why the grain size does
not continue to be refined when there are enough
nucleating particles after the increase of Al content.
This is due to the fact that only a part of the second
phase particles can play the role of heterogeneous
nucleation. When the previous nucleation particles
cannot provide enough supercooling for the next
particle, the remaining heterogeneous nucleation
particles cannot produce nucleation, and the
heterogeneous nucleation process cannot continue.

It is well known that during hot deformation,
second phases of different sizes can promote or
inhibit DRX behavior. The small second phase (less
than 1 pm) hinders DRX because it prevents the
formation of the lattice curvature required for
nucleation and then pins grain boundaries. When
the size of the second phase is larger (greater than
1 um), it will increase the dislocation density
around them, thereby promoting DRX [43].
However, due to the roughness of the second phase,
the range involved in the pinning becomes weak,
resulting in grain size growth. For the experimental
alloys, as the Al content increases, the type and size
of the second phases are different, which play a
different role in the DRX process during plastic
deformation. Therefore, when Al is greater than 2%,
the fine second phase gradually decreases and the
coarse second phase increases, that is, the extrusion
streamline gradually becomes larger, and the grain
size increases instead, which is consistent with the
result in Fig. 6.

To determine the morphology and composition
of the extrusion streamlines, the ZTM641—xAl
alloys samples are analyzed by XRD and SEM, as

shown in Figs. 7 and 8. It can be seen from Fig. 8
that the residual second phases after the
homogenization process are broken into small
particles during the extrusion process and
rearranged along the ED. The AlgMns particles
appear as the Al content increases to 0.5%. After
that, AlsMns phases are transformed into Al;;Mny
phases, which can be confirmed in Fig. 7. And the
quantity of streamlines further increases obviously
(2% Al). It is expected that due to the resolution
limitation of SEM, the fine and dispersive phases
cannot be observed. Thereby, in order to accurately
identify the precipitates, TEM study is further
conducted on the as-extruded ZTM641—1Al alloy.
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Fig. 7 XRD patterns of as-extruded ZTM641—xAl alloys:
(a) x=0; (b) x=0.5; (c) x=1; (d) x=2; () x=3; (f) x=4

Figures 9(a—c) show the bright field (BF)
images and selected area electron diffraction
(SAED) patterns obtained from the eutectic phases
of the as-extruded ZTM641—1Al alloy, based on the
incident beam parallel to the [0001] and [1211] of
the a-Mg. It is found that there is a large rod-shaped
phase on the base surface of the Mg matrix, which
plays an important role in preventing dislocation
slippage. As marked by yellow arrows, during the
extrusion process, dislocations accumulate around
the second phase. According to the EDS results in
Figs. 9(e, 1), a small quantity of Al is checked. It
can be speculated that Al atoms may dissolve in
MgZn phase, deform its lattice, and increase the
lattice parameter, which is consistent well with the
previous report [31]. Figure 9(d) shows the
HRTEM of a rod-like phase with a width of 15 nm,
and combined with the analysis in Section 3.1.3, it
can be presumed as a small MgZn phase.
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(d, e, ) x=0.5; (g, h, i) x=2

In addition, as marked with blue and purple
frames (Fig. 9(c)), many nanoscale rod-like and
disc-like phases are formed within the Mg matrix.
For the purple frame, the number density of
rod-like MgZn phases marked as purple arrow are
evidently higher than that of disc-like phases, but
the opposite result is obtained in the blue
frame. Some disc-like phases are Mg,Sn phase,
whose orientation relationship (OR) with the Mg
matrix is uncertain [27,44]. The others are
Mg;,(Al,Zn)yg phase, which has a complicated OR
with the Mg matrix [45]. In addition, MgZn phase

Point A: Mg,Zn; (b)
Element at.%

Zn
Sn

Mg 82.84
Mn 164

15.05
0.48

Sn
Zn

4

6

8

10

E/keV

Point B: Mg,Sn (C)
Element at.%

Mg 675

Mn 046

Zn 135
Sn 30.68

E/keV

Point C: AlgMn; (e)
Element at.%

Mg
Al
Mn

4.09
24.77
70.26

E/keV
Point D: Mg,Zn; (f)

Mg
Mn
Zn

Element at.%

65.77
0.04
3.1

Mg
Zn
Al

Element at.%

57.36
29.95
12.04

Sn_ 3114

4 6 8 10
E/keV

Point E: Mg-zn-al  (h)

E/keV

Point F: Al;;Mn, (1)
Element at.%
Mg  22.96
Al 45.29
Mn 30.82

in Fig. 9(c) plays a vital role in pinning the
dislocation.

The BF-SEM images of nano-polycrystalline
and HAADF- STEM images of AlgMn; are shown
in Fig. 10. A number of long ribbon-like bright
nano-polycrystallines are observed in Figs. 10(a)
and (b), combined with the EDS of Point C, which
are mainly composed of Mg, Zn and a bit of Sn
elements. It can be determined that the Point C is
Mg matrix. Further observation of Fig. 10(b)
reveals that the second phases with small particle
size are scattered in the ribbon-like bright nano-
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B//[0001],,y,

Mg Point A: MgZn Point B: MgZn
Element  at.% Mg Element at.%
Mg 47.52 Mg 40.44
Zn 49.93 Zn 57.43
Al 25 _AL_ 211
Zn
Al Zn Al Zn|| Zn
0 5 10 15 20 0 5 10 15 20
E/keV E/keV

Fig. 9 TEM micrographs (a, b, ¢, d) and EDS results (e, f) of as-extruded ZTM641—-1Al alloy: (a) BF-TEM image;
(b) BF-TEM image, taken along [0001],m; zone axis; (¢) BF-TEM image, taken along [1211] a-Mg ZONE AaXis;
(d) HRTEM image of rod-like phase; (e, f) EDS results of Points A and B in (b) and (c), respectively

polycrystalline. At the same time, the dislocation
stacking is found around the nano-polycrystalline,
and a large number of dislocations terminate at the
edge of the polycrystalline. Nano-polycrystalline
is an important factor affecting DRX and
mechanical properties of the experimental alloys,
but the formation and strengthening mechanisms
are unclear. In order to analyze this nano-

polycrystalline clearly, further experiments are
needed. The AlsMn; phase precipitates dynamically
during the extrusion process, as shown in Fig. 10(c).
It is reported that there is no clear OR between
AlgMns and a-Mg [46]. The average size of the
AlgMn; particle is about 3—6 pum in Fig. 10(c) and
Fig. 8, which is consistent with the report in
Ref. [26].
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3.2 Mechanical properties as the Al content increases, the density increases
3.2.1 Mechanical properties at RT from 1.79 to 1.86 g/cm’. Comparing with the

Figure 11(a) shows the density of the Ref. [47], it is found that the density of the
as-extruded ZTM641—xAl alloy. It can be seen that experimental alloys is basically the same as that of

Element at.%
Mg 97.08
Zn 2.04
Sn 0.79
Z
p‘j L Sn Zn
M A
0 5 10 15 20
E/keV

Fig. 10 TEM micrographs of as-extruded ZTM641—-1Al alloy: (a, b) BF-TEM image; (c) HAADF-STEM image;
(d) EDS results of Point C in (b)
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Fig. 11 Densities (a) and mechanical properties (b) of as-extruded ZTM641—xAl alloys at RT
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the commercial high-strength ZK60 alloy.
Figure 11(b) shows the mechanical properties of the
as-extruded ZTM641—xAl alloys at RT. The results
show that as the Al content increases, the strengths
of the alloys are similar, among which the 1% Al
alloy is higher, reaching 332 MPa, while the
elongation of the alloy is gradually reduced. As
mentioned earlier, after adding a small amount of Al,
the grains of the alloys are refined to a certain
extent, which is beneficial to improving the
mechanical properties. As the Al content further
increases, the bulk second phase increases, which
becomes a source of cracks, resulting in a decrease
in elongation.

Figures 12(a—d) show the secondary electron
(SE) and BSE-SEM images of the tensile fractures
of the as-extruded ZTM641 and ZTM641-2Al

— —
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f%gdmmgcoa

NS

alloys at RT. From SE-SEM images, it can be seen
that the fracture is mainly composed of cleavage
plane, dimples, tear edges and granular bumps,
indicating that the fracture mode of the alloy is
mixed fracture. BSE-SEM can be used to observe
the distribution of the second phase on the fracture
surface of the experimental alloys. For the ZTM641
alloy, combined with the above microstructure
analysis, the second phases are white or gray
phases, that is, the phases of the fracture surface are
MgZn and Mg,Sn mixed compounds. For the
ZTM641-2Al alloy, it can be seen that the size and
number of the second phase are slightly larger than
those of the ZTM641 alloy, and some of the second
phases are fractured with cracks in the middle. It is
presumed that the crack may originate from the
bulk second phase. It is well known that the stress

Fig. 12 SE-SEM (a, b) and BSE-SEM (c, d) micrographs of fracture surface, and optical images from longitudinal
sections adjacent to fracture surface (e, f) of as-extruded ZTM641—xAl alloy at RT: (a, c, €) x=0; (b, d, f) x=2



Cai-hong HOU, et al/Trans. Nonferrous Met. Soc. China 31(2021) 1951-1968 1963

concentration occurs due to different deformation
capabilities of the matrix and the second phase, and
the stress concentration easily occurs on the
relatively large second phase, which easily leads to
the formation of microcracks. Therefore, when the
Al content is low, the grains of alloy are refined and
the strengths are improved, but with the further
increase of the Al content, the bulk second phase
increases, which becomes the crack source and the
elongation gradually decreases.

In order to better observe the origin and
propagation of cracks, the longitudinal sections of
fracture surface of the as-extruded ZTM641 and
ZTM641-2A1 alloys are metallographically
observed, as shown in Figs. 12(e) and (f). It can be
seen that the twins mainly appear within the coarse
grains. In addition, most cracks originate from the
bulk second phases that generate stress
concentration, and the cracks preferentially expand
in the middle of the large second phase, that is, the
second phases fracture. In a word, the fracture mode
of the experimental alloys is transgranular fracture.
3.2.2  Mechanical properties at elevated

temperatures

Figure 13 shows the mechanical properties of
the as-extruded alloys at elevated temperatures (150
and 200 °C). It can be seen that when the tensile
temperature is 150 °C, as the Al content increases,
the elongation gradually increases from 59% to
71%. And the strength of the alloys increases first
and then decreases. Among them, ZTM641-2Al
alloy has the best strength, that is, UTS and YS are
171 and 140 MPa, respectively. The reason for this
phenomenon is that after Al element is added to
ZTM641 alloy, Al and Mn elements combine to
form Al-Mn phase, which is a thermostable
high-temperature phase and can significantly
improve the high temperature strength of the alloy.
However, when the Al content is too high, the size
of generated AlI-Mn phase is too large, which is not
conducive to the coordinated deformation of the
alloy, resulting in the decrease of the alloy strength.
When the tensile test is performed at 200 °C, the
mechanical properties show the same changes.
Among them, ZTM641-2Al alloy has the best
mechanical properties, that is, UTS, YS and EL are
105 MPa, 93 MPa and 74%, respectively. It is
generally known that the deformation modes of Mg
alloys at elevated temperatures are mainly the
movement of dislocations and the slippage of grain

boundaries. Therefore, after the Al addition, the
high-melting second phases, such as AlgMns and
Mg,Sn, will be formed for the experimental alloys.
During the extrusion process, not only the bulk
second phases are broken and dispersed in the
matrix, but also new second phases will be
precipitated, which strengthens the matrix and grain
boundaries. Therefore, the elevated temperature
strength of the alloy can be improved with the
increase of Al content. However, a large number of
second phases will form in the alloys and aggregate
at the grain boundaries when the Al content is
excessive, thereby reducing the elevated
temperature strength of the alloys.

Figures 14 and 15 show the tensile fracture
morphology of the as-extruded ZTM641 and
ZTM641-2A1 alloys at 150 and 200 °C,
respectively. From the SE-SEM images, it can be
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Fig. 13 Mechanical properties of as-extruded ZTM641—
xAl tested at 150 °C (a) and 200 °C (b)
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Fig. 14 SE-SEM (a, b) and BSE-SEM (c, d) micrographs of fracture surface, and optical images from longitudinal
sections adjacent to fracture surface (e, f) of as-extruded ZTM641—xAl alloy at 150 °C: (a, c, e) x=0; (b, d, f) x=2

seen that the fracture morphology of the
experimental alloys is dominated by dimples,
mainly ductile fracture. It can be seen from the
BSE-SEM images that compared with the fracture
at RT, the bulk second phases on the high-
temperature fracture surface is significantly reduced,
and the dispersed second phase is increased, so the
elevated temperature elongation is  better.
Comparing ZTM641 and ZTM641-2Al alloys, the
Al addition increases the volume fraction of fine
particle phases and the elevated temperature
strength. From the metallographic images of the
longitudinal section of the fracture, it can be seen
that the microstructure transforms into large grains
and many fine DRXed grains are generated when
tested at 150 °C, indicating that the contribution of

DRX plays an important role in elevated
temperature mechanical properties. When the
temperature is increased to 200 °C, the finer second
phases are dispersed in the matrix and effectively
inhibit the grain growth during the DRX. Compared
with 150 °C, the grains are finer and more uniform
after the 200 °C tensile test, which can be proved
from Fig. 16.

Compared with the RT properties, the elevated
temperature strength of the experimental alloys
decreases and the elongation increases. On one
hand, as the temperature increases, the storage
energy of the matrix increases and the incubation
period of DRX decreases, making it difficult to
produce the effect of work hardening. On the other
hand, higher deformation temperature improves the
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Fine DRXed grains

Fig. 15 SE-SEM (a, b) and BSE-SEM (c, d) micrographs of fracture surface, and optical images from longitudinal
sections adjacent to fracture surface (e, f) of as-extruded ZTM641—xAl alloy at 200 °C: (a, c, e) x=0; (b, d, f) x=2

. Sy
Fig. 16 BSE-SEM images from longitudinal sections adjacent to fracture surface of as-extruded ZTM641—4Al alloy at
150 °C (a) and 200 °C (b)

mobility of the grain boundaries, which can reduce RT, during the elevated temperature tensile, due to
the stress concentration caused by the the enhancement of atomic thermal vibration and
inhomogeneous deformation [48]. Compared with the increase of the diffusion rate, the grain



1966 Cai-hong HOU, et al/Trans. Nonferrous Met. Soc. China 31(2021) 1951-1968

boundary migration ability of the experimental
alloy is enhanced, resulting in an increase in the
nucleation rate of DRX and promoting DRX. The
DRX causes the transformation of the sub-grain
boundary from a small angle grain boundary to a
high angle grain boundary, which is beneficial to
consuming a large number of dislocations and
leading to finer original structure. Besides, higher
solute atom content and few dislocations tested at
150 and 200 °C will also improve the coordinate
deformation. Therefore, although the -elevated
temperature strength of the alloy is reduced, the
high temperature elongation is significantly
improved.

4 Conclusions

(1) The as-cast ZTM641 alloy is mainly
composed of a-Mg, a-Mn, Mg,Sn and Mg;Zn;
eutectic phases. The Al addition results in the
formation of AlgMns, Al;;Mny, Mgz (Al,Zn)y,
AlL,MgsZn, and MgZn phases.

(2) The as-extruded experimental alloys
exhibit a mixed crystal structure with DRXed fine
grains. A small amount of Al (<1%) can effectively
refine the dendrites and increase the proportion of
DRXed fine grains during hot extrusion process. A
high content of Al (>2%) forms a variety of large
secondary phases, fine secondary phases decrease,
and grain size increases.

(3) A small amount of Al can improve the RT
mechanical properties of the as-extruded ZTM641
alloy, which is due to the second phase dispersion
distribution and DRXed fine grains. The Al addition
can improve the elevated temperature properties of
the as-extruded ZTM641 alloy. Among them,
ZTM641-2Al alloy has the highest strength, which
is mainly due to the formation of thermally stable
phases, such as AlsMns, Mg,Sn and Mg;,(Al,Zn)4.
In addition, after the 4% Al addition, the
elongations at 150 and 200 °C of the as-extruded
alloys are as high as 71% and 80%.
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