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Abstract: The microstructures and mechanical properties of Mg—6Zn—1Mn—4Sn—1.5Nd alloy subjected to extrusion and T5
treatment were investigated using optical microscopy (OM), X-ray diffractometer (XRD), scanning electron microscopy (SEM),
electron back scattered diffraction (EBSD), transmission electron microscopy (TEM), hardness tests and uniaxial tensile tests. The
results showed that the as-cast alloy consisted of a(Mg), Mn, Mg;Zn;, Mg,Sn and MgSnNd phases. Dynamic recrystallization has
completed during the extrusion process and the average grain size was 7.2 um. After TS treatment, the strength increased obviously,
the yield strength and ultimate tensile strength of as-extruded alloy were increased by 94 and 34 MPa, respectively. Microstructure
characterization revealed that the improvement of strength was determined by the high number density of 4’| rods.
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1 Introduction

In recent years, magnesium (Mg) alloys have
attracted great attention due to their low density, high
specific strength, good castability and excellent
machinability [1-3]. The applications of wrought Mg
alloys in automotive and aerospace industries produce
substantial weight reduction and fuel efficiency
increment [4]. However, poor formability and strength at
room temperature limited their applications. Therefore,
the development of high strength and high plasticity
wrought Mg alloys is necessary.

Mg—Zn—Sn alloys are typical age-hardenable
wrought Mg alloys, which have great potential to
improve the strength by various heat treatments and
alloying [S5]. The precipitation sequence of Mg—Zn—Sn
alloys is SSSS (supersaturated solid solution)—G.P.
zone (discs, globular or band)—p'; (MgZn, or MgsZn,)
—f> (MgZny,) —f" (Mg:Sn)—f (Mg,Zn; or MgZn)
[5-9]. The p'1, p'» and p' precipitates are strengthening
phases. When £ phase is formed, over-aging occurs and
the mechanical properties decrease. ZHANG et al [8,9]
and ZHAO et al [10] have developed a promising high

strength Mg—6Zn—1Mn—4Sn (mass fraction, %)
(ZMT614) wrought alloy (all compositions are in mass
fraction unless specially stated). T6 treatment ((440 °C,
2 h) + (180 °C, 8 h)) markedly improves the strength of
as-extruded ZMT614 alloy.

In addition, previous investigations have reported
that the mechanical properties of Mg—Zn—Sn alloys were
improved by the addition of Al, Ag, Li and Nd
elements [11—14]. The addition of such alloying
elements could enhance age hardening response and
improve mechanical properties. Nd, as one of rare-carth
elements, could refine the grains and form new phases in
Mg alloys. NING et al [11] have reported that a minor
addition of Nd enhanced the strength of Mg—0.3Zn—
0.32Zr wrought alloy for the fine grains and tiny
Mg »(Nd,Zn) precipitates within the grains and along the
grain boundaries.

Based on the previous investigations, we have
developed a new high strength Mg—6Zn—1Mn—
4Sn—1.5Nd (ZMT614—1.5Nd) wrought alloy. Up to now,
there have been limited investigations on its
microstructures and mechanical properties in the hot
extrusion and heat treatment conditions. Therefore,
the aim of this work is to investigate the microstructural
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evolution and mechanical properties of as-extruded and
T5-treated ZMT614—1.5Nd alloy.

2 Experimental

Billets with a diameter of 80 mm were prepared by
a ZG—0.01 vacuum induction melting furnace under an
Ar atmosphere. The chemical composition of Mg—
6.03Zn—0.94Mn—4.0Sn—1.59Nd (denoted as ZMT614—
1.5Nd) was tested using an XRF—1800 CCDE sequential
X-ray fluorescence spectrometer. The as-cast ingots were
homogenized at 420 °C for 12 h. After homogenization,
the ingots were hot extruded into bars of 16 mm in
diameter at 420 °C with the extrusion ratio of 25:1 and
followed by cooling in air. Then, the as-extruded
samples were aged at 180 °C (T5) for several hours.

Tensile tests were carried on a SANS CMT-5105
electronic universal testing machine at room temperature.
Samples for tensile tests had a cross-sectional diameter
of 5 mm and a gauge length of 50 mm. The strain rate of
samples was 1x107/s. The vyield strength, ultimate
tensile strength and elongation to fracture were averaged
over three samples. Phase components were
characterized by a Rigaku D/max 2500PC X-ray
diffractometer (XRD) using Cu K,. The microstructures
were observed by an LEXT 4000 laser metallographic
microscope (OM). The microstructural morphology and
compound compositions of the alloys were examined
using an ESCAN VEGAII
microscope (SEM) equipped with an oxford INCA
Energy 350 energy dispersive X-ray spectrometer (EDS).
Electron back scattered diffraction (EBSD) analysis was

scanning  electron

performed by using a JEOL-7001F scanning electron

microscope equipped with TSL OIM Analysis 5 software.

Transmission electrical microscope (TEM) observations
were made using a JEOL JEM-2100 microscope
operated at 200 kV. The TEM specimens were prepared
by the precision ion polishing system (MODEL 1010).

3 Results and discussion

3.1 Microstructures of as-cast and homogenized alloy

Figure 1 shows the XRD pattern of the as-cast
ZMT614—1.5Nd alloy. The phase compositions of the
as-cast sample are a(Mg), Mn, Mg;Zn;, Mg,Sn and
MgSnNd phases. For the Mg—Zn—Nd alloys, when the
mass ratio of Zn/Nd is between 3 and 5, Mg;Zn;;Nd,
phase is formed. However, Mg;Zn;;Nd, phase is not
found in this alloy. Thermodynamic calculations provide
a promising way to predict the forming ability of metallic
compounds. A phase is more prone to form and its
stability is better when its formation enthalpy is smaller.
According to Miedema and extrapolation models [15],

the formation enthalpies of Mg;Zn;, Mg,Sn, MgSnNd
and Mg;Zn;|Nd, phases is —3.5, 9.7, —50.7 and
—17.3 kJ/mol, respectively. The formation enthalpy of
MgSnNd phase is much smaller than that of the other
phases. As a result, the MgSnNd phase is preferred to
form firstly.
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Fig. 1 XRD pattern of as-cast alloy

Figure 2 shows the microstructures of as-cast and
as-homogenized ZMT614—1.5Nd alloys. The as-cast
alloy exhibits a typical dendritic structure with a(Mg)
matrix and intermetallic compounds in interdendritic
regions (Fig. 2(a)). BSE (backscatter electron) image
shows that the
continuous gray and isolated bright phases. According to
the EDS analysis, the chemical compositions of
continuous compounds are 73.45% Mg and 26.55% Zn
(mole fraction), while those of isolated compounds are
56.85% Mg, 27.19% Sn and 15.96% Nd. Combined with
the XRD analysis, the continuous compounds are
Mg,Zn; phase and the isolated compounds are MgSnNd
and Mg,Sn mixed phases. After homogenization, most of

intermetallic compounds contain

the eutectic phases dissolve into the matrix while the

cluster compounds are remained. The remained
compounds are MgSnNd and Mg,Sn phases identified by
the EDS analysis, suggesting that they are high

temperature phases.

3.2 Microstructures of as-extruded alloy

Figure 3 shows the microstructures of as-extruded
samples. Dynamic recrystallization (DRX) occurs and
the grains get refined. The average grain size is 7.2 um.
The remained compounds are broken into various
dimension particles and distribute as streamlines parallel
to the extrusion direction. EDS analysis reveals that the
chemical compositions of Mg, Sn and Nd of the point A
are 35.20%, 34.62% and 30.18% (mole fraction),
respectively, and the n(Mg)/n(Sn)/n(Nd) ratio is
approximately 1:1:1, which is approved as the MgSnNd
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Fig. 2 Microstructures of as-cast and as-homogenized alloys: (a) Optical micrograph of as-cast sample; (b) Optical micrograph of

as-homogenized sample; (c) BSE image of as-cast sample; (d) BSE image of as-homogenized sample

phase combined with the XRD results. A small number
of rod-shaped and sphere-shaped particles disperse in the
grains and at the boundaries randomly. The rods should
be ') phase precipitated in the air cooling process [16].
The sphere-shaped phase may be ', or Mg,Sn phase.

In order to illustrate the microstructural evolution
precisely during the extrusion, EBSD analysis was used.
Figure 4 shows the inverse pole figure (IPF) and pole
figures (PFs) of the cross-section of the as-extruded
sample. Different colors indicate different
crystallographic orientations in IPF map. DRX has
completed and grains growth occurs in the extrusion,
which are consistent with the optical microstructures.
Several coarse grains whose sizes are over 15 pm lie in
the matrix. The PFs exhibit high intensity texture along
the circumference in the (0001) PF, while the highlights
are at the center of (1010) PF. It is a typical basal fiber
texture of as-extruded Mg alloys. Exactly, the basal
plane is aligned along the extrusion direction [17,18].
The maximum intensity of extrusion texture is only
3.824, suggesting that the effect of this texture on the
mechanical properties of as-extruded alloy is small.

3.3 Microstructures of as-aged alloy

Figure 5 shows the variation in hardness of
ZMT614—1.5Nd alloy as functions of aging time at
180 °C. The peak hardness is obtained at 12 h. The peak
hardness is HV 81.5, which is about HV 9 higher than
the initial hardness. As the aging time increases further,
over aging occurs and the hardness decreases. Figure 6
shows the XRD pattern of peak aged alloy. It reveals that
the dissolved Zn element precipitates again and MgZn,
phase forms. The peak aged sample consists of a(Mg),
Mn, MgZn,, Mg,Sn and MgSnNd phases.

Figure 7 shows the bright field TEM (BF-TEM) and
corresponding fast Fourier transform (FFT) patterns of
ZMT614—1.5Nd alloy under peak aged state. All images
are obtained from [l 150]a zone axis. Three types of
phases disperse in the peak aged alloy. One is the coarse
polygonal-shaped MgSnNd phase, another is the fine
Mg,Sn phase. The MgSnNd and Mg,Sn phases are high
temperature phases and are undissolved during the
homogenization. Then, they are broken into different
shapes in the following extrusion. Consequently, these
phases are not precipitated and their morphologies are
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Fig. 4 IPF (a) and PFs (b) microstructures of as-extruded alloy
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Fig. 5 Variation in hardness as function of aging time of T5-
treated alloy

not changed in the TS5 treatment. The third is the fine
rod-shaped phase, which is parallel to [0001], zone axis.
By the previous investigations and XRD analysis [6—19],
we conclude that the rods are f/ phase. The number
density of f rods is much higher than that of
as-extruded alloy. Through the FFT pattern, it can be
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Fig. 7 TEM images and corresponding FFT pattern of peak
aged alloy: (a) BF-TEM image obtained from [1 150]Mg zone
axis; (b) HR-TEM image of rod-like J phase (inset:
corresponding FFT pattern)

seen that the [ phase is coherent with the matrix and
its _orientation relationship is  [0001]4 //[1 150],1 and
(1120) 4 //(0001),,. Therefore, the rod-shaped B
precipitate can act as a more enormous impediment to

the motion of dislocations than the other phases in the
deformation [20].

3.4 Mechanical properties

The tensile properties of as-extruded and as-aged
alloys are shown in Fig. 8. Compared with the
as-extruded sample, TS5 treatment remarkably enhances
the ultimate tensile strength (UTS) and yield strength
(YS). The elongation appears to somewhat decrease. It
decreases from 11.36% to 10.12%. For the peak aged
alloy, the UTS and YS are 364 and 338 MPa, which are
respectively 34 and 94 MPa higher than that of the
as-extruded sample, and are superior to the typical high
strength wrought Mg alloys such as ZK60 and AZ31.
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Fig. 8 Tensile properties of as-extruded and peak aged alloys

As-extruded

The improvement of YS is attributed to the grain
boundary strengthening, solid solution strengthening and
precipitation strengthening [20,21]. Based on the
Orowan looping mechanism, ZHU and STARKE [22]
and LIU et al [23] have established a widely used model
to estimate the precipitation strengthening of rod-shaped
precipitates at room temperature.

MGb
VAd?

1n(%) (1)

G = 0.12 (fF 407047 £, +0.12413)-

where o, 1is the contribution of precipitation
strengthening, M is the Taylor factor, G is shear modulus
of the Mg matrix, b is the magnitude of the Burgers
vector, A is the aspect ratio of the rods, d is the mean
diameter and £, is the volume fraction of the precipitates.
It is supposed that all the rod-shaped f precipitates
have the same morphology in the as-extruded and
as-aged alloys. Then, Eq. (1) can be rewritten as

Oppt = Kt (2)

where K and n are constants. Equation (2) suggests that
the precipitation strengthening is proportional to the
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volume fraction of rod-shaped S phase. From Fig. 3(c)
and Fig. 7(a), the number density of f| precipitates
substantial increases in the peak aged state, leading to the
increment of strength obviously. In addition, the coarse
MgSnNd particles may act as crack initiation and makes
the strength decrease in the deformation. However, the
precipitation strengthening plays the dominating role in
the enhancement of strength for the as-aged alloys
compared with the as-extruded ZMT614—1.5Nd alloy.

4 Conclusions

1) The as-cast alloy consists of a(Mg), Mn, MgZn,,
Mg,Sn and MgSnNd phases.

2) DRX has been completed and grain growth
occurs during the extrusion. The average grain size is
about 7.2 pm.

3) High number density of f/ rods precipitate in
the T5 treatment process. The S rods are parallel to
the [0001], zone axis and its orientation relationship is
[0001] 5 //[1120], and (1120) //(0001), .

4) Compared with the as-extruded alloy, the UTS
and YS of T5-treated alloy are increased by 34 and
94 MPa, respectively.
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WAL NIRRT, A am R P B TS0 R T H = B B ATIRAR

KA Mg—6Zn—1Mn—4Sn—1.5Nd &4; $Ht/E; TS #Ubs; BMAL: J1#rkae

(Edited by Yun-bin HE)

1445



