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Abstract: The microstructures and mechanical properties of as-extruded and peak-aged Mg-6Zn-1Mn-2Sn-0.5Ca

(ZMT612-0.5Ca) alloy were studied by optical microscopy (OM), X-ray diffractometer (XRD), scanning electron microscopy

(SEM), transmission electron microscopy (TEM), hardness tests and uniaxial tensile tests. The results show that the as-cast
alloy consists of a-Mg, Mn, Mg;Zn3;, Ca;MgeZns and CaMgSn phases. The as-extruded ZMT612-0.5Ca alloy presents a totally

recrystallized microstructure. The average grain size of extruded alloy is ~2.8 pm. After heat treatment, the strength increases

obviously, and the yield strength and ultimate tensile strength of as-extruded alloy are increased to 320 and 390 MPa,

respectively. Strength enhancement is attributed to the grain boundary strengthening, solid solution strengthening and

precipitation strengthening.
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Magnesium (Mg) alloys have a good application
prospects in auto-mobile, aircraft, aerospace, and 3C
industries due to their low density (~1/4 of steel and ~3/5 of
aluminum), high specific strength, high specific stiffness
and good damping ability. However, the applications of Mg
alloys are still restricted for their poor strength and ductility
compared with aluminum (Al) alloys and steels!' ™. As we
all know, adding rare earth (RE) elements is considered
to be an effective approach to improve strength of Mg
alloys. Some commercially used RE in Mg alloys include
gadolinium (Gd), cerium (Ce) and yttrium (Y), etc"*®. For
example, Mg-2.5Zn-6.8Y with 600 MPa strength has been
reported in Akihisa’s research!’). However, adding a lot of
RE elements causes the increase of cost and density of the
alloys, which is unacceptable in commercial applications.
Hence, the development of new magnesium alloys based on
partial or complete substitution of RE by other elements is
extremely necessary.
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Mg-Zn-Sn alloys are typically age-hardenable wrought
Mg alloys, which have great potential to improve the
strength by various heat treatments and alloying[s]. It
has been reported that the hardness of Mg-2.2Sn-0.5Zn
alloy increases significantly after aging treatment’. In our
previous study, the effects of Sn on Mg-6Zn-1Mn(ZM61)
alloy have been researched and Mg-6Zn-1Mn-4Sn alloy is
found to own the best mechanical properties in
Mg-6Zn-1Mn-xSn (x=1, 2, 4, 6, 8, 10) " due to the second
phase Mg,Sn which has high hardness, high melting point,
and good thermal stability. However, the effect of coarse
and sparsely distributed Mg,Sn to the strength is restricted
and Sn element is not cheap, so low Sn content alloys with
high strength are expected. Besides, Ca element, with a
high growth restriction factor (GRF), is believed to be a

very attractive and cheap element to refine grain size!'.

Chang et al''?!

nano-sized Mg,Sn when it is added into Mg-5Sn-3Zn alloy.

suggested that Ca refines the micro-sized and
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Zhang!"*! also found that Mg-6Sn alloys are refined by the
addition of Zn and Ca elements. Pan'*! developed TX22
which is low-alloyed and rare-earth-free magnesium alloys
with ultra-high strength. The Ca addition promotes
accumulation of the pyramidal dislocations, and the solute
Ca segregation and nano-precipitates can block the motion
of low angle grain boundaries (LAGBs). Ca and Sn are
readily to form CaMgSn with high melting point in Mg
alloys, and the influence of this phase on aging response of
Mg-Sn-Zn-Ca alloy has been reported by Wahid et al';
they found that the CaMgSn can act as a nucleation site for
Mg,Sn and MgZn phases during the aging process due to its
high energy interface with the Mg matrix. So it is interest to
develop Mg-Zn-Sn-Ca alloys based on ZM61

However, to the author’s knowledge, few detailed research

alloy.

has been conducted on the microstructures and mechanical
properties of ZM61-Sn-Ca. Therefore, we developed a new
high strength Mg-6Zn-1Mn-2Sn-0.5Ca.

In this work, the microstructure and properties of
as-extruded and heat treated Mg-6Zn-1Mn-2Sn-0.5Ca alloy
were investigated by optical microscopy (OM), X-ray
diffractometer (XRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), hardness tests
and uniaxial tensile tests.

1 Experiment

Billets were prepared with commercial purity Mg (>99.9
wt%), purity Zn (>99.95 wt%), purity Sn (>99.9 wt%),
Mg-2.7Mn (2.7 wt%) and Mg-30Ca (30 wt%) master alloy.
All the materials were melted at about 730 °C in a ZG-0.01
vacuum induction melting furnace in an Ar gas atmosphere.
The actual chemical composition of Mg-5.62-0.91Mn-
1.828n-0.48Ca (ZMT612-0.5Ca) was tested by XRF-800
CCDE X-ray fluorescence spectrometer. The ingots were
then homogenized at 330 °C for 14 h and 420 °C for 2 h.
Before extruding the ingots, both the ingots and extrusion
die were heated to 350 °C for 60 min. The ingots were
extruded at 350 °C with an extrusion ratio of 25:1 and a ram
speed of 12 mm/s. Then the extruded bars were
solution-treated at 420 °C for 2 h in air atmosphere
followed by water quenching (T4). After solution treatment,
the following artificial aging treatments (T6) were performed.
The aging treatment was carried out at 180 °C from 0 h to
100 h. Hardness measurements were performed by a
micro-Vickers apparatus under a load of 50 g.

Optical microscopy (OM, OLYMPUS LEXT OLS4000)
and scanning electron microscopy (SEM, ESCAN VEGA I )
equipped with energy dispersive X-ray spectrometer (EDS)
Phase
determined by X-ray diffractometer

observation was carried out. analysis was
(XRD, Rigaku
D/max2500PC) using a Cu Ko radiation with a scanning
angle from 10° to 90° and a scanning rate of 4°/min. Tensile

tests were carried out at room temperature using an

electronic universal testing machine (SANS CMT-5105) at
a strain rate of ~1.43x107 s with a gauge length of 35 mm
and a cross-sectional diameter of 5 mm.

2 Results and Discussion

2.1 Microstructure of tested alloy

XRD patterns of the tested alloy in as-cast condition are
shown in Fig.1. The phase for ZMT612-0.5Ca alloy
includes a-Mg, Mg;Zn;, Mn, Ca,Mg¢Zn; and CaMgSn. The
electronegative value of Mg, Zn, Sn, Ca are 1.31, 1.96, 1.65
and 1.00,
difference between Ca and Sn is the highest among all the
elements, implying that Ca and Sn are more likely to form

respectively!”.  The electro-negativity

CaMgSn ternary phase, so most Ca elements are consumed
firstly by Sn. Then CaMgZn ternary phase is supposed to
form. So intensity of peak of Ca,Mg¢Zn; phase is low in
XRD results. For the Mg-Zn-Ca alloy, Ca,MgeZn; phase
instead of Mg,Ca is supposed to form when the Zn/Ca
atomic ratio is higher than 1.23 according to the previous
work!"". In this study, Mn still remains as simple substance
instead of compound. So the effect of Mn in this alloy is
similar to that in Mg-6Zn-1Mn alloy!”".

SEM images of the as-cast alloy are shown in Fig.2.
White Mg,;Zn; phases are parted by needle or feather-like
distributed in
grain boundaries. These needle or feather-like phases can be
related to CaMgSn according to the EDS results in Table 1

and XRD results. According to the previous study!',

phases which are grains or near

CaMgSn phase co-exists with a-Mg throughout all the solid
phase regions at high temperature. As the temperature
decreases, Ca;MgeZn; and MgZn phases appear.

Fig.3a shows the optical microstructures of tested alloy
in the extruded condition (along extrusion direction (ED)).
The as-extruded ZMT612-0.5Ca alloy presents a totally
recrystallized microstructure, which indicates that complete
dynamic recrystallization occurs during extrusion. The
average grain size of extruded alloy is ~2.8 um. Many
second phases in micrometer are distributed along extrusion
streamline. It is reported that the second phase particles
with diameters over 1 um may act as nucleation sites!'®!. In

=-a-Mg -Mn ¢-Mg Zn,
¢-CaMgZn, +-CaMgSn
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Fig.1 XRD pattern of as-cast alloy
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Fig.2 SEM images of microstructure of as-cast alloy

Table 1 EDS results of the region of as-cast Mg-Zn-Mn-
Sn-Ca alloy marked in Fig.2b (at%)
Region Mg Zn Ca Sn Mn
A 299 0.3 6.5 5.9 -
B 71.9 27.6 0.5 - -
C 99.27 - - - 0.73

this study, the undissolved CaMgSn can act as nucleation
sites during dynamic recrystallization, resulting in the
heterogeneous deformation zone and promoting nucleation
of recrystallization. This is known as particle stimulated
nucleation (PSN)!"". Therefore, there are many finer grains
near second phases than other regions in Fig.3a. SEM
image is shown in Fig.3b. Fine spherical and rod-shape
second phases with an diameter much smaller than 1 pm are
densely distributed in grains and grain boundaries, which
are identified as CaMgSn phase. Most CaMgSn phases
cannot dissolve into a-Mg and brake into particles along
ED direction during extrusion. Particles with diameters less
than 1 pm distributed in grains and grain boundaries will
act as barriers blocking dislocation and grain boundary
movement. As a result, fined and homogenized structure is
obtained after extrusion.

Fig.4 shows the microstructure of solution treated alloy
at 420 °C for 2 h. XRD pattern of solution treated alloy is
presented in Fig.5. Grain size increases obviously after
solution, and most second phases are dissolved into Mg

matrix. Only some dot-like phases still exist which can

Fig.3 OM (a) and SEM (b) images of as-extruded alloy

prohibit grain growth during solution treatment. This result can
also be obtained from XRD results that the peaks of Mg-Zn and
Ca,MgeZn; phase disappear totally. However, the diffraction
peaks of CaMgSn phase are observed to be weakened but still
exist, suggesting that a small number of CaMgSn cannot be
dissolved into matrix at 420 °C because CaMgSn is a more
thermally stable phase than Mg-Zn and Ca,MgeZn;.

Fig.6 shows the TEM bright field (BF) images taken parallel
to [1120 Jue of ZMT612-0.5Ca alloy in peak aged condition at
180 °C for 10 h. The selected area electron diffraction (SAED)
pattern of white circle region is also shown in this figure.
Numbers of rod precipitates (f") parallel to [0001], direction
and plate precipitates (f") perpendicular to [0001], are
observed after aging treatment. These orientation relationships
agree well with previous research™*!), CaMgSn particles are
also found in Fig.6. Undissolved CaMgSn particles after solid
solution can also provide the heterogeneities for nucleation of
[ precipitation.

As we all know, basal slip is the major slippage mode for
Mg alloys. f' is very helpful to block the dislocation
movement on the base plane. So these phases are very
important for aging hardening. While plate " phase
parallels to basal plane, so the ability of £" to block the
dislocation movement is much weaker than that of f'.
Besides, rod f' is finer than that in alloy ZMT614!"%
implying that £' is refined by the addition of Ca.

Fig.4 OM image of solution treated alloy at 420 °C for 2 h
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Fig.5 XRD pattern of solution treated alloy
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Fig.6 TEM-BF image taken parallel to [1120 Jug of ZMT612-
0.5Ca alloys peak aged at 180 °C for 10 h

2.2 Mechanical properties

Fig.7 shows the age-hardening curve of the
solution-treated ZMT612-0.5Ca alloys during aging
treatment at 180 °C. The hardness of this alloy after solution
is ~730 MPa. The hardness reaches peak value (960 MPa)
after ~10 h, and then declines gradually after 10 h. This
means that the alloy undergoes over-aging stage.

Fig.8 and Table 2 show the mechanical properties of the
test alloy in the as-extruded and peak aged conditions. For
the as-extruded alloys, the YS (yield strength), UTS (ultimate
tensile strength), and EL (elongation-to-failure) are 299 MPa,
366 MPa and 9.2%, respectively. Compared with ZMT614
and ZMT614-Y? strength of tested alloy increases
drastically, as shown in Table 2. For the peak aged alloys, the
YS increases to 320 MPa and UTS increases to 390 MPa,
while the EL decreases a little bit to 8.8%. It indicates that
ZMT612-0.5Ca alloy responses well to aging treatment.
Compared with ZMT614 and ZMT614-Y, the YS of tested
alloy decreases while EL increases, implying that the strain
hardening rate of the material in aging state is increased. This
phenomenon may be related to the finer f'. The finer the
phase, the easier the slip for Mg alloys.

The improvement of YS of ZMT612-0.5Ca after aging
treatment is attributed to the grain boundary strengthening,
solid solution strengthening and precipitation strengthening™.
4 and Starke
have established a widely used model to evaluate the

According to the Orowan equations, Zhu 231

precipitation strengthening of rod-shaped precipitates by
computer aided simulation:

Ao, =0. 12MG—(f°5 +0.70(r/h)0.5f, +

N

0.12(r/0.12(r/ k) £"*) - In(0.1587 / 1, )

where Ag, is the increment of yield strength due to
precipitation strengthening, M denotes the Taylor factor, G is
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Fig.7 Aging-hardening curve of ZMT612-0.5Ca alloy at 180 °C
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Fig.8 Mechanical properties of alloy in as-extruded and heat

treated conditions

Table 2 Mechanical properties of tested alloy in as-extruded

and heat treated conditions

YS/MPa UTS/MPa EL/%

299 366 g plthis study]
254 338 15.7%4
As-extruded ”
259 350 18.3%%

320 390 g, glthis study]
Heat treated 353 367 5.27%%
367 372 6.93%%

the shear modulus, 7 is thickness of particles, b is the
magnitude of the Burgers vector; r, /& and f, are the radius of
habit plane, the half-thickness of peripheral plane and
volume fraction of plate-shaped precipitates, respectively; r,
is the inner cut-off radius for the calculation of the
If the shape of all the
precipitates before and after aging is constant, the Ag, is

dislocation line tension.
dependent on f,. The density of f' precipitates increases
substantially in the peak aged condition, leading to the
obvious increase of strength. However, the coarse CaMgSn
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