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Abstract: Effects of the sole and the combined addition of Ca and Sr on microstructure and mechanical properties of as-cast and
as-rolled Mg—5Zn alloys were carefully investigated by OM, SEM, hot-compression testing and tensile testing. Ca is more effective
than Sr in the microstructural refinement of as-cast alloys. High-strain-rate rolling (HSRR) produces more deformed twins and thus
provides more nucleation sites for dynamic recrystallization (DRX). The addition of Ca and Sr can promote dynamic precipitation
during HSRR, the precipitation process would consume the storage energy and thus increases the critical strain value of DRX,
resulting in the retarded DRX effect by the addition of Ca and/or Sr. The as-rolled Mg—5Zn—0.4Ca—0.2Sr alloy exhibits a good
combination of strength and ductility, with the ultimate tensile strength of 317 MPa, the yield strength of 235 MPa and the elongation

to rupture of 24%.
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1 Introduction

Magnesium alloys are the lightest metallic structural
materials which have extensive applications in the field
of aerospace, transportation vehicles and consumer
electronics (3C), owing to their advantages such as low
density, high specific strength and stiffness, good
damping  performance, and almost  absolute
recyclability [1-3]. Due to the hexagonal close-packed
(HCP) structure, conventional Mg alloys exhibit hard
formability, low strength and poor ductility, and these
shortcomings strongly limit their widespread applications
in the important structure field [4]. Consequently, it is of
great significance to take some effective measures to
improve their mechanical properties. It is well-known to
all that two main ways can be used to improve their
mechanical properties. One is to achieve grain
refinement by severe plastic deformation (SPD) and the
other is micro-alloying. Extensive investigations have
been carried to explore the action mechanisms of

micro-alloying. The micro-alloying elements mainly
include rare earth (RE), Ca, Sr and so on. Especially, the
alkaline earth elements such as Ca and Sr are widely
available at the low price, which is advantageous for the
commercial applications. Moreover, Ca and Sr can also
reduce the grain size, weaken the basal texture, improve
creep resistance as well as have similar effects to RE
elements [5—8]. Therefore, it is a hot topic to improve the
mechanical properties of Mg alloys by the addition of
low-cost Ca and Sr elements.

Among the conventional Mg alloys, the Mg—Zn
alloy system shows a significant application potential for
the development of high performance Mg alloys due to
the high solubility of Zn in Mg and these two elements
can form many different kinds of stable intermetallic
compounds (MgZn,, Mg4Zn; and MgZn) [9]. For
example, the as-extruded ZK60 alloy shows the yield
tensile strength (YTS) of 262 MPa and the ultimate
tensile strength (UTS) of 338 MPa [10]. At present,
considerable researches have been conducted on the
Mg—Zn—Ca alloys since the Ca addition can promote the
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formation of fine Mg—Zn precipitates during deformation,
which is beneficial to the improvement in mechanical
properties. It is reported that the as-cast Mg—27Zn—1.2Ca
alloy experienced solution treatment and unidirectional
rolling exhibits excellent tensile properties with UTS,
YTS and elongation (El) of 227 MPa, 111 MPa and 6.8%,
respectively [11]. DU et al [6] have reported that the
Mg—6Zn—0.8Ca alloy extruded at 300 °C with the
extrusion ratio of 12:1 and the extrusion speed of
10 mm/s shows YTS of 230 MPa, UTS of 304 MPa and
El of 15.3%. Similarly, LEE et al [12] have found that
the Mg—3Zn—0.5Ca alloy rolled at 350 °C exhibits UTS
of 293 MPa, YTS of 260 MPa and El of 8.6%. In our
previous study, the 0.6 wt.% Ca addition contributes to
the improvement in mechanical properties of the
as-rolled Mg—4Zn alloys, but the higher Ca addition
brings about the plasticity loss [13]. As compared with
the Ca element, Sr is also an effective alloying element
for the improvement in mechanical properties of Mg
alloys. Many studies are conducted on the Mg—Al alloy
system. However, there are few studies on the effects of
Sr on the microstructure and mechanical properties of
the binary Mg—Zn alloy system. MASOUMI and
PEKGULERYUZ [8] have reported that the grain
refining effect of Sr is more pronounced at the lower
level than that at the higher level in the as-cast and
as-rolled Mg—1Zn alloys. YUASA et al [14] have
reported that the as-rolled Mg—1.5Zn—0.2Sr alloy has
UTS of 209 MPa, YTS of 122 MPa and El of 21%.
Together with Mg or Al in the Mg—Al—Zn system, Sr can
reduce the amount of the ff phase and refine its size since
the stable phases such as Mg;;Sr, and Al4Sr are formed
at high temperatures (the melting points are 740 °C and
624 °C, respectively). These stable particles are the
preferred nucleation sites for dynamic recrystallization
(DRX) during the deformation process. As discussed
above, Sr is an important alloying element in improving
the mechanical properties of Mg alloys.

Up to now, most studies have been focused on the
effects of single element alloying on the microstructure
and mechanical properties of Mg alloys. However, there
are very limited researches on the effects of double
element alloying. Therefore, four alloy compositions
such as Mg—5Zn, Mg—5Zn—0.6Ca, Mg—5Zn—0.6Sr, Mg—
57Zn—0.4Ca—0.2Sr are designed to compare the effects of
single and double micro-alloying of Ca and Sr on the
microstructure and mechanical properties of the Mg—Zn
alloy prepared by high-strain-rate rolling (HSRR).

2 Experimental
The nominal compositions of the experimental

alloys are shown in Table 1. The Mg—5Zn, Mg—5Zn—
0.6Ca, Mg—5Zn—0.6Sr and Mg—5Zn—0.4Ca—0.2Sr alloys

were encoded as Z5, ZX506, ZY506 and ZXY50402,
respectively. The experimental alloy billets were
prepared by permanent mold casting and then were
treated by the different homogenization processes to
eliminate the composition segregation in the as-cast state.
The homogenization treatment of Z5 was conducted at
(300 °C, 2 h) + (330 °C, 30 h), and that of the other
alloys is (300 °C, 2 h) + (330 °C, 30 h) + (420 °C, 2 h).
The as-homogenized alloy plates with a thickness of
10 mm were preheated at 300 °C for 10 min before
rolling and were rolled with a thickness reduction of 80%
in a single pass. The average strainrate & is9.1s .

Table 1 Nominal compositions of as-studied alloys

Alloy code Zn Ca Sr Mg
Z5 5 - - Bal.
ZX506 5 0.6 - Bal.
ZY506 5 - 0.6 Bal.
7XY50402 5 0.4 0.2 Bal.

The as-cast and as-rolled samples for microstructure
observation were etched in a solution of 0.3 g picric acid,
1 mL acetic acid, 1.5 mL water and 10 mL alcohol after
mechanical polishing and the corrosion time was about
10 s. The microstructure was examined by a LeitzZMM—6
optical microscope (OM). The average grain size was
measured by the Nano-Measure software and the average
DRX volume fraction was evaluated by the Image-Pro
Plus 6.0 software. The phase constitutions of these four
alloys were analyzed by a D5000 X-ray diffraction
instrument with Cu K, at a scanning rate of 8 (°)/min.
The micro-compositional analysis of some certain phases
was conducted on a EVO MAI10 scanning electron
microscopy (SEM) equipped with the Oxford X-Max"
energy dispersive spectroscopy (EDS). The tensile
specimens of the as-rolled plates were cut into flat along
the rolling direction with the gauge section of 15 mm X
4 mm X 2 mm and were tested on the Instron 3369
tensile testing machine at room temperature. The tensile
fracture was observed by FEI Quanta 2000 scanning
electron microscope (SEM). Compression tests were also
conducted on a Gleeble—3500 compression machine
under the conditions similar to HSRR with the
cylindrical specimen (d8 mm x 10 mm) heated at 300 °C
for 3 min before testing and then the hot-compressed
specimen was quenched into water immediately.

3 Results and discussion
3.1 Microstructures of as-cast alloys

The microstructures of as-cast alloys are shown in
Fig. 1. The average grain size and the morphologies of
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Fig. 1 OM images of as-cast alloys: (a) Z5; (b) ZX506; (c) ZY506; (d) ZXY50402

the second phase particles in the as-cast alloys are
different. The average grain sizes of Z5, ZX506, ZY506
and ZXY50402 alloys are 66, 45, 58 and 48 pm,
respectively. There are two reasons for grain refinement
effect of Ca and Sr on the Mg—Zn binary alloys. On one
hand, being the surface active elements, Ca and Sr can be
enriched in front of the solid—liquid interface, which can
generate the constitutional under-cooling and thus refine
the grain size [1,15]. On the other hand, Ca and Sr
elements have the relatively high growth restriction
factors (GRFs) owing to the high segregation energy in
Mg alloys. The higher the GRF is, the more obvious the
grain refinement in Mg alloys is. Once the initial
concentration effect is ignored, the GRF values of Ca
and Sr are 11.94 and 3.51, respectively. Therefore, the
refining effect of Ca is more obvious than Sr, which is in
good consistency with the Refs. [16,17].

The morphologies and the distribution states of the
second phase particles are quite different in these alloys.
As seen from Fig. 1(a), the Z5 alloy contains some
divorced spherical second phase particles dispersed
mainly within grains and a small portion of the semi-
continuous second phase along the grain boundaries. As
seen from Fig. 1, most of the semi-continuous
compounds tend to distribute along the grain boundaries
and only a few spherical second phase particles are
distributed within the grains of ZX506, ZY506 and
ZXY50402.

The XRD patterns of as-cast alloys with Ca and/or
Sr are shown in Fig. 2. The as-cast alloys are mainly
composed of a-Mg, Mg,;Zn; and MgZn,.

*—oa-Mg
¢ —Mg;Zn,
*—MgZn,
Mg-5Zn-0.6Sr

10
Fig. 2 XRD patterns of as-cast alloys

The Mg;Zn; phase is distributed both in the grain
interiors and at the grain boundaries, which is confirmed
by the SEM observation (Fig. 3) and the EDS analysis
(Table 2). The micro-alloying elements of Ca and Sr are
mainly enriched in the Mg;Zn; phase and almost no
ternary phase is formed. However, some researchers
have reported that the Ca,Mg¢Zn; and Mg 1Zn,Sr;
ternary phases, accompanied with the addition of Ca and
Sr, are distributed along the grain boundaries [18,19].

3.2 Microstructures of as-homogenized alloys

The OM images of as-homogenized alloys are
shown in Fig. 4. As compared with as-cast alloys, the
grain boundary straightness, a slight grain growth and
the dissolution of the second phases in the matrix occur
in the as-homogenized alloys. However, as seen from
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Fig. 4 OM images of as-homogenized alloys: (a) Z5; (b) ZX506; (c) ZY506; (d) ZXY50402

Table 2 EDS analysis results of intermetallic in as-cast alloys

. Composition/at.%

Alloy Position Phase

Mg Zn Ca Sr
75 A 70.20 29.80 0 0 Mg;Zn;

B 69.91 30.09 0 0 Mg;Zn;

7506 C 67.49 31.02 1.49 0 Mg;Zn; enriched with Ca
D 74.41 24.20 1.40 0 Mg;Zn; enriched with Ca

7506 E 79.17 16.02 0 1.06 Mg;Zn; enriched with Sr
F 75.21 24.55 0 0.24 Mg,Zn; enriched with Sr
G 71.45 28.32 0 0.23 Mg;Zn; enriched with Sr

ZXY50402 . .

H 71.78 27.86 0.36 0 Mg;Zn; enriched with Ca
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Fig. 4, a small number of the spherical second phase
particles are undissolved in the as-homogenized
alloys. Due to the high melting point of MgZn, (about
590 °C) [20], it is difficult to be dissolved in the matrix
during the present homogenization process.

3.3 Microstructures of as-rolled alloys
The OM images of as-rolled alloys are shown in
Figs. 5 and 6. The average DRX grain sizes and the DRX

1635

volume fractions are shown in Table 3. As shown in
Fig. 5, DRX occurs in the as-rolled alloys and the DRX
extents are quite different. DRX contains two basic
processes, i.e. nucleation and growth. In recent years,
many excellent researches have been conducted on the
basic mechanism for recrystallization nucleation, which
is one of the most important factors affecting the
micro-structural evolution. Grain boundary nucleation
(GBN) [21], sub-grain boundary migration (SBM) [22],

SRR ¥ ; R4 ’ R S T !
Fig. 5 OM images of as-rolled alloys (RD—TD): (a) Z5; (b) ZX506; (c) ZY506; (d) ZXY5040

(b)

AN

Fig. 6 OM images of as-rolled alloys (RD—TD, high magnification): (a) Z5; (b) ZX506; (c) ZY506; (d) ZXY50402
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Table 3 DRX grain sizes and volume fractions of as-rolled

alloys
Alloy code Grain size/um Volume fraction/%
Z5 33 95
ZX506 2.0 84
ZY506 2.7 91
ZXY50402 2.5 89

shear bands nucleation (SBN) [23], deformation
twinning nucleation [24] and particle stimulated
nucleation (PSN) [25] are the main recrystallization
nucleation mechanisms in Mg alloys. Our previous
works have indicated that dislocation movement and
rearrangement are not easily achieved during HSRR due
to the hexagonal close-packed crystal structure, resulting
in stress concentration and promoting the formation of a
large number of deformation twins. The deformation
twinning boundaries are the preferential sites for the
nucleation of DRX, which is referred to deformation
twinning nucleation [26,27].

As seen from Fig. 6, some small fine DRX grains
are formed in the deformation twins. As compared with
75, more deformation twins are observed in ZX506,
ZY506 and ZXY50402. The reason for this can be
ascribed to that the addition of Ca and Sr promotes
dynamic precipitation during HSRR, the latter of which
restricts the grain growth of DRX, and thus a massive
deformation twins are retained. In addition, Ca and Sr
can reduce the stacking fault energy for Mg alloys [14].
Meanwhile, the reduced stacking fault energy leads to
the higher twinning density, which is beneficial to the
twin nucleation, thus increasing the number of
twins [28].

As shown in Table 3, ZX506, ZY506 and
ZXY50402 have more fine DRX grain sizes and lower
DRX volume fractions than Z5. Besides, the DRX grain
size and the DRX volume fraction of ZX506 are the
smallest among these alloys, indicating that the minor
addition of Ca, Sr and Ca/Sr can hinder the DRX process
in the Z5 alloy and the grain refinement effect of Ca is
more pronounced than Sr. This is associated with the
inhibited effect of dynamic precipitates on the DRX
grain growth.

The Ca and/or Sr addition promotes dynamic
precipitation not only due to the easy formation of the
Ca—Zn and Sr—Zn atomic clusters in the Mg—Zn alloys
since a negative mixing enthalpy is involved, which can
act as the preferential nucleation sites for dynamic
precipitation [29], but also owing to the formation of a
large amount of dislocation entanglement and
proliferation during HSRR [20]. It should be noted that
the storage energy and stress concentration are involved
in the deformation regions during HSRR, which provide

more nucleation sites and a higher driving force for
precipitation, thus promoting the dynamic precipitation.
The fine dynamic precipitates hinder dislocation
movement and inhibit DRX, resulting in the DRX
regions with fine grains and the un-DRX regions.
Moreover, Ca and Sr atoms have a solute drag effect in
the matrix, the latter of which slows down the dislocation
motion and inhibits DRX [30]. From the kinetics point of
view, DRX occurs more easily in the alloys with low
stacking fault energy than those with high stacking fault
energy [31].

Up to now, many researchers have calculated and
simulated the effects of Ca and Sr on the stacking fault
energy of Mg alloys by the first principle theory. The
results show that the Ca and Sr elements can reduce the
stacking fault energy of magnesium alloys, and the effect
of Sr elements on reducing stacking fault energy is more
obvious [32—34]. In addition, YUASA et al [14] have
also reported that the Ca, Sr and Ba elements can reduce
the stacking fault energy of the binary Mg—Zn alloy, and
the effect of Sr is more obvious than that of Ca when
studying the cold tensile formability of Mg—Zn alloys by
the group II elements. Therefore, ZY506 exhibits a
higher DRX degree than ZX506.

3.4 Effects of Ca and/or Sr on DRX critical point

Hot compression experiments were conducted under
the similar rolling deformation conditions to further
study the effects of micro-alloying elements such as Ca
and Sr on the DRX critical point of Mg—5Zn alloy. The
typical true stress—true strain curves are shown in Fig. 7.
The Ca and/or Sr addition has an effect on the flow
behavior of Mg—5Zn alloy.

As seen from Fig. 7, the flow stress initially
increases with the increasing strain for all the alloys,
featured with the classical work hardening up to a critical
point (corresponding to o), indicating that the as-studied
alloys are going to undergo DRX. Then, the flow stress
decreases at a rate that decays with the increasing strain
up to the steady state, featured with the classical work

160

140

120 Mg-5Zn-0.6Ca i

g-57n
100
80

Mg-5Zn-0.6Sr
60

40

True stress/MPa

Mg-5Zn-0.4Ca-0.2Sr

20

1 1 1 1 1 | 1 1
0" 02 04 06 08 1.0 12 14 16 18
True strain
Fig. 7 Typical true stress—true strain curves of as-studied alloys
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softening, which is attributed to DRX. As discussed
above, DRX brings about work softening and reduces
work hardening. ¢, and &, (the strain at o, critical strain
for DRX) are the two important parameters for DRX,
which can be derived from the typical true stress—true
strain curve. The former corresponds to the stress of the
alloy at the onset of DRX, while the latter is a measure of
the strain needed to initiate DRX. The specific values of
o. and g, for DRX are shown in Table 4.

Table 4 Critical true strain (&) and true stress (o.) of DRX for
as-studied alloys

Alloy code & o/MPa
Z5 0.17 135
ZX506 0.20 142
ZY506 0.19 144
ZXY50402 0.20 134

According to POLIAK et al [35], the critical
condition for the onset of DRX is determined according
to the following relations d/00(—08/00)=0, &=(do/dé),r.
Nominally, the onset of DRX is located at the inflection
point of the 6-oplot, i.e. the concave point on the curve,
indicated by Fig. 8. In order to express the specific
conditions of the onset of DRX more clearly and
accurately, the —(08/do)—o curves are shown in Fig. 9,
where the minimum —(d8/do) value corresponds to the
onset of DRX.

2400 F ﬁSZn—OACa—O.ZSr
Mg-5Zn-0.

2000 - /g 57Zn—-0.6Sr
& 1600 -
=
< 1200 F

800 - Mg-5Zn—0.6Ca

400 |

1 1 1 1 1 1
0 25 50 75 100 125 150

o/MPa

Fig. 8 Flow stress dependence of strain—hardening rate curves
of as-studied alloys

As shown in Table 4, both Ca and Sr retard the
DRX process of the Mg—5Zn alloy. This can be
attributed to the enhanced effect of Ca and Sr on
dynamic precipitation in the Mg—5Zn alloy. In our recent
study, dynamic precipitation would be prior to DRX
during hot deformation and those fine dynamic
precipitates are about 100 nm in size [36], which cannot
be used as the preferential nucleation sites for DRX since

the critical particle size for PSN is bigger than 1 pm [37].
SU et al [38] have found that a large number of dynamic
precipitates would push the peak strain to a higher value
in the Mg—Al—Ca alloys, indicating that dynamic
precipitation retards DRX. From the energy point of view,
nucleation and growth of dynamic precipitates consume
a portion of the storage energy during the deformation
process and thus result in the higher critical strain of
DRX, indicating that the DRX process is retarded.

500 L Mg-5Zn—0.6Sr
Mg-5Zn—-0.6Ca
400 -
Mg-5Zn-0.4Ca-0.2Sr
300 \
S Mg-5Zn
S 200+ /
I
100 F
0 -
//// 1 1 1
0 13 140 150

o /MPa

Fig. 9 Flow stress dependence of —(d8/do) curves of as-studied
alloys

3.5 Mechanical properties

The typical tensile curves of the as-rolled
Mg—5Zn-based alloys are shown in Fig. 10. UTS, YTS
and El of the as-rolled alloys at room temperature are
listed in Table 5.

Mg—-5Zn—0.6Sr

350 | /
<
[=9
= 300 Mg-5Zn -~
g 250 Mg-5Zn—-0.6Ca
=
‘= 200
2 Mg-5Zn—0.4Ca—0.2Sr
& 150
o

50

1 1 1 1 1 1

1
0 5 10 15 20 25 30 35
Engineering strain/%

Fig. 10 Typical tensile curves of as-studied alloys

Table 5 Mechanical properties of as-studied alloys

Alloy code UTS/MPa  YTS/MPa El/%
z5 298 206 26
ZX506 312 240 22
ZY506 307 209 31
ZXY50402 317 235 24
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Interestingly, the effects of Ca and Sr on the
mechanical properties of the Mg—5Zn alloy are quite
different. The 0.6 wt.% Ca addition in the as-rolled
Mg—5Zn alloy contributes to the enhanced strength but
results in the plasticity loss. However, the 0.6 wt.% Sr
addition is beneficial to the improvement of both
strength and plasticity, but the strengthening effect is not
so obvious as Ca. The ZXY50402 alloy has the best
combination of mechanical properties among these
alloys, with UTS of 317 MPa, YTS of 235 MPa and El of
24%.

Grain refinement strengthening is the most
important strengthening means in Mg alloys. According
to the Hall-Petch formula o=c,+kd ' [39], the yield
strength is closely related to the grain size of the alloys.
Generally speaking, the reduced grain size leads to the
higher yield strength. According to the relevant
literature [40], the values of oy and k& for Mg—5.1Zn
were reported to be 70 MPa and 217 MPa/um'?
respectively. Therefore, the changes of yield strength by
the different dynamic recrystallization grain sizes
approximately are 190, 223, 202 and 207 MPa,
respectively. The addition of Ca and/or Sr in the
Mg—5Zn alloy refines the DRX grain size, contributing
to the strength improvement. Additionally, the larger area
of the deformed region is associated with the higher yield
strength [10], which is attributed to the dislocation
entanglement from work hardening during HSRR.

As mentioned above, the ZX506 alloy exhibits the
highest YTS among these alloys. As compared with

M | ETD|20.00 kV!1 000 x|14.0 £

Fig. 11 SEM tensile fracture images of as-rolled alloys: (a) Z5; (b) ZX506; (c) ZY506; (d) ZXY 50402

ZX506, the ZY506 alloy exhibits the lower UTS and the
higher El. Sr can weaken the texture and reduce the
critical shear stress of the base slip and the prismatic slip
in Mg alloys, and thus enhances the ductility [8,27].
Although Ca can also weaken the texture in Mg
alloys [10], the as-rolled ZX506 alloy exhibits a
relatively low ductility due to the large area of the
un-DRX regions. The micro-structural inhomogeneity is
detrimental to the ductility since the un-DRX regions
contain high-density dislocations and are hard to
coordinate the dislocation movement. The as-rolled
7ZXY50402 alloy exhibits good comprehensive
mechanical properties with UTS of 317 MPa, YTS of
235 MPa and El of 24%, which provides a new idea for
the development of new wrought Mg alloys. As
discussed above, the DRX grain size, the DRX volume
fraction and the dynamic precipitates have effects on the
mechanical properties of the as-studied alloys.

3.6 Tensile fracture

The SEM tensile fracture images of the as-rolled
alloys are shown in Fig. 11. The size and the number of
dimples and tearing edges are different for the as-rolled
alloys.

As seen from Figs. 11(a) and (c), more uniform
dimples can be detected on the fracture surfaces of Z5
and ZY506, indicating that the ductile fracture is the
main fracture mode of these two alloys. However, the
dimples are much larger and deeper in ZY506, which is
in good consistency with its high ductility. As seen from

B R
P =

vage facets :'?"ﬁ 5

M | E 0 x114.4 :
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Figs. 11(b) and (d), the tiny dimples and some
cleavage-type facets are observed on the fracture
surfaces of ZX506 and ZXY50402. Therefore, the
quasi-cleavage fracture is the dominant fracture
mechanism for these two alloys. More dimples are
detected in ZXY50402 than ZX506, which is in good
consistency with the relatively high ductility of
ZXY50402.

4 Conclusions

(1) The sole and the combined addition of Ca and Sr
can refine DRX grains and inhibit DRX. The average
grain sizes are 2.0, 2.7 and 2.5 um respectively under the
same deformation processing, which are derived from
the deformation twin nucleation and the pinning effect of
precipitates. Ca has a more obvious refining effect than
Sr.

(2) The sole and the combined addition of Ca and Sr
can increase the critical strain for DRX and reduce the
DRX volume fraction during deformation, which can be
ascribed to the enhanced dynamic precipitation. A
portion of the storage energy is consumed by dynamic
precipitation and thus the critical strain for DRX is
elevated.

(3) The Sr addition improves the ductility of the
as-rolled Mg—5Zn alloy, while the Ca addition enhances
its strength. The ZXY50402 alloy exhibits the best
combination of strength and ductility with UTS of
317 MPa, YTS of 235 MPa and El of 24%.
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