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Abstract: In order to broaden the application of wrought Mg alloy sheets in the automotive industry, the influence of
Ca and Sm alloying on the texture evolution, mechanical properties, and formability of a hot-rolled Mg—2Zn—0.2Mn
alloy was investigated by OM, XRD, SEM, EBSD, tensile tests, and Erichsen test. The results showed that the average
grain size and basal texture intensity of Mg—2Zn—0.2Mn alloys were remarkably decreased after Ca and Sm additions.
0.64 wt.% Ca or 0.48 wt.% Sm addition significantly increased the tensile strength, ductility and formability. Moreover,
the synergetic addition of Sm and Ca improved the ductility and formability of Mg—2Zn—0.2Mn alloy, which was due
to the change of Ca distribution and further reduction of the size of Ca-containing particles by Sm addition. The results
provided a possibility of replacing RE elements with Ca and Sm in Mg alloys which bring about outstanding

mechanical properties and formability.
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1 Introduction

In recent years, wrought magnesium alloys
have received attention in the
automotive, electronics and aerospace industries,
because of their excellent properties, including
low density and high specific strength [1].
However, inherent hexagonal close-packed (HCP)
structure [2,3] of magnesium alloys results in
properties and  poor
formability at ambient temperature, which greatly
restricts the practical applications of magnesium
alloys. Therefore, how to improve the mechanical
properties and formability of magnesium alloys is
of great importance and has been a hot research
topic so far. Grain refinement, second phase
regulation and texture modification through
alloying are beneficial to the formability of Mg
alloys [4—6].

considerable

mediocre  mechanical

To date, many studies have been devoted to
improving the stretch formability of Mg alloys by
increasing the activity of non-basal slips and
weakening texture [7—10]. In the recent studies,
rare-earth (RE) elements have played an important
role in grain refinement and texture weakening of
Mg alloys and significantly improved the stretch
formability of Mg alloys. The addition of 0.3 wt.%
Sc to Mg—1.5Zn alloys significantly enhanced
the stretch formability due to the weak basal
textures [11]. Trace addition of Er in Mg—0.5Zn
alloys can remarkably weaken the basal texture
and 0.5 wt.% Er addition improved the stretch
formability of Mg—0.5Zn alloy from 3.4 to
7.0 mm [12]. Experimental results also indicated
that the addition of Y [13], Gd [14] and Ce [9] to
Mg—Zn-based alloys could effectively weaken the
strong basal texture and improve the stretch
formability. Although many studies have shown
that precious RE elements such as Gd, Y and Sc, can
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significantly improve the strength and stretch
formability of Mg—Zn alloys, the high price of RE
elements would dramatically increase the costs of
Mg alloys. Accordingly, more effort should be
taken to find alternatives of RE elements to
optimize the mechanical properties and formability
of Mg alloys, thereby enhancing the future viability
of Mg alloys.

Recently, due to the characteristic of Sm, such
as small atomic radius difference between Mg, high
solid solubility in magnesium alloy, and good solid
solution strengthening effect, many works have
been devoted to studying its effect on performance
of Mg alloys [15,16]. More
importantly, inexpensive RE material with a low
utilization coefficient has attracted more and more
attention. MgsSms and (Mg, Zn);Sm phases
precipitated in Mg—Zn alloy after adding 1 wt.%
Sm, which resulted in the grain refinement [17].
Besides, Sm has a significant effect on texture
weakening. The texture intensity of Mg—Zn—Zr
decreased significantly from 28.62 to 6.66 by
adding 4 wt% Sm [18]. Ca is another most
commonly used alloying element in Mg alloys. It is
reported that Ca addition in Mg—Zn alloys could
not only refine the microstructure [19] and weaken
the textures [20], but also improve the formability
and mechanical properties [8]. The combined
addition of RE and Ca elements is also reported to
significantly modify the formability and enhance
the strength [21-23]. have
attempted to investigate the effect of micro-
addition of Sm or Ca on the mechanical properties
of Mg alloys [24,25]. The results showed that the
Sm or Ca can significantly enhance the mechanical
properties and weaken the basal texture of Mg
alloys. It should also be noted that the prices of Sm
and Ca are nearly a tenth of Gd and Y, so the
addition of Sm and Ca alloying elements can
replace expensive RE and could greatly reduce the
cost of Mg alloy. However, investigations of the
synergistic effect of Ca and Sm on microstructure
modification, mechanical properties and formability
in hot-rolled Mg alloys are rarely found so far.

The present study aims to comprehensively
understand the influence of micro-alloying of Ca
and Sm on mechanical properties of a hot-rolled
Mg—27Zn—0.2Mn alloy and exploit a possibility of
replacing the RE elements to low-priced elements

improvement

Previous works

in Mg alloys. On this basis, the contents of Ca and
Sm were systematically changed and added to a
Mg—27Zn—0.2Mn alloy, and the microstructure
evolution, mechanical properties and formability
were investigated in this study.

2 Experimental

Mg—27Zn—0.2Mn—X alloys (X: Ca and/or Sm)
with different Ca and Sm contents were prepared by
melting pure Mg, Zn (>99.96 wt.%), Mg—5Mn,
Mg—30Sm, and Mg—20Ca master alloys (wt.%)
under protection atmosphere of Ar at 730 °C inside
an electric resistance furnace. The chemical
compositions of the alloys were examined by an
X-ray fluorescence analyzer (XRF—1800), as listed
in Table 1. The 8 mm-thick plates for rolling were
machined from the cast materials and subsequently
homogenized at 400 °C for 12 h followed by water
quenching. The unidirectional rolling process was
carried out at 350 °C. The hot-rolled sheets were
held at 350°C for 10 min between every two
rolling passes. The final thickness of the sheets was
1 mm with a total cumulative reduction of 87%
over 11 passes. After rolling, a heat treatment at
350 °C for 1.5 h was conducted on all specimens to
obtain a recrystallized structure. The schematic
diagram of thermomechanical processes for
fabricating 1 mm-thick Mg alloy sheets is shown in
Figs. 1(a, b).

Specimens for microstructure observation
were prepared by mechanical polishing and
subsequent etching using a mixed solution of 5 mL
acetic acid, 5 mL distilled water, 2.1 g picric acid,

Table 1 Chemical compositions of experimental alloys

Alloy Nominal Actual composition/wt.%
number composition/wt.% 7y Mn Ca Sm Mg
I Mg—-27Zn-02Mn 2.12 020 - — Bal
Mg—27Zn— _
II 0.2Mn—05Ca 2.30 0.18 0.64 Bal.
Mg—2Zn— _
11 0.2Mn—1.0Ca 2.24 0.21 1.01 Bal.
Mg—2Zn— B
v 0.2Mn—05Sm 2.26 0.24 0.48 Bal
Mg—2Zn— B
\ 0.2Mn—1.0Sm 2.03 0.22 0.98 Bal.
yi Me2Zn0 M=y g 56 0.56 0.61 Bal

0.5Ca—0.5Sm




Wen-xue FAN, et al/Trans. Nonferrous Met. Soc. China 32(2022) 11191132 1121

 —
Rolling direction

(c) Test specimens position in sheet

For tensile test

4o
S For Erichsen test
45°
90°

v
For EBSD

( a) Homogenized process (b) Rolling process
1 mm per pass T 0.5 mm per pass
down to 5 mm down to I mm
420°C,12h
2 350°C, 350°C, 350°C, 350 °C,
2, 30 min 10 min 10 min 1.5h
@ Z.
3 =
% g
Room temperature (RT) b &
x
Unidirectional rolling
Roller
Pre-heated As-rolled
specimen specimen
O,
Roller

(d)

Specimen (Thickness=1 mm)

Erichsen cup test

Fig. 1 Schematic diagram of thermomechanical process (a, b), position of specimens used for microstructure

observation, tensile test and Erichsen test (c), and schematic illustration of Erichsen cup test (d)

and 35 mL ethanol. The phase identifications of
samples were performed by X-ray diffraction (XRD,
Empyrean 6000) wusing the CuK, radiation
(4=1.54 nm). Electron back scattering diffraction
(EBSD) analysis was performed at an accelerating
voltage of 20 kV, and step size of 1.5 um. Before
the EBSD analysis, all samples were mechanically
polished by diamond paste and subsequently
cleaned using an argon ion beam shower for 1.0 h
under an applied voltage of 5kV. The acquired
EBSD data were analyzed with the software MTEX
4.5.2 [26]. The location of the specimens used for
microstructure observation is shown in Fig. 1(c).

The tensile properties were investigated using
a universal tensile test machine at an initial strain
rate of 1x107°s™' at ambient temperature. The
tensile specimens’ gauge length, width, and
thickness were 12, 6, and 1 mm, respectively. The
tensile specimens were machined from the annealed
sheets along the rolling direction (RD), 45° to the
RD, and 90° to the RD (along the transverse
direction, TD), respectively, as shown in Fig. 1(c).
To obtain reliable mechanical properties, the tensile
test of each alloy was repeated three times.

Erichsen test (Fig.1(d)) was performed to
measure the formability at ambient temperature.
The hemispherical punch was 20 mm in diameter.
The stamping speed was set to 5 mm/min and the
force of the holder was 10 kN. Graphite grease was
used as the lubricant. The samples for the Erichsen
tests were machined from the annealed sheets with
60 mm % 60 mm x 1 mm.

3 Results and discussion

3.1 Microstructure and texture
3.1.1 Microstructure

The XRD patterns of the hot-rolled alloy
sheets are shown in Fig. 2. 0.5 wt.% Ca addition
(Alloy II) resulted in the formation of the
Ca,MgeZn; peaks in XRD results. Increasing Ca
addition from 0.5 to 1 wt.% strengthened the
CaMgeZn; peaks in the Alloy III. According to the
previous research, Mg>Ca precipitates tend to form
when the molar ratio of Zn to Ca is below 1.2:1 in
Mg—Zn—Ca systems [19]. In this study, even if
1.0 wt.% Ca was added to the Mg—2Zn—0.2Mn
alloy, and the molar ratio of Zn to Ca was 2.2:1,

* — Mg
. + — Ca,Mg¢Zn,
t 4 — Mg,,Sm;

(f) JLU l LIRS e o .
1) s o s )
(d) o lag
(©) Y IS |
(b) ﬁJ ’ i
@ Q. L
20 30 40 50
20/(°)

Fig. 2 XRD patterns of hot-rolled sheets with different
Ca and Sm additions: (a) Alloy I; (b) Alloy II; (c) Alloy
111; (d) Alloy 1V; (e) Alloy V; (f) Alloy VI
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which was still greater than 1.2:1. So, there were no
Mg,Ca phases formed in the Alloys II and IIl. Sm
addition resulted in the weak Mg4Sms peaks in the
Alloy IV. Even Sm content increased to 1 wt.%,
there were no evident changes in the intensity of
MgsSms peaks in the Alloy V. Also, it was
interesting to note that the Ca,MgsZns peaks cannot
be obviously detected in the Alloy VI with Ca and
Sm additions. Sm addition suppressed the
Ca;MgsZn; formation. This may be the reason for
the reduction of Ca;MgesZns in the Alloy VI.

Figure 3 shows backscattered electron (BSE)
images and EDS element distribution maps of the
identical area in the corresponding BSE images of
the as-rolled sheets of the Alloys II, IV and VI.
Second phase particles with different chemical
compositions having a diameter of several microns
were observed in the above three samples. One was
Zn- and Ca-enriched particles as indicated by white
arrow-head 1 in Fig. 3(b), and the second one
mainly contained Sm element as indicated by white
arrow head 2 in Fig. 3(d). In Fig. 3(f), the particles
indicated by white arrow heads 3 and 4 contained
Zn, Ca and Sm elements. The particles in Fig. 3
were analyzed by EDS, and the results were
summarized in Table 2. The Zn- and Ca-enriched
particles in Alloy II were considered as Ca;MgeZn;
phases. The RE-containing particles in the Alloy V
may be MgsSms phases. These were consistent
with the XRD results in Fig. 2. The results of EDS
in Table 2 indicated that Sm addition into Mg—Zn—
Mn—Ca alloy brought about the formation of a new
second phase Mg—Zn—Ca—(Sm) containing Mg, Zn,
Ca and Sm elements in Mg—2Zn—0.2Mn—
0.5Ca—0.5Sm (Alloy VI), which was similar to the
previous conclusion [27]. According to the EDS
point analysis results in Table 2 and Figs. 3(e, f), the

particles distributed along grain boundaries in
Mg—27Zn—0.2Mn—0.5Ca—0.5Sm were the mixture
of CayMge¢Zn; and Mg—Zn—Ca—(Sm) phases.
Furthermore, the size of Ca;MgesZn3 particles in
Alloy VI was decreased by forming the new
Mg—Zn—Ca—(Sm) phase consuming Ca atoms,
resulting in a refinement effect of Ca:MgsZn;
particles. For Alloy II, Ca;MgeZns particles were
distributed along grain boundaries and in a-Mg
grains. It was remarkable that Ca,MgeZn;3 particles
were favorably distributed along the a-Mg grain
boundaries after Sm addition. The simultaneous
presence of Sm and Ca can accelerate the formation
of Mg—Zn—Ca—(Sm) particles, which consumed
nearby Ca atoms and led to a change of Ca
distribution. Furthermore, as the Sm eclement
weakened the degree of recrystallization, the
postponement of the recrystallization process can
inhibit the precipitation of Ca;MgsZns phases. As a
result, the number of CaMgeZn; particles
precipitated in Mg matrix was reduced.

Figure 4 shows the microstructure and the
average grain size of the Mg—2Zn—0.2Mn—-X (X:
Ca and/or Sm) alloys rolled at 350 °C and
subsequently annealed at 350 °C for 1.5 h. With
0.5 wt.% Ca addition, the grain size of Alloy Il was
reduced from 51.5 to 14.3 um. With the further
increase of Ca addition (1.0 wt.%), the grain size
was refined to 9.0 pm. During the rolling process,
the Ca-containing precipitates can restrain the
dynamic recrystallization of Mg alloys, thereby
playing the role of grain refinement [8,28]. Sm
addition into the Mg—Zn alloys also played an
important role in grain refinement, as reported in
previous works[16,17]. Nevertheless, the grain
refinement effect of Sm addition was not as
strong as that of Ca addition. With the 1.0 wt.% Sm

Alloy I

Alloy IV

Alloy VI

RD

TD_l

ND

Fig. 3 BSE images and EDS element distribution maps of as-rolled sheets
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Table 2 Chemical compositions of second phase
particles indicated by white arrow heads in Fig. 3 (at.%)

Alloy No. No. Zn Mn Ca Sm Mg
I 1 1738 0.07 1233 -  Bal
v 2 3.89  0.04 - 9.69 Bal.
3 1623 0.10 11.08 1.26 Bal
4 18.44 0.03 921 2.01 Bal

VI

addition, the grain size of Alloy V was decreased to
15.0 um. The grain size of Mg—2Zn—0.2Mn alloy
can be reduced to 13.2 um by the synergistic
addition of 0.5 wt.% Ca and 0.5 wt.% Sm, which
proved that Ca element had a stronger grain
refining effect than Sm. There were equiaxed and
fine grains in all samples after annealing. However,
some twins were retained at room temperature,
especially in Alloy I, Alloy IV, and Alloy V
(Figs. 4(a, d and e)). For Mg—Zn alloys, {1012}
extension twins have the lowest critical resolved
shear stress (CRSS) among all deformation modes,
which can be easily activated when the degree of
deformation increased. The activation of {1012}
extension twins can usually cause the 86.3° lattice
rotation and generate a new twin-texture. In the
present study, peaks were observed around 86.3° in
the misorientation angle distribution maps, which
testified to the existence of {1012} extension
twins. There were dislocation accumulations nearby
twins due to the limited active slip systems under
rolling deformation. The dislocation accumulations

brought large strain energy storage, which can
provide driving force for recrystallization. In
general, recrystallization can give rise to weakening
textures [29]. The previous study [30] has shown
that trace rare earth eclements can impede
recrystallization during the rolling and annealing
process, which resulted in residual twins in Alloy
IV and Alloy V.
3.1.2 Texture evolution

EBSD measurements were conducted for the
annealed samples to investigate texture evolution.
The inverse pole figure (IPF) maps and
corresponding (0001) pole figures of the annealed
samples are shown in Fig. 5. The alloys with Ca
and Sm additions exhibited finer microstructures,
which was consistent with the microscopic
observation (Fig.4). For the different annealed
alloys, there were noticeable different color
distributions. Alloy I showed the most red-colored
grains (Fig. 5(a)). By contrast, the Mg—2Zn—
0.2Mn—Ca/Sm alloys contained grains with
different colors, indicating a more randomly
distributed orientation of grains. Due to the inherent
HCP structure of Mg alloys with crystalline
anisotropy, deformation is usually dominated by
basal slip [31,32]. The (0001) pole figures
demonstrated that the texture intensity of the
annealed Mg—27Zn—0.2Mn alloys was reduced by
adding Ca and Sm. 1 wt.% Ca addition decreased
the (0001) texture intensity from 7.2 to 4.4. When
Ca elements were added into alloys, the texture

Aver grain size: 14.3 pum

Aver grain size: 9.0 um |

Aver grain size: 13.2 pm

ND

Fig. 4 Optical micrographs and average grain size of annealed sheets with different Ca and Sm additions: (a) Alloy I;
(b) Alloy II; (c) Alloy IIT; (d) Alloy IV; (e) Alloy V; (f) Alloy VI
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Fig. 5 Inverse pole figure (IPF) maps and (0001) pole figures of annealed sheets: (a) Alloy I; (b) Alloy II; (c) Alloy III;

(d) Alloy IV; (e) Alloy V; (f) Alloy VI

intensities of Alloy II and Alloy III were reduced
because of the slow diffusion rate and large atomic
radius of Ca. The addition of Ca can significantly
induce the local lattice distortion and the
consequent decrease of the stacking fault
energy (SFE), which benefitted from texture
weakening [33]. It has been reported that texture
weakening was probably induced by activating non-
basal slips and twin-related recrystallization [34,35].
As shown in Figs. 5(d, e), the addition of 0.5 wt.%
Sm and 1.0 wt.% Sm could weaken the texture
intensity of the annealed Mg—2Zn—0.2Mn alloys to
4.0 and 3.4, respectively. The addition of RE
elements could weaken the strong basal textures of
wrought Mg alloys [36]. The Sm element enhanced
the symmetry of HCP structure, thus promoting the
activation of non-basal slips resulting in texture
weakening. Also, most of the Mg—2Zn—0.2Mn—
Ca/Sm alloy sheets exhibited the typical TD-split
texture with double-peak intensity by about +30°

tilt. A strong basal texture is usually produced in
magnesium alloys after rolling. As the degree of
deformation increases, such a strong texture can
selectively activate the (ct+a) pyramidal slip and
prismatic slip. When rolled Mg alloy sheet is
subjected to repeated compression along with the
TD during the rolling process, the development of
TD spread of basal planes can be correlated with
higher activity of prismatic slips [7]. In addition,
AGNEW et al [37] also found that the activation of
prismatic slips could also maintain the grains whose
c-axis was parallel to the TD. Therefore, the
increased TD tilted texture component is related
to the activity of prismatic slips. Many studies
have shown that the generation of TD-split
texture is closely related to the deformation of
grains and influenced by the subsequent annealing
process [38,39]. During the rolling and subsequent
annealing process, the grains having basal
orientation disappeared based on the grain
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nucleation and growth mechanism of recrystallization.

Therefore, the grains with the TD tilted texture
component remained. BOHLEN et al [40] also
revealed that the formation of TD split texture is
owing to the disappearance of the RD-split texture
grains and remains TD-split texture grains during
annealing.

Previous studies have shown that the
recrystallization of Mg alloys resulted in the

orientation rotation of 30° around the c-axis [41,42].

Grains grew up preferentially for nuclei rotated by
~30° around the ¢ axis from (1120) to (1010)
during the annealing process of Mg alloys [43].
Figure 6 shows the grain boundaries and
misorientation angle distribution of the annealed
alloys. The Mg—2Zn—0.2Mn—Ca/Sm alloys showed
peaks at the misorientation angles of ~30° due to
the six symmetries of magnesium alloy, which was
consistent with the previous research [44], as shown
in Figs. 6(b—d). It is known that the higher fraction
of high-angle grain boundary (HAGB) in the
Mg alloy suggests the increased
orientations among the grains. The lower fraction of
low-angle grain boundaries (LAGB) means the
stronger basal texture [45]. It can be seen from
Fig. 6 that the misorientation angle distribution of
alloys is mainly concentrated in two peaks (for
example, (0°-5°) and (8612)°). Mg—2Zn—0.2Mn
alloy (Alloy I) with strong basal texture had a lower
average misorientation angle compared to Alloys
III, V and VI, as shown in Fig. 6. The average
misorientation angle of Mg—2Zn—0.2Mn alloy
increased from 28.67° to 36.48° and 42.13° with
1 wt.% Ca and 1 wt.% Sm additions, respectively.
The average misorientation angle of Alloy VI also

wrought

1125

increased to 42.21° after the synergistic Ca and Sm
addition. The higher content of HAGB in Alloys III,

V and VI suggested the increased random
orientations among the grains, indicating a
weakening of texture. Therefore, it can be

concluded that Ca and Sm addition can effectively
weaken the basal texture of Mg—27Zn—0.2Mn alloy.

3.2 Mechanical property
3.2.1 Tensile properties

Engineering stress—strain curves for the Mg
alloys obtained from the tensile tests are shown in
Fig. 7. Planar anisotropy in strength and elongation
can be found in all the alloys, especially in the yield
strength (YS). The directional dependence of flow
stress was likely to be primarily related to the
texture [8]. The yield strengths along the RD
direction of all investigated alloys were larger
than those of the 45° and along the TD direction.
0.5 wt.% Ca addition increased the yield strength in
all directions for Alloy II (Fig. 7(b)). According to
the Hall-Petch relationship for Mg alloys, the
decrease in grain size improves yield strength [46].
Increasing the addition of Ca to 1 wt.%, the yield
strength further increased while the elongation
decreased (Fig. 7(c)). The brittle Ca-containing
particles can act as the source of crack initiation
sites during the tensile deformation, resulting in
decreased elongation [47]. Moreover, Ca addition
could play a role in delaying and even hindering the
dynamic recrystallization (DRX) process, which is
harmful to the ductility [48]. For the Sm addition,
both the YS and elongation
increasing the Sm content. Even though 1 wt.% Sm
was added into the Alloy I, the yield strength was

increased with
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Fig. 6 Grain boundary information and misorientation angle distribution of annealed specimens: (a) Alloy I; (b) Alloy
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still lower than that of the Alloy II, but the
elongation was much higher than that of Alloy II. It
can be concluded that the weakening of texture
caused by addition of Sm was the main reason for
the increase in elongation and the decrease in
strength. For Alloy VI, the synergistic Sm and Ca
addition improved the elongation of the alloy and
maintained high strength.

The tensile properties for the investigated Mg
alloys are summarized in Table 3, where the
average strain-hardening exponent, 7ave, iS given by
nave(Z(nRD+2n4so+nm)/4), where nrp, nsse and nrp
are the strain hardening exponents at RD, 45° and
TD), and the average Lankford value, rave, 1S given
by Fave(=(rrp+2r4se+rrp)/4), where rrp, rase and rrp
are the Lankford values at RD, 45° and TD). The
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Table 3 Tensile properties of annealed samples at room temperature (UTS: ultimate tensile stress; FE: elongation to

failure; n: strain-hardening exponent; r: Lankford value)

Direction

UTS/MPa

YS/MPa

Alloy FE/% n Have r Tave
RD 194.45 76.10 20.75 0.24 1.24

I 45° 181.76 87.97 24.02 0.31 0.28 2.01 1.81
TD 206.75 90.2 21.16 0.26 1.98
RD 225.22 127.28 29.2 0.30 0.98

I 45° 217.42 115.84 31.41 0.33 0.31 1.26 1.29
TD 231.40 112.96 27.97 0.29 1.65
RD 236.66 154.73 19.96 0.29 1.42

111 45° 219.46 117.42 21.93 0.33 0.29 1.33 1.59
TD 230.34 161.89 20.62 0.26 1.81
RD 224.8 127.7 29.26 0.37 0.96

v 45° 218.69 94.07 35.09 0.34 0.34 1.02 1.02
TD 230.34 108.26 28.18 0.32 1.13
RD 225.01 127.07 30.02 0.27 0.92

v 45° 229.71 94.5 40.1 0.44 0.35 0.84 0.89
TD 217.42 123.21 31.55 0.36 0.89
RD 230.76 130.37 33.92 0.36 1.03

VI 45° 216.03 116.61 31.80 0.33 0.33 1.30 1.22
TD 219.04 121.17 25.60 0.29 1.24

Lankford value and the strain hardening exponent
are important indicators for evaluating formability.
The r value of Alloy I was higher than other alloys,
so it was difficult to reduce the thickness during the
tensile test. The n values increased with the
additions of Ca and Sm, which led to increased
uniform plastic deformation. Moreover, except for
Alloy I, the n values of all alloys increased in the
order of nrp<mss=<np because of the different
texture distribution. This was because the
c-axis tilted texture promoted the formation of
{10T2} tension twins and depressed the dynamic
recovery [49].

Figure 8 shows the fracture morphologies of
the tensile specimens. The cleavage planes were
primarily observed in the Alloy I and Alloy IIIL.
Besides, it could be seen that many micro-cracks
were found in these alloys, as shown in Figs. 8(a, ¢),
especially in Alloy I. Finer grain sizes of the Alloy
II and Alloy III resulted in higher yield strength. In
contrast, the Alloy III exhibited lower elongation.
The poor elongation of the Alloy III was related to
the brittle Ca-containing particles [50]. Figure 9
shows the EDS results of points 4, B and C in

Figs. 8(b1), (c1) and (fi). Due to the presence of the
Ca element, Ca-containing particles would form in
Alloy 1II, Alloy III and Alloy VI. As the content of
Ca increased, the size of the particle phase would
increase. The large Ca-containing particles served
as the crack initiation sites and resulted in an earlier
fracture in Alloy III, which deteriorated the
elongation (Fig. 8(c1)). Sm addition could affect Ca
element distribution and reduce the Ca-containing
particle size, as shown in Fig. 3. It can also be
observed that there were some small-sized second
phases at the bottom of the dimples (Figs. 8(bi, ci,
f1)). Due to the small size of the second phase, the
elongations of the Alloy II and Alloy VI were less
affected. There were many dimples in Alloy IV and
Alloy V, suggesting that the fracture mechanism is
ductile. Additionally, the Alloy V showed superior
ductility with more uniformly distributed dimples.
3.2.2 Formability

Figure 10 shows the macroscopic appearances
of the hot-rolled specimens with different Ca and
Sm additions. There were obvious cracks at
both edges of the Alloy I, which indicated the poor
deformation ability of Mg—2Zn—0.2Mn alloy. After
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Fig. 8 Fracture morphologies o
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(f) Alloy VI (The red arrows represent microcracks)
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Element wt% at.% Element wt.% at.% Z:lg Element wt.% at.%
Me Mg 57.25 75.51 Mg  56.33 74.52 Mg 50.8 7097
Zn Ca 11.37 9.10 Ca 12.85 10.32 Ca 15.08 12.76
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Fig. 9 EDS results of Points A (a), B (b), and C (c) in Figs. 8(b:), (c1) and (fi)

10 cm

Fig. 10 Macroscopic appearance of hot-rolled sheets with different Ca and Sm additions: (a) Alloy I; (b) Alloy II;
(c) Alloy III; (d) Alloy 1V; (e) Alloy V; (f) Alloy VI
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the addition of 0.5 wt.% Ca (Alloy II), the alloy
exhibited improved deformation ability with a few
edge cracks, which was attributed to the finer grain
size in the Alloy II. Despite the finer grain size and
weaker basal texture, cracking became serious by
increasing the Ca content to 1.0 wt.% (Alloy III).
This may be related to Ca-containing particles in
alloys after adding Ca (Figs. 3(a, b)). In the case of
the addition of Sm (Alloy IV and Alloy V), good
appearances without cracks at the edge were
achieved. For Alloy VI, there were fewer cracks
compared to the Alloy II due to the more uniform
Ca-containing particle distribution (Figs. 3(e, f)).
Thus, it can be concluded that the Ca addition
partly deteriorated the deformation ability of the
Mg—2Zn—0.2Mn alloy, but the Sm addition
improved the deformation ability.

Figure 11 shows the macro-photographs of the
annealed specimens after the Erichsen tests. The
addition of Ca and/or Sm significantly improved the
formability of Mg—27Zn—0.2Mn alloy observed from
the appearances. For Alloy I, the index Erichsen
value (IE) at room temperature was 4.2 mm. The IE
value significantly increased from 4.2 to 6.8 mm
after 0.5 wt.% Ca addition. The previous study has
shown that the weakened basal texture and the large
splitting of the basal pole in the TD can improve the
formability [50]. It is also suggested that grain
refinement becomes the dominant factor for the
excellent formability [51]. The 0.5 wt.% Ca
addition effectively weakened the basal texture and
reduced the grain size of Mg—2Zn—0.2Mn alloy,
enhancing formability. However, the Ca addition to
1 wt.% (Alloy III) further increased, resulting in the
decreased IE value of 5.5 mm, despite lower basal
texture intensity and finer grain size. More
Ca-containing particles formed in the Alloy III
acted as the initiation of cracks during stretching,
resulting in a decrease in formability. Benefitting
from the significant basal texture weakening after
0.5 wt.% Sm addition, the basal texture of
Mg—27Zn—0.2Mn alloy was significantly weakened
from 5 to 3. The IE value was increased from 4.2 to
6.9 mm. With the further increase of the Sm content
to 1 wt.% (Alloy V), the basal texture of alloy
further weakened, and the IE value was 7.5 mm. In
addition, the Alloy VI showed a high Erichsen
value of 7.3 mm. Not only because it had a weak
basal texture, but also the Sm addition
affected the distribution of Ca-containing particles

F @);?E.; 'i§IE=4.2 mm
P » x - -

Fig. 11 Appearances and Erichsen values (IE) of annealed
sheets after Erichsen tests: (a) Alloy I; (b) Alloy II;
(c) Alloy III; (d) Alloy 1V; (e) Alloy V; (f) Alloy VI

in the alloy. This significantly improved the
sheet-thinning capability of Alloy VI.

The larger » value indicates that it is more
difficult to reduce the thickness of a sheet during
the tensile process. The higher value of » means the
lower sensitivity of strain localization, which
indicates better elongation of the alloy [49,52].
There was no distinct difference in the r value
between the Alloy II and Alloy III. Moreover,
Alloy III exhibited a weak basal texture intensity.
However, Alloy III showed a low Erichsen value of
5.5 mm. Therefore, the high content of Ca elements
increased the number of Ca-containing particles in
alloys, which can act as the crack initiation sites
and result in the deterioration of the formability.

4 Conclusions

(1) CazMgeZn; and Mg Sms phases formed in
Mg—2Zn—0.2Mn alloy after the Ca and Sm
additions. Increasing the additive amount of Ca and
Sm from 0.5 to 1.0 wt.% caused an increase in the
number of precipitates.

(2) The average grain sizes of Mg—2Zn—0.2Mn
alloy remarkably decreased after Ca and Sm
additions. Ca addition exerted a stronger effect on
grain refinement than Sm addition.
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(3) The basal texture of the annealed
Mg—27Zn—0.2Mn alloy was significantly weakened
with the Ca and Sm addition. Sm addition exhibited
stronger texture weakening ability than Ca addition.

(4) Ca or Sm additions significantly improved
the mechanical properties and formability of the
Mg—27Zn—0.2Mn alloy. Further Ca addition
deteriorated ductility and formability, while
increasing Sm addition improved the formability.
The synergistic addition of Sm and Ca improved
the formability of Mg—2Zn—0.2Mn alloy.
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