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Abstract: In the present study, the influence of the Zn content (0.0, 0.5, 1.0, and 2.0 wt.%) on the
microstructure, texture, tensile mechanical properties and formability of Mg-1.05n-0.5Ca-based alloys
after extrusion were investigated via extrusion of Mg sheets and analysis of the extruded materials.
Adding Zn improved the microstructure uniformity and accelerated the formation of more CaMgSn
and the CapMggZn3 phase. In addition, after the addition of Zn, the texture evolved from the initial
extrusion direction tilted bimodal texture to a weakened and symmetrical texture. Compared with the
Mg-1.05n-0.5Ca alloy, the average tensile yield strength and elongation values were simultaneously
improved after 0.5 wt.% Zn addition due to the synergistic effect of the solid solution of elemental
Zn, the decreased amount of coarse unrecrystallized grains, and the existence of an additional tilted
direction texture component. The formability first increased and then decreased with increasing
Zn content. In contrast, the deterioration of formability after the further addition of Zn was closely
associated with the increased volume fractions of the coarse CaMgSn and Ca;MggZn3 phases.

Keywords: Mg-Sn-Ca alloy; Zn content; microstructure; texture; mechanical behavior

1. Introduction

Magnesium (Mg) alloys, due to their low density, high specific strength, high elec-
tromagnetic shielding performance, high elastic modulus, and relative friendliness to
the environment, have been widely employed in the aerospace, electronics, and automo-
bile industries, as well as other fields [1-5]. However, shortcomings such as insufficient
strength, poor plasticity, and formability of magnesium alloys seriously hinder their further
extensive application and marketing promotion [6-8]. Appropriate alloying is a simple
and effective method that can greatly improve the mechanical properties of Mg alloys by
refining grains, strengthening precipitates, and modifying texture [9,10]. Among many
Mg alloy systems, Mg-Sn-based alloys stand out and have received continuous attention
due to their cost advantage [9], excellent creep resistance [11], and undemanding extrusion
conditions [12,13].

With an acceptable price, Ca is widely used in magnesium alloys to refine grains and
reduce texture [6,14]. Adding Ca into magnesium alloys can improve the metallurgical
quality and creep resistance and reduce the flammability of alloys by forming a CaO
protective film. In particular, Pan et al. [11,15] indicated that Mg-2 wt.% Sn alloy with the
addition of 2 wt.% Ca finally has an extremely high tensile yield strength (440 MPa), which
they mainly attributed to the submicron grain size (which is related to the segregation
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of solid solution Ca elements and the precipitation of nanometer Mg,Ca). According to
the Mg-Ca binary phase diagram, the solid phase solubility of Ca in Mg is small, and the
maximum solid solubility is only 1.34 wt.% at 516.5 K. Hence, in the Mg-Sn binary alloy,
the Sn/Ca ratio seriously affects the composition of the ultimate second phase. Generally,
the CaMgSn phase is preferentially formed, followed by the formation of the Mg,Ca phase.
At present, Mg-5n-Ca alloys are recently attracting more and more attention due to their
low cost, excellent creep properties, and high temperature property. However, The Mg-
Sn-Ca alloy has some problems, such as non-uniform microstructures and poor forming
performance after extrusion, that cannot meet requirements for structural components. Zn
is a common and effective additive element in Mg alloys, and the compound addition of
Zn and Ca has recently become a research focus. According to the Mg-Zn phase diagram,
the solid solubility of Zn in pure Mg at 503 K is approximately 2.5 wt.%. The addition of
Zn in Mg-5n alloys is considered to be likely to improve plastic behavior. In addition, the
Mg,Sn phase will be refined and distributed more evenly, thus enhancing the precipitation
strengthening effect [15]. For example, Sasaki et al. reported that the addition of 0.5 wt.%
Zn can significantly increase the peak hardness of Mg-2.25n alloy [16]. However, the effects
of Zn content on the microstructure, texture, tensile properties, and formability of the
Mg-5n-Ca alloys have not been studied in detail.

Therefore, this study investigated the effect of the Zn content on the second phase
formation, dynamic recrystallization, and texture evolution of Mg-Sn-Ca alloys during
extrusion. In addition, the tensile mechanical properties and formability of extruded
Mg-1.05n-0.5Ca-xZn (x = 0.0, 0.5, 1.0, 2.0 wt.%) alloys were preliminarily studied. The
effect of Zn addition on the microstructure is studied systematically, and the internal
relationship among the elements, structure, and properties are expounded. The research
results provide an important basis for improving the mechanical properties of Mg-Sn-Ca
alloys, which may promote their practical applications.

2. Materials and Methods

Mg-1.0Sn-0.5Ca-based alloys with various Zn contents (denoted as TX10, TXZ100,
TXZ101 and TXZ102, respectively) were prepared by melting commercial pure Mg (99.85 wt.%),
pure Sn (99.90 wt.%), pure Zn (99.90 wt.%), and Mg-25 Ca (wt.%) master alloys under
the protection of a CO; + 0.5% SFg4 (volume fraction) mixture gas. The actual chemical
compositions of these four alloys were determined by an XRF-1800CCDE X-ray fluores-
cence spectrometer (Shimadzu, Kyoto, Japan), and the relative results are shown in Table 1.
After homogenization treatment (400 °C for 12 h and then air-cooled), the ingots were hot
extruded at 380 °C with a ram speed of 3 mm/ s~ ! and an extrusion ratio of 32 to obtain
rods with a final diameter of 14 mm.

Table 1. Chemical compositions of the as-cast Mg-1.05n-0.5Ca-xZn (x = 0.0, 0.5, 1.0, 2.0 wt.%) alloys.

Composition (wt.%)

Designation Nominal Alloys

Sn Ca Zn Mg

TX10 Mg-1.05n-0.5Ca 1.28 0.60 - Bal.
TXZ100 Mg-1.05n-0.5Ca-0.5Zn 1.10 0.57 0.55 Bal.
TXZ101 Mg-1.05n-0.5Ca-1.0Zn 1.08 0.51 1.09 Bal.
TXZ102 Mg-1.05n-0.5Ca-2.0Zn 1.07 0.55 2.04 Bal.

X-ray diffraction (XRD, Empyrean) with Cu Ka radiation was employed to detect the
category of the phase component. The microstructure, including grain size and distribu-
tion of secondary phases, was analyzed using optical microscopy (OM, XploRA PLUS,
HORIBA, Paris, France) and scanning electron microscopy (SEM, ZEISS SIGMA300, ZEISS,
O “Bochen, Germany) equipped with an energy dispersive X-ray spectroscopy (EDS, O
‘Bochen, Germany). The average grain size was measured using the linear intercept method.
The samples were ground, polished, and etched (5.0 g picric acid + 5 mL acetic acid + 10 mL
water + 100 mL ethanol). Furthermore, the texture details could be effectively collected and
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evaluated using electron back-scattered diffraction (EBSD, Oxford, Oxford, UK) and the
accompanying orientation imaging microscopy (OIM, HKL-channel 5, Oxford, Oxford, UK)
analysis software.

The tensile mechanical properties were measured using a CMT6305-300 kN testing
machine (Liangong, Jinan, China) at a strain rate of 1 x 1073 s~! along the extrusion
direction (ED), 45° direction and transverse direction (TD) at room temperature. The tensile
samples were processed into standard samples with a diameter of 5 mm and a length
of 69 mm. The n-value was derived from the uniform plastic deformation region of the
tensile stress—strain curve. g, and ¢ are the width-direction and thickness-direction strains,
respectively, determined by adopting the specimens deformed to 10% nominal strain. The
formability of the as-extruded Mg-Sn-Ca-based alloy with added Zn was measured by
an Erichsen tester at room temperature with a 20 mm diameter hemispherical punch at
3 mm/min. The measurements of each sample were carried out at least three times to avoid
accidental errors.

3. Results

Figure 1 presents the SEM images of the as-homogenized and as-extruded Mg-1.0Sn-
0.5Ca-xZn alloys, and the relative EDS results are shown in Table 2. Figure 2 displays the
XRD patterns of the as-homogenized Mg-1.05n-0.5Ca-xZn series alloys. In the case of the
as-homogenized samples, it is evident that the addition of Zn considerably accelerated the
formation and refinement of the second phase. In addition, these main second phases can
be roughly divided into two categories: (1) coarse strips distributed at grain boundaries
and (2) tiny spheres randomly distributed within the grain. For the as-homogenized
samples, with increasing Zn content, the second phase size decreases from 36.4 & 8 um to
26.2 + 6 um, 10.7 + 3 um, and 12.1 4+ 5 um, and its volume fraction increases from 5.6% to
8.8%, 9.6%, and 11.8%. The second phase after hot extrusion was significantly refined and
presented a chain distribution along the ED.

Meanwhile, increasing Zn content gradually increased the density of these chain-
distributed second phases. In conjunction with the EDS results (Table 1) and the XRD
patterns (Figure 2), the impact of Zn addition on the evolution of the phase composition in
the Mg-1.05n-0.5Ca alloy could be seen. In the as-extruded TX10 alloy, the second phase
was mainly composed of CaMgSn (the coarse bulk) and Mg2Ca (tiny spheres). In contrast,
after the addition of Zn, not only was a small amount of Zn dissolved in the original second
phase, but also a CaMgsZn3 phase was formed.

Figure 1. SEM images of the as-homogenized (a—d) and as-extruded (e—h) Mg-1.0Sn-0.5Ca-xZn alloys:
(a,e) TX10 alloy; (b,f) TXZ100 alloy; (c,g) TXZ101 alloy; (d,h) TXZ102 alloy.
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Table 2. EDS results of the Mg-1.05n-0.5Ca-xZn alloys in Figure 1 (wt.%).

Elements (wt.%)

Position

Mg Sn Ca Zn
A 82.81 14.01 3.18 -
B 97.57 - 243 -
C 86.49 9.29 3.03 1.19
D 86.89 4.90 7.06 1.16
E 95.48 - 2.07 245
F 93.53 5.68 0.79 -
G 86.37 11.48 2.15 -
H 85.47 9.92 297 1.64
I 96.29 - 2.45 1.26
] 92.49 4.45 1.68 1.38
¢ a-Mg
« Mg:Sn Cu Ka
vCaMgSn 4 'y 4
+ Mg:Ca
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Figure 2. XRD patterns of the as-homogenized Mg-1.05n-0.5Ca-xZn series alloys.

Figure 3 presents the EBSD inverse pole figure maps and (0001) and (10-10) pole
figures from the ED-ND plane of the as-extruded Mg-1.0Sn-0.5Ca-xZn alloys along with
the functional relationship between the texture intensity in the (0001) plane and the tilted
direction (ED or ND). The microstructure of the initial as-extruded Mg-Sn-Ca-based alloy
was inhomogeneous. Many fine recrystallized grains (only approximately 1.7 um) were
embedded near the coarse unrecrystallized grains (approximately 25.1 um). With increasing
Zn content, the volume fraction of unrecrystallized grains decreased, the proportion of
dynamically recrystallized grains increased, and their size grew to a certain extent. For
example, when the Zn content reached 2 wt.%, the microstructure is mainly composed of
equiaxed grains, indicating that complete dynamic recrystallization has occurred. These
phenomena imply that the dynamic recrystallization degree and microstructure uniformity
of Mg-1.05n-0.5Ca alloys can be improved by adding Zn. According to the analysis of the
texture characteristics, the initial as-extruded TX10 alloy had a bimodal texture typical of a
Ca-containing alloy (the maximum poles tilts from the ND to the ED), and the maximum
texture intensity was 13.46 mrd. With increasing Zn content, texture distribution became
more dispersed. The volume fraction of grains with the ND texture component increased
gradually along with the decreasing maximum polar density intensity (TXZ100: 14.03 mrd;
TXZ101: 10.62 mrd; TXZ102: 9.33 mrd). In other words, adding Zn in the as-extruded
Mg-5Sn-Ca-based alloy will enhance the ND texture component and be conducive to the
texture distribution, becoming more dispersed and symmetrical.
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Figure 3. EBSD inverse pole figure maps and (0001) and (10-10) pole figures from the ED-ND plane
of the as-extruded Mg-1.0Sn-0.5Ca-xZn alloys: (a) TX10 alloy; (b) TXZ100 alloy; (c) TXZ101 alloy;
(d) TXZ102 alloy.

Figure 4 presents the true tensile stress—strain curves of the four as-extruded Mg-1.05n-
0.5Ca-based alloys with different Zn contents when the tension was along the ED, 45°, and
TD. The ultimate relevant mechanical parameters are summarized in Table 3. First, due to
the existence of an initial bimodal texture (the maximum poles tilting from the ND to the
ED), the tensile yield strength (TYS) of the as-extruded TX10 alloy had obvious anisotropy
in the three directions. Specifically, the TYS increased with increasing angles between the
tensile and extrusion directions (ED: 192.3 MPa; 45°: 201.5 MPa; TD: 222.7 MPa). After Zn
addition, the above anisotropic behavior of the TYS was improved. For example, the TYS
of TXZ101 alloy stretched along ED, 45°, and TD are 184.2 MPa, 188.5 MPa, and 193.2 MPa,
respectively. The above phenomenon shows that the differences in the TYS among the
three directions decreased after adding Zn. By comparing the average TYS values of the
four alloys, it can be seen that with increasing Zn content, a trend of first increasing and
then decreasing occurred. Specifically, the TYS of the TX10 alloy was 205.5 MPa. When the
content of Zn was 0.5 wt.%, the TYS of the alloy reached its highest value, approximately
211.1 MPa. However, with the further addition of Zn (1.0 and 2.0 wt.%), the TYS values
of the alloy decreased to 181.6 MPa and 178.1 MPa, respectively. With the increase in Zn
content, the average EL value of the alloy also tended to increase first and then decrease.

Meanwhile, its maximum EL value was 21.9% when the additive amount of Zn was
0.5 wt.%. The variations of El were largely related to the microstructure (homogeneity of the
microstructure, texture, and secondary phase). It will be further discussed in the Discussion
section. With increasing Zn content, the average values of YS/UTS in the as-extruded
Mg-1.05n-0.5Ca-based alloys decreased successively from 0.69 to 0.63, 0.58, and 0.57. In
contrast, the average values of n increased gradually from 0.22 to 0.24, 0.28, and 0.30 for
the TX10, TXZ100, TXZ101, and TXZ102 alloys, respectively.

Figure 5 depicts the results of the Erichsen test at room temperature of the four as-
extruded Mg-1.0Sn-0.5Ca-based alloys. With the increase in Zn content, the cupping test
values (IE) of the Mg-1.05n-0.5Ca-based alloys (2.6 & 0.1) increased gradually, which were
29+0.1,3.6+0.2, and 3.4 &+ 0.2 mm, increasing by 11.5%, 38.5%, and 30.8%, respectively. It
means that Zn addition can improve formability, microstructure uniformity, and weakened
and symmetrical texture.
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Figure 4. The true tensile stress—strain curves of the as-extruded Mg-1.05n-0.5Ca-xZn alloys: (a) TX10

alloy; (b) TXZ100 alloy; (c) TXZ101 alloy; (d) TXZ102 alloy.

Table 3. Summary of the tensile properties at room temperature consisting of the YS, UTS, EL, n-value,
and rave values of the four as-extruded Mg-1.05n-0.5Ca-xZn series alloys.

Alloys Angle YS (MPa) UTS (MPa) EL (%) YS/UTS n
ED 1923 £33 2977 £3.5 180+ 1.5 0.65 0.24
TX10 45° 2015 £4.1 2924 +43 159 +1.0 0.69 0.22
TD 2227 £3.6 3059 £4.7 12.7 £ 2.0 0.73 0.19
ED 205.6 £2.6 3292 +£53 228 £2.5 0.62 0.25
TXZ100 45° 1989 + 3.2 3271 £5.1 23.6 £2.7 0.61 0.23
TD 2289 £29 339.4 £4.0 195+ 21 0.67 0.23
ED 1842 +24 330.8 £4.5 23.1+£2.0 0.56 0.28
TXZ101 45° 188.5 + 3.7 3249 £5.6 251+24 0.58 0.27
TD 1932+ 2.6 3184 £ 3.5 16.8 £ 1.7 0.61 0.29
ED 162.6 + 3.2 301.4 £3.0 173+ 14 0.54 0.29
TXZ102 45° 175.6 £ 3.1 3194 £43 202 +£17 0.55 0.31
TD 196.1 £ 2.7 3184 £ 3.6 16.7 £ 1.2 0.62 0.30
(a) s000
4000
Z. 3000
<
g 2000
-
—=—TX10
1000 —e— TXZ100
—— TXZ101
—v— TXZ102

Figure 5. (a) Load—displacement curves of the four as-extruded Mg-1.0Sn-0.5Ca-xZn series alloys;
(b—e) images of the sheet samples after the Erichsen test of the TX10, TXZ100, TXZ101, and TXZ102 alloys.
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4. Discussion
4.1. Microstructural Evolution

In order to further explain the effect of Zn on the formation of the second phase
during nonequilibrium solidification of Mg-Sn-Ca-based alloys, especially the formation of
CaMg5Sn and Ca2Mg6Zn3 phases, the Scheil Gulliver solidification simulation is required.
Based on reliable CALPHAD (phase diagram calculation method) and thermodynamic
databases [17,18], the nonequilibrium solidification curve of a given alloy composition (a
function of volume fraction and temperature) during casting can be calculated by Scheil Gul-
liver solidification simulation. In the study presented in this paper, the ThermoCalc2016a
database was adopted to simulate the nonequilibrium solidification of the TX10 and TXZ102
alloys, and the relevant results are shown in Figure 6. In the TX10 alloy, the Mg matrix is
first formed at 646.3 °C, and then the eutectic reaction at 639.5 °C formed the Mg matrix
and CaMgSn phase. Finally, the remaining liquid phase formed the Mg matrix and CaMgSn
phase and Mg,Ca (C14) phase at 517.2 °C during the cooling process. In contrast, in the
TXE102 alloy, the Mg matrix is first formed, and then a large amount of Mg matrix and
CaMgSn phase were generated by the eutectic reaction, while a small amount of liquid
phase was generated in the Mg matrix, the CaMgSn phase, and the Ca;MggZn3 phase.
The formation temperatures of the Mg matrix, the CaMgSn phase, the Ca;MgsZn3 phase,
and the MgZn phase were 639.9, 625.5, 357.7, and 304.4 °C, respectively. In addition, by
comparing the solidification process of the CaMgSn phase before and after adding Zn,
it was found that the addition of Zn in the Mg-5n-Ca-based alloy not only increased the
solidification interval from 122.5 °C to 267.3 °C but also increased the volume fraction of
CaMgSn. The above phenomenon intuitively indicates that the addition of Zn can promote
the formation of the CaMgSn phase. In the case of grain size variations induced by the
Zn addition, except for the second phase, they may also be closely related to the growth
restriction factor (GRF) and dendrite coherency potential (DCP). The GRF value can be
defined by the following formula:

GRF = my x (k — 1)Cy )

where my, is the slope of the liquid phase, k is the diffusion coefficient of solid solution
elements, and Cj is the content of solid solution elements. The DCP value reflects the
possibility of branch tips colliding with each other and eventually forming a continuous
network structure during the entire casting process, which is also associated with the con-
tent of solid solution elements, and then significantly impacts the grain size. Coincidently,
Li et al. [19] also declared that by influencing the values of GRF and DCP, the grain size
decreases gradually with increasing Zn content from 0 to 4 wt.%.

In order to reveal the texture changes caused by zinc addition, Figure 7 presents the
rare earth texture component of the four as-extruded Mg-1.05n-0.5Ca-xZn alloys, while the
separation of the rare earth texture and the rest of the texture component is based on the
boundary of a 30° deflection angle from the ND [20]. The colors were more diverse for the
rare earth texture component, and the main part was composed of newly recrystallized
grains. In contrast, the residual texture component was mainly red and mostly consisted of
coarse unrecrystallized grains with typical strong basal texture characteristics. In addition,
it can be seen from the comparison between the rare earth and other texture components
that the intensity of the rare earth texture is relatively weak. The maximum polarity
density is 8.91-11.63 mrd. In contrast, the intensity of the rest of the texture components is
relatively high, within the range of 29.40-57.53 mrd. Finally, in the Mg-Sn-Ca-based alloys,
with increasing Zn content, the proportions of rare earth texture gradually increased from
68.2% to 74.1%, 79.8%, and 86.1%. According to the texture distribution characteristics,
Zn addition induced a significant texture evolution from the initial bimodal texture (its
maximum poles tilting from the ND to the ED) to a more dispersed and symmetrical texture
(appearance and enhancement of additional TD texture components).
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Figure 6. Simulated solidification path of Mg-1.05n-0.5Ca-based alloys with and without 2.0 wt.% Zn
under Scheil-Gulliver conditions: (a) TX10 alloy; (b) TXZ102 alloy.
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Figure 7. Rare earth texture components of the four as-extruded alloys: (a) TX10 alloy. (b) TXZ100
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Figure 8 presents EBSD IPF maps in the ED-ND plane and {0001} pole figures of the
four as-extruded Mg-1.05n-0.5Ca-xZn alloys corresponding to grains with sizes <3 um
and >3 um. The component with grain size <3 pm was generally regarded as a new

recrystallized grain. At the initial stage,

the texture type was bimodal (its maximum pole

inclined from the ND to the ED). After Zn addition, the TD texture gradually strengthened.
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For the component with grain size >3 um, the coarse unrecrystallized grains occupied
a large part. The texture characteristics of the first three alloys were typically bimodal,
while the TD texture component appeared only when the addition of Zn reached 2.0 wt.%.
Compared with the coarse grains (>3 um), the new recrystallized grains (<3 um) had a
smaller maximum polar density, and the degrees of texture dispersion and symmetry (the
appearance of an additional TD texture component) caused by the addition of Zn was
more evident.

Grain size <3 pm Grain size > 3 pm

(a) }% ED

g A0 e
(e 7 2
dore gk
i R,
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Y B TR
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Figure 8. EBSD IPF maps in the ED-ND plane and {0001} pole figures of the four as-extruded Mg-
1.0Sn-0.5Ca-xZn alloys corresponding to grains with sizes <3 pm and >3 pum, respectively: (a) TX10
alloy; (b) TXZ100 alloy; (c) TXZ101 alloy; (d) TXZ102 alloy.

By reviewing Figure 9, it can be concluded that, in the newly recrystallized grains,
the effects of Zn addition on texture weakening, dispersion, and symmetry were more
significant than those of coarse grains. In other words, compared with the grain growth
stage, the texture changes caused by Zn addition were focused on the grain nucleation
stage. Therefore, Figure 9 shows the influence of dynamic recrystallization, including
the blue—recrystallized grains, yellow—substructure grains, and red—deformed grains
of the four as-extruded Mg-1.05n-0.5Ca-xZn alloys after hot extrusion. In the extruded
Mg-5n-Ca-based alloy, with increasing Zn content, the proportions of deformed grains
(the red color) decreased from 22.1% to 18.9%, 14.3%, and 8.0%, which corresponds to the
increase in the volume fraction of the recrystallized grains (the blue color) from 52.7% to
53.2%, 66.7%, and 76.9%, respectively. In addition, the (0001) pole diagram indicates that
the deformed grains (red) mainly had basal texture, while the newly recrystallized grains
were more dispersed. As shown in Figures 1 and 7, adding Zn into Mg-Sn-Ca-based alloys
can promote the formation of bulk second phases (CaMgSn and Ca;MggZn3) with sizes
greater than 1 um. Therefore, the bulk of the CaMgSn and CapMggZn phases can be used
as nucleating positions of recrystallized grains through the particle nucleation effect (PSN).
Subsequently, these new recrystallized grains formed by the PSN mechanism generally
had relatively dispersed, disordered, and weakened texture orientation, while these texture
characteristics could still be effectively retained in the subsequent growth process [21]. The
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results show that the increase in recrystallized grain volume fraction during hot extrusion
leads to the weakening and dispersion of texture. The essence is related to more bulk
CaMg5Sn and CayMggZn3 formation caused by the Zn addition.

604 53.2%
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™
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Figure 9. Different types of grains in the as-extruded (a) TX10 alloy; (b) TXZ100 alloy; (c) TXZ101
alloy; (d) TXZ102 alloy: blue—recrystallized, yellow—substructure, red—deformed; (e-h) frequency
and corresponding (0001) pole figures of the different types of grains shown in (a), (b), (c), and (d),
respectively. (In this figure, R is recrystallized, S is substructured, and D is deformed.).

4.2. Variation in Mechanical Properties

As shown in Figure 5 and Table 3, with increasing Zn content, the average values
of the TYS showed trends of first increasing and then decreasing, from 205.5 to 211.1,
118.6, and 178.1 MPa, for the TX10, TXZ100, TXZ101, and TXZ102 alloys, respectively.
Generally, the main factors affecting the strength of the alloys were as follows: (1) Solid
solution strengthening originates from the interactions between solute atoms and dislo-
cations. Labusch et al. [22] demonstrated that the solid solution strengthening effects of
different solid solution atoms were largely due to the size mismatch and modulus mismatch.
(2) Grain boundary strengthening: Grain boundaries can act as a barrier to dislocation
movement and thus have a strengthening effect. (3) Texture strengthening: {0001} <11-20>
basal slip is the main operative slip system of Mg alloy at room temperature. Hence, due
to the weakening and dispersion of the texture caused by the addition of Zn, the Schmidt
factor (SF) of the basal slip of the as-extruded Mg-Sn-Ca alloys with different Zn contents
must be different. (4) Precipitation strengthening: For the Orowan precipitation strengthen-
ing rule, the precipitation interphase gap should be less than several hundred nanometers,
and the smaller the particle size is, the more obvious the strengthening effect.

Based on the above four strengthening effects, it can be inferred that the increase in
TYS caused by the initial addition of 0.5 wt.% Zn is attributable to the strengthening effect
caused by grain refinement, solid solution strengthening, and second phase strengthening,
which is more significant than the weakening effect originating from texture weakening
and dispersion. However, with a further increase in Zn content, the TYS decreased instead,
which is attributed to the weakening effect (coarsening of recrystallized grains and weaken-
ing of the texture) being much more significant than the strengthening effect (solid solution
and second phase strengthening).

From the average EL values of the alloys, it can be seen that with increasing Zn content,
the EL showed a trend of first increasing and then decreasing. The maximum EL value
was 21.9% when 0.5 wt.% Zn was added. The increase in EL could be attributed to the
weakening and dispersion of the texture (especially in the presence of additional TD texture
components), which contributed to the activity of more basal slip and the improvement of
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strain coordination in the thickness direction during subsequent tensile deformation. On
the other hand, the volume fraction of unrecrystallized grains in the as-extruded Mg-5n-Ca-
based alloys decreased with increasing Zn content. However, with the subsequent addition
of Zn, the EL had a decreasing trend, largely related to the corresponding increased coarse
CaMgSn and CayMggZn; phases. It is generally accepted that second phase precipitation
can be used as the main initiation source of microcracks in the corresponding materials.
When an external force is applied to the material, obvious stress concentration and the
formation of microscopic pores will occur near the second phase particles. The stress
(SVF) required to form a microscopic cavity near the second phase particles can be roughly
estimated by the following formula [23]:

C1(Ep\Y? YS/AV\Y?
se=g(F) () ?

where g is the average stress concentration factor near the second phase particles, v, refers
to the surface energy of the matrix material, E is the elastic modulus of the matrix material,
Y is the yield strength of the matrix material, V describes the volume fraction of the second
phase particles, and V refers specifically to the volume fraction of the plastic deformation
zone in the matrix material near the second phase particles. The above formula indicates
that the applied stress depends largely on the size of the second phase particles. Similarly,
Park et al. [24-26] showed that the presence of coarse second phase particles significantly
deteriorates the plasticity of the sheet, especially when the particle size of the second phase
exceeds 10 um. In addition, it is worth mentioning that the weakening, more dispersed,
and symmetrical texture characteristics caused by Zn addition were the main reasons for
the variations in the average values of YS/UTS and n.

5. Conclusions

The addition of Zn into the as-cast Mg-Sn-Ca-based alloy will promote the formation
of the CaMgSn phase (the main second phases) and the Ca2Mg6Zn3 phase (newly emerging
phase in the Zn-added alloys). The addition of Zn to alloy can increase the solidification
interval temperature from 122.5 °C to 267.3 °C, resulting in an increase in the volume
fraction from 5.6% to 11.8% and a decrease in size from 36.4 um to 12.1 um of the second
phase of the alloy.

The EL and IE values of TXZ101 and TXZ100 alloys increased by 38.5% and 21.9%
over the original alloy. The increase in EL is caused by the weakening and dispersion of the
texture, which contributed to the activity of more basal slip and the improvement of strain
coordination in the thickness direction during subsequent tensile deformation, suggesting
that the addition of zinc could improve formability.

With the increase in Zn content, the TYS values increased first and then decreased.
When the content of Zn was 0.5 wt.%, the TYS of the alloy reached the highest values,
approximately 211.1 MPa. The increase in TYS is attributable to the strengthening effect
caused by grain refinement, solid solution strengthening, and second phase strengthening,
which is more significant than the weakening effect originating from texture weakening
and dispersion.
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