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In this study, the effects of Zr, Zn and Cu additions on the microstructure, room-temperature and high-temperature mechanical
properties of an Mg-3Sn-1Ca alloy (from 25 °C to 250 °C) were studied. The results reveal that additions of Zr and Zn do not
change the phase composition of the alloy, composed of CaMgSn and Mg,Sn phases. After the addition of Zn, the grains are sig-
nificantly refined, the volume fraction of the second phase is increased and dispersed, and the Mg,Ca phase is precipitated. The
grain refinement of Zr is better than that of Zn. After adding the Cu element, the Mg,Cu phase precipitates besides the CaMgSn
phase. A comparison of mechanical properties shows that the alloy with Zr (TXK311) has the best mechanical properties at
room temperature and high temperature, and the elongation of the TXK311 alloy can reach 68.3 % at 250 °C. The TXK311 al-
loy was comprehensively considered to find its optimum mechanical properties. The analysis shows that fine grains, a uniform
phase distribution and texture play important roles in the deformation of the alloy.
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V c¢lanku avtorji opisujejo Studijo vpliva dodatkov Zr, Zn in Cu na mikrostrukturo in mehanske lastnosti Mg zlitine vrste
Mg-3Sn-1Ca v temperaturnem obmocju med 25 °C in 250 °C. Rezultati so pokazali, da dodatek Zr in Zn ne spremeni fazne
sestave zlitine, ki v osnovi vsebuje fazi CaMgSn in Mg,Sn. Po dodatku Zn je prislo do pomembnega udrobljenja kristalnih zrn.
Volumski delez druge faze se je povecal in dispergiral ter prislo je do precipitacije faze Mg,Ca. Udrobljenje kristalnih zrn zlitine
je ucinkoviteje pri dodatku Zr v primerjavi z dodatkom Zn. Z dodatkom Cu je prislo poleg izlocanja faze CaMgSn $e do
izlo¢anja faze Mg,Cu. Rezultati dolocitve mehanskih lastnosti so pokazali, da ima le-te najboljSe zlitina z dodatkom Zr v
celotnem preiskovanem temperaturnem obmocju. Raztezek zlitine z dodatkom Zr, oznacene kot TXK311, je dosegel vrednosti
68,3 % pri 250 °C. Ta zlitina ima optimalne mehanske lastnosti s fino drobno zrnato mikrostrukturo, enakomerno porazdelitev
faz in njena tekstura pomembno vpliva na njeno plasti¢no deformacijo.

Klju¢ne besede: zlitina vrste Mg-3Sn-1Ca-X, indirektna ekstruzija, faze CaMgSn, mehanske lastnosti pri poviSanih
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1 INTRODUCTION

As the lightest structure metal materials, magnesium
alloys are widely used in the 3C electronics industry,
aerospace, transportation and other fields due to their
high strength and specific stiffness.'* Among these al-
loys, Mg-Al and Mg-RE alloys, such as AZ91, AM60,
Mg-Zn-RE and Mg-Gd-Y-Zr, are the most common com-
mercial alloys.>”” However, it is difficult to use them at
high temperatures, due to the thermal instability of the
p-Mg;Al;, phase, for the Mg-Al series alloys. The
Mg-Zn-RE and Mg-Gd-Y-Zr alloys with a rare-earth ele-
ment are expensive and difficult to commercialize. Re-
cently, low-price Sn has attracted much attention. Studies
have shown that Sn has high solid solubility in magne-
sium and a significant precipitation strength. Adding
1-2 % Sn can form an Mg,Sn phase with a high melting
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point in magnesium and its alloys.® Furthermore,
Mg-Sn-Ca alloy has attracted extensive attention in re-
cent years due to its good heat resistance. After adding
Ca to magnesium alloys, CaMgSn and Mg,Sn form
heat-resistant phases and grains refine, improving
high-temperature resistance.”!® Rao et al.!' studied the
hot deformation behavior of the Mg-3Sn-1Ca alloy under
compression and found that CaMgSn particles caused
significant back stress during hot deformation. However,
the elevated-temperature mechanical behavior of the cur-
rent Mg-Sn-Ca ternary alloys is still not ideal. Therefore,
developing cost-effective Mg-Sn-Ca-based alloys with
high strength and excellent plasticity at high tempera-
tures is a difficult problem to solve.

It has been proven that extrusion deformation and al-
loying are effective methods for improving the mechani-
cal properties of magnesium alloys.'>* As an inexpen-
sive element, zinc can significantly refine grains and
improve the strength and elongation of magnesium al-
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loys.">'7 Wang et al.'® found that an addition of Zn can
refine the grain size. With an increase in the Zn content,
the yield strength of an alloy gradually increases, while
the number of Mg,Sn and Mg;;Al,, particles also signifi-
cantly increases, mainly due to a reduced solid solubility
of Al in ¢-Mg and an increased number of nucleation
sites for the refined Mg,Sn phase, enhancing the syner-
gistic effect of precipitation strengthening. Tang et al.”
studied the effect of Zn on the microstructure and me-
chanical properties of an extruded Mg-5Sn alloy. The re-
sults showed that Zn can significantly refine the grain
size of the alloy, and the amount of fine particles com-
posed of Mg,Sn and MgZn phases increases significantly
with an increase in the Zn content. The grain refinement
can cause better comprehensive mechanical properties.
Many studies have found that adding Cu to Mg-Zn alloys
can refine grains and improve alloy strength.22! Li et
al.?? studied the ageing behavior of an as-cast ZC62 mag-
nesium alloy, and the research showed that Cu increases
the eutectic temperature of the alloy that can be treated
with solid solution at a higher temperature. In addition,
more solute atoms can be dissolved into the matrix, sig-
nificantly improving the ageing strengthening effect of
the alloy. Zhu et al.? studied the effect of an addition of
Cu on the mechanical properties of a ZK60 alloy, and the
results showed that the elongation of the alloy can reach
more than 9.0 % after the addition of Cu because the alloy
grains were refined and the alloy plasticity was im-
proved. Wang et al.?* studied the microstructure and me-
chanical properties of an Mg-5Zn-3.5Sn-1Mn-0.5Ca-
0.5Cu alloy in the as-cast form. Extruded and aged states
were investigated, and the results showed that Cu can
more effectively improve the aging hardening response
of the alloy while the synergistic effect of Ca and Cu can
promote aging hardening. A composite addition of Ca
and Cu can significantly improve the peak hardness of
the alloy after a dual aging treatment, improving the
yield strength and ultimate tensile strength of the alloy.

As a common magnesium-alloy refiner, Zr is widely
used without Al and Mn in magnesium alloys.? Xing et
al.?6 found that Zr can prevent the growth of grains dur-
ing solidification and promote nucleation through enrich-
ment before crystallization, resulting in the component
supercooling. They studied the form and grain refine-
ment mechanism of Zr in Mg-Zn-Zr magnesium alloys.
Xu et al.” studied the effect of an Mn or Zr addition on
the mechanical properties of an  extruded
Mg-2Gd-1.2Y-0.5Zn (at.%) alloy. The results showed
that the addition of Zr can more effectively refine the
microstructure of a homogenized alloy and promote the
dissolution of the secondary phase compared to the addi-
tion of Mn. Compared to the alloy with an Mn addition,
the initial grain size of the alloy with a Zr addition is
smaller, resulting in a higher DRX ratio and weaker tex-
tural strength after extrusion. High strength, medium
ductility, and improved yield anisotropy were obtained in
extruded alloys with the addition of Zr.
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It can be seen that Zn can produce solid solution
strengthening, improving the strength and plasticity of an
Mg alloy, while Cu can refine the grains, change the type
of the second phase in the alloy, increase the eutectic
temperature of the Mg alloy and improve the ageing
strengthening ability. Zr can improve the alloy strength
by refining the alloy’s solidification structure and grain
size. However, the effects of Zr, Zn and Cu additions in
Mg-3Sn-1Ca alloys have rarely been reported. In order
to further improve the application field of Mg-Sn-Ca se-
ries alloys, this study has conducted research on
Mg-3Sn-1Ca, Mg-3Sn-1Ca-1Zr, Mg-3Sn-1Ca-1Zn and
Mg-3Sn-1Ca-1Cu alloys. The microstructures and ele-
vated-temperature mechanical behaviors of these four al-
loys were systematically analyzed.

2 EXPERIMENTAL PART

In this experiment, Mg-3Sn-1Ca, Mg-3Sn-1Ca-1Zr,
Mg-3Sn-1Ca-1Zn and Mg-3Sn-1Ca-1Cu were prepared
using commercial pure Mg (99.9 w/%), pure Sn
(99.9 w/%), Mg-25 %Ca and Mg-30 %Zr master alloys,
pure Zn (99.9 w/%) and pure Cu (99.9 w/%). Four alloy
samples were denoted as TX31, TXK311, TXZ311 and
TXC311, respectively. Firstly, we put pure magnesium
into preheated crucibles and then heated the crucibles to
760 °C. After the magnesium was completely melted, we
removed the slag, and added Mg-30 % Zr and Cu. We
stirred the melt and reduced the temperature to 710 °C.
After 10 min, we continued to remove the slag, added
Mg-25%Ca, Sn and Zn, respectively, stirred the mixtures
for 2-3 min and poured them into ¢ 65 x 240 molds un-
der the protection of mixed gas (CO,:SFs = 99:1) after a
dwell time of 20 min. After cooling them to room tem-
perature, the ingots were homogenized (400 °C/24 h). A
homogenized ingot was processed into a billet with di-
mensions of ¢ 47 x 100 mm using a lathe and then ex-
truded backward into a bar with a diameter of 12 mm on
a 300-T vertical hydraulic press. The extrusion tempera-
ture was 300 °C, the extrusion speed was 1 mm/s. After-
wards, the mechanical properties of extruded bars were
tested at a rate of 1 mm/min, and the tensile temperatures
were (25, 150, 200 and 250) °C, respectively.

The chemical compositions of the as-cast alloys were
analyzed with an inductively coupled plasma atomic
emission spectrometer (ICP-AES), and the results are
shown in Table 1. The sampling locations of alloy
microstructures are shown in Figure 1. A Shimadzu 700
X-ray diffraction analyzer (XRD) was used to analyze
the phase (the target was Cu; the experimental voltage
and current were 40 kV and 30 mA, respectively; the ex-
perimental scanning angle was 20-90°; the scanning
speed was 4 °/min). The metallographic samples were
sanded to 5000# and then mechanically polished with
0.5-um diamond grinding paste. The polished samples
were etched with 3g picric acid, 3 mL glacial acetic acid,
50 mL ethanol and 5 mL deionized water for 5-10 s. The
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Cross section

Longitudinal section

Figure 1: Metallographic sampling locations

morphology of the second-phase particles was observed
with an S4800 scanning electron microscope (SEM) and
the element composition was detected with energy
dispersive spectrometer (EDS). The micro-crystallo-
graphic orientation information of the samples was ob-
tained using the electron backscatter diffraction tech-
nique with the S4800 scanning electron microscope, and
the data were analyzed with Channel 5.

Table 1: Actual chemical compositions of the as-cast alloys

Alloy Measured composition (w/%)
Mg Sn Ca Zn Cu Zr
Méo’&s;l‘)ca Bal. | 3.14 | 1.02 | 0 0 0
N AT Bal | 318 | 1011 0 | 0 |06
M‘%%?’g;écﬁ)z“ Bal. | 3.12 | 1.02 | 1.09| 0 | 0
N ety | Bal. | 322 104 | 0 | 107 | 0

Figure 2: Microstructures of the as-extruded alloys: a) TX31, b) TXK31, ¢) TXZ311, d) TXC311
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3 RESULTS AND DISCUSSION

Figure 2 shows optical microstructures (OMs) of the
as-extruded alloys. It is evident that the average grain
size of the TX31 alloy is about 3.5 pm (see Figure 2a);
this alloy is composed of crystals with and without dy-
namic recrystallization. After extrusion, the TX31 alloy
exhibits a bimodal structure with a mixture of coarse and
fine grains, resulting in an uneven grain size. After add-
ing Zr, the grain size of the alloy is significantly refined;
there are fine equiaxed grains with an average size of
about 1.8 um. Compared to the TX31 alloy, the grains of
the TXK311 alloy are refined into fine equiaxed grains,
which can be explained with the peritectic reaction and
component undercooling of Zr.?® After adding Zn and Cu
separately, the average grain size is 5.1 um and 4.5 pm,
respectively (see Figures 2¢ and 2d), and the bimodal
grain structure is significantly improved.

Figure 3 shows the XRD patterns of the four alloys
in the extruded state. It was found that all four alloys
have diffraction peaks of the CaMgSn phase, which is
consistent with the previous research reports. Regarding
the Mg Sn Ca series alloys, when the mass ratio of Sn/Ca
is about 3:1, almost all Ca combines with Mg and Sn to
form a stable CaMgSn phase.? In addition, according to
SEM, EDS, second phase area fraction results from Fig-
ure 4 and Tables 2 and 3, it can be concluded that the
addition of Zr did not generate a new second phase in the
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Figure 3: XRD patterns of the as-extruded alloys (scan angle of 20-90°)

TXK311 alloy as only the CaMgSn phase is detected; the
area fraction of the second phase increased, indicating
that the addition of Zr plays an important role in the
grain refinement, but it cannot change the second phase
in the alloy. In the TXZ311 alloy, the addition of Zn re-
sults in a coarse second-phase transition, and no inter-
metallic compounds containing Zn are found. In addition,
the EDS results indicate that the atomic ratio of Mg/Sn at
point D is greater than 2:1, indicating the presence of a
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small amount of Mg,Sn phase in the TXZ311 alloy,
based on XRD spectroscopy. This may be due to the high
solid solubility of the Zn in Mg, which is soluble in the
a-Mg matrix. According to SEM and EDS results, in ad-
dition to the massive CaMgSn phase, a spherical Mg,Cu
phase was also found in the TXC311 alloy after adding
Cu. Previously, Pan et al.’® also found that an Mg,Cu
phase exists in an Mg-2Sn-0.5Cu alloy, and that Cu has a
significant grain refinement effect on a magnesium alloy.

oy
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Figure 4: SEM images of the as-extruded alloys: a) TX31, b) TXK311, ¢) TXZ311, d) TXC311

72

Materiali in tehnologije / Materials and technology 58 (2024) 1, 69-79



Z. JIA et al.: EFFECT OF Zr, Zn AND Cu ADDITIONS ON ELEVATED-TEMPERATURE MECHANICAL PROPERTIES OF ...

Table 2: EDS results

. Chemical composition (at.%)

Point Mg Sn Ca 7n Cu Phase type
A 572 +04 22.1 £ 0.6 19.3 £ 0.6 - - MgSnCa
B 86.2 + 0.3 6.2 +04 7.7+0.3 MgSnCa
C 66.5 + 0.4 17.8 + 0.4 14.6 £ 0.5 - - MgSnCa
D 86.6 + 0.4 134 +0.5 - - - Mg,Sn
E 729 £ 0.5 153 +04 114 +0.6 - - MgSnCa
F 729 £ 04 - - - 27.1 £ 0.6 Mg,Cu

Table 3: Area fraction and size distribution of the second phase

Alloy

Area fraction of second phase (%)

Second-phase size distribution (um)

Mg>Sn

Mg,Cu

CaMgSn

TX31

2.1+0.7

0.6-16.8

TXK311

32+0.6

0.4-18.9

TXZ311

5504

1.3-5

1.1-23.9

TXC311

71x04

3.5-8

1.2-24.8

(10-10)

a

(10-10)

0-10)

0-10)

Figure 5: EBSD and pole figures of the four extruded alloys: a) TX31, b) TXK311, ¢) TXZ311, d) TXC311

Materiali in tehnologije / Materials and technology 58 (2024) 1, 69-79

[Pole Figues

(2 cor]

[Magrezam (6/mmen)
(Complete deta set
121828 data poirts

E qual Area projection
Uppes hemispheses
Hal vadith 10°

(Chaster sze:5*

Exp. densiies (mud}
Mire 0.00, M= 6,64

b —
T —

5 —

2|
3
4
5
6|

[Pole Figues

3 cpr]

[Magnesim (5/mee)
(Compiete data set
155489 data points

€ qusl Area projection
[Uppes hemispheres
Hal v 10°

(Chuster s2e5"

Exp. densites (mud)
[Minv= 0,00, Max= 363

—

1
2

3

[Pole Figures

40813 72) cox]
[Magresum (6/mimen]
(Complete data set
116049 data points

E qual Area projecton
[Uppes hemispheses
[Half vacth 10

(Cuister sze:5

Exp. densities (mud)
[Min= 0.00. Ma=16.85

r——

(Equal Avea projection
[Upper hemespheres

[Ha¥ width 10°

(Cluster size5”

Exp. denshies (mud)
Min= 0.00, Max=1110

4
5)

SEFED

—_— 38
0 10)

73



Z. JIA et al.: EFFECT OF Zr, Zn AND Cu ADDITIONS ON ELEVATED-TEMPERATURE MECHANICAL PROPERTIES OF ...

300

100

(C)—.— Mg-38n-1Ca

sol —e— Mp-35n-1Ca-17r

’ —a— Mg-38n-1Ca-1Zn
v Mg-35n-1Ca-1Cu

60 -

40 +

Elongation/%

(ﬂ) —o—Mg-35n-1Ca 250 | (b.) —=u—Mg-3Sn-1Ca
250 L B —o—Mg-35n-1Ca-17r S *— Mg-38n-1Ca-1Zr
MQ\ —a— Mg-38n-1Ca-1Zn \\,\\ —a—Mg-38n-1Ca-1Zn
€500 S —v—Mg-35n-1Ca-1Cu _200F —v—Mg-3Sn-1Ca-1Cu
200 ™
2 LN &
£ - &
P50k "‘g,,lsn L
& 2
o =
E100 F % 100 b
& =
50+
5o ~u
oL . : . . . . .
0 50 100 150 200 250 0 50 100 150 200 250

Temperature/°C

Temperature/°C

0 50 100 150 200 250

Temperature/°C

Figure 6: Mechanical properties of the four extruded alloys at room and high temperature

Figure 5 shows pole figures of the four as-extruded
alloys. It can be seen that the average grain sizes of
TX31, TXK311, TXZ311 and TXC311 alloys are 3.5,
1.8, 5.1 and 4.5 pum, respectively. In an extruded alloy,
added Zr can obviously refine the grains. However, the
additions of Zn and Cu do not refine the grains. More-
over, it is found that the additions of Zn and Cu enhance
the basal strength of the TX31 alloy, and the basal tex-
ture strength of the TXZ311 alloy is the highest, which is

350
25°C True stress and true hardening
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16.85. On the contrary, when Zr is added to the TXZ311
and TXC311 alloys, the basal texture strength decreases
significantly, being 3.69. The weakening of the basal de-
formation texture of magnesium alloys is beneficial for
reducing anisotropy and improving the plastic deforma-
tion ability.

Figure 6 shows the elevated-temperature mechanical
properties of the four as-extruded alloys at 25-250 °C. It
can be seen that the TXK311 alloy exhibits the highest

b 150°C True stress and true hardening |—— TX31
200 - ( )
150 |
=
[a¥)
2
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[
= 100
v
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O 1 1 1 1
0.0 0.1 0.2 0.3 0.4
Strain
140
( d) 250°C True stress and true hardening
120 —TX31
—TXK311
10 b —TXZ311
—TXC311
=
& wof
7
3
n B0
40 |
20 |
0 1 1 1 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Strain

Figure 7: True tensile stress-strain curves of the as-extruded alloys at different temperatures: a) 25 °C, b) 150 °C, c) 200 °C, d) 250 °C
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tensile strength and yield strength at temperatures of (25,
150, 200 and 250) °C, while TXZ311 exhibits the best
plasticity at temperatures of (25, 150 and 200) °C, but
TXK311 exhibits the best plasticity at 250 °C. At room
temperature, the ultimate tensile strength (UTS) of
TX31, TXK311, TXZ311 and TXC311 alloys is (187,
260, 237 and 243) MPa, respectively. The yield strength
(YS) is (110, 243, 142 and 161) MPa, and the elongation
(EL) is (6.7, 10.6, 15.5 and 8.9) %, respectively. From
the results, it can be seen that the mechanical properties
of the TX31 alloy were significantly improved by the Zr,
Zn and Cu addition. When the temperature is elevated
from 150 °C to 250 °C, the strength of the alloys except
for the Mg-3Sn-1Ca-1Zr alloy decreases drastically,
while the strength of the Mg-3Sn-1Ca-1Zr alloy exhibits
little change between 150 °C and 200 °C. The maximum
elongation of the TXK311 alloy can be 68.3 %, which is
very beneficial for the next forming step of the alloy.
The representative true tensile stress-strain curves of
the as-extruded samples at different temperatures are
given in Figure 7. It can also be seen that the TXK311
alloy exhibits the best strength between 25 °C and
250 °C. However, an evident deterioration of the me-

Zum

chanical properties occurs in the Mg-3Sn-1Ca-1Cu alloy
with the increase in the temperature.

Figure 8 shows SEM images of the tensile fracture of
the four as-extruded alloys at different temperatures.
From the figure, it can be seen that there are ductile dim-
ples and second-phase inclusions at the fracture surfaces
of the four alloys under both room temperature and high
temperature, indicating the presence of ductile fracture
modes.’!? In Figure 8a, there are cleavage planes and
tearing edges on the fracture surface of the TX31 alloy,
indicating that the fracture of the alloy is mixed-mode
fracture. After adding Zr, there are pores and a large
number of equiaxed dimples on the fracture surface of
the TXK311 alloy, and second-phase particles are found
at the bottom of the dimples. The alloy exhibits duc-
tile-fracture characteristics. After adding Zn, the alloy
undergoes significant necking, with larger and deeper
dimples, resulting in ductile fracture. Our analysis sug-
gests that the larger particle size of the second phase in
the TXZ31 alloy results in deeper and larger dimples.
After adding Cu, there are pores and tearing edges on the
fracture surface of the alloy, with deep dimples and duc-
tile-fracture characteristics. According to the EDS re-

2um

2um

Figure 8: SEM images of samples’ morphologies of tensile fracture of the as-extruded alloys at room and high temperatures: (a—d) TX31, (e-h)
TXK311, (i-1) TXZ311, (m—p) TXC311, (a, e, i, m) 25 °C, (b, {, j, n) 150 °C, (c, g, k, 0) 200 °C, (d, h, 1, p) 250 °C

Materiali in tehnologije / Materials and technology 58 (2024) 1, 69-79

75



Z. JIA et al.: EFFECT OF Zr, Zn AND Cu ADDITIONS ON ELEVATED-TEMPERATURE MECHANICAL PROPERTIES OF ...

sults, the second-phase particles at the dimples of the
TX31, TXK311 and TXZ311 alloys are determined to be
the CaMgSn phase. The second-phase particles at the
dimples of the TXC311 alloy are the CaMgSn phase and
Mg,Cu phase. In addition, with the increase in the tensile
temperature, there are micropores and more dimples at
the fracture surface of the alloy. The dimples are larger
and deeper, and the plasticity of the alloy is significantly
improved.

Equiaxed dimples are microcracks formed at the in-
terface between inclusions, second-phase particles and
the matrix. The adjacent microcracks converge to pro-
duce microholes, causing a cavity growth and increment,
and finally connecting to form fractures, leaving traces
on the fracture surface. This indicates that the CaMgSn
phase found in the dimples is the main reason for crack
nucleation and propagation. TXK311 has a lot of fine
dimples and CaMgSn phases, so its elongation can reach
68.3 % at 250 °C.

Table 4: Average grain sizes and maximum basal texture intensities of
the four extruded samples

Alloy TX31 |TXK311|TXZ311 | TXC311
Grain size (um) 3.5 1.8 5.1 4.5
Texture intensity 6.64 3.69 16.85 11.1

In order to analyze the deformation mechanism of the
samples, Figure 9 plots the work-hardening rates derived
from true stress versus true strain curves. The work-hard-
ening behaviors of the four processed Mg alloys are ob-
viously different. The initial rapid decrease in the
work-hardening rate is due to the short period of
elastoplastic transition. After the elastoplastic transition,
the work-hardening rate starts to decrease slightly and
both the grain size and texture intensity of the as-ex-
truded samples exhibit great impacts on the work-hard-
ening behaviors. Firstly, the strain-hardening rates of the
four alloys can be shown as follows: TXK311>
TXC311>TXZ311>TX31. When the strain is 0.09, the

6000
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-1000
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hardening ability of the TXK311 alloy decreases signifi-
cantly. At this phase, the TX31, TXC311 and TXZ3111
alloys show a better strain-hardening ability. The
TXK311 alloy exhibits a higher texture intensity com-
pared with the TX31 and TXC311 alloys, as shown in
Table 4. The higher texture intensity means a lower
Schmid factor for the basal slip, promoting rapid harden-
ing of the basal plane and a higher likelihood for
cross-slipping onto the prismatic plane. Thus, higher de-
creasing speeds of the work-hardening rate occur in the
TXK311 alloy (Figure 9a). Figure 9b shows changes in
the strain-hardening indices of the four extruded alloys.
It shows that the strain-hardening index of the TX31 al-
loy is the highest. However, as the yield strength of the
alloy is low at this point, the strain-hardening indices of
the other three alloys show little difference, indicating
that there is little difference between the strain-hardening
abilities of the TXK311, TXZ311 and TXC311 alloys.
The poor strain rate of the TX31 alloy is due to a large
number of CaMgSn hard brittle phases.

Figure 10 shows the Schmidt factor plots of the four
extruded alloys. It is worth noting that the critical shear
stress (CRSS) required to activate basal slip largely de-
pends on the Schmidt factor (SF) value of basal slip,
which is related to the angle between the c-axis and the
loading direction 6.3 Research has shown that the
smaller the difference in the CRSS between the base and
non-base surfaces, the easier it is to activate non-basal
slip.3* When Zr and Zn are added to an alloy, the basal
slip SF increases significantly. Additionally, the differ-
ence in the SF along different directions decreases,
which weakens the anisotropy of the alloy and ultimately
leads to an increase in its ductility. In addition, the in-
crease in the strength of the TXK311 alloy is due to the
addition of Zr, which refines the grains and the second
phase. Through fine-grain strengthening and sec-
ond-phase dispersion strengthening, the yield strength of
the TXK311 alloy is improved. In the TXZ311 alloy, the
effect of solid-solution strengthening and precipitation

— TX31

5.6

54 F

Ins

32

5.0

48 =
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Figure 9: a) Strain-hardening rates and b) strain-hardening indices of the four extruded alloys
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strengthening of Zn reduces the difference between the
substrate slip and non-substrate slip, reduces anisotropy,
and increases the strength and plasticity. When Cu is
added to the alloy, it forms a spherical Mg,Cu phase due
to the low solid solubility of Cu in magnesium (0.55 %).
The TXC311 alloy’s strength is enhanced by solid-solu-
tion strengthening and second-phase strengthening.
However, the anisotropy of basal slip and non-basal slip
is significantly increased, which results in a relatively
lower plasticity compared to that of the TXZ311 alloy.
When Zr is added to TX31, a CaMgSn phase and fine
grains are produced in the alloy. These serve as a second
phase and lead to fine-grain strengthening, resulting in
TXK311 having the most desirable mechanical proper-
ties.

4 CONCLUSIONS

In this study, the effects of Zr, Zn and Cu on the
high-temperature mechanical properties of an extruded
Mg-3Sn-1Ca alloy were studied, and the following con-
clusions were drawn:

The microstructure of the TX31 alloy is determined
by the a-Mg phase and CaMgSn phase. With an addition
of Zr, the grain size decreases, the strength of the basal
texture weakens and no new second phase is formed. Af-
ter an addition of Zn, it solidly dissolves in the magne-
sium matrix, without forming a second phase containing
Zn. A small amount of Mg,Sn phase precipitates in the
alloy, and the grain size of the alloy increases. An addi-
tion of Cu increases the grain size and causes the forma-
tion of a spherical Mg,Cu phase, resulting in an increase
in the strength of the basal texture.

Among the four extruded alloys, the Mg-3Sn-
1Ca-1Zr alloy exhibits the best mechanical properties at
temperatures of (25, 150, 200 and 250) °C. The high
strength of the Mg-3Sn-1Ca-1Zr alloy is attributed to its
smaller grain size (1.8 pum), which plays a role in
fine-grain strengthening. The high plasticity at 250 °C is
attributed to the weak texture strength (3.69) of the
Mg-3Sn-1Ca-1Zr alloy, which reduces anisotropy and
improves the plastic-deformation ability, so it is very
beneficial for the next forming step.
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