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a  b  s  t  r  a  c  t

The  microstructure  and mechanical  properties  of  Mg-Sn-Ca-Ce  alloys  with different  Ce  contents  (0.0,
0.2,  0.5,  1.0 wt%)  were  studied  at  room  temperature.  Ce  additions  to ternary  Mg-Sn-Ca  alloy  resulted  in
grain refinement  as well  as a change  in  the  category  of  second  phase  from  CaMgSn  to  (Ca,  Ce)MgSn  and
Mg12Ce.  The  volume  fraction  of second  phase  increased  with  rising  Ce  content,  which  aggravated  the
restriction  of DRXed  grain  growth  during  the  extrusion  process  and  eventually  led  to  texture  weakening
of  as-extruded  Mg-Sn-Ca  based  alloys.  In terms  of plasticity,  owing  to vigorously  activated  basal  slip  and
homogeneous  distributed  tensile  strain  in  tension,  the  tensile  ductility  of  as-extruded  alloys  reached  the
maximum  value  of  27.6%  after  adding  0.2  wt%  Ce,  which  enhanced  by about  26%  than  that  of ternary  Mg-
icrostructure
exture
echanical properties

Sn-Ca  alloy.  However,  further  Ce  additions  (0.5 and  1.0 wt%)  would  coarsen  the second  phase  particles
and  then  impair  ductility.  The  tension-compression  yield  asymmetry  of as-extruded  Mg-Sn-Ca  ternary
alloy  was  alleviated  greatly  via Ce  additions,  due to the  joint  effects  of grain  refinement,  increased  amount
of strip  distributed  second  phase  particles  and  texture  weakening.

© 2019  Published  by Elsevier  Ltd  on  behalf  of The editorial  office  of  Journal  of  Materials  Science  &
Technology.
. Introduction

Rising concern has been given to magnesium (Mg) alloys for
heir light weight, high specific stiffness, satisfactory castability and
esirable recyclability [1–5]. However, inadequate strength, poor
uctility and strong tensile-compressive yield symmetry (TCA) of
rought Mg  alloys all severely hindered their extensive application

s construction components [6,7]. Appropriate alloying, as a simple
nd effective method, can greatly enhance the mechanical perfor-
ance of Mg  alloys via grain refinement, precipitate strengthening
nd texture modification [8,9]. Among various Mg  alloy systems,
g-Sn based alloys have been stood out and attained constant

ocus, due to their cost advantage [10], excellent creep resistance

∗ Corresponding author at: State Key Laboratory of Mechanical Transmissions,
ollege of Materials Science and Engineering, Chongqing University, Chongqing,
00044, China.
∗∗ Corresponding author.
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J. Fu).

ttps://doi.org/10.1016/j.jmst.2019.07.036
005-0302/© 2019 Published by Elsevier Ltd on behalf of The editorial office of Journal of
[11], loose extrusion conditions [12,13] and so on. Ca element,
with an acceptable price, was  extensively utilized in Mg  alloys to
refine grains and weaken texture [14,15]. In particular, Mg-2 wt%
Sn alloy though 2 wt% Ca addition owned an extremely high ten-
sile yield strength (440 MPa), because of the submicron grain size
(caused by solute Ca element segregations and abundant Mg2Ca
nano-precipitates) [16,17]. Therefore, Mg-Sn-Ca alloy system was
a very potential option for the further development of Mg  alloys
with superior mechanical properties.

In recent years, numerous studies [18–20], concerning the com-
bined addition of Ca and Ce, have been carried out. The main reason
was that the double micro-alloying with Ca and Ce could pro-
mote the dynamic precipitation and then contribute to strength
improvement. As for the Mg-Sn-Ca-Ce alloy system, there only few
researches have been recorded [21,22] and the majority of them
involved merely in the state of as-cast. Hence, it is imperative to

thoroughly assess the role of Ce content on microstructure and
mechanical properties of as-cast and as-extruded Mg-Sn-Ca alloy.
Consequently, in the current work, the addition of Ce induced grain
refinement, second phase transformation and texture weakening
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Table  1
Chemical compositions of the as-cast Mg-1.0Sn-0.6Ca-based alloys.

Designation
Nominal
alloy

Composition (wt%)

Sn Ca Ce Mg

TXE110 Mg-1.0Sn-0.6Ca-0.0Ce 1.31 0.64 – Bal.
TXE1102 Mg-1.0Sn-0.6Ca-0.2Ce 1.26 0.68 0.14 Bal.
TXE1105 Mg-1.0Sn-0.6Ca-0.5Ce 1.32 0.69 0.53 Bal.
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TXE111 Mg-1.0Sn-0.6Ca-1.0Ce 1.29 0.68 1.17 Bal.

ere revealed. Besides, mechanical behavior and TCA performance
f as-extruded Mg-1.0Sn-0.6Ca-xCe (x = 0.0, 0.2, 0.5, 1.0 wt%) alloys
ere primarily examined.

. Experimental procedures

The as-cast Mg-1.0Sn-0.6Ca based alloys having different
e contents were prepared from commercial high pure Mg
99.85 wt%), high pure Sn (99.90 wt%), Mg-20 wt%  Ca and Mg-
0 wt% Ce. Four alloy ingots with Ce contents of 0.0, 0.2, 0.5 and
.0 wt% were produced by melting in an electric-resistance fur-
ace under a mixed protective atmosphere of CO2 (99%) and SF6
1%). The chemical compositions of these alloys were detected by
n X-ray fluorescence spectrometer (XRF-1800CCDE) and the rel-
tive results were shown in Table 1. Rods (80 mm in diameter and
0 mm in length) cut from the casting ingots, were homogenized at
30 ◦C for 12 h and then water-cooled. Subsequently, the homog-
nized samples were hot extruded at 430 ◦C under a ram speed of

 mm s−1 with an extrusion ratio of 32:1. Microstructural obser-
ations were performed by using optical microscopy (OM, ZEISS
xiovert 40 MAT), scanning electron microscopy (SEM, Tescan Vega

 LMH) equipped with backscattered electron spectrometer (BSE),
lectron backscatter diffraction (EBSD, JEOL JSM-7800 F) and trans-
ission electron microscopy (TEM, FEI TECNAI G2 F20). For OM

nd SEM observations, the polished specimens were etched in a
ixture of 5 g picric acid, 5 ml  acetic acid, 10 ml  water and 100 ml

thanol for about 25–30 s. For EBSD inspection, its specimen prepa-
ation maintained grinding on SiC papers (grit sizes: 280#, 800#,
200#, 2000#), washing, blow-drying and subsequently electro-
olishing in an electrolyte (named AC2) at constant voltage (20 V)
nd electric current (0.05 A) for 90 s with a temperature of −25 ◦C.
he preparation of TEM sample contained mechanical polishing
∼50 �m)  as well as ion milling (GATAN, PIPS). The method of lin-
ar intercept was adopted to assess the mean grain size (at least
00 grains were included). The volume fraction of second phase
articles was measured by the software of Image-Pro 6.0. Five indi-
idual SEM pictures were calculated for each alloy, and the ultimate
ata were averaged. The mechanical properties were tested on

 CMT6305-300KN testing machine at room temperature with a
train rate of 1 × 10-3 S−1. Dog bone-shaped tensile specimens (gage
ength: 14 mm;  gage width: 6 mm;  gage thickness: 3 mm)  and rect-
ngular compressive specimens (gage length: 10 mm;  gage width:

 mm;  gage thickness: 3 mm)  were both extracted from the alloy
heet along extrusion direction (ED). Each tensile and compres-
ive test was repeated three times to guarantee the accuracy of
xperiments.

To further uncover the phenomenon that 0.2 wt% Ce addition
nduced the ductility improvement of as-extruded Mg-Sn-Ca alloy,
he corresponding tensile processes (tensile strains of 10% and 20%)
ere also characterized by EBSD measurements. Meanwhile, in-

rain misorientation axes (IGMA) analysis was applied to judge

he dominant slip mode (especially for prismatic slip) in deformed
rains. The minimum and the maximum misorientation angle for
his analysis were taken as 0.5◦ and 2.0◦, separately. Furthermore,
rystal plasticity modeling (i.e. VPSC) was employed to ascertain
e & Technology 37 (2020) 26–37 27

the relative activity of various deformation modes (i.e. slip and
twining), thus helping us to understand the difference of stress-
strain response between TXE110 and TXE1102 alloys during the
tensile process. The viscoplastic constitutive behavior at local level
(in a given grain) was described by means of the non-linear rate-
sensitivity equation:

εij(x̄) =
∑

s

ms
ij�

s(x̄) = �o

∑
s

ms
ij

(
ms

kl�kl(x̄)

�s
o

)n

(1)

where �s (threshold stress) described the resistance for activation
that the deformation modes experience and it usually increased
with deformation. The code owned the capability of using a refer-
ence hardening function for each system, described by an extend
voce law (Tomé et al. [23]). As for voce hardening, it was  charac-
terized by an evolution of the �s with accumulated shear strain in
each grain of the form:

�s = �s
0 + (�s

1 + �s
1� )(1 − exp(−� |�s

0
�s

1
|)) (2)

where � = ∑
��s was  the accumulated shear in the grain; �s

0, �s
0,

�s
1, (�s

0 + �s
1) were the initial CRSS, the initial hardening rate, the

asymptotic hardening rate and the back-extrapolated CRSS, respec-
tively. The detail theory on VPSC model was described in references
[24–28]. And 1000 grains were extracted from the EBSD data with
orientations and area fractions.

3. Results

3.1. Microstructural characterization

The OM and BSE SEM micrographs of as-cast Mg-1.0Sn-0.6Ca
alloys with different Ce contents are displayed in Fig. 1. It is appar-
ent that the grain size decreases continuously (from ∼190.1 �m to
∼46.7 �m)  and the quantity of second phase increases substantially
(from ∼9.5% to ∼15.9%) with the increase of Ce content. Accord-
ing to the results of EDS, the TXE110 alloy contains �-Mg, CaMgSn
phase (needle or short rod-like; as network at grain boundaries)
and a few Mg2Ca phase (sphere-like and tiny particles; distribute
within grain), which is in accordance with our previous investiga-
tions [29,30]. After adding 0.2 wt% Ce, category and morphology of
the second phase is hardly changed, whereas the continuity of its
network seems to decrease to some extent. When the content of
Ce reaches up to 0.5 wt%, besides Mg,  Sn and Ca elements, Ce ele-
ment is also contained in the needle-like second phase particles,
accompanied by the coarsening of their sizes. Second phase exists
in TXE111 alloy is still mainly composed of Mg,  Sn, Ca, Ce four ele-
ments, whereas the ratio between Ce and Ca elements decreases
slightly and the morphology of the second phase is more diverse
compared to that of TXE1105 alloy.

Fig. 2 provides the microstructural characterization of as-
extruded Mg-1.0Sn-0.6Ca-xCe (x = 0.0, 0.2, 0.5, 1.0 wt%) alloys.
Evidently, TXE110 alloy owns coarse grains with a mean grain
size of ∼14.4 �m,  whilst for Ce-containing alloy, its relative value
decreased gradually (from ∼9.5 �m to ∼6.4 �m)  with rising Ce con-
tent. Second phase particles within as-extruded alloys are mainly
distributed along the ED in the form of strips, meanwhile the
amount of these strips and Ce content are in the direct ratio. Based
on the results of EDS, it indicates that Ce additions into Mg-Sn-Ca
alloy can bring about the transition of the second phase. Specially,
Mg12Ce phase and another new phase containing Mg,  Sn, Ca and
Ce four elements are appeared in TXE111 alloy when compared

with TXE110 alloy. For the sake of further recognize the newly
emerged second phase particles in TXE111 alloy, more detailed
observations are performed by TEM (see Figs. 3 and 4). As showed
in Fig. 3, this quaternary phase possesses two  different morpholo-

fufufu123
高亮
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ig. 1. OM and backscattered electron- (BSE-) SEM images of the as-cast Mg-1.0Sn
lloy.

ies (i.e. irregular block: 0.74–0.94 �m in diameter; rectangular
trip: 0.64–2.13 �m in length, 0.22–0.50 �m in width). The TEM-
DX analysis indicates that the content of Mg  in this phase is
igh (possibly disturbed by Mg  matrix), meanwhile the atomic
atio among Ca, Ce and Sn elements is close to 1:1:2. Similarly,
ozlov et al. [31] observed the existence of (Ca, Ce)MgSn phase in

he quaternary Mg-Ca-Ce-Sn system. Furthermore, they assumed
hat (Ca, Ce)MgSn phase is composed of CeMgSn (tetragonal sys-
em, a = 0.7703 nm,  b =0.4628 nm,  c =0.9051 nm,  with space group
nma-62), CaMgSn (tetragonal system, a = 0.786 nm,  b =0.466 nm,  c
0.874 nm,  with space group Pnma-62) and Ca2Sn (tetragonal sys-
em, a = 0.9562 nm,  b =0.7975 nm,  c =0.5044 nm,  with space group
bnm-62) phases. The main reason was that CeMgSn phase pos-
esses a very large solid solubility of Ca and serves as a single solid
hase up to the known intermetallic solution phase CaMgSn-Ca2Sn.

n the present research, it is worth noting that, compared to that

f CeMgSn, the crystal structure of this quaternary second phase is
dentical (tetragonal system:  ̨ =  ̌ = � = 90◦), whereas the lattice
arameters (a, b and c) exhibit a slight difference (may related to
he solid solution of Ca element). In conclusion, combining the cor-
-based alloys: (a) TXE110 alloy; (b) TXE1102 alloy; (c) TXE1105 alloy; (d) TXE111

responding selected area diffractions and the research of Kozlov,
this phase (containing Mg,  Sn, Ca and Ce elements) can be prelimi-
narily identified as (Ca, Ce)MgSn. As for the Mg12Ce phase (elliptical
particle: 0.70–0.80 �m in length, 0.48–0.59 �m in width), its crys-
tal structure is tetragonal system, a = b =1.035 nm,  c =0.596 nm,
with space group 14/mmm-139 [32]. In addition, it is remark-
able that Ca element is easily segregated in the vicinity of Mg12Ce
phase (refer to the EDS mapping in Fig. 4). As a result, it reflects
that the second phase particles of Mg-Sn-Ca alloy have converted
from CaMgSn to (Ca, Ce)MgSn and Mg12Ce with increasing Ce con-
tent.

Fig. 5 illustrates the EBSD maps and (0001) pole figures of four
as-extruded alloys from the extrusion direction-normal direction
(ED-ND) plane. The texture of all alloys is marked by an ED-
splitting texture feature, which has been extensively reported in
Mg alloys in cases of alloying with Ca element [33,34]. The max-
imum intensity poles of the four alloys are tilted from the ND to
ED by approximately ± 30.6◦, ± 30.2◦, ± 34.4◦ and ± 35.8◦, respec-

tively. Moreover, as the Ce content increases, the maximum texture
intensity decreases successively from 15.3 to 11.5.
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in the form of second phase particles. Therefore, the second phase,
which volume fraction increases remarkably with the addition of
Fig. 2. OM and BSE-SEM images of the as-extruded Mg-1.0Sn-0.6Ca-based

.2. Mechanical properties

Fig. 6 depicts the true tension and compression stress-strain
urves of as-extruded Mg-1.0Sn-0.6Ca-based alloys along the ED.
he details of mechanical properties are summarized in Table 2,
here tensile yield strength, ultimate tensile strength, compres-

ive yield strength, ultimate compressive strength, elongation to
racture and yield asymmetry are designated as TYS, UTS, CYS, UCS,
L and CYS/TYS, separately. The value of EL in tension increases
rst and then decreases with increasing Ce content. Especially, the
XE1102 alloy possesses the highest EL (27.6%), enhanced by about
6% than that of TX110 alloy. Comparatively speaking, the EL value

n compression is almost constant (21–23%) albeit the variation
f Ce content. In terms of strength performance, when the addi-
ive amount of Ce element up to 0.5 wt%, both TYS (109.4 MPa) and
YS (93.3 MPa) reach the maximum value, 16.1 MPa  and 29.1 MPa
igher than TXE110 alloy, respectively. Besides, the increase of
YS originating from Ce additions seems to be greater than that
f TYS. In other words, remarkably reduced yield asymmetry of

s-extruded Mg-Sn-Ca alloy (CYS/TYS from 0.69 to 0.86) can be
mplemented by Ce additions.
: (a) TXE110 alloy; (b) TXE1102 alloy; (c) TXE1105 alloy; (d) TXE111 alloy.

4. Discussion

4.1. Microstructure variation

The grain size of as-cast Mg-Sn-Ca based alloy decreases
monotonously with Ce additions, as shown in Fig. 1. More specif-
ically, the average grain size of TXE111 is only a quarter of that
of TXE110. The main reason for the above prominent grain refine-
ment is closely connected with the segregation of solute Ce element
[35] and the increase of Ce-containing precipitates [36]. On the one
hand, Ce element (2.74; 0.183 nm)  owns a higher growth restriction
factor and a larger atomic radius than Sn element (1.47; 0.141 nm).
Hence, Ce element, with a slow diffusion rate, is easily enriched
in the solid/liquid interface during solidification, which eventually
leads to constitutional undercooling at the front of the solidifica-
tion interface [22,37]. On the other hand, due to the very limited
solid solubility of Ce element in �-Mg  matrix [38], most Ce exists
Ce, also contributes greatly to grain refinement through promot-
ing the nucleation rate and strengthening the ability to pin grain
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Fig. 3. (Ca, Ce)MgSn phase partic

oundaries. As shown in Fig. 2, the grains of as-extruded alloys keep
efining by adding Ce, which is pertained to the combined action

f several aspects: (1) the decrease of grain size of as-cast alloy
ill aggravate the dynamic recrystallization (DRX) during extru-

ion and then encourage grain refinement. Coincidentally, Barrett
t al. [39] also demonstrated that the more initial grain bound-
 as-extruded TXE111 alloy sheet.

aries, the more nucleation positions for DRX during extrusion. (2)
second phase particles also play an important role in inhibiting

the growth of DRXed grains. In other words, the refinement of
grains may  be imposed by fragmenting the coarse intermetallic
compounds into strips to retard grain growth during extrusion [40].
It is extraordinary apparent from Fig. 2 that the grains adjacent to
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Fig. 4. Mg12Ce phase particles in as-extruded TXE111 alloy sheet.

Fig. 5. EBSD inverse pole figure maps and (0001) pole figures from the ED-ND plane of as-extruded Mg-1.0Sn-0.6Ca based alloys: (a) TXE110 alloy; (b) TXE1102 alloy; (c)
TXE1105 alloy; (d) TXE111 alloy.
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Fig. 6. True tensile and compressive stress-strain curves of as-extruded Mg-1.0Sn-0.6Ca-based alloys: (a) in tension; (b) in compression.

Table 2
Summary of mechanical properties of four as-extruded alloys which suffer from uniaxial tensile and compressive tests along the ED.

Samples
In tension In compression

CYS/TYS
TYS (MPa) UTS (MPa) EL (%) CYS (MPa) UCS (MPa) EL (%)

TXE110 93.3 244.6 21.9 64.2 249.2 21.8 0.69
79.4 250.2 22.8 0.82
93.3 260.9 23.1 0.85
89.8 251.8 22.4 0.86
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Table 3
Parameters for VPSC constitutive model of as-extruded TXE110 and TXE1102 alloys.

Samples Modes �0 (MPa) �1

(MPa)
�0

(MPa)
�1

(MPa)
hss′

TXE110

Basal slip 28 20 200 155 1
Prismatic <a> slip 70 12 500 70 1
Pyramidal <c+a> slip 150 100 2800 0 1
{10–12} tensile twin 40 0 0 0 1

Basal slip 34 4 200 165 1
Prismatic <a> slip 90 5 60 40 1
TXE1102 96.8 263.6 27.6 

TXE105 109.4 266.3 25.2 

TXE111 104.2 261.9 22.2 

he second phase particles are much finer than their counterparts
n the domain lacking any particles.

As shown in Fig. 5, the addition of Ce into Mg-Sn-Ca alloy can
ealize the weakening of texture (i.e. decrease of maximum inten-
ity and increase of tilting degree). Resulting from the fact that
ow solid solubility of Ce element in Mg  matrix, hence the above
henomenon is mainly related to the effect of second phase par-
icles on the nucleation [41] and growth [42] of DRXed grains.
ig. 7 presents DRX fraction diagrams of four as-extruded alloys as
ell as EBSD maps versus different grain sizes. Obviously, almost

omplete dynamic recrystallization occurred in all samples, which
mplies that the DRXed grain fraction of the as-extruded Mg-Sn-Ca
lloy is independent of additional Ce. Compared with the sample
ithout Ce (TXE110), the proportion of grains smaller than 3 �m

relatively small texture intensity) in the samples containing Ce
ncreased considerably, meanwhile the proportion of grains larger
han 12 �m (relatively large texture intensity) decreased accord-
ngly. The above phenomenon reflects that the texture weakening
aused by Ce additions may  depend on the restriction of grain
rowth originated from Ce-containing second phase.

.2. Ce additions induce the variation of ductility

As shown in Fig. 6, among the four as-extruded alloys, the tensile
uctility of TXE1102 alloy is the highest (27.6%), which is about 5.7%
igher than that of TXE110 alloy (21.9%). To better elaborate the
henomenon that 0.2 wt% Ce addition induces ductility improve-
ent, VPSC and EBSD measurement during the tensile process are

erformed for both TXE110 and TXE1102 alloys with corresponding
esults displayed in Figs. 8 and 9, respectively. The extended voce
ardening parameters of the four deformation modes are adjusted
o the best fit of the experimental stress-strain curves. Accord-
ng to previous studies [26–28], the CRSS of basal slip is located
etween 5–40 MPa, whereas the CRSS values of prismatic slip and

yramidal slip are about 2–4 times and 5–10 times than that of
asal slip, respectively. Besides, for non-basal texture, the ratio of
RSS between basal slip and {10–12} twin ranges from 2:1 to 1:3.
s a result, the parameters are empirically defined and listed in
TXE1102 Pyramidal <c+a> slip 130 85 1800 0 1
{10–12} tensile twin 45 0 0 0 1

Table 3. As shown in Fig. 8, the ultimate results state that the main
deformation modes in TXE110 and TXE1102 alloys to accommodate
tensile strain are basal slip and prismatic slip. As the tensile strain
increases, the relative activity of basal slip decreases persistently,
whilst that of prismatic slip increases in turn. Hence, the basal slip
dominates the initial stage of deformation, while the prismatic slip
can only be involved in the later stage of deformation. The evi-
dent discrepancy between TXE110 and TXE1102 alloys is that the
intersection point of basal slip and prismatic slip in TXE1102 alloy
is relatively delayed comparing to that of TXE110 alloy. In other
words, the activation of basal slip in TXE1102 alloy is more vigor-
ous than that in TXE110 alloy during the whole tensile deformation
process.

Fig. 9 presents the EBSD measurements of TXE110 and TXE1102
alloys deformed to tensile strains of 10% and 20%. As seen in Fig. 9a
and b (tensile strain of 10%), a small amount of {10–12} twins
(3%–5%) appeared in the early stage of deformation. Besides, it is
no doubt that basal slip can be also activated when tension along
the ED, because of the initial ED-splitting texture. According to the
research of Hadorn et al. [43], the IGMA distributing at [uvt0] could
be due to the activation of basal <a> slip and pyramidal <c+a > slip,

while the IGMA appearing in [0001] was caused by the activation of
prismatic <a> slip. In the current research, the IGMA of both alloys
at 10% tensile strain is located at <uvt0> (between <10−10> and
<2-1-10 > ). Hence, the results reflect that for both alloys, the basal
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studies [29,49] have shown that deformation twins were easier to
ig. 7. Different types of grains, EBSD IPF maps in the ED-ND plane and {0001} po
nd  > 12 �m,  respectively: (a) TXE110 alloy; (b) TXE1102 alloy; (c) TXE1105 alloy; 

lip and {10–12} tensile twins (in the minority) can be activated
hen the tensile strain is only 0–10%, while the prismatic slip is

bsent. When the tensile strain reaches 20%, the amount of twins
hanges little compared to the 10% tensile strain, which implies that
o new {10–12} tensile twins are formed between the tensile strain
f 10% and 20%. Furthermore, it is noticeable that for TXE110 alloy,
he maximum texture intensity (from 10.99 to 7.49) and the tilt-
ng degree of maximum intensity pole (from ± 30.09◦ to ± 25.27◦)
oth decrease after 20% tensile strain compared with 10% tensile
train, whereas the corresponding variation for TXE1102 alloy is
ot obvious. The decrease of texture intensity and tilting degree

s affinitive with the activation of prismatic slip, which is in con-
urrence with the research of Lee et al. [44]. The above statement
s further accentuated by IGMA analysis that the IGMA of TXE110
lloy is partly lying along [0001] at 20% tensile strain. To further
hed light on the discrepancy between TXE110 and TXE1102 alloys
uring the tensile process, Fig. 10 summarizes the distribution of
chmid factor (SF) for basal slip and prismatic slip during tensile
eformation. For both alloys, as the tensile strain increases, the SF
f basal slip decreases gradually, whereas this decrease degree is
ore pronounced in TXE110 alloy. In contrast, the SF of prismatic

lip increases in turn with increasing strain, while this increase

egree between TXE110 and TXE1102 alloys is analogous. Last but
ot least, on the basis of Kernel average misorientation (KAM) maps
see Fig. 9), it indicates that distribution of tensile strain in TXE1102
res of four as-extruded alloys corresponding to grains with size < 3 �m,  3–12 �m
E111 alloy.

alloy is more homogeneous than that in TXE110, whatever the
tensile strain of 10% or 20%. As a consequence, improvement of
ductility via 0.2 wt%  Ce addition is closely associated with the vig-
orously activated basal slip and homogeneous distributed tensile
strain. Unfortunately, the tensile ductility decreases gradually with
the further increase of Ce content (0.5 and 1.0 wt%). The possible
reason is lying in that excessive Ce additions would coarsen the
second phase particles, which can act as crack initiation sites and
thus impair ductility [45].

4.3. Reduced tension-compression yield asymmetry through Ce
additions

Essentially speaking, the apparent yield asymmetry is derived
from the different deformation mechanisms under different load-
ing (i.e. the activation stress required for twinning in compression is
lower than that for slip system in tension) [46–48]. The mechanical
properties listed in Table 2 declare that the addition of Ce increases
the CYS/TYS value of as-extruded Mg-Sn-Ca-based alloys (from the
initial 0.69 to 0.82-0.86). The possible reasons for the above phe-
nomenon can be attributed to the following aspects: Firstly, many
activate in coarse grains than in fine grains (i.e. the reduction of
grain size helps to restrain twinning during compression). Further-
more, Dogan et al. [50] expressed that the influence of grain size
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Fig. 8. Experimental (lines) and simulated (symbol) true stress and true strain curves in tension and compression with correspondingly relative activities of different
deformation modes in tension: (a) TXE110 alloy sheet; (b) TXE1102 alloy sheet.

2 allo

o
r
p
i

Fig. 9. EBSD measurement results of TXE110 and TXE110
n twining was deemed to greater than that on slip. Hence, grain
efinement is regarded as an efficient manner to alleviate TCA. In the
resent study, Ce additions into the as-extruded TXE100 alloy can

nduce obvious grain refinement (from 14.4 �m to 6.4 �m).  Thus,
ys deformed to tensile strains of (a, b) 10% and (c, d) 20%.
the improvement of TCA in alloys containing Ce is related to their
refined grains. Secondly, it should be emphasized that the precip-
itates within the grains could pin at the twin boundaries and then
suppress the occurrence of twinning by increasing the back stress
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Fig. 10. Quantitative analysis of basal slip and prismatic slip Schmid factor (SF) of the as-extruded TXE110 and TXE1102 alloys during tensile deformation process.
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ig. 11. Quantitative analysis of (0001)/<11−20> basal slip Schmid factor (SF) of the
c,  g) TXE1105 alloy; (d, h) TXE111 alloy.

51]. In the current work, as seen in Fig. 2, the second phase parti-
les in the extruded state are distributed along the ED in the form
f strips, irrespective of intragranular or grain boundary. Therefore,
t is reasonable to speculate that the addition of Ce increases the
mount of strip distributed second phase, thereby enhancing the
nhibition of twinning during compression and ultimately reducing
CA. Thirdly, texture weakening is also conducive to the improve-
ent of TCA [52]. Correspondingly, the SF distributions for basal
lip [53] under tension along the ED and {10–12} tensile twins [54]
nder compression along the ED are calculated, respectively, with
heir results shown in Figs. 11 and 12. The results manifest that
he average SF for basal slip in Ce-containing alloys (0.364-0.369)
truded alloys under tension along the ED: (a, e) TXE110 alloy; (b, f) TXE1102 alloy;

is slightly higher than that in Ce-free alloy (0.350), while the cor-
responding tendency for {10–12} twins is opposite (Ce-free alloy:
0.295; Ce-containing alloys: 0.269-0.274). The above phenomenon
implies that compared with the Ce-free alloy, the Ce-containing
alloys are easier to activate basal slip in tension, and harder to acti-
vate {10–12} tensile twins in compression from the perspective of
texture. Consequently, the texture weakening caused by the addi-
tion of Ce is also beneficial to the amelioration of TCA. As a result,

owing to the grain refinement, the increased amount of strip dis-
tributed second phase particles and the texture weakening, the TCA
of as-extruded Mg-Sn-Ca alloy is considerably improved by adding
Ce.
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XE1102 alloy; (c, g) TXE1105 alloy; (d, h) TXE111 alloy. Note that a negative value
e  activated. A minus SF for {10–12} twinning is therefore treated as zero during ca

. Conclusions

1) With the increase of Ce content, the grain size of both as-
cast and as-extruded Mg-Sn-Ca alloys decreased significantly,
meanwhile the second phase converted from CaMgSn to (Ca,
Ce)MgSn and Mg12Ce.

2) The addition of Ce gave rise to texture weakening (i.e. decrease
of maximum intensity and increase of tilting degree) of as-
extruded Mg-Sn-Ca based alloys. The possible reason was  that
the volume fraction of second phase increased with rising
Ce content, which aggravated the restriction on DRXed grain
growth during extrusion.

3) Actual experimental data (EBSD measurements of 10% and 20%
tensile strains) in conjunction with VPSC indicated that the
addition of 0.2 wt% Ce could bring about vigorously activated
basal slip and homogeneous distributed tensile strain during
the tensile process, and consequently contributed to the ductile
improvement of Mg-Sn-Ca ternary alloy. However, the further
addition of Ce (0.5 and 1.0 wt%) would deteriorate the ductil-
ity due to the coarsening of second phase particles. Besides,
improved TCA performance of as-extruded Mg-Sn-Ca alloy via
Ce additions could be explained by the joint effects of refined
grains, increased amount of strip distributed secondary phase
particles and weakened texture.
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