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Effects  of  samarium  (Sm)  content  (0, 2.0, 3.5,  5.0, 6.5  wt%)  on  microstructure  and  mechanical  proper-
ties  of  Mg–0.5Zn–0.5  Zr  alloy  under  as-cast  and  as-extruded  states  were  thoroughly  investigated.  Results
indicate  that  grains  of the  as-cast  alloys  are  gradually  refined  as  Sm  content  increases.  The  dominant
intermetallic  phase  changes  from  Mg3Sm  to  Mg41Sm5 till  Sm  content  exceeds  5.0  wt%.  The dynami-
cally  precipitated  intermetallic  phase  during  hot-extrusion  in all Sm-containing  alloys  is  Mg3Sm.  The
intermetallic  particles  induced  by Sm  addition  could  act  as  heterogeneous  nucleation  sites  for  dynamic
recrystallization  during  hot  extrusion.  They  promoted  dynamic  recrystallization  via  the  particle  stim-
ulated nucleation  mechanism,  and  resulted  in  weakening  the  basal  texture  in  the  as-extruded  alloys.
ransmission electron microscopy (TEM)
icrostructure
echanical properties

Sm  addition  can  significantly  enhance  the  strength  of the as-extruded  Mg–0.5Zn–0.5  Zr  alloy  at  room
temperature,  with  the  optimal  dosage  of  3.5  wt%. The  optimal  yield  strength  (YS)  and  ultimate  tensile
strength  (UTS)  are  368  MPa  and  383  MPa, which  were  enhanced  by  approximately  23.1%  and  20.8%  com-
pared  with  the  Sm-free  alloy,  respectively.  Based  on microstructural  analysis,  the  dominant  strengthening
mechanisms  are  revealed  to be grain  boundary  strengthening  and  dispersion  strengthening.

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

With the ever-increasing emphases on environmental protec-
ion and energy conservation, magnesium (Mg) alloys as light
tructural metallic materials exhibit significant advantages in auto-
otive and aerospace industries owing to their low density, good

amping property and high specific strength [1–3]. Unfortunately,
heir insufficient strength, poor formability and corrosion resis-

ance restrict their extensive applications. It is well known that
lloying is one of the most effective approaches to improve the
trength of Mg  alloys. In recent years, Mg–RE (rare earth) alloys
ave attracted a great deal of attention, because the addition of

∗ Corresponding authors.
E-mail addresses: fzmeng@ciac.ac.cn (F. Meng), qiangyang@ciac.ac.cn (Q. Yang),

uanding.huang@hzg.de (Y. Huang).
1 These authors contributed equally to this work.

ttps://doi.org/10.1016/j.jmst.2019.01.019
005-0302/© 2019 Published by Elsevier Ltd on behalf of The editorial office of Journal of
Technology.

RE elements can remarkably refine microstructure, effectively pro-
mote the formation of thermostable particles, and consequently
improve the alloy’s mechanical properties [4–18]. Among various
Mg–RE systems, Mg–RE–Zn–Zr is one of the most representative
high-strength systems, where Zn can significantly increase the
aging strengthening, and Zr can obviously refine grains [15–17].

It is reported that the maximum solid solubility of Sm is
5.8 wt% at eutectic temperature 530 ◦C in Mg.  It could decrease
sharply with a drop of temperature. This means that Sm addition
provides favorable solid-solution strengthening and precipitation
strengthening [7,19–22]. Additionally, Sm is cheaper than other
RE elements frequently used in high-strength Mg–RE-based alloys,
such as Gd, Y and Nd. Yang et al. [20,23] reported that Sm addition

can remarkably enhance precipitation strengthening in a die-cast
Mg–Al-based alloy. Sun et al. [24] reported that Sm can obviously
refine the microstructure of an as-cast Mg–3Al–1Zn–0.3 Mn  alloy
and remarkably improve the alloy’s tensile properties. Li et al. [21]
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Table  1
Chemical composition of the presented alloys (wt%).

Alloy Sm Zn Zr Mg  Fe Si

A – 0.57 0.45 Bal. 0.0014 0.0211
B  2.04 0.65 0.53 Bal. 0.0023 0.0173
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fraction increment is only 2.56% when Sm addition increases from
C  3.33 0.55 0.46 Bal. 0.0015 0.0186
D  4.87 0.56 0.56 Bal. 0.0018 0.0053
E  6.31 0.54 0.51 Bal. 0.0019 0.0059

emonstrated that extruded Mg–4Sm alloy exhibits remarkable
ge hardening responses. Afterwards, Xia et al. investigated the pre-
ipitation evolution and its hardening effect in a newly-developed
g–Sm–Zn–Zr alloy [7].

As is well known, the intermetallic phases formed during
olidification have a significant influence on microstructure and
echanical properties of as-extruded products. However, some

nconsistencies exist on the crystal structures of the dominant
ntermetallic phase in Mg–Sm–Zn–Zr alloys. Su et al. [25] and
heng et al. [26] reported that the dominant intermetallic phase

n as-cast Mg–Sm–Zn–Zr alloys is Mg41Sm5. Yuan and Zheng
27] reported that the dominant intermetallic phase in as-cast

g–2.6Sm–1.3Gd–0.6Zn–0.5 Zr alloy is Mg3RE other than Mg41RE5
RE = Sm,  Gd). Lyu et al. [28] indicated that the dominant inter-

etallic phase in high-hardness casting Mg–7Y–5Sm–0.5Zn–0.3 Zr
lloy is (Mg,Zn)3(Y,Sm). Recently, our work shows that the domi-
ant intermetallic phase in as-cast Mg–3.5Sm–0.6Zn–0.5 Zr alloy

s Mg3Sm [18]. Therefore, the relationships between the crystal
tructure of the dominant intermetallic phase and the Sm content
till remain blank. Furthermore, microstructure and the corre-
ponding mechanical properties of the as-extruded Mg–Sm–Zn–Zr
lloys with various Sm contents have been scarcely investi-
ated to date. According to our previous work, hot-extruded
g–3.5Sm–0.6Zn–0.5 Zr alloy exhibits high strength [18]. There-

ore, investigating the influences of Sm content on microstructure
nd mechanical properties of Mg–Sm–Zn–Zr alloys is very impor-
ant to develop high-strength Mg  alloys.

In the present work, the crystal structure of the dominant inter-
etallic phases in as-cast Mg–xSm–0.5Zn–0.5 Zr (x = 0, 2.0, 3.5, 5.0,

nd 6.5) alloys was investigated systematically. The influences of
arious Sm additions on the microstructures and mechanical prop-
rties were studied for the as-extruded alloys. The strengthening
echanisms were explored and discussed.

. Experimental

The experimental alloys with nominal compositions of
g–xSm–0.5Zn–0.5 Zr (x = 0, 2.0, 3.5, 5.0, and 6.5) were fabri-

ated using commercial pure Mg,  Mg–20Sm (wt%) master alloy,
g–30Zr (wt%) master alloy and commercial pure Zn in a mild

teel crucible installed in an electrical resistance furnace under
ixed protective atmosphere of 1 vol.% SF6 and 99 vol.% CO2. Until

eated to 750–760 ◦C, the molten alloys were mechanically stirred
or 8–10 min  and subsequently held for 25–35 min. Afterward, the

olten alloys were cooled down to 710–720 ◦C, before pouring into
 preheated mild steel mold with 90 mm diameter. Cylindrical bil-
ets with approximately 82 mm in diameter were machined from
he as-cast ingots for subsequent extrusion. Prior to extrusion, the
ylindrical billets were preheated at 320 ◦C for about 2 h. Finally, the
xtrusion experiments were conducted at the same temperature.

The actual chemical compositions of the fabricated alloys
ere measured using inductively coupled plasma atomic emis-
ion spectroscopy (ICP-AES) (Table 1). The microstructures were
nvestigated using optical microscopy (OM, Olympus-GX71) and
ackscatter scanning electron microscopy (SEM, Hitachi S-4800)
ith an accelerating voltage of 10 kV. The intermetallic phases were
 & Technology 35 (2019) 1368–1377 1369

identified by X-ray diffractometer (XRD, Bruker D8 FOCUS) using
CuK  ̨ radiation (wavelength = 0.15406 nm)  at 40 kV and 40 mA with
scanning speed of 2◦/min, and transmission electron microscopy
(TEM, FEI Tecnai G2 F20) equipped with an EDAX energy dispersive
spectroscopy (EDS) operating at 200 kV. For OM and SEM character-
izations, the polished samples were etched using a mixed solution
of 1 g picric acid, 1 ml  acetic acid, 20 ml  ethanol and 2 ml  H2O. Thin
TEM foils with 3 mm in diameter were mechanically grounded to
about 50 �m and then ion-beam milled by a Gatan 691 precision ion
polishing system. The grain sizes of the specimens were measured
using Nano Measurer software.

Cylindrical tensile samples were machined from the extruded
rods paralleling to the extrusion direction, with the gauge radius
and the gauge length of 3 mm and 36 mm (close to the samples
for sub-size ASTM B557 standard), respectively. Tensile tests were
carried out with an initial strain rate of 1.0 × 10−3 s−1 at ambient
temperature, which was  in compliance with ISO 9513 standards.
To ensure the reproducibility, the measurements were repeated at
least three times for each testing condition and the results pre-
sented in this work are the average.

3. Results and discussion

3.1. Microstructures of the as-cast alloys

Fig. 1(a)–(e) shows OM micrographs of as-cast Mg–0.5Zn–0.5 Zr
alloys with different Sm contents. Their corresponding average
grain sizes were presented in Fig. 1(f). As Sm content increases, the
grain size monotonously decreases. This indicates that Sm addition
has a satisfactory grain refinement effect. After Sm addition, the
accumulation of Sm atoms near the solid–liquid interface would
lead to constitutional super-cooling, finally accelerated the nucle-
ation of ˛-Mg  during solidification [29,30]. Furthermore, more Sm
addition results in much greater constitutional super-cooling. Thus,
the alloys with more Sm addition have obviously finer grains. In
addition, Fig. 1(a)–(e) demonstrates that more and more inter-
metallic particles are formed at grain boundaries as Sm addition
increases, which can further be seen more clearly from the corre-
sponding SEM micrographs (Fig. 2(a)–(e)). In the alloy without Sm
addition, almost no intermetallic phases were observed at grain
boundaries except for a few granular particles dispersed inside
˛-Mg grains. After 2 wt% Sm addition, the lamellae intermetallic
particles can be clearly observed at the triangle grain boundaries.
As Sm addition increases to 3.5 wt%, much more intermetallic par-
ticles are found at grain boundaries and their size becomes greater.
Among them, the relatively coarser intermetallic particles present
reticular while the relatively finer ones are still lamellae. As the
addition increases to 5.0 wt% and 6.5 wt%, both reticular and lamel-
lae intermetallic phases can be observed and they become more
and more. Fig. 2(f) gives the statistic volume fraction of intermetal-
lic compounds versus Sm content. It is obvious that volume fraction
of the intermetallic compounds increases monotonously with Sm
content increases. Generally, in-situ formed intermetallic particles
preferentially nucleate at grain boundaries during solidification,
subsequently act as effective obstacles to restrict grain boundary
migration during grain growth [15]. Therefore, more Sm additions
result in finer grains. It should be noted that the increasing rate in
volume fraction of intermetallics suddenly becomes much greater
when the Sm addition is over 5.0 wt%. For example, the volume
3.5 wt%  to 5.0 wt%. However, when Sm addition increases from
5.0 wt%  to 6.5 wt%, volume fraction increment of the intermetallic
compounds is 9.1%. This will be discussed in detail in the following
paragraphs.
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Fig. 1. OM micrographs of as-cast alloys of (a) alloy A, (b) a

Fig. 3 shows XRD patterns obtained from these five alloys. In
he alloy with free Sm addition, no obvious additional diffraction
eaks except for those from ˛-Mg  are identified. This confirms that
he amount of intermetallic phase in A alloy is very low, which is
onsistent with OM and SEM observations. After Sm addition, the
lloys mainly contain strong diffraction peaks consistent with ˛-Mg
atrix and some additional diffraction peaks from the intermetal-

ic phases. When the Sm addition is below 5.0 wt%, the additional
iffraction peaks can basically be indexed as Mg3Sm (face-centered
ubic crystal structure, lattice parameter a = 0.7371 nm). The inten-
ity of the diffraction peaks increases with increasing Sm content,
ndicating that volume fraction of the intermetallic compound

g3Sm increases as Sm content increases. This is in line with the
icrostructural observations (Fig. 2). Interestingly, after 6.5 wt%

m addition, the diffraction peaks from intermetallic phase cannot
e reasonably indexed as Mg3Sm.  Their identification is replaced

ith Mg41Sm5 (primitive tetragonal crystal structure, a = 1.476 nm

nd c = 1.039 nm). In summary, the dominant intermetallic phase in
g–Sm–Zn–Zr system is closely related to Sm content, which was

ot reported in the previous open literature. As shown in Fig. 3,
ntensity of Mg41Sm5 diffraction peaks is obviously stronger than
 (c) alloy C, (d) alloy D, (e) alloy E and (f) average grain size.

that of Mg3Sm phase, demonstrating its higher volume fraction.
This is in line with the SEM analysis result. According to the chem-
ical formulas, the formation of Mg41Sm5 consumes much more Mg
atoms than that of Mg3Sm.  With respect to the same Sm atoms,
Mg41Sm5 phase has a much greater volume than Mg3Sm phase.
When Sm content is below 5.0 wt%, Sm addition is consumed to
form Mg3Sm.  While in the alloy with 6.5 wt%  Sm addition, all Sm
atoms except for those dissolved in ˛-Mg  matrix were consumed
to form Mg41Sm5. This leads to a sudden increase in the volume
fraction of intermetallic compounds when Sm addition increases
from 5.0 wt% to 6.5 wt%.

To identify crystallographic structures of the dominant inter-
metallic particles in detail, TEM characterizations were used.
According to TEM observations, both reticular and lamellae inter-
metallic phases in the same alloy have the same crystal structures.
Fig. 4 shows the representative bright-field TEM (BF-TEM) images

along with the selected area electronic diffraction (SAED) patterns
and the corresponding EDS spectra. The results (Fig. 4(a)–(l)) man-
ifest that the dominant intermetallic phase in the alloy with Sm
addition below 5.0 wt%  is Mg3Sm,  and their experimental lattice
parameters are approximately same. Fig. 4(m) presents the repre-
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Fig. 2. SEM micrographs of as-cast alloys of (a) alloy A, (b) alloy B, (c) alloy C, (d)

s
p
p

Fig. 3. XRD patterns of as-cast samples.
entative BF-TEM micrograph of the network-shaped intermetallic
hase in as-cast E alloy. There are no obvious differences on mor-
hologies between the two reticular phases in alloys D (Fig. 4(i))
 alloy D, (e) alloy E and (f) volume frequency of intermetallic compounds.

and E. However, the corresponding SAED patterns (Fig. 4(n) and (o))
indicate that the reticular intermetallic phase in E alloy is Mg41Sm5
other than Mg3Sm,  It is of interest to note, the point EDS analysis
results (Fig. 4(d), (h), (l), (p)) illustrate that Mg3Sm phase is with a
relatively high Zn concentration while only a few of Zn in Mg41Sm5
phase. The similar phenomenon has been reported by Xia et al.
in Mg–Sm–Zn system [8], where Mg3Sm phase with a relatively
large solubility of Zn was  observed in Mg–12.14Sm–9.45Zn alloy
although Mg41Sm5 phase was  confirmed in Mg–13.01Sm–1.17Zn
alloy. Therefore, it can be deduced that the ratio of Zn:Sm might
have a decisive influence on the formation of Mg3Sm and Mg41Sm5
during solidification.

3.2. Microstructures of the as-extruded alloys

The representative SEM micrographs in longitudinal section
of the as-extruded A-E alloys are presented in Fig. 5(a)–(e),

respectively. All alloys are composed of fine equiaxed dynamic
recrystallization (DRX) grains and relatively coarse unrecrystal-
lized grains distorted along the extrusion direction (ED). With
respect to the alloy with free Sm addition, the average DRX grain
size is approximately 3 �m.  After Sm addition, the fraction of
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ig. 4. BF-TEM images (a, e, i, m),  corresponding SAED patterns (b, c, f, g, j, k, n, o) 

m-p)  alloy E.

RX area increases and the DRX grains become too much finer
o identify their sizes according to SEM observations. Additionally,
ell defined extrusion stringers along ED with numerous disin-

egrated intermetallic phase fragments can be clearly observed
fter Sm addition. Fig. 5(f) gives the statistic results of the average
idth of extrusion stringers and the average size of disintegrated

ntermetallic particles distributed at stringers. As the Sm content
ncreases, the width of extrusion stringers becomes greater and
he disintegrated intermetallic particles at extrusion stringers are

uch coarser, particularly for the alloy with 6.5 wt%  Sm addi-

ion. The evolution characteristics of extrusion stringers might be
ttributed to the increase in intermetallic compounds in the as-cast
amples.

It is noted that there are a great number of finer intermetallic
articles distributed in the DRX regions of as-extruded alloys B-
S spectra (d, h, l, p) of as-cast alloys of (a-d) alloy B, (e-h) alloy C, (i-l) alloy D and

E while almost no ones in as-extruded alloy A, which can be seen
more clearly in high angle annular dark field scanning TEM (HAADF-
STEM) images (Fig. 6(a)–(e)). In the as-extruded alloy A (Fig. 6(a)),
DRX grains were clearly observed and no intermetallic particles
were found. After Sm addition (Fig. 6(b)), the dynamically precipi-
tated intermetallic particles were observed and mainly distributed
at/near DRX grain boundaries. Their average size is approximately
100 nm.  As Sm content increases to 3.5 wt%  (Fig. 6(c)), there are
much more dynamically precipitated intermetallic particles in
the DRX regions although their size slightly increases, with an

average size of approximately 130 nm.  As Sm content reaches to
5.0 wt% (Fig. 6(d)), there are a comparative number density of
the dynamically precipitated intermetallic particles with that in
the as-extruded alloy containing 3.5 wt% Sm addition. However,
the dynamically precipitated particles have clearly a greater aver-
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ig. 5. SEM micrographs of as-extruded alloys of (a) alloy A, (b) alloy B, (c) alloy C, 

m  content.

ge size of approximately 240 nm.  When Sm content is 6.5 wt%
Fig. 6(e)), many relatively coarse blocky intermetallic compounds
istributed in the DRX regions although a number of fine precipi-
ates can also be observed.

The DRX grains can be well distinguished from TEM observa-
ions. Fig. 6(f) shows the statistic histogram of the average DRX
rain size in as-extruded alloys A-E. Different from that more Sm
ddition results in finer grains in the as-cast samples, the DRX grain
ize firstly decreases as Sm addition increases but then starts to
ncrease when Sm content is over 3.5 wt%. It is widely reported that
E additions in Mg  alloys promote DRX during hot extrusion based
n the particle stimulated nucleation (PSN) mechanism [19,31–33].
hat means that the dispersed intermetallic particles induced by
m addition can act as heterogeneous nucleation sites for recrys-
allization through generating local inhomogeneity of strain energy
nd enhancing driving force of recrystallization. Simultaneously,
hese dispersed particles can also effectively refine the DRX grains
ia pinning up grain boundary. Amounts of intermetallic particles

nely distributed in grain boundaries play a significant role in sup-
ressing the growth of DRX grains. In this work, as Sm content

ncreases, there are more and more intermetallic particles. These
articles can promote DRX via the classical PSN mechanism. As

 result, more Sm addition leads to finer DRX grains when Sm
oy D, (e) alloy E and (f) stringer width and particle size of stringers as a function of

addition is below 3.5 wt%. However, it should also be noted that
the large intermetallic particles would shelter ˛-Mg when defor-
mation occurs [34]. This results in smaller strain accumulation of
˛-Mg  matrix, thus lowers strain energy, i.e. smaller driving force
for recrystallization. Thus, too many intermetallic particles in the
as-cast sample are possibly not in favor of promoting DRX. Conse-
quently, the alloy with 6.5 wt% Sm addition has larger DRX grains
than that with few Sm additions.

3.3. Intermetallic phases in the as-extruded alloys

Fig. 7 shows XRD patterns of the as-extruded alloys. There are
no obvious diffraction peaks from intermetallic phases for the as-
extruded A alloy. This indicates that no intermetallic phases were
dynamically precipitated in A alloy during hot-extrusion. The dom-
inant intermetallic phase in the as-extruded B-D alloys remains.
As indicated by the SEM images (Fig. 5(b)–(d)) and HAADF-STEM
images (Fig. 6(b)–(d)), amounts of precipitates were dynamically

formed in the DRX regions. XRD results suggest that the fine dynam-
ically precipitates in the as-extruded B-D alloys are still Mg3Sm.
With respect to as-extruded E alloy, some diffraction peaks corre-
sponding to Mg3Sm appear after hot-extrusion. This demonstrates
that the fine dynamically precipitates in the as-extruded E alloy
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Fig. 6. HAADF-STEM images of as-extruded samples of (a) alloy A, (b) alloy B, (c) alloy
histogram for DRX grains.
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I{hkil} = I{1010} + I{0002} + I{1011} (2)
Fig. 7. XRD patterns of as-extruded alloys.

ay  also be Mg3Sm,  but it cannot be excluded that a part of
g41Sm5 phase transformed to Mg3Sm during extrusion. In order

o well identify the crystal structures of the intermetallic phases,
EM observations were performed on the as-extruded samples.
ig. 8 shows the typical BF-TEM images (Fig. 8(a)–(c)) along with
he corresponding SAED patterns (Fig. 8(d)–(f)) of fine precipitates
n the DRX region, the discrete coarse intermetallic phase and the
isintegrated intermetallic phase at extrusion stringers, respec-
ively. The results illustrate that all above three typed intermetallic
hases are Mg3Sm.  Fig. 9 presents the representative HAADF-STEM
mage of disintegrated intermetallic phases along with the dynami-
ally precipitated intermetallic phase near the extrusion stringer in
he as-extruded E alloy. According to the corresponding SAED pat-
erns (Fig. 9(b) and (c)), the dynamically precipitated intermetallic
 C, (d) alloy D, (e) alloy E and (f) statistic grain diameter distributions in form of

phase is not Mg41Sm5 but Mg3Sm while the coarse disintegrated
intermetallic phase at the extrusion stringers is still Mg41Sm5.
In this work, the coexistence of Mg41Sm5 and Mg3Sm was not
found during amounts of TEM observations. Thus, Mg41Sm5 phase
is thermodynamically stable and would not transform to Mg3Sm
during bot-extrusion at 320 ◦C. Fig. 9(d) illustrates the EDS map-
ping images corresponding to the region marked by a yellow dotted
box. It is obvious that Zn is mainly enriched in the dynamically
precipitated Mg3Sm phase while only a few of Zn in the Mg41Sm5
phase. Fig. 9(e) and (f) gives EDS spectra along with the analysis
results for Mg41Sm5 and Mg3Sm phases, respectively. The results
demonstrate that the atomic ratio of Mg:(Sm, Zn) is approximately
2.61 and 8.87, respectively. This further confirms that the dynami-
cally precipitated intermetallic phase in the as-extruded E alloy is
Mg3Sm while the disintegrated intermetallic phase is Mg41Sm5.

3.4. Texture evolution in the as-extruded alloys

It is well known that basal texture is always formed during hot
extrusion in Mg  alloys [9,10,35–39]. XRD was  performed to explore
the texture evolution of as-extruded A-E alloys, and results are
shown in Fig. 10. It is evident that intensity of the diffraction peaks
corresponding to the (0002) basal plane is much higher than that of
(10 1 0) prismatic plane and (10 1 1) pyramidal plane. The relative
intensity (I%) of diffraction peaks can be calculated by the following
equations [36]:

I = I{hkil}∑
I{hkil}

(1)

∑

The relative intensity of (0002) diffraction peak (I(0002)) corre-
sponding to the as-extruded A-E alloys are 88.74%, 77.89%, 75.49%,
72.16% and 65.65%, respectively. The results reveal that the rela-
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Fig. 8. (a-c) BF-TEM images and (d-f) corresponding SAED patterns of as-extruded alloys of (a, d) alloy B, (b, e) alloy C, and (c, f) alloy D.
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Fig. 9. (a) HAADF-STEM image of as-extruded alloy E, (b, c) corresponding SAE

ively strong basal texture was produced in the studied alloys, and
he intensity decreases monotonously as the Sm content increases.
t was reported that DRX grains exhibit a weak basal texture in
g-RE based alloys after hot extrusion, while the unrecrystallized
rains exhibit a strong basal texture [35,37–39]. Therefore, the vol-
me  fraction of unrecrystallized regions plays an important role in
ffecting texture performance. According to Fig. 5, the volume frac-
ion of unrecrystallized regions decreases as Sm content increases.
terns and (d) EDS mappings along with (e, f) corresponding point EDS spectra.

Therefore, the weakness of basal texture in the studied alloys is
mainly attributed to the greater DRX degree.
3.5. Mechanical properties of the as-extruded alloys

Fig. 11 presents the ambient temperature tensile properties,
including tensile yield strength (YS), ultimate tensile strength
(UTS), and elongation (EL), of the as-extruded alloys. The results
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Fig. 10. Relative intensities of peaks corresponding to basal (0002) plane of as-
extruded samples.
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Fig. 11. Tensile properties of as-extruded alloys.

ndicate that Sm addition can significantly enhance YS and UTS of
he as-extruded alloys, whereas � gradually decreases. The reduc-
ion in � with increase in Sm content is mainly attributed to the
ncreasing size of particles distributed at extrusion stringers as pre-
ented in Fig. 5(f). The relative coarse intermetallic particles may
eaken the interface between ˛-Mg  matrix and particles, result-

ng in micro-crack during the deformation. Similar explanations
ere also reported by Yu et al. [31] in Mg–6Zn–0.5 Zr–xCe (x = 0,

.5, 1.0, and 1.5 wt%) alloys. Moreover, it is interesting to note that
ith increase in Sm content, both YS and UTS increase first and

hen decrease, although all of them are much higher than those
f Sm-free alloy A. The as-extruded alloy C containing 3.5 wt%
m displays optimal YS (368 MPa) and UTS (383 MPa), which are
nhanced by approximately 23.1% and 20.8% compared with alloy

 with free Sm addition, respectively. As shown in Fig. 6f, the grain
ize of the DRX regions in these as-extruded alloys is remarkably
efined due to Sm addition. It is well known that the grain size

efinement can improve the grain boundary strengthening (��gs)
n the as-extruded magnesium alloys, according to the Hall-Petch
elationship [3,40,41]:

�gs = kd−1/2 (3)
 & Technology 35 (2019) 1368–1377

where k is the proportional constant, and d is the grain size. Thus,
it can be deduced that the fine grains attributed to Sm addition
enhance the YS significantly via grain boundary strengthening.
Furthermore, amounts of much finer intermetallic particles dis-
tributed homogenously inside ˛-Mg  matrix can effectively pin the
grain boundary and impede dislocation movement during defor-
mation. This phenomenon was  frequently reported in literatures
[33,38]. Hence, numerous dispersed fine particles attributed to Sm
addition can contribute to the improved strength via dispersion
strengthening. In addition, texture strengthening is one of the most
important strengthening mechanisms in the as-extruded Mg  alloy
[9,10,38,42]. In the present as-extruded alloys, the basal texture
was weakened gradually by Sm content increases. It reveals that the
effect of texture strengthening is reduced in the as-extruded Sm-
containing alloys. From the above discussion, it is evident that Sm
addition can significantly enhance the strength of the as-extruded
Mg–0.5Zn–0.5 Zr alloy at room temperature, mainly attributed to
the grain boundary strengthening and dispersion strengthening.

4. Conclusions

(1) The fraction of intermetallic compounds increases gradually
with increasing Sm content in the as-cast Mg–0.5Zn–0.5 Zr
alloy, resulting in a remarkable grain refinement.

(2) Mg3Sm phase is formed in the as-cast alloys with Sm addition
less than 5.0 wt%. In the as-cast alloy with 6.5 wt%  Sm addition,
Mg41Sm5 phase is observed instead of Mg3Sm phase. The pre-
cipitation of Mg3Sm phase occurs in the alloy with 6.5 wt%  Sm
during hot extrusion, although the primary intermetallic phase
is still Mg41Sm5.

(3) The dispersed large particles induced by Sm addition can act as
heterogeneous nucleation sites for dynamic recrystallization,
consequently promote DRX during hot extrusion via PSN mech-
anism. The weakening of basal texture in the as-extruded alloys
can be explained by the increased amount of DRX grains with
Sm content increases.

(4) Sm addition can significantly improve room temperature
strength of the as-extruded Mg–0.5Zn–0.5 Zr alloy. The dom-
inant strengthening mechanisms include grain boundary
strengthening and dispersion strengthening.
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