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Abstract: The microstructure and mechanical properties of Mg-2Zn-1Mn-xY (x=0, 1, 3, 5, 7, wt%) alloy were studied by optical

microscope (OM), X-ray diffractometer (XRD), X-ray fluorescence spectrometer (XRF), electron probe microanalyzer (EPMA),

scanning electron microscope (SEM), electron backscatter diffractometer (EBSD), transmission electron microscope (TEM), and
uniaxial tensile tests. Results show that the secondary phases of as-cast alloys are changed from Mg,Zn, to Mg,Zn,Y, and finally

transformed to Mg ,ZnY with the addition of Y element. Although Y addition hinders the dynamic recrystallization process and
therefore refines the grains, the excess Y addition cannot further refine the grains. Meanwhile, the ductility of as-extruded Mg-2Zn-

IMn alloy is increased and then decreased with the addition of Y element, which may be attributed to the synergistic effect of texture

orientation and grain coarsening. Besides, the strength enhancement is mainly attributed to grain refinement strengthening and

secondary phase strengthening. The Mg-2Zn-1Mn-7Y alloy has the optimal mechanical properties: the ultimate tensile strength is 357

MPa, yield strength is 262 MPa, and elongation is 14%.
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Magnesium alloys, as the light structural materials, have
excellent potential in the aerospace, transportation, and
electronic device industries due to their high specific strength,
high specific stiffness, and good castability” . However, the
application of Mg alloys is restricted due to their low strength
and poor formability. Alloying is generally considered as an
method to improve the
mechanical properties of Mg alloys. It is reported that after the
addition of Zn and Mn into Mg alloy, the high-strength alloy

effective microstructure and

can be obtained with low cost“?. In addition, Zhang and
Liang™ et al found that the strength of Mg-Zn-Mn alloys is
increased with increasing the Zn content. Yield strength (YS)
of 213 MPa and ultimate tensile strength (UTS) of 312 MPa
can be achieved for Mg-6Zn-Mn alloys. It is also reported that
the elongation (EL) of Mg-2Zn-1Mn alloy is nearly 20%,
which is much higher than that of other alloys with high Zn
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content. However, the strength of Mg-2Zn-1Mn alloy is
relatively low! .

Rare earth (RE) elements have excellent mechanical
properties at ambient temperature, which have been widely
used to moderate Mg alloys"* ', It is reported that different
Zn/Y atomic ratios can lead to the formation of different
strengthening phases in Mg-Zn-Y alloys. The secondary phase
is transformed from Mg,ZnY (I-phase) to Mg,Zn,Y, (W-
phase) and finally to Mg,ZnY (LPSO-phase) with decreasing
the Zn/Y atomic ratio from 4.38 to 1.10"*', LPSO-phase acts
as the unique strengthening phase in Mg alloys, which
significantly promotes the grain refinement and improves the
strength and fracture resistance of Mg alloys through the tight
connection between LPSO-phase and Mg matrix™* "
Yoshimoto et al"” reported that the as-extruded Mg,Zn,Y,

(at%) alloy has high Y'S of 390 MPa due to the presence of the
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14H-LPSO phase. Hao et al"® also found that the as-extruded
Mg, Zn,.Y, Mn, (at%) alloy with 14H-LPSO phase exhibits
higher strength but lower ductility, compared with that
without 14H-LPSO phase.Xu et al'” found that when the
W-phase content exceeds 17.5vol%, W-phase forms obviously
coarsened net-like microstructure at the grain boundaries and
degrades the mechanical properties of alloys. Meanwhile,
Wang et al®” found that net-like W-phase can broken into
particles during the hot extrusion, which activates the particle-
stimulated nucleation (PSN) to refine grains, thus improving
the strength and ductility.

Therefore, it can be concluded that the recrystallized grain
refinement and strengthening phases can be obtained by the
addition of Zn, Mn, and Y elements into Mg alloys, thereby
improving the mechanical properties of Mg alloys. The Mg-
Zn-Mn-Y alloys with low ratio of Y to Zn have been widely
researched. However, the investigation of Mg alloys with high
Y content is rarely reported. It is reported that the mechanical
properties of Mg-2Zn-1Mn alloy can be effectively improved
through the trace addition of Y element™". In this research, the
effect of high Y contents on microstructure and mechanical
properties of Mg-2Zn-1Mn alloys was investigated.

1 Experiment

The material used in this research was Mg-2Zn-1Mn-xY
(Wt%) alloy. Firstly Owt%, 1wt%, 3wt%, Swt%, and 7wt% Y
element was added into the Mg-2Zn-1Mn alloy, and they were
named as ZM21, ZMW2211, ZMW213, ZMW215, and
ZMW?217, respectively. The chemical composition of as-cast
billets were analyzed by X-ray fluorescence spectrometer
(XRF, XRF-1800) on the cross sections with diameter of 32
mm and length of 5 mm. The results are listed in Table 1. In
order to segregation of components,
homogenization treatment was conducted at 500 °C for 12 h
and 420 °C for 12 h for the alloy billets with and without Y
addition, respectively. Then the specimens were air-cooled.

eliminate the

Afterwards, the homogenized alloy billets were extruded at
450 °C with extrusion ratio of 25:1 and extrusion speed of 20
mnys.

The as-cast and hot-extruded alloy specimens were ground
for metallographic observations. The as-extruded specimens
were observed along the direction parallel to the extrusion
direction. The phase analysis of specimens was performed by
X-ray diffractometer (XRD, PANalytical X’Pert Powder) with
Cu-Ko radiation, scanning rate of 4°/min, and scanning angle

Table1 Chemical composition of as-cast Mg-2Zn-1Mn-xY

alloys (wt%)
Alloy Zn Mn Y Mg
ZM21 2.25 0.85 0.00 Bal.
ZMW211 1.85 1.32 0.90 Bal.
ZMW213 2.18 0.93 2.39 Bal.
ZMW215 1.95 1.54 4.85 Bal.
ZMW217 1.89 1.56 6.70 Bal.

of 10°-90°. The microstructure characterization of specimens
was observed by optical microscope (OM, CLSM), scanning
electron microscope (SEM, Quattro S), and transmission
electron microscope (TEM, Talos F200s). The electron probe
microanalyzer (EPMA, JXA-8530F Plus) was used to charac-
terize the element distribution. Then, the energy dispersive
spectroscope (EDS) was used to identify the secondary phases
observed by TEM and SEM. Electron backscatter diffracto-
meter (EBSD, JEOL JSM-7800F) was used at 20 kV with step
size of 0.6 um. The crystal orientation was analyzed by Chan-
nel 5 software. The high-angle annular dark field (HAADF)
TEM was also used.

The specimens for the tensile tests were machined into the
ones with a gauge dimension of @5 mmx35 mm and a total
length of 70 mm, according to GB/T 228-2002 standard.
Three specimens were selected for each test, and average
value of the testing results was used for analysis.

2 Results and Discussion

2.1 Microstructure of as-cast Mg-2Zn-1Mn-xY alloys

Fig. 1 shows OM microstructures of different as-cast Mg-
27Zn-1Mn-xY alloys. It can be seen that compared with the
case in ZM21 alloy, the Y addition refines the dendrite
spacing and effectively improves the continuity between
dendrites. However, as shown in Fig.1d and le, the effect of
dendrite refinement is decreased with further increasing the Y
addition. As shown in Fig.2a, a few bright phase particles
exist in the as-cast ZM21 alloy, which is composed of Mg-Zn
binary phase particles and Mn particles, according to EPMA
mapping results. In addition, some other phases consisting of
Mg, Zn, and Y elements can also be observed after Y addition.
The morphology and size of phases are changed with
increasing the Y content, as shown in Fig.2b—2e.

Fig. 3 shows XRD patterns of as-cast Mg-2Zn-1Mn-xY
alloys. It is found that the as-cast ZM21 alloy is mainly
composed of Mg.Zn,, a -Mn, and a -Mg phases, and new
diffraction peaks can be detected after Y addition. The
diffraction peaks of W-phase can be detected after 1wt% Y
addition. With further increasing the Y content, the diffraction
peak intensity of W-phase is decreased. In contrast, the
diffraction peak intensity of LPSO-phase increases, and the
LPSO-phase becomes the main secondary phase. According to
SEM microstructures of as-cast alloys (Fig. 4), the granular
secondary phase in ZM21 alloy firstly changes to net-work
structure and then to lamellar structure after Y addition. It is
worth noting that both the W-phase and LPSO-phase appear in
ZMW?213 alloy (Fig. 4c). It is found that some secondary
phase particles with big sizes grow around LPSO-phase.
Based on EDS analysis and the results in Ref.[22—-23], the
particles are considered as Y-rich particles, as shown in Fig.4f.
2.2 Microstructure of as-extruded Mg-2Zn-1Mn-xY alloys

Fig.5 shows SEM microstructures of as-extruded Mg-2Zn-
IMn-xY alloys, and the observed surface is parallel to the
extrusion direction (ED). After homogenous treatment for
ZMW211 alloy, the remaining W-phase is crushed during
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Fig.1 OM microstructures of as-cast Mg-2Zn-1Mn-xY alloys: (a) x=0, (b) x=1, (c) x=3, (d) x=5, and (e) x=7

Mt

Fig.2 Bright phase particles morphologies and corresponding EPMA element mappings of as-cast Mg-2Zn-1Mn-xY alloys: (a) x=0, (b) x=1,
(c) x=3, (d) x=5, and (e) x=7
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S oMe W Mn v MgZn, extrusion and uniformly distributed along ED, as shown in
A Mg,7n,Y, (W) ¥ Mg,,ZnY (LPSO) . . .
0 Fig. 5b. The continuous lamellar LPSO-phase in as-cast
- microstructure was also crushed and elongated along ED.
g i i o i Moreover, with increasing the Y content, the spacing between
2| s el J by LPSO-phase is dramatically decreased, and the volume
2l gk ., o b fraction of coarse LPSO-phase is increased.

B . 0 o o .Mbo o It is reported that the 18R structure is not thermody-
=0 Hl b LOL namically stable at 500 ° C, and the 14H structure can
. . . . . . . gradually replace the 18R structure with prolonging the heat

20 30 40 50 60 70 80 . o o
treatment duration at 500 °© C*". Therefore, to identify the
26/(°) structure of LPSO-phase, TEM observation was conducted,
_ . and the bright-field (BF) TEM images with corresponding
Fig.3  XRD patterns of different as-cast Mg-2Zn-1Mn-xY alloys selected area electron diffraction (SAED) patterns are shown

2 pm

50" um

Fig.4 SEM microstructures of Mg-2Zn-1Mn-xY alloys with x=0 (a), x=1 (b), x=3 (c¢), x=5 (d), and x=7 (e); magnified morphology of Y-rich
particle in ZMW217 alloy and corresponding EDS mapping (f)

Observed surface

Fig.5 SEM microstructures of as-extruded Mg-2Zn-1Mn-xY alloys: (a) x=0, (b) x=1, (c) x=3, (d) x=5, and (e) x=7
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in Fig. 6. The LPSO-phase exhibits lamellar and bulk
morphology, as shown in Fig.6a. SAED patterns suggest that
the block-shaped and lamellar LPSO-phases have 18R and
14H structures, respectively. In addition, the short lamellar
structure can be observed between 14H-LPSO-phases, which
can be identified as stacking faults (SFs) in a-Mg grains, as
shown in Fig. 6d. In addition to the LPSO-phase, many
granular secondary phases are distributed around the lamellar
LPSO-phase. According to EDS element distributions of the
region B in Fig. 6a, these granular secondary phases can be
identified as the Mn particles.

Fig.7 displays the evolution of inverse pole figures (IPFs)
and pole figures (PFs) on the (0001) basal plane of as-
extruded Mg-2Zn-1Mn-xY alloys. The observed surface is par-
allel to ED, and different grain colors present different grain
orientations in IPFs. After Y addition, the number of red and
orange grains in IPFs reduces, indicating that the normal direc-
tion (ND) of most grains is far from <0001>. According to the
(0001) PF, the basal pole of ZM21 alloy is distributed along
the transverse direction (TD). With the Y addition, the polar
axis of the {0001} PFs is inclined to ED. In addition, the ori-
entations of most grains are <0110>/ED and <121 0>//ED,
and the texture intensity of Mg-2Zn-1Mn-xY alloys reduces
from 2.95 to 2.34, indicating that the basal texture weakens.
The ZMW217 alloy exhibits the weakest basal texture, and
texture intensity rapidly reduces to 2.34. It is reported that the
orientations of dynamic recrystallized grains nucleated by
PSN mechanism are more random than those of the parent
grains, leading to easy activation of the (0001)<1120> basal
slip®. Therefore, the Y addition can effectively adjust the
texture type of the magnesium alloys, which is beneficial to
eliminate the adverse effect of basal texture.

18R-LPSO

( 14H-LPSO

18R-I.PSO

In addition to the texture change of as-extruded alloys, the
grain refinement can also be observed after the Y addition, as
shown in Fig.7. The average grain sizes of as-extruded Mg-
2Zn-1Mn-xY alloys with x=0, 1, 3, 5, and 7 are 9.5, 6.8, 3.6,
3.7, and 4.2 pm, respectively. This result indicates that the Y
addition can significantly refine the grains with 1wt%—3wt%
Y addition. The grain refinement is hindered with further
increasing the Y content to Swt% and 7wt%. The main reason
for grain refinement is Y segregation and the secondary phase
hinders the boundary migration of dynamic recrystallized
grains. With increasing the Y addition, the volume fraction of
the secondary phase is increased and the spacing between
secondary phases is reduced, which decreases the hindrance
effect of Y element on the growth of dynamic recrystallized
grains, leading to the weakened grain refinement.

2.3 Mechanical properties of as-extruded Mg-2Zn-1Mn-

xY alloys

Fig.8 shows the room temperature mechanical properties of
Mg-2Zn-1Mn-xY alloys. It is seen that the strength and EL
exhibit different trends after Y addition. YS and UTS are
increased with increasing Y content, and the maximum YS
and UTS are achieved for the ZMW217 alloy, which is 262
and 357 MPa, respectively. However, EL is firstly increased
and then reduced with increasing the Y content. When Y
content increases to 3wt% , the maximum EL of 21% is
obtained, which is 90% higher than that of ZM21 alloy. Then,
the EL is gradually reduced to 14% with further increasing the
Y addition to 7wt% . Therefore, it can be concluded that the
ZMW217 alloy with YS of 262 MPa, UTS of 357 MPa, and
EL of 14% has the optimal properties.

Grain refinement strengthening and secondary phase
strengthening are common methods to strengthen the Mg and

14H-LPSO
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Fig.6 TEM BF images (a) and corresponding SAED patterns of 18R-LPSO-phase (b) and 14H-LPSO-phase (c) in as-extruded ZMW217 alloy;
TEM HAADF image of region A in Fig.6a (d); TEM image and EDS element distributions of region B in Fig.6a (e) (electron beam is

parallel to [ 1120y, in Fig.6b and 6¢)
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Fig.7 IPFs and PFs of (0001) basal plane of as-extruded Mg-2Zn-1Mn-xY alloys: (a) x=0, (b) x=1, (c) x=3, (d) x=5, and (e) x=7
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Fig.8 Mechanical properties of different as-extruded Mg-2Zn-1Mn-
xY alloys

its alloy. Based on Hall-Patch (HP) formula, o, = o, + k,d™*’
(d is the average grain diameter, g, is the friction stress, o, is
the stress, and k, is the HP slope), YS is inversely proportional
to the grain size, i.e., the finer the grains, the higher the YS®°.
According to the average grain size of Mg-2Zn-1Mn-xY (x=0,
1, 3, 5, 7) alloys, it is inferred that the fine grain strengthening
effect can be obtained by Y addition of 1wt%—3wt%, and it
fails with further increasing the Y content. However, the
strength of Mg-2Zn-1Mn-xY alloys is continuously improved
with Y addition, which can be attributed to the strengthening
effect of secondary phase particles. The secondary phases in
as-extruded alloys mainly contain W-phase and LPSO-phase.
It is known that the particles of hard undeformed W-phase and
LPSO-phase can pin the dislocation, resulting in the Orowan
mechanism. Nevertheless, the strengthening caused by

Orowan mechanism is largely related to the particle size,
which can be significantly enhanced by reducing the particle
size®”. Tahreen et al® investigated the strengthening mecha-
nism of I-phase, W-phase, and LPSO-phase. The contribution
of W-phase induced by Orowan strengthening mechanism is
stronger than that of LPSO-phase. Therefore, for the
ZMW211 alloy, the strengthening effect of the secondary
phase is mainly attributed to the fine dispersived W-phase.
With increasing the Y content, the W-phase is replaced by
LPSO-phase, and its contribution by Orowan strengthening
mechanism is gradually reduced. However, the YS and UTS
continuously increase. This result may be attributed to the
unique strengthening effect of LPSO-phase. The hard brittle
LPSO-phase has a coherent relationship with the a-Mg ma-
trix, thereby improving the mechanical properties of alloys.
However, different LPSO-phases have different strengthening
effects. LPSO-phase can be categorized as 10R, 12H, 14H,
and 18R structures™". Guo et al”" investigated the influence
of different LPSO-phases on the strengthening mechanism by
the first-principle study, and reported that the 18R- and 14H-
LPSO-phases are the main strengthening phases. Therefore,
the LPSO-phase mainly consists of the 14H- and 18R-LPSO-
phases. Particularly, the blocky 18R-LPSO-phase distributed
at the grain boundaries can prevent the dislocation slip and
cause the dislocation pile-up, thereby enhancing the alloy
properties™”. Meanwhile, the strengthening effect is enhanced
with increasing the volume fraction of LPSO-phase™.
According to Fig. 8, the strength of alloy with W-phase is
worse than that of alloy with LPSO-phase, which indicates



60

Luo Yulun et al. / Rare Metal Materials and Engineering, 2023, 52(1):54-62

Average Schmid factor=0.21

) B

Frequency/%
[\

verage Schmid factor=0.23 b

0
%.0 0.1 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
5 5
Average Schmid factor=0.27 c Average Schmid factor=0.22 d Average Schmid factor=0.25 e

4 4
=X
B 3
8
g2 2
S 9

0.5 (()).O

0.2
Schmid Factor

0.3 0.4

0.1

0.2

Schmid Factor

0
05 0.0

Fig.9 Schmid factor distributions of (0001)<1120> basal slip in as-extruded Mg-2Zn-1Mn-xY alloys: (a) x=0, (b) x=1, (c) x=3, (d) x=5,

and (e) x=7

that the strengthening effect contributed by LPSO-phase is
greater than that by W-phase. This result is consistent with the
results in Ref. [34]. The ZMW217 alloy possesses the
relatively refined grains and the maximum amount of LPSO-
phase, thus exhibiting the optimal strength.

The ductility is mainly influenced by the grain size, texture
components, slip modes, and secondary phase. For the fine
grains, the strain difference between the internal grain and the
grain near the grain boundary is slight, and the deformation is
more uniform under the same loading. Therefore, the chance
of cracking caused by stress concentration decreases, leading
to a higher ductility”™. The secondary phase particles also play
an important role to affect the ductility of Mg alloys. For the
as-extruded ZMW211 alloy, the broken fine W-phase particles
distributed along ED during hot extrusion can improve the
mechanical properties through the grain refinement and
weakening of basal texture™. In addition, the highly-coherent
interface between the magnesium matrix and LPSO-phase and
the inhibition effect of kink structure of LPSO-phase on
debonding or micro-cracking propagation are both beneficial
to the enhancement of ductility and strength™. Hence,
ZMW213 alloy has the optimal EL of about 21% due to the
presence of LPSO-phase. It is worth noting that once the Y
content is more than 3wt%, EL begins to decrease. When the
Y addition exceeds 3wt%, the grain size increases slightly,
resulting in the weakened improvement effect of grain
refinement on ducitility.

The wrought Mg alloys have obvious anisotropy and poor
formability at room temperature due to the strong basal

0.3 0.4 0.1 0.2 0.3 0.4 0.5
Schmid Factor

texture formed during extrusion®™. According to the

abovementioned results, more random crystallization

orientations of grains are obtained after the Y addition, and
thus the high ductility of alloys is obtained. The basal slip is
the dominant deformation mode in Mg alloys. It is reported
that the difficulty degree of activation of basal slip can be
evaluated by the Schmid factor®. Long et al®” reported that
the basal <a> slip is promoted after the Y addition, while the
Y addition has a little effect on pyramidal slip system. Fig.9
presents the Schmid factor distribution of (0001)<1120> basal
slip in as-extruded Mg-2Zn-1Mn-xY alloys under the uniaxial
deformation along ED. Obviously, the average Schmid factor
of the ZMW213 alloy is the maximum, suggesting that basal
slip is easier to activate under the applied stress, leading to the
high ductility but low strength of ZMW213 alloy. The average
Schmid factor is reduced with further increasing the Y
addition. The grains with Schmid factor of less than 0.2
account for 38% and 40% in ZMW213 and ZMW217 alloys,
respectively; the grains with Schmid factor of greater than 0.4
account for 30% and 23% in ZMW213 and ZMW217 alloys,
respectively. This result indicates that the number of grains
with soft orientation in ZMW213 alloy is more than that in
ZMW217 alloy, which leads to better ductility of ZMW213
alloy. In conclusion, although the Y addition can effectively
improve the strength and ductility of ZM21 alloy, when the
addition amount is more than 3wt%, the positive effect of Y
addition on grain refinement and ductility is reduced.
Meanwhile, the ZMW217 alloy has the optimal properties of
strength and ductility: YS, UTS, and EL are 262 MPa, 357
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MPa, and 14%, respectively.
3 Conclusions

1) The as-cast Mg-2Zn-1Mn (ZM21) alloy consists of
a-Mg, Mn, and Mg Zn, phases. With increasing the Y content,
the Mg,Zn,Y, (W-phase) and Mg ,ZnY (LPSO-phase) can be
detected. The Y addition can refine the grains, but the
refinement degree is inferior with excess addition of Y
element.

2) The Y addition results in more refined grains, which
hinders the dynamic crystallization process. All as-extruded
Mg-2Zn-1Mn-xY alloys exhibit the typical basal texture, and
the Y addition decreases the texture intensity.

3) The Y addition improves the mechanical properties at
room temperature of as-extruded ZM21 alloy. The strength is
continuously increased with increasing the Y content due to
the grain refinement strengthening and the secondary phase
strengthening.

4) The ductility of Mg-2Zn-1Mn-xY alloys is firstly
increased and then decreased with increasing the Y content
due to the variation in grain size and texture orientation. As a
result, the Mg-2Zn-1Mn-7Y alloy exhibits the optimal
properties of strength and ductility: yield strength, ultimate
tensile strength, and elongation are 262 MPa, 357 MPa, and
14%, respectively.
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= YIRINEX Mg-2Zn-1Mn & EHAFM N F M RERIF

T, skTHEY?, fegeR?, AR, BhErs e, BRI, B’ % R, wREA
(1. ERRZ MRBES TR, HK 400045)
(2. HRRT EFRESEMETEEARB A HC, HIK 400044)
(3. FENFE 5 BRHES TR, WD 352% 314001)

O RADEEERMEE. XRATHA XHE2uk, BPRE BTG BRiET B, BT ST, B8 h 7B
RS R ZE S Mg-2Zn-1Mn-xY (x=0, 1, 3, 5, 7, FiESH, %) & E&HEMALR I E e Tt . SRR ME YR
BN, 5G4 M5 A H Mg, Zn, A8 Mg ZnY,, AHA Mg, ZnY. Y TCRITIINBARG T7ah& 4 a0 E KR, [ FRs
P, AR PIIMY &EA SRS AR . FrES Mg-2Zn- IMn &S MAY TE G, BRI HETHSE TR
e, XTRERZ R T GBI AR (ARG SR . A, G4 nm A e 2 B T A ARG S AR R ER . Mg-2Zn-1Mn-
TY Ga A RAER RS, HPUR SR N 357 MPa,  JE 51N 262 MPa, JE{HZ N 14%,

X§EF: Mg-Zn-Mn-Y; HE; ThRE; 2

fEFEFN: D, 5, 199544, Wid:, SEERKFEMEESELS THE%E, HPK 400044, E-mail: luoyulun@cqu.edu.cn



