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Abstract: Microstructures and mechanical properties of Mg-5Y-0.6Zr-xNd (x=0, 0.5 and 1wt%) alloys under various

heat treatment conditions were investigated by optical microstructure (OM), scanning electron microscope (SEM), X-ray
diffraction (XRD), electron backscatter diffraction (EBSD) and tensile tests. The results show that with the increase Nd

of content, the amount of second phases MgysYs and MgiuNd>Y (f) increases in the matrix. Minor Nd addition can

reduce the stacking fault energy of a-Mg and promote the dynamic recrystallization during hot-rolled process. As the Nd

content increases, the volume fraction of static recrystallization is promoted obviously. The average grain size of

Mg-5Y-0.6Zr-ONd alloy after annealing treatment can be refined to 3.73 pum. Tensile strength of as-rolled alloys

increases with the addition of Nd, while the elongation decreases. As-rolled alloy sheet with 1.01 wt% Nd exhibits

remarkable mechanical properties, in which the values of ultimate tensile strength, yield strength and elongation are 336

MPa, 278 MPa and 16.3%, respectively. Based on the microstructure observation, the changes of mechanical properties

were discussed.
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With the rapid development of technology, magnesium alloys
have attracted tremendous research in the last few decades. As
the lightest structural metal material, Mg alloys are increasingly
used in aerospace, automotive and 3C industries!™. However,
the relatively poor mechanical properties, low ductility and low
high temperature creep-resistant restrict the widespread uses of
Mg alloys'®®. The low mechanical properties of Mg alloys are
due to the hexagonal closely packed (hcp) crystal structure,
which results in a lack of operational slip systems™'”. This
greatly reduces the workability of Mg alloys, which is one of
the major problems that hinder its widespread application!"'?..
Therefore, it takes great efforts to improve the strength, and
element alloying is one of the important methods!"*'.

Alloying is an effective method to improve the mechanical
properties of Mg alloys. Thermomechanical processes can im-
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prove the formability of Mg through grain refinement. As-rolled
Mg alloys with higher mechanical strength are expected to get
more applications compared with the cast alloy'”’. Since the last
century, rare earth metals (RE) have been used to improve the
mechanical properties of Mg alloys, particularly at elevated
temperatures'*"®. Due to its high strength and creep resistance,
the WE (Mg-Y-RE) series has been successfully used in aero-
space and automotive applications. Based on WE series, two
commercially available alloys have been successfully developed,
WE43 (Mg-4.0% Y-3.3% RE-0.5%Zr) and WE54 (Mg-5.1%-
Y-3.3%RE-0.5%Zr)"". The tensile strength, yield strength and
elongation of WE43 alloy are 250 MPa, 165 MPa and 2%, re-
spectively™. There are three main precipitates of WE series al-
loy, namely metastable phase (", intermediate phase f' and
equilibrium phase f (Mg;,Nd,Y). It is suggested that these pre-
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cipitates play an indispensable role in strengthening such Mg
alloys. And another element Zr, as the currently most effective
grain refiner, also can improve the strength of Mg alloys. Wang
et al.”! studied the hot-rolled Mg-4Y-2.5Nd-0.6Zr alloy and
obtained tensile strength, yield strength and elongation of 290
MPa, 235 MPa, and 10%, respectively. The tensile strength,
yield strength and elongation of Mg-3.5Y-2.5Nd-0.5Zr alloy
obtained after solution treatment at 798 K for 4 h and subse-
quent aging at 498 K for 34 h by Li et al.” were 301 MPa, 202
MPa and 6.9%, respectively.

However, there were few studies in detail on the use of el-
ement alloying to improve the mechanical properties of WE
series alloys. In this work, three Mg-Y-Zr-Nd alloys with dif-
ferent Nd were prepared. It is aimed to improve the ultimate
tensile strength, yield strength and elongation of Mg-Y-Nd-Zr
alloys through adjusting the alloy elements Nd content and
different annealing processes and then to illustrate the changes
of microstructure and mechanical properties in hot-rolled
Mg-Y -Zr-Nd alloy after the addition of Nd.

1 Experiment

Experimental magnesium alloys were prepared from com-
mercial high-purity Mg (99.98 wt%), Mg-30wt%Y, Mg-30
wt%Nd, and Mg-27.85wt%Zr master alloy were used as raw
materials. Three alloy ingots with Nd content of 0, 0.5, 1 wt%
were prepared through conventional casting under the mixed
atmosphere of CO, and SF4(100:1). The actual chemical com-
positions of these alloys was determined by an inductively cou-
pled plasma analyzer, as listed in Table 1. Alloys containing 0,
0.49% and 1.01%Nd were denoted YKNO, YKNO.5, and YKNI,
respectively. The ingots were homogenized at 500 °C for 10 h.
And then the sample was extruded at 400 °C with an extrusion
ratio of 11.5:1. The cross-section of the extruded sheets was 8
mm X 125 mm. The as-extruded 8 mm thick Mg-Y-Zr-xNd alloy
sheet was hot-rolled at 400 °C to the thickness of 3.3 mm. The
total thickness reduction was about 60%, and the reduction per
pass was 5%. The sheets were heat-treated at 400 °C between
passes to stabilize the rolling temperature, and subsequently
sheets were annealed at 200 °C for 1h and 400 °C for 20 min.

The constituent phases of the as-cast alloys were identified by
X-ray diffraction (XRD, Rigaku D/MAX-2500PC). Microstruc-
tures were examined by optical microscopy (OM) and scanning
electron microscopy (SEM, TESCAN VEGA II LMU). For OM
and SEM observation, polished specimens were etched with a
mixture of 0.8 g picric acid, 10 mL ethanol, 2 mL acetic acid and 2
mL water. The static microstructure of YKNO, YKNO.5, and YKNI1
alloys were examined by electron back scattering diffraction
(EBSD, FEI Nova 400 FEG equipped with an HKL channel 5 sys-
tems). The sample was prepared by mechanical grinding for EBSD
orientation mapping and then electropolishing with a solution of
100 mL isopropanol + 800 mL ethanol + 18.5 mL distilled water +
10 g hydroxyquinoline + 75 g citric acid + 41.5 g sodium thiocy-
anate + 15 mL perchloric acid cooled to -30 °C at 20 V for 90 s.

Table 1 Chemical composition of Mg-Y-Zr-xNd alloys (wt%)
Alloy Mg Y Nd Zr
YKNO Bal. 4.95 0 0.53

YKNO.5 Bal. 4.98 0.49 0.64
YKNI1 Bal. 5.08 1.01 0.74

Tensile tests were conducted at room temperature by a
CMT-5105 material testing machine with a strain rate of 1x107
s". The hot-rolled and subsequently annealed sheets were cut
into rectangular tensile specimens with a gage length of 25 mm
and cross-sectional area of 2 mmx=5 mm by an electrical spark-
ing wire cutting machine. Three tensile samples were used for
each alloy. Tensile direction was parallel to the rolling direction.
The tensile fracture surfaces of the investigated alloys were ob-
served by SEM backscattered electron imaging.

2 Results and Discussion

2.1 Microstructure

The XRD patterns of Mg-Y-Zr-xNd alloys annealed at 200
°C for 1 h are shown in Fig.1. With partially magnified images
at the top left of the curve. The phase composition of the alloy
by XRD analysis presents that they are mainly composed of
o-Mg and Mg,,Ys phase, and f (Mg,Nd,Y) phase appears
when the Nd content is 1.01%. The quantity and composition
of second phase change with the increase of Nd content. With
the increase of Nd content, the amount of £ and MgyYs
phases are gradually increased. It can be concluded that in-
creasing Nd content can reduce the solid solubility of Y atom
in Mg matrix and make more Y atoms precipitate in the form
of intermetallic compounds™?*. When the Nd content is
1.01%, Nd-containing ternary phase f begins to appear in the
alloy, which has similar crystal structure and diffraction char-
acteristics to MgsGd™.

Optical micrographs (OM) of hot-rolled alloys are presented
in Fig.2. As can be seen from Fig.2a, the microstructure of
as-rolled YKNO alloy consists of coarse grains and a small
amount of dynamic recrystallization (DRX) grains. The size of
coarse and fine grains is about 8 and 3 pm, respectively. It is not
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Fig.1 XRD patterns of Mg-Y-Zr-xNd alloy annealed at 200 °C/1 h
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Fig.2  OM microstructure of rolled and annealed sheets: (a) as-rolled YKNO; (b) YKNO annealed at 200 °C/1 h; (c¢) YKNO annealed at 400 °C/20
min; (d) as-rolled YKNO.5; (¢) YKNO.5 annealed at 200 °C/1 h; (f) YKNO.5 annealed at 400 °C/20 min; (g) as-rolled YKN1; (h) YKN1

annealed at 200 °C/1 h; (i) YKNI1 annealed at 400 °C/20 min

difficult to find the presence of twins in coarse grains. After ad-
dition of Nd (Fig.2d and 2g), the fraction of DRX grains in-
crease and almost no twins are observed. This indicates that the
addition of Nd can help to refine the alloy microstructure. It is
obvious that Nd element plays a crucial role in promoting DRX
and affects grain size. On the one hand, Nd is one of the effec-
tive alloying elements to reduce the stacking fault energy of
a-Mg matrix®**". The lower the stacking fault energy, the
wider the extended dislocation, thus dislocation constriction and
cross slip of the extended dislocation become more difficult™.
The resulting high-density dislocations and high deformed en-
ergy storage are one of factors leading to DRX. On the other
hand, the Mg,,Y 5 phase particles can act as nucleation sites and
promote DRX during hot-rolling, i.e. particle stimulate nuclea-
tion (PSN) of recrystallization. Mg,,Ys phase can also promote
DRX by piling up dislocations, which increases the strain en-
ergy and acts as the driving force for DRX**%,

As can be seen, from Fig.2b, 2e, 2h and Fig.2c, 2f, 2i, the
alloys have the equiaxed structure with the average grain size
about 3 um. Grain refinement is obvious with the increase of
Nd content. On the one hand, the grains of Nd-containing al-
loys before rolling are smaller than that of the Nd-free alloy

[23]

On the other hand, increasing Nd content can reduce the
number of Y atoms in a-Mg, and more Mg,,Ys and / phases
are dispersed in the matrix, which can prevent the grain
boundary movement and refine grains. In addition, there are
some punctiform black second phases, and as the Nd content
increases, the black second phases increase. According to
XRD (Fig.1) and the EDS analysis (Fig.6h) results, it is dem-
onstrated that the black second phases are Mg,4Y's

The microstructure tended to be equiaxial grain when the
alloys were rolled and subsequently annealed. Fig.3 presents
electron backscatter diffraction (EBSD) images of the
as-rolled YKNO alloy and the subsequently annealed alloy and
their corresponding misorientation angle and grain size distri-
bution of. The initial EBSD map in as-rolled microstructure
shows some coarse grains with diameter of 15~20 pm and
finer grains with diameter of 2~5 pum (Fig.3a). The twins de-
crease significantly after annealing at 200 °C for 1 h (Fig.3b).
The small static recrystallization (SRX) grains become visible
near the twins. As the annealing temperature reaches 400 °C
and is held for 20min, full recrystallization is evident, and the
average fine grain size decreases to 3.73 um (Fig.3c). There
are a lot of twins caused by the large hot deformation in
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Fig.3 EBSD images (a~c) and corresponding relatively frenquency and grain size distribution (d~f) and misorientation angle (g~i) of the inves-
tigated YKNO alloys: (a, d, g) as-rolled, (b, e, h) annealed at 200 °C for 1 h, and (c, f, i) annealed at 400 °C for 20 min

Fig.3a, which has higher stored energies than that of the re-
mainder of the material. The presence of twins with higher
storage energy leads to the nucleation of recrystallization during
annealing®'*?. Tt is why SRX grains can be seen to have been
formed near the twins and accompanied by grain growth and no
twins remain (Fig.3c). In addition, the misorientation angles are
shown for the three kinds of alloys in Fig.3g~3h. In this work,
only boundaries with misorientation angles>5° were consid-
ered. The prominent boundary misorientation is 85° ~90° in the
Fig.3g and 3h, and Fig.3i is 25 °~35°. The peak of 85°~90° in
the misorientation angle distribution is clearly attributable to a
significant proportion of {1120} twinning". The misorienta-
tion angle of 85°~90° disappears after annealing 400 °C for 20
min (Fig.31), which is caused by the full SRX.

The XRD pole figures of the samples in the as-rolled and
annealed, respectively states and their two annealing systems
are shown in Fig.4 and Fig.5. The as-rolled alloy exhibits a
typical strong (0002) basal texture, and the annealed sheet is
still the basal texture, and bimodal base texture is formed

along the TD direction. Texture strength after annealing is
weakened compared with that before annealing, and the basal
texture strength of the alloys under the same condition is also
weakened with the increase of Nd content (Fig.5). The maxi-
mum pole intensity of the as-rolled alloys is reduced remarka-
bly with the increase of Nd content due to the high-volume
fraction of DRX grains, showing that the addition of Nd can
effectively weaken the basal texture. DRX occurrs in the al-
loys containing Nd and the grain size is finer through the
mechanism of the Mgy, Y5 phase PSN. At the same time, the
orientation distributions of DRX grains are random, and thus
weakening  the [3433]
Nd-containing alloys decrease by ~33% in the texture of the
two-state annealed compared to the Nd-free alloy (Fig.5). An-
nealing at 200 °C/1 h and 400 °C/20 min provide good condi-
tions for recrystallization to impart the modifications observed
in the annealing textures. In a word, the observed basal texture
weakening in the present work upon hot-roll and annealing
can be related to PSN of recrystallization.

recrystallization texture Similarly,
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Fig.4 XRD pole figure of the rolled and annealed alloy sheets: (a) as-rolled YKNO; (b) YKNO annealed at 200 °C/1 h; (c) YKNO annealed at 400
°C/20 min; (d) as-rolled YKNO.5; (e) YKNO.5 annealed at 200 °C/1 h; (f) YKNO.5 annealed at 400 °C/20 min; (g) as-rolled YKNI;
(h) YKN1 annealed at 200 °C/1 h; (i) YKN1 annealed at 400 °C/20 min

—m—Rolled
—eo—Annealed at 200°C for 1 h
—&+— Annealed at 400 °C for 20 min

Intensity/a.u.

00 02 04 06 08 1.0

Nd Content/wt%

Fig.5 Effect of Nd content on basal texture intensity of different
states

2.2 Tensile properties

The room temperature tensile properties of the
Mg-Y-Zr-xNd alloys with different conditions are shown in
Table 2. Minor Nd addition and annealing temperature have
significant effects on tensile properties. The UTS of YKNO,
YKNO.5 and YKNI1 rolled sheets are 317, 326 and 336 MPa,
respectively. The alloy with 1.01% Nd exhibits the maximum
UTS and YS, and their values are 336 and 278 MPa, respec-
tively. Compared with the alloy without Nd element, the UTS
and YS increase by 19 MPa and 11 MPa, respectively. High
strength and relatively lower elongation may be due to the
work hardening caused by plastic deformation. In addition, the
existence of a large number of twins also increases the
strength of the alloy because the twin boundaries can increase
the resistance to dislocation motion, and the smaller the twins,

the higher the twin resistance is”**"),
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Table 2 Tensile properties of rolled and annealed Mg-Y-Zr-xNd

sheets

Alloy

UTS/MPa YS/MPa EL/%

YKNO as-rolled
YKNO annealed for 200 °C/1 h
YKNO annealed for 400 °C/20 min
YKNO.5 as-rolled
YKNO.5 annealed for 200 °C/1 h
YKNO.5 annealed for 400 °C/20 min
YKNI1 as-rolled
YKNI1 annealed for 200 °C/1 h
YKNI1 annealed for 400 °C/20 min

317
302
285
326
319
308
336
317
314

267
253
239
233
213
204
278
267
259

18.5
21.0
223
17.4
23.0
21.0
16.3
20.3
20.0

' Element

wt%
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The excellent mechanical properties of the sheets of the
as-rolled Mg-Y-Zr-xNd alloys can be attributed to the follow-
ing reasons: Firstly, after annealing at 400 °C for 20 min, the
grain size is greatly reduced from 7.70 um for the as-rolled
sample to 3.73 um for the annealed sample. It illustrates that
the grain size is obviously refined by SRX occurring during
annealing and strain storage energy is released, which reduces
dislocation density and softens of the alloy. According to the
Hall-Petch relationship, the yield stress depends on the grain
size and follows the principle:

Aogs=Kd"? (1)

Dimples

at%

Mg K
YL
Total

53.51
46.49
100

80.80
19.20

100 h_,

Fig.6 SEM images of fracture surfaces of the rolled and annealed: (a) as-rolled YKNO; (b) YKNO annealed at 200 °C/1 h; (¢) YKNO annealed at
400 °C/20 min; (d) as-rolled YKNO.5; (¢) YKNO.5 annealed at 200 °C/1 h; (f) YKNO.5 annealed at 400 °C/20 min; (g) as-rolled YKNT1;
(h) YKN1 annealed at 200 °C/1 h; (i) YKN1 annealed at 400 °C/20 min



Dai Yan et al. / Rare Metal Materials and Engineering, 2019, 48(7): 2099-2106 2105

where Aogg is the increase in yield stress due to grain refine-
ment, K is the constant, and d is the average grain size. The
constant K in Mg alloys can reach very high value (280~320
MPa-um™"?)". Therefore, grain refinement strengthening
plays an important role for the high strength of the wrought
Mg-Y-Zr-xNd alloys. Secondly, the Mg,,Ys particles can act
as strong pinning centers for grain boundaries and dislocations
and then block the movement of dislocations. Hence, the im-
provement of mechanical properties is mainly due to the grain
refinement and the formation of Mg,,Ys phases.

However, as shown in Table 2, the elongation slightly drops
with the increase of Nd content. This may be due to the higher
volume fraction of the Mg,,Ys phase particles in the alloys
containing Nd (Fig.6h). Some of the fragile Mg,,Ys phase
particles are not broken up during hot-rolled and may become
the crack source during the tensile strength®®, as indicated by
the arrows in Fig.6. The elongation of alloys increases as the
annealed temperature elevates, but with the addition of Nd op-
timal elongation of alloys appeares at 200 °C/1 h. Clearly, the
elongation of the annealed alloys is higher than that of
as-rolled alloys. The excellent ductility of the annealed alloys
sheets can be mainly ascribed to the following factors: (1)
Grain refinement can be achieved by SRX, resulting in the
higher deformation coordination capability. (2) The weakened
basal texture facilitates activation of the sliding system.

Fig.6 show the SEM images of the tensile specimens of the
as-rolled and subsequently annealed. As seen from Fig.6a, 6d
and 6g, the fracture surface is composed of cleavage facets,
tear ridges and dimples. The amount of tear ridges and dim-
ples are consistent with the good elongation, while the cleav-
age planes are accompanied with brittle fracture. Therefore,
quasi-cleavage fracture is the dominant fracture mechanism of
the as-rolled Mg-Y-Zr-xNd alloys. With the increase of Nd
content, the fracture of the alloy consists of more broken par-
ticles under the dimples, and the brittle fracture is more obvi-
ous. The fractured second phase is considered as Mgy, Y's ac-
cording to EDS analysis (Fig.6h). Therefore, the decreased
elongation with the increasing Nd addition may be attributed
to the increase in the number of relatively large and fragile
particles. A large number of dimples and a few tearing ridges
appear was existent after annealing, indicating that ductile
fracture is the main fracture mode of the annealed alloys.
Since most Mg alloys have a hexagonal crystal structure and
fewer slip systems, two or more slip systems are scarcely ac-
tivated at the same time™. However, the grain refinement
caused by Nd addition and DRX and SRX can make the mi-
gration, slip and rotation of grain boundary easier. The crack
direction changes frequently and the crack extension resis-
tance increases during crack propagation, thereby tensile frac-
ture changes from quasi-cleavage fracture to ductile fracture.

3 Conclusions

1) Minor Nd addition can effectively refine grains and

change phase compositions of Mg-Y-Zr alloy. The alloys with
different Nd contents are mainly composed of a-Mg and
Mgy Ys, and f (Mg;Nd,Y) phase appears when the Nd con-
tent is 1.01wt%. Nd content can decrease the solid solubility
of Y atom in Mg and contribute to the formation of the
Mgy, Y5 phase.

2) The strength is enhanced with the increase of Nd content.
As-rolled alloys containing 1.01wt%Nd exhibits maximum
UTS and YS, and these values are 336 and 278 MPa, respec-
tively. It is mainly due to the fine grains caused by DRX and
SRX, and the dispersion distribution of high thermal stability
of the Mgy, Y5 and f phase which effectively prevent the dis-
location movement and grain boundary slip.

3) The elongation decreases with the increase of Nd content
and increases after annealing. The elongation of as-rolled
YKNO alloy is 18.5%, while that of the as-rolled YKNI1 alloy
is 16.3%. The elongation reduction with the increase of Nd
addition may be explained by the increase in the number of
relatively large and fragile particles. Grain refinement and
weakening basal texture are the main reasons for the increase
in elongation during annealing.
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§ ZE:. @il OM. SEM. XRD. EBSD FlH R KW 5T T AN A HALHE 4 N Mg-5Y-0.6Zr-xNd (x = 0, 0.5%, 1%, FiETH) &ar414
Fhbefe. S59RIE, BHAE Nd SR, 5 740 MeoYs M MguNdoY (B)7E0rh B8 i n . /b4 Nd 7T LUBR M a-Mg (3
PREHEAE, (UL R BN A TR A . BES Nd SR nin, A am e B 80 B1N. B JAEFLE Mg-5Y-0.6Zr-0Nd & 4
P8 SR AT NG 3.73 pumeo FLHIE S IOHTH SR BEAE Nd W38 i n, - S 2 AR S it As b i #h . & 1.01%Nd 1%L
EaHARRONURTERE, PSR BRI R 55 336 MPa. 278 MPa fl 16.3%. fERCM A M2 MILRE_E, 8T
PERERI AR

FHEIA: Mg-Y-Ze-Nd& 4 A4 J2prhhe; Mg
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