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The mechanical properties and thermal conductivity of W-0.5 wt.% TaC alloys prepared by spark plasma sintering
as well as ordinary sintering followed by hot rolling and annealing treatment, respectively, were investigated.
Tensile tests indicate that below 600 °C there is no tensile plastic deformation while at 700 °C the total elongation
of spark plasma sintered (SPSed) W-0.5 wt.% TaC is up to 36%, which is about 3.3 times that of spark plasma
sintered W samples. In contrast, the tensile strength and total elongation of rolled W-0.5 wt.% TaC are 717 MPa
and 10.7% at 250 °C, respectively. The ductile-brittle transition temperature (DBTT) of rolled W-0.5 wt.% TaC is
between 200 °C and 250 °C, about 300 °C lower than that of spark plasma sintered W-0.5 wt.% TaC (~600 °C). An-
nealing decreases the DBTT (~200 °C) and improves thermal conductivity from 175 to 186 W/m-K at room tem-
perature. Microstructure analyses indicates that TaC could purify and strengthen grain boundaries by capturing
impurity oxygen in tungsten to form Ta,0s. The results indicate that strength, ductility and thermal conductivity
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can be improved by purifying, hot rolling and subsequent annealing.
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1. Introduction

Tungsten materials have been attracting growing interest as a
promising candidate for plasma facing materials (PFMs) based on
its high melting point, high temperature strength, and good thermal
conductivity as well as its low erosion in fusion radiation environ-
ment and low tritium retention [1-3]. It offers an advantageous
characteristic with regard to other potential PFMs. However, the in-
herent disadvantages of pure tungsten materials, including poor low
temperature machinability, low ductility, high ductile-brittle transi-
tion temperature (DBTT) of about 800 °C [4] and irradiation-induced
embrittlement, cannot be ignored for fusion reactor application,
which is directly correlated to material's low ductility and low
grain boundary (GB) strength [5]. In the PFMs' application field,
low ductility, low strength and radiation induced embrittlement
are the main concerns.

In recent studies, some process strategies focus on manufactur-
ing nanostructured tungsten materials through dispersing oxide
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nanoparticles into W matrix [6,7]. The addition of rare earth oxides
such as La;03 and Y,03 processed by powder metallurgy methods
can effectively inhibit grain growth and thus reduce grain size.
Meanwhile these oxide dispersion strengthened (ODS) W alloys
are effective in stabilizing microstructures at high temperature and
enhancing strength by nanosized oxide particles pining dislocations
and GBs [7]. However, the ductility of these ODS-W materials is still
not good. For example, W-La,05 exhibits DBTT higher than 400 °C [8].
W-Y,03 alloys cannot keep thermal stability owing to the coarsening of
oxide particle at elevated process temperature (above 2000 °C).
Recently, W-1.1% TiC alloys with ultrafine grains fabricated by super
plastic deformation exhibit very high fracture strength up
to about 4.4 GPa and appreciable bend ductility at RT [9,10].
However, the inferior fabrication efficiency, economy and the limited
size of W-1.1% TiC alloys make it unsuitable for preparing large scale
PFMs or diverters.

In comparison with the compounds of Y,03; (2410 °C), La;05
(2217 °C) and TiC (3067 °C), tantalum carbide (TaC) with a relatively
higher melting point (3880 °C) and good thermal stability can enhance
the erosion resistance of W alloys [11,12]. Moreover, it is also found
that Ta is a more suitable alloying element because of its good resis-
tance to H and D-retention under high density plasma irradiation at
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Table 1
Chemical composition of the as received tungsten powders and TaC powders (wt.%).

Cr Ti Fe (0] C P S
0.005 0.005 0.001 0.24 0.0029 0.0005

N W
0.0005 - Bal

W Powder

Nb Ti Fe O C K Ca N Si Na Ta

TaC Powder 0.05 0.01 0.05 071 820 0.05 0.01 0.01 0.01 0.01 Bal

high temperature [13]. These superior performances make TaC very
attractive in the strengthening of tungsten materials. However,
there is very few data reported about the mechanical and thermal
properties of W-TaC alloys.

As well known, low temperature mechanical properties of W highly
depend on the purity and work processing. The fabrication routes
and thermo-mechanical treatment reveal a significant influence on
the mechanical properties and DBTT of W [14,15]. In this work, W-0.2,
-0.5, -0.8 and -1.0 wt.% TaC alloys were fabricated by different consoli-
dation methods (i.e., spark plasma sintering technique (SPS) and con-
ventional sintering) following thermo-mechanical treatment (for hot
rolled W-0.5% TaC). The effects of different amounts of TaC and working
processes on mechanical properties, microstructure and thermal con-
ductivity were investigated.

2. Experimental details
2.1. Starting materials, ball milling method and fabrication route

Pure W and W-0.2, -0.5, -0.8 and -1.0 wt.% TaC alloys (hereafter
abbreviated as WTC02, WTC05, WTC08 and WTC10, respectively)

SPSing

BMed powder
W-0.2TaC W-0.5TaC
W-0.8TaC W-1.0TaC

SPSing
1300°C/20 min
1800°C/2 min

SPSed samples
¢=20 mm

h=2 mm

Cutting and polishing
2000 meshes SiC paper

were fabricated using pure W (purity >99.9% trace metal basis, the
chemical content of tungsten powder was listed in Table 1.) and
nanosized TaC powders (average particle diameter 100 nm, purity
>99.5%, the chemical content of TaC powder was listed in Table 1.).
Powders were ball-milled in a planetary ball mill machine for 4 h in
argon atmosphere (oxygen (0) < 0.1 ppm, H,0 < 0.1 ppm) with ball-
to-powder weight ratio of 8:1 and a rotation speed of 240 rpm. Tung-
sten carbide balls and mortars were used to minimize the possible im-
purity contamination. The consolidation of the samples (WTCO02,
WTCO05, WTC08 and WTC10) was carried out through spark plasma
sintering (SPS, furnace SE-607, FCT Group, Germany) technique. All of
the samples were SPSed following the same sintering program de-
scribed elsewhere [16]. The size of SPSed samples is 20 mm in diameter
and about 2.0 mm in thickness. In order to study the hot rolling ef-
fect, WTCO5 alloys were fabricated by collaborating with Beijing
Qianlong Tungsten & Molybdenum Co., Ltd. First, the same ball-
milled WTCO05 powders were sintered at 2300 °C for 4 h. Subse-
quently, sintered billets were hot rolled into 7 mm from original
thickness of ~23 mm. Fig. 1 shows the detailed process flow dia-
gram. The hot rolled samples for tensile test were sectioned along
the rolling direction and the specimens for metallographic investi-
gation were cut on the rolling direction (RD)-normal direction
(ND) and RD-transverse direction (TD) surface.

2.2. Relative density, tensile tests, microstructure and thermal conductivity

Density of the sintered samples was determined by Archimedes
principle. Theoretical density of the samples was calculated from the
fraction and density of each component. Densities of tungsten and TaC
were taken as 19.35 g/cm® and 14.3 g/cm’, respectively. For tensile test-
ing, all SPSed and hot rolled samples were cut and polished into dog-

Hot rolling

BMed powder
W-0.5TaC

Sintering
2300°C/4h

Presintered W-0.5TaC alloys billiet

1 Hot-rolling with 70% reduction

Hot-rolled W-0.5TaC alloys plates h=7 mm

}

Thermal diffusivity disc samples

¢=9 mm h=0.8mm

Dog-bone-sharped tensile sample cross section
1.5 (width) % 0.75 (thickness) mm?

working length: 5 mm

Thermal diffusivity disc samples
¢=9 mm h=0.8mm

Dog-bone-sharped tensile sample cross section
1.5 (width) X 0.75 (thickness) mm?

N\

Thermal diffusivity & Tensile test

working length: 5 mm
/ 800°C annealing/1h

Fig. 1. A sketch of working processes.
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bone-shaped samples with a cross section of 1.5 x .75 mm? and a work-
ing length of 5 mm, as shown in Fig. 2. The tensile tests were carried out
at various temperatures from room temperature (RT) to 700 °C in Ar
atmosphere, using an Instron-5967 machine at a constant speed of
0.06 mm/min. Tensile strength and total elongation were deduced
from the stress-strain curves and total elongations were determined
by measuring the length of fractured samples using vernier caliper.

The samples for metallography were prepared by polishing and
etching sample surfaces (etching solution: 10% potassium ferricyanide
with 10% sodium hydroxide aqueous solution). The average grain size
of W was measured based on over 300 grains in different optical micro-
scope (OM, ZEISS-AX10) graphs. Fracture surfaces of SPSed and rolled
WTCO05 samples after destructive tensile testing were characterized by
field emission scanning electron microscope (FESEM Sirion 200, FEI).
Transmission electron microscope (TEM, JEM-2000FX) was used to
study the microstructure of samples. Energy-dispersive X-ray spectros-
copy (EDS, INCA) analytical system installed on TEM was used for ele-
mental analyses.

Thermal diffusivity (ot) was measured by the laser flash diffusivity
system (LFA457 Micro flash, NETZSCH). The thermal conductivity (y)
was calculated from thermal diffusivity (o), density (p), to specific
heat (Cp) according to the equation y = a-C,-p. The specific heat
data was adopted from Ref. [17].

3. Results and discussions

In order to investigate the influence of TaC content on the micro-
structure and mechanical properties of W-TaC alloys, pure W and
W-0.2, -0.5, -0.8 and -1.0 wt.% TaC alloys were prepared using SPS
technique. Density of SPSed pure W and W-TacC alloys was plotted
as the TaC content in Fig. 3. All SPSed samples are well consolidated.
With increasing TaC content, the density of SPSed specimen in-
creases up to 99.2% for WTCO05, as listed in Table 2. However, the rel-
ative density decreases with further increasing TaC content from
0.5% to 1.0%. Metallographic analyses indicates that tungsten grains
have spherical shape with the dimension ranging from 3.42 to
4.65 um and average grain size of 4.12 um in SPSed pure W. While
the diameters of tungsten grain of SPSed W-TaC samples are in the
range from 3.42 to 3.65 um (with average size ~3.5 um). That is to

A. Tensile test sample
B. Thermal diffusivity test sample

16+0.1 0.75+0.01
- R 1.25 |
&k’ !
7 o ) "y - §
EYI %

Fig. 2. Geometry and dimensions of tensile and thermal conductivity test samples.
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Fig. 3. Average grain size and relative density of SPSed samples.

say, trace TaC could inhibit the growth of tungsten grain during
high temperature SPS process. Tungsten grains in hot rolled
WTCO5 samples have near equiaxed structure with grain sizes rang-
ing from 107 to 130 um in RD (average size ~116 pm), 100 to 120 pm
in TD (average size ~108 um) and 90 to 105 pm in ND (average size
~94 um), as shown in Fig. 4c and d. The grain dimension of annealed
samples changed slightly as shown in Fig. 4e. These results may
come from the recrystallization during rolling process resulted
from relatively high rolling temperature (1600 °C), which is differ-
ent from that of the warm rolled tungsten [18].

The engineering stress-strain curves of SPSed W and WTCO5 at var-
ious temperatures are presented in Fig. 5a with the correction of ma-
chine compliance. The ultimate tensile strength (UTS) and total
elongation (TE) of these SPSed samples at various temperatures are
listed in Table 3 and presented in Fig. 6. The SPSed W shows typical brit-
tle fracture at 600 °C with a fracture strength of 279 MPa, indicating a
DBTT higher than 600 °C. The SPSed WTCO02 (with 0.2 wt.% TaC addi-
tion) samples exhibit tensile deformation at 650 °C with TE ~5.5% but
fail in elastic region at 600 °C, while the TE of SPSed WTCO5 reaches
up to 40.0% at 600 °C as shown in Fig. 5a, which is markedly larger
than that of all previously reported SPSed tungsten materials [6,16], in-
dicating an unprecedented tensile ductility/plasticity of SPSed WTC05
(DBTT < 600 °C) at 600 °C. However, with further increasing TaC con-
tent, tensile properties of SPSed WTC08 and WTC10 samples degrade
unpredictably as they are typically brittle at 700 °C (where pure W is
ductile with TE ~11%). These results indicate that an appropriate TaC
content could increase the tensile properties of SPSed W-TaC alloys re-
ducing DBTT and the 0.5 wt.% TaC is the best.

It is well known that the rolling process could further improve low
temperature toughness and reduce DBTT. Though rolled WTC05 sam-
ples show typical brittle fracture at 200 °C with an elongation of only
0.7%, the UTS reaches up to 600 MPa as shown in Fig. 5b. At 250 °C,
the rolled WTCO5 shows obvious plasticity along RD with TE of ~10%

Table 2
Working process, composition, density, and average grain size of W-TaC alloys.

Working process Composition  Density/relative Average grain
(Wt%) density (g/cm 3)/(%)  size (um)

SPS w 18.80/97.4 4.1

SPS W-0.2 TaC 18.98/98.76 342

SPS W-0.5 TaC 19.05/99.16 3.58

SPS W-0.8 TaC 18.77/97.81 344

SPS W-1.0 TaC 18.57/96.84 3.65

Hot rolling W-0.5 TaC 19.13/99.6 R116.7
L113

Hot rolling + annealing ~ W-0.5 TaC 19.14/99.7 R103.4
L124
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and UTS of ~717 MPa, indicating that the DBTT of rolled WTCO5 is be-
tween 200 °C and 250 °C, which is 300 °C lower than that of SPSed
WTCO5 and rolled WL10 and W-K [19]. Furthermore, the UTS of rolled
WTCO5 is always larger than that of other SPSed W-TaC samples at var-
ious temperatures, as shown in Fig. 5b. As compared with SPSed WTC05
sample, the TE of rolled WTCO5 at 600 °C is smaller, while the tensile
strength of rolled WTCO5 is 80 MPa larger than that of SPSed WTCO5.
The reduced plastic deformation may result from an increasing W
grain size (above 100 um) induced by recrystallization in rolled
WTCO5. The enhancing tensile strength benefits from strengthened
grain boundaries and W/Ta phase boundaries during the hot rolling
process, which will be discussed later in detail.

The rolled WTCO5 was annealed at 800 °C for 1 h, in order to inves-
tigate annealing effect on the mechanical properties. The DBTT region of
rolled WTCO5 is reduced by about 50 °C after 800 °C annealing for 1 h
(hereafter abbreviated an annealed one as A-rolled WTCO5, see
Fig. 5b). The TE of A-rolled WTCO5 is 5.2% at 200 °C, which is 7.4 times
that of the unannealed one. This significant increase in low temperature

ductility can be attributed to the elimination of residual stress and point
defects in rolled WTCO5 during annealing process. The UTS of A-rolled
WTCO5 keeps about 450 MPa from RT to 600 °C and does not change
distinctly compared to the unannealed one, as presented in Fig. 5b. It
can be concluded that annealing treatment at 800 °C enhances the me-
chanical properties (i.e., increasing low temperature plasticity and re-
ducing the DBTT) of hot rolled tungsten alloys.

Fig. 7 shows the SEM micrographs of tensile fracture surfaces of the
as received tungsten, SPSed WTCO5 and rolled WTCO05. As shown in
Fig. 7a and b, the fracture surface of SPSed W (Fig. 7a) contains an
overwhelming majority of intergranular rupture (94.66%) and few
transgranular rupture (5.34%). Meanwhile SPSed W samples exhibit
some residual pores, which significantly weaken the strength. While
SPSed WTCO5 (Fig. 7b) samples exhibit less residual pores compared
with SPSed W with increased transgranular ruptures (26.5%), which is
attributed to strengthened tungsten GBs by TaC addition. The rolling
process can obviously eliminate porosity by plastic deformation and
thus lead to a nearly full dense bulk W-0.5 wt.% TaC alloy with a

Fig. 4. Optical micrographs of the as SPSed W (a) and WTCO5 (b),ND-RD surface of rolled WTC05(c), TD-RD surface of rolled WTCO5 (d) and TD-RD surface of A-rolled WTCO5 (e).
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Fig. 5. Tensile behavior of as SPSed W (a), WTCO5 (a), rolled WTCO5 (b) and A-Rolled WTCO5 (b) alloys at various temperatures.

corresponding result of almost 100% transgranular fractures
(Fig. 7¢) in rolled samples. These different fracture features give a
reasonable explanation for the increased strength of rolled WTCO5.
Fig. 7d depicts the tensile fracture morphology of rolled WTCO5 at
300 °C. The plastic deformation and delamination structures caused
by stress during tensile test are clearly seen, which is completely
different from the RT fracture morphology.

The microstructure is closely related to the mechanical properties.
Therefore, the effects of TaC addition on the microstructure were inves-
tigated by TEM and EDS analyses. In order to characterize the dispersion
of nanosized dispersoid particles, TEM analyses is conducted, as shown
in Fig. 8. The corresponding number density of dispersed particles in
each SPSed sample was calculated. In SPSed WTC02 and WTCO5, nano-
particles were harmoniously dispersed in tungsten grain interior or

Table 3
Tensile properties of SPSed W-TaC composites at various temperatures.

Materials Tensile strength (MPa)/elongation (%)

500 °C 550 °C 600 °C 650 °C 700 °C 750 °C
W - - 279%/- - 300/18.7% 287/8.7%
WTC02 - 262%/- 248%/- 367%/5.5% 360/21.2% 374/10.7%
WTC05 225%/- 314%/4.0% 371/40.0% 385/37.6% 379/36.3% 347/21.4%
WTC08 - 70%/- 217%/- 373%/- 373%/- 380/17.9%
WTC10 - 89%/- 186%/- 375%/- 384%/- 317/13.5%

2 Brittle fracture.

located at GBs (see Fig. 8a and b), and the particle size ranges from 30
to 400 nm with average value of 142 nm and 179 nm, respectively. In
SPSed WTC08 and WTC10 samples, however, seriously clustered parti-
cles were observed and the particle sizes were mainly larger than
100 nm (see Fig. 8c and d). Especially, the area fraction of large particles
(larger than 100 nm) reached 87.2% in SPSed WTC10 sample, which is
1.41 times larger than that of SPSed WTCO05 (about 59%). The clustered
particles were mostly located at GBs in SPSed WTC08 and WTC10 sam-
ples, which may introduce stress concentrations and become the possi-
ble sites of crack initiation. Therefore, the tensile properties of SPSed
WTCO08 and WTC10 were worse than that of SPSed WTCO5. As present-
ed in Fig. 9, representative TEM images of rolled WTCO5 alloys revealed
that nanosized particles were both homogeneously dispersed in the
matrix and partially located at the GBs, which was similar to that of
the SPSed one. Dispersed particles in the grain's interior could effective-
ly pin dislocation, which would enhance work hardening and sustain
uniform elongations as shown in Fig. 5a. Meanwhile, nanoparticles
(<100 nm) located at GBs could hinder grain sliding and increase the
high temperature strength and stability of WTCO5 alloys.

To further clarify the phase of particles in rolled WTCO05 sample, se-
lected area electron diffraction (SAED), high resolution transmission
electron microscopy (HRTEM) and EDS were employed. The EDS analy-
ses of more than 50 particles in grain interior or at GBs shows that Ta
and O signals are always detected and the approximate atomic ratios
are about 2:5, as shown in Fig. 10a and the inset. In Fig. 10b and the
inset, the SAED results reveal that these particles are crystalline with


Image of Fig. 5

S. Miao et al. / Int. Journal of Refractory Metals and Hard Materials 56 (2016) 8-17 13

< 900
a ® SPSed W
E 800 *  SPSed WTCO2
=2 1 A SPSed WTCOS
s 70 1 v SPSed WTCO§
e0 _ + SPSed WTC10
5 600 - 1 . . < Hot rolled WTC05
E so0b 4 ;) 4 . > A-rolled WTC03
- - > I H
D -
E 400 F3 $ b4
= 300f ® ! H
& ¢ e
o 200f 1
=
g 100 - t
= o L— . . . . . )
= 100 200 300 400 500 600 700 800
Temperature (°C)
50
ol |
= 11
=
~ 30
g
s a0} 3
&0 i 4§ ot
: P !
= 10 1 H
B iz
: i
oF » o« “ A n e
0 100 200 300 400 500 600 700 800

Temperature (°C)

Fig. 6. The UTS and total elongation of SPSed W, SPSed WTCO5, rolled WTCO05, A-Rolled
WTCO5 alloys at different temperatures.

an orthorhombic structure. The corresponding HRTEM images clearly
show two perpendicular crystalline planes with measured spaces of
0.386 nm and 0.312 nm, which match well with the value of crystalline
planes of (001) and (110) in an orthorhombic Ta,05 particle from Pow-
der Diffraction File (PDF) card (reference code: 00-008-0255), respec-
tively. The formation of Ta,0s particles is most probably owing to the
TaC particles capturing trace impurity oxygen in tungsten during
sintering. This purification strategy would undoubtedly reduce impurity
oxygen concentration in grain boundaries and thus enhance GB
strength and ductility of tungsten alloys, which leads to an extraordi-
nary tensile ductility (TE ~40%) of SPSed WTCO5 at a relatively high
temperature (600 °C).

As well known, the microstructural parameters (such as grain size
and shape, grain boundary, defect, impurity,) play a significant role in
the thermal conductivity of materials. To evaluate the influence of TaC
addition and working process on the thermal conductivity of W, the
thermal conductivity of SPSed W, W-TaC alloys with 0.2, 0.5, 0.8,
1.0 wt% TaC, and hot rolled W-0.5 wt.% TaC (before and after annealing)
was measured and shown in Fig. 11. The thermal conductivity of SPSed
W-TaC alloys increases with increasing TaC addition from 0.2 to
0.5 wt.%, and then decreases with more than 0.5 wt.% TaC addition.
However, the thermal conductivity for all SPSed W-TaC samples is
lower than that of SPSed W, which could result from more GB areas
(smaller tungsten grain) and more W-TaC (O) phase boundaries (PBs)
in SPSed W-TacC than those of SPSed W. These increasing GBs or PBs
may significantly enhance the interface scattering on electrons and
therefore reduce the electronic thermal conductivity of SPSed W-TaC
alloys. However, in rolled WTC05 samples, the thermal conductivity
along RD direction is 175 W/m-K, about 26% larger than that of SPSed
W (139 W/m-K) at RT, which is attributed to large tungsten grains
along the L direction with an average grain length of 126.7 pm (3.2 pm
in SPSed W). The number density of GBs is significantly decreased in

Fig. 7. SEM images of fracture surfaces of SPSed W at RT (a), SPSed WTCO05 at RT (b), rolled WTCO5 at RT(c) and rolled WTCO5 at 300 °C (d).
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SPSed WTCO02

TEM image of SPSed WTC samples Particle size (nm)

Fig. 8. TEM micrographs (left) of SPSed WTC02 (a), WTCO05 (b), WTCO8 (c), and WTC10 (d) and the corresponding grain size distribution of the dispersed particles (right) in SPSed WTC02
(e), WTCO5 (f), WTCO8 (g), and WTC10 (h).

rolled WTCO5 which weakens the interface scattering on electrons and eliminating point defects and dislocations would reduce electron scat-
thereby enhances the thermal conductivity. After 800 °C annealing for tering and thus improve the electron thermal conductivity [21].

1 h, the thermal conductivity of A-rolled WTCO5 is larger than 124 W/

m-K below 500 °C, which is slightly higher than that of the unannealed 4. Conclusions

one. And at RT, the thermal conductivity of A-rolled WTCO5 is even as

high as 186 W/m-K, which is beyond the level of ITER grade tungsten W-TaC alloys with 0, 0.2, 0.5, 0.8 and 1.0 wt.% TaC were fabricated by
materials (~174 W/m-K) [20]. It is known that annealing process SPS sintering and hot rolling process. The grain size of SPSed WTC alloys
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Fig. 9. TEM micrographs of rolled WTCO5 (a) and (b), pinning dislocation (c) and (d).

ranges from 3.42 to 3.65 um. The mechanical properties, the microstruc- 4. The thermal conductivity of A-rolled WTC05 (186 W/m-K) is much
tures and the thermal conductivity were studied. larger (about 60% larger) than that of SPSed WTC05 and reaches
the level of ITER grade tungsten materials.
1. According to the evolution of mechanical properties, 0.5 wt.% TaC 5. TaC reacts with impurities of oxygen in W to form Ta,0s, reducing
content was chosen as the optimizing composition. oXygen concentration at grain boundaries and thus enhancing grain
2. The DBTT value for rolled WTCOS5 is between 200 °C and 250 °C, much boundary strength and the ductility of tungsten materials.
lower than that of SPSed WTC05 (~600 °C). The total elongation and
UTS of rolled WTCO5 at 250 °C are 10.7% and 717 MPa, respectively. Acknowledgments
3. In rolled WTCO5 samples, tungsten grains possess nearly equiaxed
structures with an average diameter of ~100 um and Ta,0s particles This work was financially supported by the National Magnetic Con-
with an average particle size of 179 nm are homogeneously dis- finement Fusion Program (Grant No. 2015GB112000), the National Nat-
persed in the matrix or located at GBs. ural Science Foundation of China (Grant Nos. 11575241, 11374299,
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