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Abstract: Casting experiments and macro-micro numerical simulations were conducted to examine the microstructure
characteristics of K439B nickel-based superalloy casting with varying cross-sections during the gravity investment
casting process. Firstly, microstructure analysis was conducted on the casting using scanning electron microscopy (SEM)
and electron backscatter diffraction (EBSD). Subsequently, calculation of the phase diagram and differential scanning
calorimetry (DSC) tests were conducted to determine the macro-micro simulation parameters of the K439B alloy, and
the cellular automaton finite element (CAFE) method was employed to develop macro-micro modeling of K439B
nickel-based superalloy casting with varying cross-sections. The experimental results revealed that the ratio of the
average grain area increased from the edge to the center of the sections as the ratio of the cross-sectional area increased.
The simulation results indicated that the average grain area increased from 0.885 to 0.956 mm? as the ratio of the
cross-sections increased from 6:1 to 12:1. The experiment and simulation results showed that the grain size became
more heterogencous and the grain shape became more irregular with an increase in the ratio of the cross-sectional area
of the casting. CAFE modeling was an effective method to simulate the microstructure evolution of the K439B alloy
and ensure the accuracy of the simulation.

Key words: K439B nickel-based superalloy; cellular automaton; cellular automaton finite element method; varying
cross-section; investment casting; microstructure evolution

the pouring temperature appropriately is beneficial

1 Introduction

Ni-based superalloys have a good combination
of performance at high temperatures [1,2], making
them widely used in hot-end components, such as
aero-engines and gas turbines [3]. K439B is a
nickel-based superalloy that has a temperature-
bearing capacity of 800 °C. ZHANG et al [4]
studied the effect of different pouring temperatures
on the microstructure and mechanical properties of
the alloy. Their findings indicated that increasing

to improving the properties. ZHANG et al [5]
studied the effect of hot isostatic treatment on the
microstructure of the alloy casting and determined
that hot isostatic treatment could -effectively
eliminate the microscopic shrinkage and reduce the
elemental segregation. ZHENG et al [6] simulated
the casting defects of K439B alloy by using a
shrinkage criterion based on Darcy’s law and
optimized the gating system. CHEN et al [7]
investigated the microstructure and properties of
K439B after long-term aging at 800 °C. The study
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indicated that the alloy exhibited superior resistance
to oxidation and corrosion compared to the K4169
alloy.

The cellular automaton (CA) method of micro-
structure simulation is widely employed due to its
ability to easily couple with various physical fields,
handle large computational domains, and achieve
high efficiency [8]. Grain growth is influenced by
heat, mass, and flow transfer, so microstructure
simulation should be coupled with macroscopic
physical fields [9,10]. RAPPAZ and GANDIN
[11-13] first proposed a two-dimensional CA
model based on the quasi-continuous nucleation
model and KGT dendritic growth model. Then,
many scholars studied the methods of coupling CA
models with finite difference (FD) and finite
element (FE) methods [14—17]. Some researchers
studied the microstructure evolution using the
CAFE method [18—21]. LU et al [22] established a
two-dimensional model coupling Lattice Boltzmann
(LB), CA, and FD methods to study the effect of

wettability on dendritic growth during solidification.

They found that wettability and cooling rate had a
significant influence on the presence of bubbles in
the microstructure.

In this work, investment casting experiments
and macro-micro modeling were conducted for a
K439B alloy casting with varying cross-sections.
The effect of varying cross-sections on the micro-
structure evolution of K439B alloy was examined
by comparing the experimental results with the
corresponding simulation results. The study will

provide a theoretical foundation for adjusting the
microstructure of the K439B alloy.

2 Experimental

The raw material used in the casting experiments
was the as-cast K439B nickel-based superalloy,
supplied by Beijing Institute of Aeronautical
Materials, China. The casting was designed with a
cross-sectional area ratio of 6:1 (the ratio of the
cross-sectional area of a thick rod with a diameter
of 31 mm to a thin rod with a diameter of 12.5 mm)
and 12:1 (the ratio of the cross-sectional area of a
thick rod with a diameter of 44 mm to a thin rod
with a diameter of 12.5 mm) to investigate the
impact of varying cross-sections on microstructure
evolution, as depicted in Figs. 1(a) and (b). The
research focused on the microstructures in Regions
A and B, as marked in Fig. 1(a).

The investment casting experiments were
conducted. The mold shell was preheated to 850 °C
and held for 3 h in a resistance furnace. 5 kg of
K439B alloy was melted in a vacuum induction
furnace. The preheated mold shell was placed in a
vacuum chamber, and the pouring temperature was
approximately 1500 °C. The prepared casting is
shown in Fig. 1(c). Some specimens in Regions A
and B were machined, ground, and corroded using a
mixed solution with mass ratio of CuSO4HCI:
H>S04=30:100:7 and a corrosion time of 10s. The
microstructures of the specimens were analyzed
using optical and scanning electron microscopy.

(b)

60.8
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Fig. 1 Varying cross-sectional casting: (a) CAD model; (b) Drawing; (c) Prepared casting
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3 Macro-micro numerical simulation

3.1 Finite element modeling

The finite element model was established
by employing the casting simulation software,
ProCAST, based on the CAD model, as shown in
Fig. 1(a). The element sizes of the casting and mold
shell were 1 and 2 mm, respectively. There are
1688935 tetrahedral elements in the casting.

According to the casting experiments, the
simulation parameters were defined in detail. The
pouring temperature of K438B was 1500 °C. The
mold shell material was fused silica, with a
thickness of 12 mm, and a preheating temperature
was 850 °C. According to the software’s database of
boundary conditions, the interfacial heat transfer
coefficient (IHTC) between the casting and mold
shell was defined based on Ref. [23]. The heat
transfer coefficient between the mold shell and the
environment was 10 W/(m*K), and the radiation
coefficient was 0.8.

3.2 Nucleation and growth models

Grain nucleation is typically considered as
non-uniform nucleation. The nucleation model
proposed by RAPPAZ and GANDIN [11] is used in
this paper. This model describes the variation of
nucleation density at different locations by utilizing
a continuous distribution function, dn/d(AT). The
expression is as follows:

(AT - AT,)’
2AT?

dn ng. exp
d(AT) 2mAT,

where dn is the increase in nucleation density
caused by the increase in the degree of super-

(D

cooling, nmax 1S the maximum nucleation density,
AT is the degree of supercooling, AT, is the
standard deviation of the degree of supercooling,
and ATmax is the maximum degree of supercooling.

The nucleation density, n(AT), at a specific
degree of supercooling, AT, can be determined by
integrating the function in Eq. (1). The expression is
as follows:

dn
d(AT)

n(aT)=|" d(AT) )

The nucleation conditions are different

between the surface and interior of the casting
during the crystallization process, and the Gaussian
distribution of the nucleation parameters is also
different [11].

According to the solidification theory, grain
growth is driven by the degree of supercooling at
the dendrite front, and it is expressed as follows [9]:

AT=ATAATAHATAAT 3)

where AT: represents the compositional degree of
supercooling, AT; represents the thermodynamic
degree of supercooling, AT represents the curvature
degree of supercooling, and ATy represents the
kinetic degree of supercooling. For most alloys,
degrees of supercooling other than the compositional
one can be neglected, which means A7 =AT:. Under
these conditions, the KGT model [24] could be used
to analyze the growth of columnar and equiaxed
grains. The relationship between the growth rate of
the dendrite tip, v, and the degree of supercooling is
simplified as follows:

v=aAT*+a;AT 3 4)

where a> (m/(s-K?)) and a3 (m/(s-K?)) are the growth
kinetic parameters, respectively, and they are
constants associated with the alloy.

The KGT model is typically applicable to
binary alloys. The equivalent method is used for
multicomponent alloys, and the initial concentration
(co), the slope of the liquid phase line (m), and the
solute equilibrium partition coefficient (k) are
calculated as follows:

o =2.¢ ®)

m= Z(mici) (6)
Co

p = 2(mek,) (7)
ch

where c¢;, m;, and k; represent the mass fraction, the
slope of the liquid phase line, and the solute
equilibrium partition coefficient of binary alloys,
respectively. Therein, ¢; was determined, and m; and
k; were calculated using the calculation of the phase
diagram (CALPHAD).

3.3 Parameters determination
The cooling rate of the alloy in the real casting
process is typically around 0.83—1.67 °C/s. Thus,
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back diffusion was selected as the solid phase
diffusion model. Meanwhile, the CALPHAD
analysis of the K439B alloy was conducted using
the CALPHAD module in ProCAST. The solidus
and liquidus temperatures of the K439B alloy were
determined to be 1235 and 1314 °C, respectively.
The slope of the liquid phase line, m, the solute
equilibrium partition coefficient, %k, and the
diffusion coefficient, D;, were also calculated.
Some of the results are listed in Table 1.

Table 1 Calculation results of CALPHAD

Average o -
.. . Diffusion
Liquidus distribution .
Element . coefficient,
slope, m coefficient of -
Di/(m*-s™")
solute, k&
Al —5.0443 1.2238 3x107°
C —36.8495 0.1133 3x107°
Co 0.1069 1.0721 3x107°
Cr —5.2233 0.9174 3x107°
Nb -9.9523 0.5016 3x107°
Ti —16.4569 0.6153 3x107°
w —2.9446 0.8925 3x107°

The growth kinetic coefficients were also
calculated based on the results of the CALPHAD
module in ProCAST. The results are as follows: a,=
1.420912x1077 m/(s-K?); a5=9.528034x1077 m/(s'K?).

It is difficult to measure the nucleation
parameters through experiments, and these
parameters also vary widely across different
processes. Thus, the magnitudes of nucleation
parameters were determined according to the
methods in Refs. [21,25,26,27]. Then, the algorithm
recommended by the ASTM standard was used.

N,=0.8NJ?=0.5659N; )

where Nv, Ns, and Ny represent the number of
nuclei per unit volume, per surface area, and per
line length, respectively.

The numbers of nuclei in terms of volume and
area were determined by analyzing the grain
distribution using EBSD image depicted in Fig. 2.
The results are summarized in Table 2. The volume
parameters of nuclei were primarily considered as
they have a greater impact on the microstructure
simulation compared to the area parameters of
nuclei.

Fig. 2 EBSD image in local region of casting

Table 2 Nucleation parameters in Regions A and B in

Fig. 1(a)

Nymad/ ATvmax/ ATve/  Nsmax/  ATsmax/ ATs,of
m K K m? K K

A 1.5x10° 15 5 1.52x10° 10 5

B 1.8x10° 15 10 1.72x10° 10 5

Region

4 Results and discussion

4.1 Experimental results
4.1.1 Dendrite morphology

The dendrite morphologies in Regions A and
B in Fig. 1(a) are shown in Figs.3 and 4,
respectively. The primary dendrite arm spacing
(PDAS) was calculated, and the wvalues were
approximately 138250 yum in Region A and
143-280 um in  Region B. According to
solidification theory, the faster the cooling rate, the
smaller the PDAS and the denser the microstructure
under typical casting process conditions. Heat
transfer speed in Region B was slower than that in
Region A because the wall thickness in Region B is
greater than that in Region A. Thus, the PDAS in
Region B is larger. The experimental results are
consistent with the corresponding theory of
solidification.

It can be analyzed from Figs.3 and 4 that
the directions of grain growth are clear and
distinguishable at various locations in Regions A
and B. At the top (location a) and bottom (location
c), the grains on the edges mainly grew in the
direction pointing towards the center, as illustrated
in Figs. 3(a), 3(c), 4(a), and 4(c). While in the
middle (location b), the grains on the edges grew in
the direction pointing towards the center, and the
grains in the center grew non-directionally, as
shown in Figs.3(b) and 4(b). According to
solidification theory, the growth direction of grains
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Fig. 4 Dendrite morphologies of Region B in Fig. 1(a): (a) Top; (b) Middle; (c) Bottom

is the characteristic by being along the direction of
the inverse temperature gradient. The temperature
gradients illustrate the variations from the
innermost to the outermost regions and from

smaller to larger sections. Therefore, the grains in
Regions A and B exhibit the main characteristics of
growing both vertically along the wall and pointing
towards the center of the large Section b.
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4.1.2 Solidification microstructure

Solidification microstructure typically consists
of three regions in a casting, namely the surficial
fine-grain region, the columnar-grain region, and
the central equiaxed-grain region, arranged from the
surface to the center. The microstructures of the
specimens taken from Regions A and B in Fig. 1(a)
are shown in Figs. 5 and 6, respectively, and the
statistical curves related to grains are shown in
Fig. 7. Cross-sections of Regions A and B reveal
the presence of diffuse porosity, as depicted in
Figs. 5(a), 6(a) and 6(b).

Compared to the microstructures in Sections a
and b, f and g of Regions A and B, respectively, it is

IPF Coloring I1 Z0
Ni-superalloy

001

hm

101

55 10

20

Region A
Unit: mm

Fig. 5 EBSD results of cross-sections in Region A in Fig. 1(a)

evident that the proportion of columnar-grain area
in the microstructure decreases in Sections b and f,
compared to Sections a and g. However, the
columnar-to-equiaxed transition (CET) region and
equiaxed grain area proportion increase in Sections
b and f, as shown in Figs. 5(a), 5(b), 5(), 5(g), 6(a),
6(b), 6(f) and 6(g). Moreover, the features in
Region B are more distinguished than those in
Region A.

Compared to the microstructures in Sections c,
d and e of Regions A and B, respectively, it can be
concluded that the proportion of columnar-grain
area in the microstructure in Section d is smaller,
while the proportion of equiaxed grain area is larger
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Fig. 6 EBSD results of cross-sections in Region B in Fig. 1(a)

than those in Sections ¢ and e. However, due to the
slow solidification speed in the center of Section d,
the grains continue to grow for a long period at high
temperatures, resulting in coarser grains, as shown
in Figs. 5(c), 5(d), 5(e), 6(c), 6(d) and 6(e).

The average grain area in the center of the
thick rod in Region B is approximately 1.206 mm?,
as shown in Section d of Fig. 6. The average grain
area in Sections ¢ and e is about 0.6 mm?. The ratio

of the average grain area in the center to the side is
approximately 2:1. The difference in grain size
between the center and side increased as the ratio of
varying cross-sections increased, in comparison to
the grain areas in Regions A and B.

There is no significant difference in the
microstructure distribution between Sections b and
¢, and between Sections e and f, at the transition
from a thin rod to a thick rod in Regions A and B.
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Fig. 7 Statistical curves of microstructures: (a) Large-section rod in Region A in Fig. 1(a); (b) Large-section rod in
Region B in Fig. 1(a); (c) Average grain area at transition; (d) Maximum grain area at transition

But the average grain area hardly changed, while
the maximum grain area increased significantly on
the cross-sections from Sections b to ¢ and from
Sections f to e. This characteristic of the micro-
structure distribution is more pronounced in Region
B compared to Region A. It can be observed that
the center-to-edge ratios of the average grain areas
in Regions A and B were approximately 5:4
(1.069:0.809) and 2:1 (1.206:0.606), respectively
based on the experiment results shown in Fig. 7(a)
and (b). And the average grain area on Sections b
and c in Region B increases from 0.462 to
0.589 mm?, representing a 27.5% increase, shown
in Fig. 7(c). Additionally, the maximum grain area
increases from 4.042 to 6.952 mm?, indicating a 72%
increase compared to the microstructure between
Sections b and ¢ in Region B, shown in Fig. 7(d).
The reason is that the slower cooling rate of the
molten alloy on the larger cross-section results in
higher superheat and a larger temperature gradient.
It is more conducive to speeding up columnar grain
growth and promoting grain coarsening. Moreover,
the larger the characteristic sizes of the varying
cross-sections are, the more pronounced the effect
of grain coarsening becomes. This implies that the
largest grain area will be larger.

4.2 Simulation results of macroscopic fields

The simulation results of the temperature
fields are shown in Fig. 8 at different fractions
of solid (FS) during the solidification process.
According to Fig. 8, the temperature of the thick
rod in Region A gradually decreases from the outer
to the inner of the casting, below the liquidus
temperature of 1314 °C, when the FS is 12%. The
temperature of the thick rod in Region B gradually
decreases below the liquidus temperature from
the outer to the inner when the FS is 25%. The
temperatures of the thick rods in Regions A and B
are lower than the solidus temperature, which is
1235 °C, when the FS is 37% and 61%, respectively.
The casting temperature decreases below the
solidus temperature completely when the FS
reaches 82%.

The cooling rate significantly affects the
nucleation and growth of grains during the
solidification process. The average cooling rate is
expressed as follows:

T

upper  * lower

L=
t

upper Lower

(€))

where L is the average cooling rate; Tupper and Tiower
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represent the upper and lower limits of temperature
calculation, which are the liquidus temperature of
1314 °C and the solidus temperature of 1235 °C,
respectively; tupper and fower represent the time taking
for nodes in the calculation domain to reach the
liquidus and solidus temperatures, respectively, and
the difference between them is the time that takes
for the temperature to change from the liquidus to
the solidus.

The simulation results for the average cooling
rate in the characteristic regions are shown in Fig. 9.
There is no significant difference in the cooling rate
of the thin rods between Regions A and B in
Fig. 1(a). The cooling rate on the middle sections of
both thin rods is approximately 4.74 °C/s in Region
A and 4.72 °C/s in Region B. The cooling rate on
the middle section of the thick rod is lower than
that at the upper and lower ends in both regions.
In Region A, the cooling rate at the center is
approximately 0.88 °C/s, whereas at the lower end
it is around 1.2 °C/s. The cooling rate of the thick

Temperature/°C

I 1500.0

£ 1437.2
1374.4

Fl 1311.6

_ 1248.8

1185.9
1123.1
1060.3

FS=12% FS=25%
Fig. 8 Temperature fields during solidification

Cooling rate/(°C-s™!)

5.0
i

4.0
3.5

4.74 °C/s

rod in Region B is lower than that in Region A. This
implies that increasing the cooling rate could
promote grain refinement and result in a denser
microstructure.

4.3 Simulation results of microstructure

The microstructure evolution of the K439B
alloy casting was simulated using the CAFE
method. The simulation results in Regions A and B
are shown in Figs. 10 and 11, respectively. The
statistical curves of grain area and shape factor on
the longitudinal sections of Regions A and B in
Fig. 1(a) are shown in Fig. 12. The shape factor
represents the degree of sphericity of the grains, and
a value closer to 1.0 indicates a more spherical
shape (or a circular shape on the 2D section).

According to Figs. 10 and 11, a film of the
fine-grain region was first formed on the casting
surface because the high undercooling degree
promoted grain nucleation close to the mold shell.
Subsequently, grains that had already nucleated

LI

FS=37% FS=61% FS=82%

4.72 °C/s

3.0 0.88°Css
25

0.57 °C/s

2.0
1.5
1.0
0.5
0.0

Region A

/v Chilling layer \

1.2 °C/s

0.73 °C/s

Region B

Fig. 9 Distribution of average cooling rate during solidification process
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Fig. 11 Simulation results of microstructures in Region B in Fig. 1(a): (a) Longitudinal Section a; (b) Cross-section b;

(c) Cross-section ¢

along the direction of the temperature gradient grew
into columnar grains. As the columnar grains grew,
solute enrichment occurred at the grain boundary.
When the solute enrichment reached a critical value,
free grains began to nucleate. This nucleation process
restricted the growth of columnar grains and led to
the formation of a transition region from columnar
to equiaxed grains, known as the columnar-
to-equiaxed transition (CET). Then, the region of
equiaxed grains was formed after the nucleation and
growth of grains in the center of the section.

Compared with Figs. 10(a) and 11(a),
grains grew along the direction of a temperature
gradient that was inverse to the surface-to-center
direction during microstructure evolution on the
longitudinal section. Therefore, the distribution of
equiaxed grains tended to be elliptical. The larger
the section variation was, the more circular the
distribution of the equiaxed grains region became.

In Region B where there was a significant
variation in section thickness, the columnar grains
were still in the growth stage in the thick rod, while
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the microstructure evolution had already completed
in the thin rod. In Region A, the grains were
predominantly columnar in shape, and numerous
free nuclei began to nucleate and grow at the center.
Compared with Figs. 10(b), 10(c), and 11(b),
11(c), the equiaxed-grain region was more distinct
on Section b than on Section c of Regions A and B.
This was a result of the smaller temperature
gradient on Section b compared to Section c, which
hindered the growth of columnar grains and
allowed for ample space and time for nucleation
and growth of free nuclei in the center. As a result, a
more distinct equiaxed-grain region was formed.
Based on the statistical results shown in
Fig. 12, both Regions A and B in Fig. 1(a) exhibit
the phenomenon of small-sized grain aggregation,
where grains with an area of 1 mm? account for
more than 70%. The average grain area in Region B
(0.956 mm?) and its shape factor (2.927) are larger
than those in Region A, which has an average grain
area of 0.885 mm? and a shape factor of 2.879. The
larger average grain area in Region B is due to its
larger volume and poorer heat transfer conditions,
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which result in a prolonged high-temperature
maintenance of the molten alloy and lead to grain
coarsening. The larger shape factor in Region B is
induced by its larger cross-section, which provides
sufficient space for columnar grain growth before
nucleation and growth in the center. This results in
the formation of long and thin columnar grains.

4.4 Comparison of experiment and simulation
results

According to the theory of alloy solidification,
the growth direction of grains at rough interfaces
is dependent on the direction of heat flow. The
growth orientation of superalloys depends on the
competition between the thermal orientation and the
preferential orientation along the (001) direction.
Moreover, preferential orientation plays a dominant
role due to the relatively high growth rate with
dendritic morphology [28].

The comparison of the experiment and
simulation results of the microstructures on Sections
a, b and c of Regions A and B in Fig. 1(a) is shown
in Figs. 13 and 14, respectively. The growth direction

90
80 1
701
60 H
50 H
40 1
300
20 ]
10 H
0

(b)

3 7
Grain shape factor in Region A

11 15 19 23 27 31

(d

2.5

55 85 11.5 145 17.5 205 235
Grain shape factor in Region B

Fig. 12 Statistic results of grain area and shape factor on longitudinal section in Regions A and B in Fig. 1(a): (a) Grain
area in Region A; (b) Grain shape factor in Region A; (c¢) Grain area in Region B; (d) Grain shape factor in Region B
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Region A
Unit: mm

Simulation results Experimental results

Fig. 13 Comparison of experiment and simulation results of microstructures in Region A in Fig. 1(a): (a) Cross-
section a; (b) Cross-section b; (¢) Cross-section ¢

25

Region B
Unit: mm

Simulation results

Fig. 14 Comparison of experiment and simulation results of microstructures in Region B in Fig. 1(a): (a) Cross-
section a; (b) Cross-section b; (¢) Cross-section ¢
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of grains conforms to the theory of alloy
solidification. Moreover, the simulation results for
grain distribution, orientation and grain area are in
good agreement with the experiment results.
Specifically, both the experiment and simulation
microstructures consist of a surficial fine-grain
region, an intermediate columnar-grain region and a
central equiaxed-grain region. Compared to the
small Cross-sections a and c, the growth of
columnar grains in the larger Section b is limited by
the temperature gradient. This limitation leads to a
relatively large proportion of the equiaxed-grain
region. Combined with Table 3, the simulation
errors for the average grain area are mostly less
than 6.2%, except for a 14.5% error on Section a in
Region A. This indicates that some improvements
are needed in the macro-micro numerical modeling
to further enhance the accuracy of the simulation.

Table 3 Comparison of experimental and simulation
results of average grain area

Average grain area/mm?  Error/

Region Section

Simulation ~ Experiment %
0.601 0.525 14.5

A b 1.022 1.069 4.4
c 0.558 0.595 6.2

0.521 0.493 5.7

B b 1.249 1.206 3.6
c 0.489 0.476 2.7

5 Conclusions

(1) Based on the experiment results, the
center-to-edge ratios of the average grain areas in
Regions A and B for the K439B superalloy casting
with varying cross-sections were approximately 5:4
and 2:1, respectively. The results indicated that the
larger the sectional ratio of the varying cross-
sectional casting, the greater the difference in the
average grain area, resulting in more heterogeneous
grains.

(2) Based on the macro-micro simulation
results, as the sectional ratio of the casting
increased from 6:1 in Region A to 12:1 in Region B,
the columnar grains grew longer and thinner in the
larger cross-sectional Region B compared to
Region A. The average grain area in Region B
was 0.956 mm?, which was larger than the

corresponding value of 0.885 mm? in Region A.
Similarly, the shape factor in Region B was 2.927,
which was greater than the corresponding value of
2.879 in Region A. These results indicated that the
grains in Region B were more heterogeneous
because of their larger sectional ratio.

(3) The comparison of experiment and simulation
results revealed that the simulation errors for the
average grain area were generally below 6.2%. The
study also showed that CAFE model could be used
to effectively simulate the microstructure evolution
of the K439B alloy and ensure the accuracy of the
simulation.
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HET LI SRGE K439B IR E SRS
THEBHNEMAELET

ok, BB, X R T, E R

1 B#EOE R MRRE S TR BRI ER SR e, il 200030;
2. bBifpSGERS MERE S TR Eilieit st R SRS RO B AR, B 200240

& FE: N TR KA39B BRI i A 4 AT R E B R B R I A SRR AE, R i S A
FHORBUE BB ST ETT R ARG . &6, X K439B &4 smsG T 785k e, 18 7%
TR ALY SEM A1 EBSD % Rl UM . 485, EIEAE ETH B DSC MRS T e T K439B &4 1%
WS %, KA RIS O E SRS & BIJ7 IR (CAFE)NT K439B AR 445 F S 25 45 5 1 FEREAT 1 22 10m
FAER. a0 R, BRI LA MG, PR AR T Z B0 LU B A . By R
FW, BEEBMHAE R 6:1 #RF] 12:1, PSR AE 0.885 mm2 HZE 0.956 mm?2. LEA& SEI AR S5 L a] 41,
P T LU AR, SRR/NER I 5T, SRR BB . CAFE 2 (O A5 2 140, K439B 4 45 A 4 410
AR ROTE, B ORI ZE R RS 5
XkH2iR): K439B IR G a: oM a3 o AsWIAIR G, M, RS, DHEREE
(Edited by Wei-ping CHEN)



