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Abstract: The stray grain defect is often found at the platform in the process of directional solidifi-
cation of single crystal blades because local undercooling easily occurs in this area. A variable wall
thickness mold based on stereolithography and gelcasting technology was proposed to solve the
local undercooling at the platform. The influence of variable wall thickness mold on the temperature
field of the platform during directional solidification was studied via simulation. The numerical
simulation results show that variable wall thickness can effectively prevent heat dissipation at the
platform, thereby reducing the undercooling and avoiding the formation of stray grains. At the same
time, the influence of molds assembly angle on the formation of stray grains was analyzed, and the
appropriate molds assembly angle is suggested.

Keywords: single crystal; directional solidification; stray grains; numerical simulation; variable
wall thickness

1. Introduction

The manufacturing of single crystal (SC) blades of a superalloy is based on directional
solidification (DS) technology [1]. During DS, due to the abrupt change of cross-section
and rapid cooling of local melt, stray grains mainly appear at the platform [2,3]. Compared
with the connection between the platform and the blade body, the temperature at the
sharp extremities of the platform is first cooled by the radiation of the cold zone of the
furnace, thus forming an undercooled melt. When the undercooling reaches the nucleation
undercooling degree of the liquid alloy, it is very likely to form new grains, as shown
in Figure 1. The stray grains destroy the integrity of SC, which leads to the decrease of
mechanical properties due to the introduction of new grain boundaries [4,5]. Therefore,
how to eliminate and control the formation of stray particles at the end of the platform and
ensure the integrity of SC has become the focus of SC blade manufacturing.

Figure 1. Stray grains at the platform.
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In order to prevent the formation of stray grains, it has been widely studied to eliminate
undercooling by improving the local temperature field. Ma et al. installed a graphite
block with high thermal conductivity near the platform area to strengthen local heat
conduction [6-8]. Meyer et al. prevented the early cooling of the alloy melt in this region
by arranging insulating materials at the end of the platform [9], and so on. These methods
put forward the idea of improving the temperature field during DS by changing the heat
dissipation of the mold shell. However, due to the lack of an accurate design, it is difficult
to apply it in the actual production on a large scale. Li proposed the integral fabrication
technique of ceramic mold (IFTCM) combining stereolithography (SL) with gelcasting to
realize the free manufacture of molds, which means that you can adjust the size of any
part of the mold according to certain needs [10-12]. This breaks the limitation that the
traditional investment casting process can only produce a uniform wall thickness mold.
The greater the thickness of the mold shell, the slower the heat dissipation during DS.
Through the IFTCM, the wall thickness of the mold at different positions of the mold can
be flexibly adjusted according to the needs of heat dissipation to realize ideal temperature
distribution during DS. In this study, a variable wall thickness mold is proposed to solve
the stray grain defects at the platform based on the IFTCM. The influence of wall thickness
on the temperature field and on the formation of stray grains at the platform was analyzed
during DS. This study is expected to promote the use of an integral ceramic mold technique
to provide a better understanding of the influence of mold shell on the temperature field of
directional solidification.

2. Materials and Methods
2.1. Ceramic Mold Design

The research object of this paper is mainly the platform, so the structure of other parts
of the blade is simplified to reduce an unnecessary amount of calculation. A simplified
blade model is designed for numerical simulation, as shown in Figure 2. In this study, the
blade is simplified to a model that retains the platform structure, as shown in Figure 2b.
The thickness of the platform of the simplified model is 3 mm, and the maximum length is
10 mm. The other dimensions are shown in Figure 2a.

(a)

Figure 2. (a) The design dimensions of the blade(unit:mm); (b) Blade model.

The manufacturing procedures of ceramic mold by SL and gelcasting methods are
shown in Figure 3. The SL prototype was manufactured by sps600b (Xi’an Jiaotong Uni-
versity, Xi’an, China) using photosensitive resin (SPR 8981, Zhengbang Technology Co.,
Ltd., Zhuhai, China). After ball milling for 40 min, alumina-based ceramic slurry with
high solid content (60 vol%) was prepared for the gelcasting process. The ceramic slurry
with a viscosity lower than 1 pa-s was poured into the SL prototype and polymerized
under the action of initiator and catalyst to form a green body. Subsequently, the green
ceramic mold was vacuum freeze-dried for 24 h, which helped to reduce shrinkage and



Metals 2022, 12, 1832

3of11

avoid drying cracks [13]. Finally, a complete ceramic mold was obtained after pre-sintering
and post-treatment [14-16].

(a)

Figure 3. (a) Blade model; (b) Resin model; (c) Resin mold; (d) Casting mold.

2.2. FEA Model

Based on the designed model, the FEA model is as shown in Figure 4. The sizes of
the water-cooling plate and furnace wall are presented Table 1. Through the finite element
simulation software PROCAST, the numerical simulation is carried out to investigate the
temperature field distribution and microstructure evolution during DS. CMSX-4 nickel
superalloy is used as experimental materials for casting, and the main chemical composition
is shown in Table 2. Based on the results obtained by Chapman et al. [17], the liquid point
(1382 °C) and its thermophysical parameters of the alloy are listed in Table 3. The basic
simulation parameters are summarized in Table 4. The three-dimensional model used for
simulation, including the furnace wall, water-cooling plate and mold model are shown in
Figure 4a. A simulation model and a finite element mesh model were used as the control
group as shown in Figure 4b, which have a uniform wall thickness of 7 mm. The variable
wall thickness at the platform, namely, 10.5 mm and 14 mm were used as the experimental
group; the finite element mesh models of different wall thickness at the platform are as
shown in Figure 5. In order to improve the calculation efficiency, non-uniform grid division
is adopted. The casting part is divided by the largest 2 mm tetrahedral grid, and the mold
shell and water-cooling plate are divided by the larger 8 mm tetrahedral grid.

(b)

Figure 4. The casting system: (a) three-dimensional model; (b) grid model.

Table 1. Dimensions of directional solidification furnace body.

Furnace Body Diameter Height
hot zone 300 mm 500 mm
Insulation zone 260 mm 30 mm
cool zone 400 mm 500 mm

Crystallizer 250 mm 30 mm
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Table 2. Chemical composition of CMSX-4 Superalloy.

Composition Cr Mo Co W Ta Al Ti Hf Re Ni
Weight Fraction(wt/ %) 6.4 0.61 9.6 6.4 6.6 5.67 1.04 0.1 29 60.68
Table 3. Thermophysical parameters of CMSX-4 Superalloy.
Temperature Enthalpy Temperature Density Temperature ggs;izfcg\;a:;
Q) (kJ/kg) Q) (kg/m3) Q) (W/mK)
c 0 25 8700 100 8.65
201 74 100 8665 200 11.6
423 173 200 8618 500 14.9
570 242 300 8572 900 20
750 335 400 8525 1200 32
1003 481 500 8479 1380 25.6
1076 528 600 8433 1500 25.3
1129 566 700 8387 1600 25
1201 622 800 8342
1312 714 900 8296
1320 722 1000 8251
1332 732 1100 8206
1347 762 1200 8161
1356 798 1300 8116
1358 824 1320 8107
1367 861 1380 7754
1376 918 1400 7736
1380 941 1500 7646
1382 945 1600 7556
1419 963
1499 1009
Table 4. Basic parameter setting of ProCAST numerical simulation.
Basic Simulation Parameters Value
Hot zone temperature 1550 °C
Transition zone temperature 1000 °C
Cool zone temperature 50 °C
Crystallizer temperature 50 °C
Thermal radiation coefficient (Hot and cool zone) 0.8 [18]
Thermal radiation coefficient (Transition zone) 0.8 [18]
Thermal radiation coefficient (Shell mold) 0.7

Heat transfer coefficient (Water-cooled ring/metal)

Heat transfer coefficient (Mold /metal)

Heat transfer coefficient (Water-cooled ring/mold)

2000 W/ (m?2-K) [19]
500 W/ (m?2-K) [19]
20 W/(m?2-K) [19]

wall thickness

7mm

10.5mm

wall thickness

Figure 5. Mesh model of different wall thickness at the platform.

wall thickness

14mm
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3. Result and Discussion
3.1. FEA Results

The temperature distribution during DS determines the formation of the local under-
cooling region at the platform. When the undercooling degree of the local undercooling
region reaches the critical nucleation undercooling of the alloy, there is a high probability
to produce stray grain defects [20]. The results of the CAFE simulation of grain structure
for the control group are as shown in Figure 6a. There are no stray grain defects at the
blade body, but some stray grains formed at the platform. Different colors indicate different
grains. It can be found that almost all the hybrid crystals are distributed at the edge of
the platform.

(b)

angle (2)

undercooled

10 - '\

(B-A)/C

) 50 100 150 200
Dis/mm

Figure 6. (a) Simulation results of the CAFE grain structure. (b) Temperature difference of B-A points.

In order to evaluate the effect of local undercooling on the formation of stray grain at
the platform, two points with the largest temperature difference at the platform are selected
to explain whether the local undercooling leading to the stray grain defect will occur. Point
A is located at the tip angle of the platform, and point B is located at the joint position of
the blade body and the platform, as shown in Figure 6a.

The temperature difference diagram of point A and point B with time is shown in
Figure 6b; the horizontal axis is the displacement of the casting by multiplying the pulling
speed and the pulling time, and the vertical axis is the temperature difference between
point A and point B. When the value of (B-A) is greater than 0, it indicates that point A
solidifies first, and it is easy to form stray grains. When the value of (B-A) is less than 0,
point B solidifies first, and it is not easy to form stray grains. The larger the temperature
difference between point A and point B, the more prone it is to undercooled nucleation
and forming stray grains at point A. It can be clearly seen that the temperature of point
A is always lower than the temperature of point B during DS, that is to say, when the
temperature of point B drops below the liquidus temperature of 1380 °C, the temperature
of point A is lower than the liquidus temperature, thus forming undercooled melt. As the
DS proceeds, the undercooling degree of point A gradually increases. Since it takes time
for the original grain of blade body to grow laterally along the platform, when the original
grain grows laterally to fill the platform, the melt metal at point A has reached the critical
undercooling required for nucleation, and the gray strains are formed.

The results of the CAFE simulation of grain structure for the experimental group are
as shown in Figure 7, which presents the growth of the grain structure with different wall
thickness of 7 mm, 10.5 mm and 14 mm of the mold at the platform when the pulling
rate is 3 mm/min. It can be seen that the number of the stray grains at the platform is
reduced with the increase of the wall thickness of the mold at the platform, which indicates
that increasing the wall thickness of the mold at the platform has an obvious effect on
the formation of the stray grains. When the wall thickness of the mold at the platform is
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14 mm, the stray grain defects are completely eliminated. This shows that the cooling rate
at point A can be reduced by increasing the thickness of the mold at the platform, so that
the original grain can extend and grow toward point A in sufficient time before reaching
the critical undercooling required for nucleation, and the SC structure can be achieved.

angle (a) angle (b) angle (c)

50 50 50
as as as
an an an
35 35 35
30 30 30
25 25 25
- 20 - 20 = 20
15 ™ 15 15
- 10 — 10 10.5mm = 10 14mm
P P P
0

Figure 7. Simulation results of CAFE grain structure with variable wall thickness: (a) 7 mm;
(b) 10.5 mm; (c) 14 mm.

The temperature difference diagram of point A and point B with time is shown in
Figure 8. It can be seen that the (B—A) value decreases as the wall thickness of the mold at
the platform increases. The (B—A) value is close to 0 when the wall thickness of the mold
at the platform is 14 mm; here, it is not easy to form stray grains, so it can be concluded
that the gray strain defect at the platform can be eliminated when the wall thickness of the
mold is equal to or greater than 14 mm.

20

15 F —14mm
—10.5mm undercooled

+*

(B-A)/C

0 50 100 150 200
Dis /mm

Figure 8. Temperature difference of B-A points.

3.2. Temperature Field Analysis

In the process of DS, the heat exchange between the furnace and the surface of the
ceramic mold is mainly conducted by radiation in a vacuum environment. The heat
dissipation from the internal melt metal to the surface of the ceramic mold is mainly
through heat conduction. By increasing the wall thickness of the mold at the platform, as
shown in Figure 9b, thermal resistance from the inner metal to the surface of the mold can
be increased, and the heat dissipation of molten metal at the platform becomes slow. Thus,
the undercooling of the melt metal at the platform is greatly reduced, and the formation of
stray grains caused by local undercooling is avoided.
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heating

(a)
ﬂ' -
\|

Figure 9. Schematic diagram of heat exchange between the platform and the furnace: (a) equal wall
thickness shell; (b) variable wall thickness mold.

(b) heating

C—ﬂ-3<

cooling

The simulation results of the temperature field with uniform wall thickness at different
times and at a pulling rate of 3 mm/min are shown in Figure 10. It can be seen that, when
the solidification front enters the blade body at t = 1688 s, the isotherm shows an obvious

“concave” shape. As the DS proceeds, the solidification front enters the platform area

in a “concave” shape. When t = 1765 s, the temperature of the alloy liquid at the edge
of the platform falls below the liquidus earlier, compared with that inside the platform,
and undercooled melt is formed first at the edge of the platform. The nucleation of the
alloy liquid requires a certain degree of undercooling, which is called critical nucleation
undercooling, and the undercooling at this time has not reached the critical undercooling,
whereby the alloy liquid at the platform is still in the liquid state. When t = 2113 s, the
depression of the isotherm near the platform becomes more obvious, and the undercooling
of the alloy liquid at the edge of the platform also continues to increase. When t = 2256 s, the
depression of the isotherm near the platform becomes more obvious, and the undercooling
degree at the edge of the platform also gradually increases. The undercooling degree of the
alloy liquid at the edge of the platform has reached the critical nucleation undercooling,
while the original grain has not reached the edge position through lateral growth, so there
will be a new grain formed at the platform.

Temp /C
1450.0
14333
1416.7
1400.0
1383.3
1366.7
1350.0
13333
1316.7
1300.0
12833
1266.7
1250.0
1233.3
1216.7

12000 t=]688s t=1786s t=1878s t=1971s t=2113s t=2256s

Figure 10. Temperature field at different times with equal wall thickness shells.

The simulation results of the temperature field with the variable wall thickness mold
are shown in Figure 11. This presents the influence of different mold wall thickness of 7 mm,
10. 5 mm and 14 mm at the platform on the temperature field distribution of the casting
when the pulling rate is also 3 mm/min. It can be found that, with the increase of the wall
thickness of the mold at the platform, the “concave” degree of the isotherm becomes smaller,
which can effectively improve the temperature distribution at the platform, as shown in the
red dotted squares in Figure 11. When the wall thickness of the mold shell at the platform
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reaches 14 mm, the solidification front at the platform will tend to be horizontal, as shown
in Figure 11c, and the horizontal morphology can effectively avoid the generation of
stray grains [21].

Temp/’Cc  (a) Temp/C (b)
1400.0 I 1400.0
1

—

I 1386.7 | = - I :
1373.3 1373.3
1360.0 1360.0
1346.7 1346.7
1333.3 1333.3
1320.0 1320.0
1306.7 1306.7
1293.3 1293.3
1280.0 1280.0
1266.7 1266.7
1253.3 1253.3
1240.0 1240.0
1226.7 1226.7
1213.3 1213.3
1200.0 1200.0

Figure 11. Temperature field with variable wall thickness mold: (a) wall thickness = 7 mm; (b) wall

Temp/C

1400.0
I 1386.7
1373.3
1360.0
1346.7
1333.3
1320.0
1306.7
1293.3
1280.0
1266.7
1253.3
1240.0
1226.7
1213.3
1200.0

thickness = 10.5 mm; (c) wall thickness = 14 mm.

3.3. Molds Assembly Angle

In the blade mold assembly structure, the radiation conditions are greatly different at
different positions of the mold. The temperature distribution of the melt metal near the
heater will be greatly different from that near the center rod due to the different radiation
conditions. Different assembly angles will bring different temperature distributions. There-
fore, it is necessary to analyze the DS process with different assembly angles to determine
the ideal assembly angle. After the reference position is set, a total of 12 positions are
rotated at an interval angle of 30° on this reference position, as shown in Figure 12a.

60

w
=}
N

%

undecooling /C
w
(=]

)
(=]

-

E

N I

1 1

60 120 180 240 300
angle /o

(b)

Figure 12. (a) Schematic diagram of mold assembly; (b) Change of undercooling degree at

=3
(=1

position 1, 2, 3, 4.

When the pulling rate is 3 mm/min, the undercooling degree of the melt metal at the
four sharp corners of the platform are shown in Figure 12b with the increase of the angle. It
can be seen that the undercooling degree at point 1, point 2, point 3 and point 4 changes
when the angle changes. When the blades rotate to around 270°, the undercooling at the
four sharp corners of the platform are all small, which is an ideal assembly angle.

As shown in Figure 13, the mushy zone [22] during DS is analyzed when the angle
is 0°, 90°, 180° and 270°. It can be found that the mushy zone near the center is wide,
whereas it is narrow near the furnace wall. This is because there are good radiation and
heat dissipation conditions near the furnace wall, while the heat dissipation condition near
the center is poor [23]. Therefore, the temperature gradient is large near the furnace wall
and small near the center. The wider the mushy zone, the larger the temperature gradient.
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Compared with that of the assembly angle being 0° or 180°, the inclination of the mushy
zone is smaller and the mushy zone is narrower when the assembly angle is 90° and 270°,
as shown in the red dotted squares in Figure 13. When the assembly angle is around 270°,
the mushy zone of the blade body tends to be horizontal, which is conducive to eliminating
stray grain defects [24-26].

Solid
/%
1.000
0.933
0.867
0.800
0.733
0.667 L
0.600 180°
0.533
0.467
0.400
0.333
0.267
0.200
0.133
0.067 \/
0.000

h:
h
I ha

1
13

K

1500s 1700s 2100s 1500s 1700s 2100s

Figure 13. Mushy zone shape at different assembly angles.

4. Conclusions

1

A variable wall thickness mold was manufactured based on SL and gelcasting technol-
ogy, taking advantage of the flexibility of IFTCM technology. By increasing the wall
thickness of the mold at the platform of the blade, the temperature field distribution
during DS was improved, and the formation of the gray grains at the platform can
be avoided.

The influence of the variable wall thickness mold on the temperature field of the
platform was evaluated. When the wall thickness is varied, the undercooling degree
of the alloy melt at the platform can be greatly reduced during DS, thus reducing the
possibility of forming stray grains. For the object studied in this paper, when the wall
thickness of the mold at the platform is increased to 14 mm, the local undercooling at
the platform can be completely solved and the stray grain defects are eliminated. The
results of the CAFE simulation also illustrate it.

The mold assembly angle also has an important influence on the formation of stray
grains at the platform. When the blades are placed at different angles, the change
of heat dissipation conditions at different parts of the mold will lead to different
subcooling degrees at the platform. It is found that there is an ideal mold assem-
bly angle around 270° when the undercooling degree at the platform is relatively
small and the solid-liquid interface is relatively straight. It is helpful in eliminating
stray grains.

In the DS process of the SC blade, when the pulling rate and other process parameters

are determined, the solidification heat dissipation of molten metal is mainly determined by
the mold. The variable wall thickness mold can satisfy the needs of the temperature field
for SC solidification. Through IFTCM technology combining SL with gelcasting, the shell
wall thickness can be adjusted according to the DS demand for SC, providing a new idea
for improving the solidification temperature field of SC blades, and good quality of DS can
be achieved.
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