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1 Introduction
As a key component in aero-engine, the turbine nozzle 
works under great and complex stress in the temperature 
range of 700 °C to 1,100 °C [1-3]. Therefore, nickel-
based superalloys with good oxidation, creep resistance, 
high stability, and excellent strength [4-6] are often used 
in the manufacture of the turbine nozzle. However, 
the turbine nozzle has a complex frame structure, 
including inner cone, inner ring, blades, outer ring, 
and flange. Furthermore, the wall thickness of each 
part is greatly different, especially the thickness of the 
blades, which is only a few millimeters [7-9]. Although 
the vacuum investment casting process is applied in the 
production of nickel-based superalloys turbine parts, 
which can achieve the nominal casting dimensions by 
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an appropriate degree of accuracy of wax pattern, and 
can ensure the consistency of the blade and the overall 
dimensional accuracy of the parts [10-13], the defects, 
including shrinkage porosity and crack are still easily 
induced during the solidification process and extremely 
difficult to remove [14-18].

It is worth noting that both the design of the gating 
system and the casting process parameters are always 
considered as the most important factors which affect 
casting quality because the solidification sequence and 
behavior of castings can be changed by controlling 
the relevant parameters [19-23]. Moreover, the different 
casting shapes and alloy types also lead to significant 
variations in the design of the gating systems, which 
usually depending on the engineer's experiences with 
trials and errors practice. Therefore, to determine the 
appropriate casting design for complex structures of 
castings in a rapid, reliable, and economic fashion, it is 
very important to predict the defects and minimize the 
number of trials and errors experiments by simulation 
at the design stage [24-26].

In the current study, based on a combined analysis 
of flow transfer and heat transfer, the gating systems 
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Fig. 1: Thermal properties of K477 alloy: (a) conductivity; (b) density

of nickel-based superalloy aero-engine turbine nozzle castings 
are optimized and the shrinkage porosity defects are predicted 
by the simulation of the investment casting process. Finally, 
the optimal design of the gating system of aero-engine 
turbine nozzle castings is proposed and verified by the trial 
manufacture. 

2 Simulation and experiment procedures
2.1 Experiment material
The casting alloy employed in the present study was the K477 
nickel-based superalloy, a typical martensite precipitation 
reinforced alloy, which has good comprehensive mechanical 
properties with the nominal composition shown in Table 1. 
The thermal physical parameters of the K477 superalloy for 

simulation, such as phase transition temperature, latent heat of 
crystallization, thermal conductivity, and specific heat, were 
measured in the National Nonferrous Metal and Electronic 
Materials Analysis and Testing Center. A complete set of 
obtained material thermophysical properties at the range of 
solidus temperature to 1,535 °C are listed in Table 2. Due to 
the experimental data of some thermophysical properties in the 
solid-liquid two-phase region of 1,232.17 °C to 1,311.63 °C being 
unavailable, the thermodynamic databases in ProCAST were 
used to obtain the properties of K477 alloy in the temperature 
range of 1,232 °C to 1,535 °C as well as in other relevant 
studies [14, 23, 25], such as enthalpy curve, the solidification path, 
density, viscosity and thermal conductivity. The calculated 
properties of density and conductivity are well coincident with 
the experimental data, as shown in Fig. 1.

Table 1: Nominal composition of K477 superalloy (wt.%)

Cr Co Al Ti Mo C Fe B Ni

14.78 15.30 4.34 3.51 0.14 0.08 ≤0.5 ≤0.02 Bal.

Table 2: Thermophysical properties of K477 superalloy

Temperature
(°C)

Conductivity
(W·m-1·K-1)

Viscosity
(Centipoise)

Density
(kg·m-3)

Enthalpy
(kJ·kg-1)

1,232 21.43 - 7,719.41 832.706

1,262 21.53 10.05 7,702.60 844.217

1,282 22.29 9.52 7,661.57 880.972

1,303 23.18 9.08 7,606.19 935.740

1,323 24.49 9.08 7,536.70 1,008.472

1,342 26.46 8.46 7,444.82 1,110.226

1,375 26.96 7.90 7,412.68 1,155.116

1,415 27.36 6.72 7,381.98 1,184.038

1,455 27.75 6.22 7,351.25 1,213.503

1,495 28.14 5.78 7,320.47 1,243.262

1,535 28.52 5.73 7,289.64 1,273.264

(a) (b)
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Fig. 2: Three-dimensional model of turbine nozzle casting (a) and cross-section of vanes (b)

Fig. 3: Different process design schemes of turbine nozzle casting

2.2 Casting process and design
Zircon and fused silica were employed for the preparation 
of the shell mold, and the shell mold was composed of the 
following nine coatings: a zircon prime face coating, two 
intermediate coatings, five backup coatings, and one seal 
coating. Furthermore, each coating contained one slurry layer 
and one stucco layer, and the thickness of the shell mold was 
approximately 9±0.5 mm. The molds were preheated in a 
furnace in two steps. The first step was to sinter the molds at 
a temperature of 950±5 °C. Then, the temperature was raised 
to 1,100±5 °C and held for 2 h to equalize the temperature 
distribution in the shell mold for subsequent pouring. The 
K477 alloy was melted in the vacuum induction melting 
furnace and poured at 1,450±10 °C into the shell mold in a 

vacuum of 1×10-2 Pa. 
A three-dimensional CAD model of the turbine nozzle was 

created and is shown in Fig. 2(a). It can be observed that there 
are many turbine vanes with thin-walled structures connected 
to the cylindrical shell structure, as illustrated in Fig. 2(b). The 
thickness of these is between 1 mm to 2 mm. Any defects will 
lead the turbine nozzle to be directly scrapped because the 
turbine vanes cannot be machined. Obviously, there is a great 
tendency of shrinkage porosity at the connecting part induced 
by the inconsistent cooling rate of castings due to the large 
wall thickness difference, which seriously affects the casting 
quality. Thus, the main difficulty of the aero-engine turbine 
nozzle manufactured by investment casting is to overcome the 
tendency of shrinkage porosity of the casting.

(a) (b)

According to the analysis of the turbine nozzle structure 
described above, the gating system was designed to ensure 
the complete filling and effective feeding in the casting, as 
shown in Fig. 3(a). As a contrast, the Scheme 2 gating system 
was designed by reducing the number of runners to investigate 
the feeding efficiency of the corresponding riser, as shown in 
Fig. 3(b). In addition, in order to reduce the volume of the 
gating system and increase the technological yield of the 
casting, the gating system was modified under the consideration 
of feeding distance of the casting, as shown in Fig. 3(c). The 

uniform finite element mesh was created in the MeshCast 
module of ProCAST, the mesh length range of the casting was 
between 1 mm to 5 mm, and that of gating system was between 
5 mm to 20 mm, as illustrated in Figs. 4(a) to (c). Shell molds of 
the castings were created and meshed using the shelling feature 
in MeshCAST, as shown in Figs. 4(d) and (e). The shrinkage 
and porosity were predicted and counted by calculating the 
packing pressure on the casting and the pressure drop within 
the mushy zone during solidification in the Advanced Porosity 
Model (APM) module of ProCAST.

(a) (b) (c)
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Fig. 4: Finite element mesh of turbine nozzle casting with different gating systems (a)-(c), meshes of casting 
mold shell (d) and (e), and local details of the non-uniform mesh (f)

Fig. 5: Melt distribution at filling time of 2 s under three process 
schemes: (a) Scheme 1; (b) Scheme 2; (c) Scheme 3

(a) (b) (c)

(d) (e) (f)

3 Results and discussion
3.1 Filling process
The simulation results of the mold filling at the pouring time of 2 s are 
shown in Fig. 5. The temperatures of the melt under three kinds of casting 
processes are all higher than the liquidus temperature, which indicates 
that there is enough degree of superheat for the mold filling. Meanwhile, 
the filling rate of the top horizontal runner both in Scheme 1 and Scheme 2 
is slower than the tilting runner in Scheme 3, as shown in Figs. 5(a) to (c). 
Moreover, the horizontal runner at the bottom is already filled and the 

vanes connecting the runner are almost completely 
filled in Scheme 1 and Scheme 2, where is not 
filled in Scheme 3. This means that the order of 
melt velocity of mold filling at this position is 
Scheme 1, Scheme 2 and Scheme 3.

To identify the mold filling behavior in the risers 
of three schemes clearly, the melt velocity-time 
curves at different positions are plotted in Fig. 6, 
and the corresponding positions of the selected 
points are marked in Fig. 6(a). Apparently, because 
the volume of the gating system in Scheme 3 is the 
smallest, it can be seen that the melt filling velocity 
is more stable than other schemes in the vanes and 
riser of Scheme 3, which means that the filling 
process of Scheme 3 is smoother and steadier. The 
filling time at different positions along the filling 
direction is listed in Table 3. The melt flows from 
Point A to Point B in the casting, while the melt 
flows into the inner vertical runner and the riser 
with the filling sequence of D to C in all schemes, 
which indicates that the riser is filled with melt 
from the runner and casting until the melt meets at 
Point C.

More important, for Scheme 1 and Scheme 2, the 
filling sequence of the outer runners is from B to F as 
the filling time of Point F is much longer than that 
of Point E and Point B, which indicates that the 
casting has already been completely filled when 
the riser begins to fill. Therefore, the design of the 
outer runner is completely unnecessary, especially 
in combining the results of filling behavior of the 
melt in the riser shown in Fig. 7, which suggests 
that the design of the vertical runner would lead 
to the formation of greater turbulence of the melt 

(a)

(b) (c)
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Fig. 7: Filling behavior of melt in risers: (a), (b) turbulence in Scheme 1 and Scheme 2; (c), (d) laminar in Scheme 3

Fig. 6: Filling velocity of three process schemes at selected positions in (a): (b) Point A; (c) Point B and (d) Point C

(a)

(c)

(b)

(d)

Table 3: Filling time (s) at different points along the filling direction as marked in Fig. 6(a)

Schemes
Points

A B C D E F

1 1.728 2.335 2.595 2.385 2.473 3.060

2 1.406 2.071 2.287 2.226 2.585 3.316

3 0.921 1.529 2.154 2.135 - -

(d)

(b)

(c)

(a)
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in the riser during the filling process. That would have a great 
impact on the final quality of the casting. Therefore, the design 
of Scheme 3 is the best choice due to the reasonable filling 
sequence, stable filling process, and justified filling velocity by the 
analysis of the above factors.

3.2 Solidification process
Figure 8 shows the simulation results of the cooling curve 
along the feeding path of the vanes which are facing the riser 

in three schemes. The selected Points A to E along the feeding 
path are marked in Fig. 8(a). From Figs. 8(b)-(d), it can be 
observed that there is a good solidification sequence at the vanes 
in three schemes at the beginning of solidification. However, 
the temperature gradient of the feeding path of Scheme 2 
almost disappears when the melt cools into the temperature 
range between the liquidus and solidus. That would cause a 
great tendency of shrinkage and porosity in the vanes and their 
connective positions between the inner and outer rings.

Fig. 8: Cooling curves of points along the feeding path of vanes (a) in different schemes: (b) Scheme 1; 
(c) Scheme 2; (d) Scheme 3

Fig. 9: Solid fraction distribution and feeding angle on the vane of Scheme 1 (a-c) at different times and Scheme 3 (d)

(a)

(c)

(b)

(d)

Although the temperature gradient on the vanes in Schemes 
1 and 3 is reasonable and uniform, it is still too low to establish 
a good feeding sequence adequately in Scheme 1 from the 
results shown in Fig. 8(b). To clarify this further, the feeding 
angle of the vanes at 1,552 s after filling was investigated by 
the results of the solid fraction, as contoured in Figs. 9(a) to (c). 
Obviously, the feeding angle between 30º to 45º is too small 
to achieve effective feeding, which indicates that the vanes 
and its ends still have a certain shrinkage porosity tendency in 
Scheme 1. From a result shown in the Fig. 9(d), it can be seen 
that the feeding angle in the vanes is almost straight (close 

to 180º), which suggests the vanes can be effectively fed. 
Moreover, the thermal effect between risers will be diminished 
due to the reduction in the number of the risers from eight to 
six, thus, the solidification time of the riser becomes shorter, 
which also results in a hot spot moving down into the casting 
and accelerates cooling of the casting part between risers. As 
a consequence, the tendency of shrinkage and porosity of the 
casting below riser is increased. Through the analysis of the 
solidification results, including temperature gradient, feeding 
angle, and feeding effect of riser, the Scheme 3 should be the 
most ideal among the three schemes.

(d)

(a)

(c)

(b)
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Fig. 10: Prediction of shrinkage and porosity defects on castings of different schemes: (a) Scheme 1; (b) Scheme 2; 
(c) Scheme 3

Fig. 11: Shrinkage and porosity defects observed in confirmed experiments: (a) Scheme 1; (b) Scheme 3

Fig. 12: Shrinkage and porosity defects detected by fluorescent penetrant inspection on castings of different schemes: 
(a) Scheme 1; (b) Scheme 3

3.3 Shrinkage and porosity prediction
Based on the analysis of the simulation results of the filling 
and solidification processes under different gating system 
schemes, it is not difficult to determine the location of 
shrinkage and porosity in the turbine nozzle castings. For 
the Scheme 1, both the inner and outer cylindrical shell and 
turbine vanes have great forming tendency of shrinkage and 
porosity, and for Scheme 2, the shrinkage and porosity defects 
are more likely to occur at the top of the turbine vanes and at 
the outer cylindrical shell below the riser. The prediction of the 
tendency and locations of shrinkage porosity defects indicates 

that the result of APM module calculations accord with the 
analysis, as illustrated in Fig. 10. Comparation of the tendency 
of shrinkage and porosity in Schemes 1, 2, 3 indicates that the 
reduction of riser will cause the solidification inhomogeneity 
of the outer cylindrical shell and hence weaken the feeding 
effect. According to the prediction results of shrinkage and 
porosity of Scheme 3 shown in Fig. 10(c), only a few porosity 
defects are found inside the turbine vanes with a certain 
probability of occurrence between 2.5% and 0.5%. Therefore, 
Scheme 3 is the best choice among the three casting 
processes.

4 Experimental validation
Figure 11 shows the observation results of the shrinkage 
porosity defects in castings by Schemes 1 and 3 manufactured 
under the same process parameters. Fluorescent penetrant 
inspection was conducted for observation of the morphology 
and location of shrinkage and porosity. The defects of misrun 

appear at the top of some turbine vanes and much shrinkage 
porosity appear at the connective position between turbine 
vanes and cylindrical shell in the casting by Scheme 1, as shown 
in Fig. 11(a) and Fig. 12(a). Two results, as shown in Fig. 11(b) 
and Fig. 12(b) confirm that no misrun, shrinkage porosity and 
other defects are found in the casting by Scheme 3, which 
accords with the predicted results.

(a) (b) (c)

(a) (b)

(a) (b)
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5 Conclusions
(1) The melt is filled backward from the casting to the outer 

runner in Schemes 1 and 2, which suggests that the outer 
runner is unnecessary. The design of the vertical runner causes 
the melt to flow into the riser with high speed and induces a 
greater turbulence of the melt in the riser during the filling 
process. In contrast, the sloped runner can effectively reduce 
flow speed of the melt in the risers, and allows for a more 
stable filling process. Compared with Schemes 1 and 2, the 
process of Scheme 3 has a reasonable filling sequence in the 
turbine vanes.

(2) The temperature gradient of the vanes in Scheme 2 and 
the feeding angle of the vanes in Scheme 1 are both very 
low during the solidification process, which induce a great 
tendency of shrinkage porosity formation in the vanes and 
their ends on both sides. The solid fraction results further show 
that the hot spot moves down towards the casting when the 
number of risers decrease, hence the shrinkage and porosity 
defects will be formed in the casting below the riser. 

(3) The prediction of shrinkage and porosity defects in 
different schemes is confirmed by the experiment. The results 
show that there is a certain tendency of shrinkage and porosity 
defects in the vanes, inner and outer rings of the castings of 
Schemes 1 and 2, additionally, the shrinkage and porosity 
defects forming in the outer rings and the vanes near the risers 
are more serious in Scheme 2. The casting in Scheme 3 has 
basically no shrinkage and porosity defects. Thus, Scheme 3 can be 
defined as the optimal process scheme with minimum shrinkage 
tendency by both simulation and experimental results.
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