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Abstract
Titanium alloy intermediate casing is a typical large casting, with many thin-walled and complex
structures. It is a high cost and time-consuming process in the trial stage to manufacturing the wax
pattern of the intermediate casing by metal mold. Rapid investment casting based on 3D printed patterns
is the development direction of casting technology which integrates digitization and intelligence. In this
study, selective laser sintering (SLS) technology was used to realize the rapid prototyping of polystyrene
pattern in the precision casting of intermediate casing. A numerical simulation method was used to
predict the filling process, solidification and casting defects of the intermediate casing. The simulation
results show that the gating system for the casting of intermediate casting was reasonable, the number
and size of gating risers met the open design requirements, and a sequential solidification of the casting
could be realized. The titanium alloy intermediate casing with excellent metallurgical quality and size
accuracy CT7 was successfully produced using centrifugal rapid casting technology.

1. Introduction
Investment casting is one of the most important and effectively used methods to produce metal
components with high dimensional accuracy, excellent surface finish, and complex shapes [1–4]. Since
the 1950s, investment casting technology has been widely used for manufacturing complex components
in aviation, aerospace, automobile, etc. Especially in aviation, most hot end components such as turbine
blade, turbine rotor blisk, impeller, casing have been produced by this process [5–8]. The traditional
investment casting includes wax pattern pressing and assembly, ceramic shell preparation, alloy melt
pouring, and post-treatment [9–12].

Intermediate casing is one of the largest titanium alloy componets in an aero-engine, characterized by a
large, thin-walled and complex structure. Such component is ususally manufactured by investment
casting. Nevertheless, the process of design and manufacture of metal mold for wax pattern has to
spend a lot of time and cost. The ever-changing 3D printing technology has brought new opportunities for
the casting of complex structural parts [14–18], among which selective laser sintering (SLS) technology
is the most prominent [14]. With polystyrene (PS) resin as raw material, the investment casting pattern
with complex structure can be manufactured by SLS equipment. The low-temperature wax infiltration
process can greatly improve the surface finish and strength of the pattern, thus replacing the traditional
wax pattern for the investment casting of complex metal components. In recent years, with the great
improvement of its precision control level and worktable size, SLS can be used for the preparation of
investment casting investment shell of large complex thin-walled structural parts. Such as intermediate
casing to remove the shell manufacturing and wax pattern pressing links and greatly shorten the
manufacturing cycle and cost of the intermediate casing.

At present, gravity casting and centrifugal casting are usually used in the titanium casting industry [19–
21]. The flow velocity and superheat of the titanium alloy melt in the shell ceramic shell are the basic
process factors that greatly influence the filling ability of the gravity casting titanium alloy melt. Due to
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the use of ceramic shell melting furnaces in the titanium casting industry, the improvement of metal
superheat is limited, and the increase of molten metal head is limited, so gravity casting is only suitable
for casting titanium alloy castings with a simple shape and large wall thickness. Because the
solidification speed of titanium alloy is very fast in the pouring process, and the interaction between the
titanium alloy melt and the shell ceramic shell [22–24], a large amount of gas appears in the casting
forming process in the shrinkage of the casting. The advantage of centrifugal casting is that it can
improve the filling ability of metal melt and compact the casting structure. At the same time, the gas and
slag in the melt move to the inner cavity of the casting under the action of centrifugal force so that it can
reduce the shrinkage cavity, porosity, slag inclusion, and other defects in the casting. It is suitable for
large, complex thin-walled castings with shell wall thickness less than 4mm. Large titanium alloy
castings easily produce metallurgical defects such as shrinkage porosity during centrifugal casting,
directly related to the gating system and gating process. If the metallurgical defects of large titanium
alloy castings are solved by trial and error, the time and cost will greatly increase. In recent 20 years,
simulation technology in investment casting has greatly helped to shorten the casting time. Using
ProCAST and other software to simulate the casting process can verify whether the setting of riser and
pouring process parameters are reasonable to use the best investment casting process to produce
qualified castings [8, 25–27].

The outer diameter of a certain type of titanium alloy intermediate casing developed in this paper is more
than 1m, and its structure is very complex. Titanium alloy has the characteristics of high melting point,
low casting superheat, and large shrinkage tendency. In the process of liquid forming, it is easy to have
casting defects such as cold shut, under casting, and porosity, which significantly affect the service life of
parts. At the same time, if the intermediate casing is trial produced for 3 ~ 4 rounds, the appropriate
casting process can be determined, which will greatly increase the development cycle and cost. Therefore,
this paper prepared a PS investment shell for titanium alloy intermediate casing precision casting based
on 3D printing technology; combined with the use of ProCAST software, the centrifugal casting process
was simulated, and the casting process of titanium alloy intermediate casing was verified.

2. Experimental And Numerical Methods

2.1 Geometric model, simulation parameters and gating-
system
The three-dimensional structure of titanium alloy intermediate casing is shown in Fig. 1. Its outline size is
Ф1191×302 mm, and the minimum wall thickness is 4.5 mm. The intermediate casing consists of a
typical three-ring structure of the inner, outer, and hollow struts. There are 12 struts connected between
the inner and outer rings, the central plane of which is 30 °. In addition, there are many installation bumps
at different positions. These thick structures are mostly connected with the thin-wall area of the casting,
which easily become isolated hot spots and dangerous locations for shrinkage defects. The physical
properties of Ti6Al4V titanium alloy for the intermediate casing were calculated by JMatPro software and
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then imported into ProCAST software to simulate the pouring process. The nominal composition of
Ti6Al4V titanium alloy is shown in Table 1. The liquidus temperature of Ti-6Al-4V alloy is 1635–1674 ℃
and the solidus temperature is 1593–1615 ℃.

Table 1
Nominal composition of Ti6Al4V titanium alloy(wt.%)

Al V Fe C N H O Ti

5.5–6.8 3.5–4.5 ≤ 0.30 ≤ 0.10 ≤ 0.05 ≤ 0.015 ≤ 0.20 Bal.

In order to eliminate shrinkage and porous defects in the intermediate casing, a bottom pouring gating
system was designed to examine the flow and solidification behavior of the intermediate casing during
the centrifugal casting, as shown in Fig. 2. The characteristics of the bottom pouring system are as
follows: alloy melt is injected from the gate cup, through the straight runner to the runner at the lower part
of the shell, and then filled from the lower part to the upper part.

The accuracy of numerical simulation of the centrifugal casting process is greatly affected by setting
boundary conditions and selecting the materials’ thermal parameters. In this study, the shell pre-heating
temperature was 980°C, and the heat transfer coefficient between alloy melt and ceramic shell interface
was 1000 W/(m2·K). The pouring velocity and temperature were 0.75 m/s and 1700°C, respectively. The
clockwise rotation speed of the iron centrifugal disk on which the guide shell was set as150 rpm. The
cooling condition was air-cooling. The shell thickness was 20 mm ± 1 mm, and the backup shell material
was refractory mullite with a density of 3150 kg/m3. The thermal properties of the mullite could be found
in the database of ProCAST software. All the above thermos-physical property data will be used to
simulate the pouring process of titanium alloy.

2.2 Rapid prototyping of wax patterns
Because of the large and complex structure of titanium alloy intermediate casing, it is a long period and
high cost to make the wax pattern for casting by mold pressing. In this study, polystyrene (PS) resin was
used as raw material, selective laser sintering (SLS) technology was used to prepare the investment
casting pattern for intermediate casing casting, and wax infiltration was carried out to improve its
strength and surface finish to meet the requirements of titanium alloy intermediate casing. The optimized
process parameters for SLS intermediate casing investment pattern were: laser power 13 W, scanning
distance 0.1 mm, scanning speed 2000 mm / s, thickness of PS resin powder 0.1 mm, pre-heating
temperature 93.5 ℃, particle size distribution of PS resin powder 80–100 µ m. Figure 3 (a) and (b) show
the microstructure and photo of the 3D printed PS pattern, respectively. The PS pattern of the
intermediate casing with the gating system was then covered with multi-layer stucco ceramic shell by
using yttrium oxide (Y2O3) as face coat material. After removing the PS pattern in the flash furnace, the
ceramic shell for investment casting was obtained.

2.3 Experimental verification and casting characterization
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The titanium alloy intermediate casing casting was completed by water-cooled copper crucible vacuum
induction melting/centrifugal pouring furnace. The pouring furnace consists of two parts: (1) The upper
part is the melting area of titanium alloy, where the water-cooled copper crucible and tungsten induction
coil are located; (2) The lower part is the pouring area of the casting, where the centrifugal turntable, shell
and guide groove are located. The pouring process of titanium alloy melt is as follows: (1) after pre-
heating the shell on the sintering furnace at 980°C for 8h in air, the shell was transferred into the pouring
furnace. (2) The Ti6Al4V alloy melt in a crucible was poured into the shell that had been fixed on a steel
disc. The rotational velocity used in the vertical centrifugal casting was set as140 r/min, which could
ensure a complete filling for the shell cavity. The rotational direction was anticlockwise. (3) The shell
containing the titanium alloy melt was cooled to room temperature. (4) The shell was completely
removed, and sand-blasting was carried out on the casting surface. The casted intermediate casing was
photographed by a digital camera and then detected by using the X-ray method.

3. Results And Discussion

3.1 Flow analysis under the centrifugal casting process
For titanium alloy intermediate casting, due to its complex structure and thin wall thickness, the surface
tension between liquid titanium alloy metal and shell cannot be ignored, and the filling flow state of alloy
melt in the thin-walled complex cavity has changed significantly. The filling process of titanium alloy melt
directly affects the solidification process of the casting, plays an important role in the microstructure and
the final quality of the casting, and then affects its performance. Therefore, it is of great guiding
significance to explore the filling flow law of alloy melt in the thin-walled complex cavity for the actual
production and microstructure as well as property control of titanium alloy complex castings. In this
study, the filling order of the intermediate casing was firstly simulated, and the results are shown in Fig. 4.
From Fig. 4 (a), it can be seen that the alloy melt flowed from the vertical runner under the gate cup to the
bottom of the gating system and then through the 12 inner runners to the casting body. Subsequently, the
alloy melt flowed down from the middle sprue diffuses smoothly to all gating system directions and
began to fill from the bottom to top of the shell, as shown in Fig. 4 (b). When the filling time was up to
2.96 sec, as shown in Fig. 4 (c), starting from the outer ring of the intermediate casing, the alloy melt was
stably filled to the hollow support plates. When the filling time was up to 4.96 sec, as shown in Fig. 4 (d),
the intermediate casing was filled completely and local solidification occurred.

The velocity fields of the alloy melt could directly reflect the shell filling behavior of castings during the
pouring process. Under the gravity pouring condition, the intermediate casing cannot be filled completely
by titanium alloy melt due to the easy solidification property of titanium alloy melt and the large thin-
walled structure of the intermediate casing. In the dual role of centrifugal and gravity forces, the shell
filling became easily, which could be seen from the velocity field distribution of alloy melt in the process
of filling simulation, as shown in Fig. 5. It can be seen from Fig. 5 (a) that the velocity of alloy melt was
higher when it just contacted the bottom pouring runners, which was greater than 3 m s− 1. As shown in
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Fig. 5 (b), the front flow velocity increased rapidly to 10 m s− 1 under the centrifugal force when the alloy
melt entered the casting body area through the gate. With the progress of the shell filling process, as
shown in Fig. 5 (c and d), the alloy melt flowed through the thin-walled areas such as runner and hollow
support plates, and the front velocity was decreased to about 8 m s− 1, but still ensure the rapid and
complete forming of the thin-walled area. In the whole filling process, the alloy melt filled the whole
casting cavity from bottom to top through the bottom pouring runners and gate, and the flow process
was stable and smooth without splashing and obvious turbulence. The above simulation results show
that the design of the existing gating system is reasonable; the number and size of gating risers meet the
open design requirements and can ensure that the casting surface has no obvious flow marks and cold
shut defects.

3.2 Solidification analysis
The changes of solid fraction during the solidification process of the intermediate casing under the
condition of centrifugal casting are shown in Fig. 6, in which the color bar represents the solid-phase
fraction. “0” indicates the complete liquid and in contrast, “1” indicates the complete solid phase. As
shown from Fig. 6 (a), when the alloy melt filling was completed, the cooling speed of the casting edge
parts such as the outer ends of hollow struts was fast and rapid solidification occurred. With further
cooling, as shown in Fig. 6 (b), the large upper part and hollow struts solidified rapidly due to the thin wall
thickness, while the cooling speed of the upper and lower flanges and outer skeleton ring was slow due to
the large structural thickness. The simulation results show that the solidification sequence of the casting
and gating system was generally: outer ends of hollow struts → upper large thin-walled plate→upper
flange → risers → lower flange → gate → bottom pouring runners → sprue. The solidification speed of
the flange structure of the outer and inner rings of the casting was faster than that of the gate or riser
connected with it to realize the sequential solidification of the casting, making the pouring system have
enough liquid metal to feed the flange. However, there were still isolated hot spots at the inner ring flange
and local installation boss structure, which might lead to shrinkage cavity and impact the casting quality.

Figure 7 shows the distribution of solidification time in the centrifugal casting process. It can be seen
from Fig. 7 (a) that the solidification of hollow struts and upper large thin-walled plate of the intermediate
casing was completed in tens of seconds. Further information can be seen from Fig. 7 (b): in areas near
the flanges, gate, runners, and sprue, the solidification time gradually increased to hundreds of seconds,
which indicates that the gating system of the intermediate casing could form a reasonable solidification
time gradient distribution from sprue to casting body, which was conducive to the feeding of the alloy
melt.

3.3 casting defect analysis
During centrifugal casting, the alloy melt fills the shell under the action of centrifugal pressure and
extrudes the gas out of the shell, so that the casting has no holes and compact structure. Figure 8 shows
the porosity distribution of intermediate casing after centrifugal casting. As shown in Fig. 8 (a), there were
no obvious shrinkage defects in the key parts of the casing, such as the inner ring flange, the outer ring
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flange, and the installation boss. Most of the shrinkage defects appeared in the runner and riser surface,
and the size was small. Figure 8 (b) shows the sectional defect distribution of a single hollow strut. It can
be seen from Fig. 8 (b) that the shrinkage defects of the casting only existed in the sprues, and there were
no obvious shrinkage defects in the strut part. The above results indicate that the pouring system and
pouring process used in this study could meet the defect control requirements of the intermediate casing.
The shrinkage defects in the casing casting could be eliminated by hot isostatic pressing, which has little
effect on the casting quality. In conclusion, casing castings with good metallurgical quality can be
obtained by using the above casting process.

3.3 Experimental verification
Based on the above simulation results, the actual casting verification of titanium alloy intermediate
casing was carried out. The investment shell with pouring system for titanium alloy intermediate casing
was prepared based on an SLS pattern. The flash-firing furnace was pre-heated to 800 ℃, the shell with
investment shell was put directly into the furnace. The PS resin was completely gasified and burned at
800 ℃ for 6 h, and the shell was air-cooled to room temperature. The shell was washed with water,
sealed the plastic hole, and the insulation cotton was wrapped. The shell was pre-heated to 980 ℃ for 24
h and then transferred to the vacuum coagulation furnace for centrifugal casting at 1650 ℃. The pouring
weight was 400 kg, the rotating speed of the centrifugal plate was 140 rpm, and the pouring time was
less than 10 s.

After pouring, the insulation cotton was removed to accelerate the solidification and cooling speed of the
casting. Finally, the casting was cut, polished, welded, heat-treated, and hot isostatic pressed to obtain a
titanium alloy intermediate casing. X-ray, fluorescence, and three-dimensional measurement, the
metallurgical quality of titanium alloy intermediate casing prepared by combining 3D printing technology
with investment casting technology was excellent, and the dimensional accuracy reached CT7 level. The
time required to complete the above work was only one-third of the traditional investment casting
process.

4. Conclusions
In the present study, a large thin-walled titanium alloy intermediate casing for an aero-engine was
successfully developed by combining 3D printing and ProCAST simulation optimization. The main
contributions of this paper are as follows:

(1) Due to the large size and complex structure of titanium alloy intermediate casing, it is a long period
and high cost to make a wax pattern for casting by metal mold pressing. Therefore, a polystyrene (PS)
resin pattern was directly manufactured by a selective laser sintering (SLS) technology and subsequent
wax infiltration for the shell building of the intermediate casing. The rapid casting technology based on
3D printing of PS resin pattern proved to produce large thin-walled titanium alloy components effectively.
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(2) According to the structural characteristics of the intermediate casing, a bottom pouring gating system
was designed to examine the flow and solidification behavior of the intermediate casing during the
centrifugal casting. The simulation results show that the gating system was reasonable, the number and
size of gating risers met the open design requirements, and a sequential solidification of the casting
could be realized. Furthermore, most shrinkage porosities were found to distribute in the gating system,
but not in the casting body.

(3) The actual pouring result shows that the intermediate casing could be completely filled by the alloy
melt, and no visible misrun and shrinkage defects formed in the casting using the gating system in this
study. Meanwhile, the predicted shrinkage porosity defects matched well with the X-ray test results, the
metallurgical quality of titanium alloy intermediate casing prepared by combining 3D printing technology
with investment casting technology was excellent, and the dimensional accuracy reached CT7 level. The
time required to complete the above work was only one-third of the traditional investment casting
process.
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Figures

Figure 1

Three-dimensional structure of titanium alloy intermediate casing
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Figure 2

Gating system of titanium alloy intermediate casing
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Figure 3

(a) microstructure and (b) photo of the 3D printed PS pattern of titanium alloy intermediate casing
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Figure 4

Filling order of titanium alloy melt in the shell during the pouring process of the intermediate casing
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Figure 5

Velocity field distribution of metal liquid during the shell filling of titanium alloy intermediate casing at a
different filling time (t: after pouring time)
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Figure 6

Solid fraction of the intermediate casing in centrifugal casting
1- Outer ends of hollow struts, 2- upper
large thin-walled plate, 3- upper flange, 4- risers, 5- lower flange, 6- gate, 7- bottom pouring runners, 8-
sprue
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Figure 7

Distribution of solidification time in the investment casting process for the intermediate casing
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Figure 8

Distribution of shrinkage defects in the intermediate casing of titanium alloy after solidification
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Figure 9

Final intermediate casing after cutting gating system


