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Abstract

The complex geometry and thin-wall structure of stainless steel impellers predis-
pose investment-cast stainless steel impeller castings to defects including shrink-
age porosity and misrun. These defects are intimately associated with the mold
filling and solidification processes of the casting. This investigation utilizes
ProCast software to numerically simulate the impeller’ s mold filling and solidi-
fication behavior, with subsequent experimental validation. The results demon-
strate that a pouring temperature of 1550°C combined with a pouring velocity of
0.75 m/s promotes complete filling of the impeller casting and precludes misrun
defects. Nevertheless, even optimal pouring parameters cannot prevent shrink-
age porosity formation within the impeller casting. Based on the structural
characteristics of the impeller casting, the strategic placement of chills within
the hollow section effectively eliminates shrinkage porosity defects, achieving
maximal defect removal when the chill height equals one-third of the casting’ s
internal height.
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Abstract

Due to the complicated geometry and thin walls of stainless steel impellers,
investment casting often produces defects such as shrinkage porosity and incom-
plete filling. These defects are closely related to the mold filling and solidification
processes. This study employs ProCast software to numerically simulate the
filling and solidification processes of an impeller casting, with results validated
against experimental data. The findings indicate that a pouring temperature of
1550°C and a filling velocity of 0.75 m/s facilitate complete mold filling and pre-
vent incomplete filling defects. However, even with optimal pouring parameters,
shrinkage porosity defects cannot be entirely avoided. Based on the structural
characteristics of the impeller casting, placing chill blocks in the hollow central
region effectively eliminates shrinkage defects. When the chill height equals
one-third of the internal cavity height, the defect elimination is most effective,
yielding high-quality castings.
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Introduction

Impeller castings are critical components in large-scale equipment for shipbuild-
ing, power generation, pharmaceutical, pump and valve, and transportation
industries, significantly influencing overall equipment performance. Current im-
peller casting processes present considerable challenges, making this a longstand-
ing research focus in the casting industry [1]. Investment casting of stainless
steel impellers improves dimensional accuracy and reduces post-casting machin-
ing, yet defects such as shrinkage porosity and incomplete filling persist [2].
Research demonstrates that these defects are intimately linked to the filling
and solidification processes during casting [3,4]. To address these issues, this
study utilizes ProCast simulation software to model the filling and solidification
of complex stainless steel impellers during investment casting. The simulations
incorporate solidification during filling and fluid flow during solidification to ac-
curately capture melt flow behavior and temperature field evolution, thereby
identifying defect formation mechanisms and optimizing process parameters to
achieve high-quality castings.
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1. Mathematical Models
1.1 Filling Process Model

Mold filling of molten metal represents an unsteady, viscous flow of incompress-
ible Newtonian fluid accompanied by unsteady heat transfer [5], described by
continuity, momentum, energy, and volume-of-fluid equations [6].

Continuity Equation:
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where u,, u,, u, are velocity components in the X, Y, Z directions.
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Momentum Conservation Equation (Navier-Stokes): Turbulence is mod-
eled using the standard k-¢ model. The momentum equations are:
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where p is metal density, ¢ is time, P is pressure per unit density, u is kinematic
viscosity, and g is gravitational acceleration.

Energy Conservation Equation:
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where c is specific heat, k is thermal conductivity, and T is temperature.

Volume Function Equation:
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where F' is the volume fraction (F' =1 for filled regions, F' = 0 for empty space,
0 < F < 1 for free surfaces).

1.2 Solidification Process Model

Solidification is calculated using the established nonlinear finite element method
for transient heat conduction [7]. The nonlinear transient heat conduction equa-

tion is:
oT 0 oT 0 oT 0 oT
o = B (’“%) * oy (’“a?) * 9, (’%*) +4,(@)
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where ¢, (z) is the volumetric heat source from latent heat release during solidi-
fication.

Latent heat treatment methods include temperature recovery, equivalent heat
capacity, and enthalpy methods [8,9]. Given the solidification characteristics
of stainless steel and heat transfer features of investment casting, this study
employs the enthalpy method by introducing enthalpy H = pc(T).

1.3 Boundary Conditions and Parameters

Simulation accuracy depends critically on boundary conditions and thermophys-
ical properties. The casting material is 304 stainless steel. For simplification,
only the impeller casting is modeled with heat transfer boundary conditions
applied at the mold boundaries: heat transfer coefficient of 500 W/m? - K and
ambient temperature of 300°C.

Thermophysical properties of 304 stainless steel and investment casting param-
eters are listed in and .

1.4 Finite Element Meshing

The UG model was exported in IGES format and imported into ProCAST. Af-
ter mesh repair in MeshCAST, a gmrst file was generated for preprocessing. To
balance accuracy and computational efficiency, non-uniform mesh sizes were em-
ployed. The model dimensions are 338$x158x$146 mm [Figure la: see original
paper]. The final mesh contains 302,567 elements and 201,326 nodes [Figure 1b:
see original paper].

2. Results and Discussion
2.1 Effect of Pouring Velocity on Mold Filling

The blade region is the thinnest and most challenging section to fill. Analysis
focuses on how pouring velocity affects blade filling. At low velocities, while
metal can enter the blades, the slow flow combined with stainless steel’ s high
thermal conductivity causes premature solidification before the bottom blade
regions fill, resulting in unfilled sections [Figure 2a: see original paper|. At
high velocities, turbulent effects prevent complete filling of thin blade sections,
causing incomplete filling defects [Figure 2b: see original paper]. Therefore, a
moderate velocity of approximately 0.75 m/s achieves optimal filling [Figure 2c:
see original paper].

2.2 Effect of Pouring Temperature on Mold Filling

Pouring temperature determines melt viscosity and thus filling capability. Low
temperatures increase viscosity, impeding filling of thin blade sections and caus-
ing defects [Figure 3a: see original paper]. At 1500°C, incomplete filling occurs,
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while temperatures above 1550°C produce complete castings. However, exces-
sive temperatures cause coarse grain structure and degrade mechanical proper-
ties. Consequently, 1550°C was selected as the optimal pouring temperature.

2.3 Effect of Casting Process on Solidification

Based on filling analysis, parameters of 1550°C pouring temperature and 0.75
m/s velocity were selected to avoid incomplete filling. Solidification simulation
yields temperature contours and shrinkage porosity distribution maps. Despite
optimal filling parameters, non-uniform wall thickness creates hot spots in thick
sections, generating shrinkage defects [Figure 4: see original paper|. The ex-
perimental casting [FIGURE:4b right] shows clear shrinkage porosity when sec-
tioned. Thus, process improvement is required. Given the impeller’ s structural
features, placing chill blocks in the central hollow region was proposed to elimi-
nate shrinkage defects.

[Figure 5: see original paper| illustrates three chill placement configurations.
Solidification simulations with chills are shown in [Figure 6: see original pa-
per]. When the chill extends through the entire internal cylinder, it interrupts
feeding from the gating system, causing final solidification in the thickest blade-
cylinder junction where shrinkage defects form [Figure 6a: see original paper].
Since this region experiences high stress, defects here pose safety risks, making
this configuration unsuitable. When the chill occupies two-thirds of the inter-
nal cylinder height, feeding interruption shifts downward but final solidification
remains in the thickest section, still producing defects [Figure 6b: see original
paper]. When the chill height is one-third of the internal cylinder, fully cover-
ing the thickest region, final solidification shifts upward to the cylinder near the
gating system [Figure 6¢: see original paper|. As this region experiences lower
stress, defects there do not compromise performance. Results demonstrate that
while chills cannot completely eliminate shrinkage porosity, proper chill height
effectively relocates defects to non-critical areas, meeting service requirements.

[Figure 7: see original paper] shows the improved investment casting process
with chill height at one-third of the internal cylinder. Ultrasonic non-destructive
testing confirms the casting is sound and free from porosity defects.

Conclusions

1. ProCast simulations of stainless steel investment casting reveal that ap-
propriate pouring temperature (1550°C) and velocity (0.75 m/s) facilitate
complete mold filling and prevent incomplete filling defects. However, even
optimal parameters cannot prevent shrinkage porosity in impeller castings.
These findings align with experimental results.

2. Placing chill blocks in the central hollow region eliminates shrinkage de-
fects in critical areas. When chill height equals one-third of the internal
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cylinder height, shrinkage porosity is effectively relocated from critical
regions, yielding high-quality impeller castings.
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Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv —Machine translation. Verify with original.

chinarxiv.org/items/chinaxiv-202303.00206 Machine Translation


https://chinarxiv.org/items/chinaxiv-202303.00206

	Postprint of Optimization of Complex Stainless Steel Impeller Investment Casting Process
	Abstract
	Full Text
	Preamble
	Abstract
	Introduction
	1. Mathematical Models
	1.1 Filling Process Model
	1.2 Solidification Process Model
	1.3 Boundary Conditions and Parameters
	1.4 Finite Element Meshing

	2. Results and Discussion
	2.1 Effect of Pouring Velocity on Mold Filling
	2.2 Effect of Pouring Temperature on Mold Filling
	2.3 Effect of Casting Process on Solidification

	Conclusions
	References


