ISSN 1213-2489

June 2025, 1/0l. 25, No. 3 e-ISSN 2787-9402

MANUFACTURING TECHNOLOGY

DOI: 10.21062/mft.2025.034 © 2025 Manufacturing Technology. All rights resetved. http://www.journalmt.com

Analysis and Optimization of Horizontal Centrifugal Casting Process for Thick
Walled Alloy Layers in Tilting Pad Bearings

Ye Jun (0009-0002-6988-9293)"2, Jin Jing (0009-0004-0512-4421)*, Wang Guobiao (0000-0003-2076-748X)"", Xu
Zhaohui (0009-0002-2256-2576)3, Guo Huangsha (0009-0006-3222-5871)3

1School of Mechanical Engineering, Tianjin University. No. 135, Yaguan Road, Jinnan District, Tianjin, China.
E-mail: 20150009@zjipc.edu.cn

2School of Electromechanical Engineering, Zhejiang Industry Polytechnic College, No. 151, Qutun, Yuecheng
District, Shaoxing City, Zhejiang Province, China.

3Zhejiang Shenfa Bearing Co., Ltd. No. 59, Kuahu Road, Chengxi Development Zone, Zhuji City, Zhejiang Pro-
vince, China. E-mail: shenfagroup@hotmail.com

4Rail Transit Department, Zhejiang Institute of Communications, No. 1515 Moganshan Road, Yuhang District,
Hangzhou City, Zhejiang Province, China.

The optimization of process parameters plays a critical role in controlling temperature and velocity fields
during centrifugal casting, which is essential for mitigating shrinkage porosity defects caused by uneven
cooling in thick walled bearing alloy layers. In this study, two sequential numerical models were develo-
ped using ProCAST software to simulate gravity filling and centrifugal solidification stages. The effects
of key parameters, including inlet cross-sectional area and centrifugal rotational speed, on flow field cha-
racteristics were systematically analyzed. By using an orthogonal experimental design, we determined
the optimal parameters: a melt temperature of 440 °C for the Babbitt alloy, an initial temperature of 280
°C for the bearing blank, a filling inlet diameter of 16 mm, and a rotational speed of 340 r/min. Bearing
alloy layers manufactured according to these optimized parameters exhibit no evident shrinkage or
cracks on their surfaces. The high quality finished products meet the design requirements, thereby vali-

dating the accuracy of the numerical simulation.
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1 Introduction

The tilting-pad bearing, a specialized type of plain
bearing, consists of multiple independently tilting pads
capable of free rotation around their respective
fulcrums. Widely applied in supporting large steam
turbines and nuclear power main pumps[1,2], it
requires a Babbitt alloy layer of appropriate thickness
cast onto the inside tilting-pad surface to enhance per-
formance and service life. Horizontal centrifugal
casting is extensively employed in the fabrication of
tilting-pad bearing alloy layers due to its ability to ra-
pidly execute the casting process, ensure uniform wall
thickness distribution crucial for performance, and
effectively reduce casting defects like shrinkage poro-
sity and poor metallurgical bonding [3].

More and more scholars have been conducting re-
search on the optimization of casting process parame-
ters[4, 5]. Ran X [6] employed the Procast simulation
method to study the filling process of the cross runner
casting system for large ring titanium alloy castings.
Wang X. et al. [7,8] established a numerical model for
centrifugal casting of very large cylindrical liner, and
studied the effects of centrifugal speed and filling time
on the filling and solidification process. Xin, M. et al.

[9] prepared large near-net-shaped aluminum alloy pi-
pes through the centrifugal casting method and esta-
blished a heat flow simulation model by utilizing Pro-
cast. They conducted an in-depth study on the process
parameters and solidification behavior, and ultimately
determined the optimal casting temperature and cen-
trifugal speed. Dong Q et al. [10] constructed a conti-
nuous flow model for horizontal centrifugal casting
and investigated the impacts of diverse rotational spe-
eds, pouring velocities, and cooling techniques on the
temperature field during the filling and solidification
of the Babbitt lining. Yang Y et al. [11] adopted ort-
hogonal experimental design to optimize the process
parameters (speed, mold preheating temperature, pou-
ring temperature) of vertical centrifugal casting, so as
to reduce defects in Ti-6Al-4V (TC4) alloy wheels du-
ring vertical centrifugal casting. In order to improve
the quality of impeller centrifugal castings, Yu-Chol K
et al. [12] made inclined arrangement of impeller shell,
optimized the gate/riser system, and further analyzed
the solidification behavior of molten metal by using
ProCAST. Mazloum K et al. [13] used finite element
analysis software to study the influence of parameters
such as length-diameter ratio, pouring temperature
and mold speed on casting quality, so as to determine
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the best casting conditions. Shi | [14] analyzed the me-
chanical model of the filling process of vertical centri-
fugal casting for thin-wall components, established a
solver and optimized the casting process.

During the centrifugal casting process, the centri-
fugal force acting on the flowing metal alloy is directly
proportional to the product of the rotational speed
squated and the radius. In the production scenarios of
first tier enterprises, due to the large radius, a signifi-
cant amount of casting metal liquid, complex fluid
motion, and uneven cooling in the manufacturing of
these large wall thickness tilting pad bearing alloy
castings, more prominent shrinkage and porosity is-
sues often occur. Therefore, it is extremely essential to
conduct a comprehensive analysis and optimization of
the horizontal centrifugal casting process for the thick
walled alloy layers in tilting pad bearings. This analysis
and optimization are crucial for enhancing the quality
of the castings and ensuring the reliable operation of
tilting pad bearings in practical applications.

In this paper, the numerical simulation models of
gravity and centrifugal casting were established, the in-
fluence mechanism of different process parameters
(including centrifugal speed, inlet area, etc.) on the
flow field and temperature field was studied, and the
optimal process parameters are determined through
orthogonal tests, and finally the experimental verifica-
tion and analysis were carried out.

2 Casting Model and Materials

The tilting pad bearing product (model SH-08])
used for steam turbine transmission and sourced from
an enterprise in Zhuji City, Zhejiang Province is the
focus of the present study. The bearing's main
structure consists of a plurality of tilting pads arranged
in a circular formation. To simplify the numerical si-
mulation process and avoid unnecessary grid division,
the solid model of the tilting pad bearing was simpli-
fied. The main simplification methods involve
omitting the oil groove, oil inlet hole, oil outlet hole,
and bolt connection holes, and simplifying the centri-
fugally cast alloy layer product into a sleeve type part
(as depicted in Fig. 1). The specific parameters are as
follows: the outer diameter of the bearing shell is 1060
mm, the inner diameter is 560 mm, the height is 450
mm, and the thickness of the alloy layer is 15 mm.

The centrifugal casting principle of the large wall
thickness tilting pad bearing is shown in Fig. 2. The
bearing blank is securely clamped between two rota-
ting discs. The rotation of the bearing blank is induced
by the clamping frictional force exerted by the rotating
discs. The high temperature Babbitt alloy melt is then
introduced into the bearing blank through the left
hand runner. Under the influence of centrifugal force,
the poured Babbitt metal uniformly distributes and

flows along the inner wall of the bearing blank body.
Eventually, following the cooling process, it solidifies
to form the alloy layer of the tilting pad bearing, which
is crucial for the bearing's performance and functiona-

lity.
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Fig. 1Tilting pad bearing and casting dimension of steam
turbine
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Fig. 2 Centrifugal casting of tilting-pad bearing

The alloy layer of the tilting pad bearing must pos-
sess excellent wear resistance and stability. Tin-base
Babbitt metal is a commonly used material for the
alloy layer. Among these materials, ZSnSb11Cu6 is the
most frequently used one, and its specific chemical
composition is presented in Tab. 1. Since the material
library of Procast software does not include tin based
materials, in order to obtain the properties of
ZS5nSb11Cub6 material, it is necessary to input its che-
mical composition into JMatPro material performance
simulation software for calculation [15]. Subsequently,
the data is converted into a format readable by Procast
for subsequent Procast simulation tests. Fig. 3 below
illustrates the Newtonian viscosity curv of the
ZSnSb11Cu6 . Additionally, the liquidus temperature
of this material is 364 °C, and the solidus temperature
is 211 °C.
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Tab. 1 Chemical composition of ZSnSb11Cu6

Chemical composition
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Fig. 3 The Newtonian viscosity curv of the ZSnSb11Cu6

3 Mathematical model

In modern casting technology, the process from
molten alloy flow through the gate into the mold ca-
vity until final solidification completion primarily con-
sists of two critical stages: filling and solidification.
These stages directly determine the quality of the final
casting product. The high temperature alloy melt in
the cavity undergoes a three-dimensional continuous
flow process, which can be characterized as an

Where:
p ... The pressure inside the centrifugal casting

system [Pa];

g.,&,,8. ---The component of acceleration in
x, ¥,z direction [m/s*];

M ... The kinematic viscosity of the high tempera-
ture alloy liquid [m?/s ];

V? ... The Laplace operator.

Ou Ou Ou Ou
—tu—+v—+w—
o ox Oy 0z

ov ov_  ov  Ov
l—tu—+v—+w—)=-

o ox Oy 0z

ow ow Oow

incompressible viscous fluid with a free surface. At the
solid mold walls, the fluid velocity matches the wall
velocity through implementation of the no-slip boun-
dary condition. It is assumed that the high temperature
alloy liquid pouring rate from the runner remains con-
stant throughout the centrifugal casting process and
that the high temperature alloy liquid will achieve the
same rotational speed as the rotating bearing blank af-
ter the filling process. Therefore, the whole process of
high temperature alloy liquid filling cavity conforms to
the mass continuity equation [16].

9p , pu)  O(pv)  9(pw) _, ,
o ox oy oz M

Where:

u,v,w ... The velocity vector of superalloy in
x,y,z direction[m/s];

p .. The density of the metal fluid[ kg / ps? |-

Moreover, during the filling process, the molten
high temperature alloy adheres to the momentum con-
servation principle. Once the initial and boundary
conditions are defined, the subsequent Navier-Sto-
kes(N-S) equations are fulfilled.

P\ pg 4 iV
ox ’
P,

+uVi 2
o pg, +u 2

p(—+u—+v—+wa—w):—8—p+pgz +uViw
X Oz z

0

The solidification process of the molten high tem-
perature alloy is a complex phenomenon that encom-
passes numerous scientific principles, including those
related to  thermodynamics, dynamics, and
microstructure evolution. From a thermodynamic per-
spective, during the solidification of the high tempe-
rature alloy liquid, heat transfer predominantly occurs
through heat conduction, heat convection, and heat
radiation. This process principally adheres to the
energy conservation equation [17].

or o ,,0r, o, ,,0I, o0,6,0T
—=—UA—)+—(UA—)+=ULA—)+
o T m ) ey e e e ®)
Where: o,
T ... The temperatute of high-temperature fluid [KJ; Q... The heat source phase, 0= p LE ’

A ... The thermal conductivity of molten high tem-
perature alloy [ W/(m.K) ;

¢, ... The specific heat capacity of molten high

temperature alloy under constant pressure [J/(kg.K) ].
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4 Three dimensional Model and Process Pa-
rameters

In the process of horizontal centrifugal casting,
tirstly, the high temperature liquid flows into the in-
side of the embryo under the action of gravity. After
contacting the inner surface of the embryo, it starts to
have centrifugal force and Coriolis force under the
action of centrifugal force. For the numerical simula-
tion software on the market, the interface type of the
same material is "EQUIV", which will be considered
as a whole. Centrifugally cast runner and fill cavities
are of the same material. In this horizontal centrifugal
casting model of alloy layer for large wall thickness til-
ting-pad bearing, the runner and the filling cavity are
made of the same material, so they will be considered
as the same whole with centrifugal force, however, this
is inconsistent with the actual situation. In this paper,
the whole centrifugal casting process is divided into
two parts: one is gravity casting model and the other
is centrifugal casting model. The gravity casting model
is mainly used to obtain the initial conditions of supe-
ralloy liquid at the inlet of centrifugal casting model,
mainly including the entry speed, time and initial posi-
tion.

Fig. 4 (a) below illustrates the gravity casting mo-
del. The key components involved in the gravity mo-
del stage are the runner and the bearing alloy layer ca-
vity. Hence, in this study, the runner and the alloy layer
cavity are connected by a square shaped cavity and re-
garded as an integrated component. In this model, the
pouring inlet plane of the molten high temperature

(a) Gravity stage model

alloy is 150 mm away from the center of the rotating
circle. The integral runner is horizontally arranged
with a pipe diameter of 40 mm, and two 8 mm holes
are drilled on the horizontal pipe, 90 mm from the left
and right end faces respectively. The molten high tem-
perature alloy enters the interior of the bearing blank
through the holes at both ends of a horizontally placed
bend under the influence of gravity. In the numerical
model, the grid size of the runner is set to 2 mm, and
the grid size of the casting alloy layer cavity is set to 10
mm, resulting in approximately 1.96 million grids.

In accordance with the requirements of gravity
casting, a circular region with a radius of 10 mm is de-
signated as the casting inlet of the model, and a mass
flow rate of 100 kg/min is specified. As can be obser-
ved from the gravity phase simulation presented in
Fig. 4 (b) (where the -Y direction represents the gra-
vity direction), under steady flow conditions, the metal
solution passing through the two apertures exhibits a
larger volume in the upper part and a smaller volume
in the lower part. This study takes the horizontal pipe-
line fully filled with superalloy as input parameters for
subsequent centrifugal casting. At this stage, the alloy
layer reaches a position 15 mm above the bottom,
exhibiting a circular cross-section with a diameter 2.3
times that of the pipeline outlet, while maintaining a
flow velocity of 2.28 m/s. Additionally, the hotizontal
pipeline is equipped with a mechanical valve device
that simultaneously opens the two inlet ports, ensuring
no time lag occurs when high-temperature liquid from
both ends enters the centrifugal casting chamber.

Fluid Velocty-V [misec] Jiciusacs StepNo / Time Step : 85901 3.612-03
Simusted Time  :2021

Fites 1
-1.80 Fraction Soiid 00
I 184
R

-1.92

ProCAST

(b) Gravity casting stage simulation

Fig. 4 Gravity casting stage simulation of the tilting pad

Fig. 5 illustrates a centrifugal casting model. This
model consists of left and right circular plates, a bea-
ring blank, and a casting alloy layer. Consequently, the
centrifugal casting model was constructed using Creo
3D software and then imported into Procast software
in igs format. The grid size of the casting alloy layer
was set to 4 mm, and the grid size of the two side pla-
tes and the blank was set to 20 mm, resulting in

approximately 5.49 million grids. The bearing blank is
fabricated from No. 25 steel, while the disks on both
sides are made of No. 45 steel.

During the simulation of the centrifugal casting
model, the key process parameters comprise centrifu-
gal speed, initial temperature of the blank, casting tem-
perature, casting inlet area, inlet velocity, and other rel-
evant parameters [18,19]. The centrifugal casting
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rotation speed is mainly determined according to the
following formula.

n=29.9./G/R )

(a) Model of Centritugal Casting Process

Where:
G ...Brozoff gravity coefficient;
R ... The inner surface radius of the casting [m].

Length Unit: mm

(b) The centrifugal casting inlet location

Fig. 5 Centrifugal Casting stage simulation of the tilting pad bearing

In this study, the value of G is set as 45, and the
inner surface radius of the casting is 0.28 m. As deri-
ved from formula (4), the calculated centrifugal speed
of the bearing blank is 397.05 r/min, which is then
rounded up to 380 r/min. Moreover, the other casting
process parameters are configured as follows: the tem-
perature of the Babbitt metal is set at 420 °C, the pre
heating temperature of the bearing blank is 300 °C, the
casting filling rate of the bearing alloy layer model is
51.4%. Due to the centrifugal force-induced stress
state in the molten high temperature alloy, the heat
transfer coefficient between the bearing blank body
and the casting components is consequently elevated
compared to other regions. This interfacial coefficient
is assigned a value of 3200 W/(m? K), while the heat
transfer coefficient between unstressed components is
specified as 2000 W/ (m?-K). Furthermore, water coo-
ling is implemented on the external surface of the bea-
ring blank, whereas convective air cooling is employed
for the remaining structural elements.

5 Simulation test and analysis

5.1 Influence of different inlet area on casting
filling

In centrifugal casting filling, there is the following

relationship among filling time, flow rate and inlet area.

Vv = VF} 5
“7 1008, F, ©)

Where:
v, ... The flow velocity at the inlet [m/s];
V... The volume to be filled [m?];

F, .. 'The filling rate of the entire cavity volume [%];
S, ... The area of the cast entry [m?];

F, ... The filling time of the monolithic casting [s].

Based on the aforementioned 3D model and pro-
cess parameters, in this study, the runner height of the
gravity casting model is fixed. Consequently, the inlet
velocity of the centrifugal casting model is also deter-
mined. Moreover, the filling rate of the centrifugal
casting model remains constant. As a result, the filling
time of the model is solely related to the area of the
casting inlet. In order to study the influence of diffe-
rent filling times on the castings, under the condition
that other initial conditions remain unchanged, two
entrance areas of the flow channel were set as circular
regions with radii of 6mm, 9mm and 12mm respecti-
vely.

Fig. 6 depicts the flow field of centrifugal casting
at 10% filling for different runner areas. When the
molten high temperature alloy enters the cavity, it
spreads towards both end faces, creating a void region
in the middle. This area will be filled with the molten
high temperature alloy after one rotation, and there is
a temperature difference between the newly entered
alloy and that in this area. From the perspective of the
centrifugal casting process, the smaller the area of this
hollow region is, the more favorable it is for the
casting of the alloy layer. Compared to the 12 mm
casting model, the casting processes with radii of 6
mm and 9 mm cause the metal melts from the two
runner channels to converge for centrifugal motion,
taking 4.67 s and 2.01 s respectively. Among the three
models with different filling times, in the flow field
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with a filling inlet radius of 6 mm, there is more ac-
cumulation of the molten high temperature alloy at the
bottom. This is not conducive to the final uniform

Tompersturs [C] ws_zong_12.

a) Inlet radius 6mm

b) Inlet radius 9mm

flow of the entire flow field and may lead to the pro-
blem of uneven wall thickness of the bearing Babbitt
layer.

c) Inlet radius 12mm

Fig. 6 Filling inlets of different areas (filling 10%)

As can be inferred from the above analysis, when
the inlet area is too small, an insufficient amount of
molten high temperature alloy will enter the cavity. In
addition, there will not be sufficient frictional force to
propel the molten alloy to rotate, causing it to accumu-
late at the bottom. Conversely, if the inlet area is too
large, the two inlets will function independently as
runners, leading to an unfilled region between the two
runners. Therefore, a filling inlet radius of 9 mm is
preliminarily chosen.

5.2 Effect of different rotational speeds on the
flow field

During the horizontal centrifugal casting process,
the molten high temperature alloy undergoes circular
motion. In the radial direction, an arbitrary interface is
chosen, and the mass M on it is designated as the re-
search object, as depicted in Fig. 7. Throughout the
entire centrifugal casting process, the principal forces
acting on this particle M consist of gravity, centrifugal
force, Coriolis force, and frictional force. Among
these forces, gravity and centrifugal force persist
throughout the entire casting process [20]. The gravi-
tational force remains constant, with G=Mg, and its
direction is downward (the -Z direction). The
equation for the centrifugal force is:

F, = MwR’ ©)

Where:

M ...The quality of the selected points [kg];

w ... The speed of the centrifuge [rad/s];

R, ...The radius of the particle from the center of
the citcle [m)].

The Coriolis force and frictional force both arise
from the relative motion of the molten high tempera-
ture alloy with respect to the bearing body. When the
molten high temperature alloy is accelerated to the ra-
ted speed by the centrifugal force and a relatively sta-
tionary state is established, the Coriolis force and
frictional force will correspondingly vanish. The

expressions for the Coriolis force F,, and frictional

force F; are:
E_=2Mw
™)

£y = pF,

Based on the above mechanical analysis, it is evi-
dent that the acceleration of the molten high tempera-
ture alloy particle is the vector sum of the accelerations
generated by the four forces. By resolving the accele-
ration of the molten high temperature alloy particles
along the X axis, Y axis, and Z axis directions, the
following equation can be derived.

a,=(-po’x+2wv,
a,=0 ®)
a =(+pao’z+2wv, - g

Where:

a., a,, a,...The components of acceleration in

the x-axis, y-axis, and z-axis directions, respectively.

w4

bearing blank
body

Babbitt
layer

w

Y R

Fig. 7 Force analysis of particles on the alloy layer
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To investigate the variation of the flow field under
different centrifugal forces, under the condition that
other initial conditions remain unchanged, the rotati-
onal speeds of the aforementioned simulation models
were set at 280 r/min, 380 r/min, and 480 r/min, re-
spectively. In the procast softwate, the "remove revo-
lution velocity" function was adopted to obtain the
velocity distribution of the flow field under different
centrifugal forces as shown in Fig. 8. After removing
the revolution velocity from the high-temperature
liquid, its actual flow condition relative to the bearing
blank body can be effectively demonstrated. As
is clearly observable from Fig. 8, the molten high

84012215003
2012 soc
100

Fuid Veiochy-Magri.de [meac]

f00

(a) 280r/min

(b) 380z/min

temperature alloy flows in the direction of rotation
and diffuses towards the end faces on both sides. Its
maximum velocity is essentially located at the edge po-
sition. The higher the centrifugal speed is, the faster
the flow speed of the molten alloy of the superalloy
will be; however, the increase in flow speed is not pro-
portional to the centrifugal speed and the gap is very
small. The above phenomenon is attributed to the fact
that the initial velocity of the molten high-temperature
alloy is determined by the frictional force. Additiona-
lly, it can be noted that the lower the flow velocity, the
more likely the molten high temperature alloy is to ac-
cumulate in the middle area.

No/Tima Step :1200/ 1668003 Flid Velocity-Magritude [wsec]
Time 19181 sec

Porcent Filed o5
Fracton Sokd ‘00 a0
I 280

)

o

220

200
o

(c) 480z/min

Fig. 8 Flow field at different speeds (inlet radins 12 nim)

In conclusion, it can be seen that the higher the
centrifugal speed, the greater the centrifugal force
exerted on the molten high-temperature alloy. Howe-
ver, the centrifugal force has a relatively small impact
on the change in the shape of the flow field of the
molten high-temperature alloy. Nevertheless, a large
centrifugal force will lead to compositional segrega-
tion (such as heavy elements like tin and lead in Bab-
bitt metal). Therefore, the centrifugal rotational speed
needs to be further optimized.

5.3 Solidification process and analysis

As the filling process concludes, the centrifugal
casting is on the verge of entering the solidification
stage. This solidification process operates on the prin-
ciple of heat transfer from the metal to the cooler
mold or the surrounding environment [21, 22]. In the
centrifugal casting model, the temperature of the bea-
ring body is set at 300 °C, the temperature of the
baffles on both sides is 30 °C, the end temperature of
the centrifugal casting simulation is 180 °C, and the
overall cooling approach involves water cooling on
the outer surface of the bearing body. Different from
the traditional centrifugal casting model, the bearing
body has a thickness of 250 mm, while the alloy layer
is only 15 mm thick, a nearly 15 fold difference. Under
the condition of a large wall thickness, the laws gover-
ning the cooling process of the bearing alloy layer ur-
gently need to be explored and explained in greater

depth.

Fig. 9 illustrates the solidification process of the
entire centrifugal casting model. Heat transfer mainly
occurs through the bearing body and the side plates
on both sides, as well as via the surrounding air and
water cooling on the body's surface to reach the final
temperature. During the water cooling process on the
surface of the bearing blank, the surface temperature
of the bearing blank drops to 30 °C within 20 seconds,
yet most of the bearing blank still remains at 300 °C.
It is clear that the temperature change of the molten
high temperature alloy is consistent in the initial 100
second time phase. Owing to the large thickness of the
bearing blank, the temperature inside the bearing
blank also dropped to 300 °C after 500 seconds, and a
U shaped temperature distribution is formed, exten-
ding from both sides and the outer part of the bearing
blank to the inner part. As can be observed from Fig.
9 (1), the last filled area is situated in the middle region,
which is approximately the same as the last cooled po-
sition in Fig. 9 (7), and it is also the area where a large
number of shrinkage porosities appear subsequently.
This further validates the necessity of achieving as uni-
form a filling as possible during the filling process. Af-
ter 2400 seconds, the entire alloy layer cools down to
below the set temperature, and the inner surface of the
casting is uneven.

In the casting process, shrinkage porosities are
common defects in centrifugal casting and are also
crucial factors influencing the bonding strength of
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bearing alloy layers. There are numerous methods for
determining shrinkage porosities, such as the solidifi-
cation time gradient, Niyama criterion, and solid phase
ratio gradient [23]. For this purpose, the Niyama crite-
rion in Procast software was employed to examine the
porosity and pore distribution throughout the entire
solidification process. As can be seen from Fig. 9 (8),
defects such as shrinkage cavities and porosities occur
in the middle of the entire alloy layer, among which

(2) 20s

(5) 500s

(6) 1500s

the defects in the area of the final filling are the most
severe.

Fig. 10 presents the actual centrifugal casting pro-
cess of bearings in the enterprise. It is clearly obser-
vable that the inner surface of the bearing casting exhi-
bits an uneven bulge, and there is a distinct shrinkage
porosity adjacent to the inlet of the centrifugal casting.
This finding is in accordance with the results of the
simulation model.

£

(7) 2400s (8) Shrinkage porosity defects

Fig. 9 The solidification process of centrifugal casting patterns at different tines

NS B 3T A B SN

Fig. 10 Bearings after centrifugal casting
Tab. 2 Factor level table

6 Optimization and validation of process pa-
rameters

6.1 Orthogonal test protocol

Through the analysis of the filling and solidifica-
tion processes of centrifugal casting, it becomes evi-
dent that the quality of the bearing alloy layer in cen-
trifugal casting is mainly influenced by factors such as
the casting temperature of Babbitt metal, the initial
temperature of the bearing blank, the centrifugal
speed, and the diameter of the filling inlet. As shown
in Tables 2 and 3, based on the evaluation index of the
shrinkage porosity volume, this study designed an ort-
hogonal test scheme with 4 factors and 3 levels for the
horizontal centrifugal casting of the alloy layer in a
large wall thickness tilting pad bearing [24].

Initial temperature of

Level Initial temperature of bearine blank Diameter of Centrifugal speed
Babbitt alloy (°C) (0%) filling inlet (mm) (r / min)
1 400 280 14 340
2 420 300 16 380
440 320 18 420
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Based on the analysis results of the ProCAST ort-
hogonal test, the sum of the test index values corre-
sponding to each level K; (i=1, 2, 3)and the influence
amplitude R of the corresponding results for each
factor were calculated, as presented in Tab.4. As is evi-
dent from Tab. 4, the influence of the initial tempera-
ture of the bearing blank and the centrifugation speed
on the test results is significantly greater than that of
other factors.

The optimal process parameters for horizontal

Tab. 3 Orthogonal simnlation experiment plan

centrifugal casting are as follows: the casting tempera-
ture of the Babbitt alloy is 440 °C, the initial tempera-
ture of the beating blank is 280 °C, the diameter of the
filling inlet is 16 mm, and the centrifugal rotational
speed is 340 t/min. The results obtained from nume-
rical simulation can provide certain assistance in for-
mulating the centrifugal casting process scheme for
the bearing. This is of great significance for the actual
production of the enterprise as it can significantly re-
duce the number of experiments.

F Initial tempera-  Initial tempera-  Diameter of . Shrinkage po-
actor . . . Centrifugal .
scheme ture of Babbitt ture of bearing filling inlet speed (t/min) rosity volume
alloy (°C) blank (°C) (mm) (cm3)
1 400 280 14 340 45.245
2 400 300 16 380 50.336
3 400 320 18 420 56.501
4 420 280 16 420 50.132
5 420 300 18 340 46.882
6 420 320 14 380 56.017
7 440 280 18 380 47.806
8 440 300 14 420 54.20
9 440 320 16 340 48.948
Tab. 4 Analysis of orthogonal simulation test results
Initial temperature  Initial temperature of Diameter of Centrifugal
of Babbitt alloy (°C) bearing blank (°C) filling inlet (mm)  speed (r/min)
K 152.082 143.183 155.462 141.075
K 153.031 151.418 149.416 154.159
K 150.954 161.466 151.189 160.833
R 0.692 6.094 2.015 0.586
Optimal level 3 5 1
factor

6.2 Centrifugal Casting Verification

The process parameters for horizontal centrifugal
casting derived from the ProCAST simulation de-
scribed above were utilized to manufacture thrust
bearing products on the centrifugal casting equipment
of an enterprise in Zhuji City. Fig. 11 depicts a hori-
zontal bearing alloy layer centrifugal casting product
subsequent to the numerical simulation and machin-
ing processes. In accordance with the DL/T 297-2011
standard, the centrifugal casting was tested, and the
processed internal surface was further examined. It
was clearly ascertained that the castings were fully
filled, with no apparent internal defects, and the fin-
ished product quality was excellent.

Fig. 12 presents the metallographic micrographs of
the centrifugal casting. Despite the presence of rhom-
bic hard dot segregation in the metallographic struc-
ture, its distribution is uniform, without aggregation.
Although the density of the diamond shaped hard dot
segregation in the metallographic structure inreases as
it approaches the bottom, the overall distribution re-
mains uniform and free of aggregation. As can be

observed from the interface between the alloy layer
and the iron base in Fig. 12 (a), the Babbitt layer and
the iron base are well bonded, forming a distinct
boundary. There are no obvious surface defects that
could affect the bond strength, thus meeting the prod-
uct quality requirements.

Y =S 4
.JE.A %3 {:? ¥ 4 % %

Fig. 11 Thrust bearing products produced by Horizontal
Centrifugal Casting
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(b) Metallographic structure diagram
Fig. 12 Bonding interface and metallographic diagram of alloy
layer

7 Conclusions

In this research, the influence mechanism of speed
and filling time on the temperature and flow field of
castings during the filling and solidification processes
of large wall thickness centrifugal casting was investi-
gated. A simulation model for large wall thickness cen-
trifugal casting was constructed, and optimal process
parameters were obtained via orthogonal tests, which
were validated by the quality of actual castings. The
following conclusions were drawn:

e (1) From the simulation of the gravity domi-
nated stage, it was observed that the inlet area
is approximately circular. When the inlet ra-
dius is too large (e.g., 12 mm), it expands the
unfilled area in the middle. Conversely, when
the inlet radius is too small (e.g., 6 mm), the
molten high temperature alloy accumulates at
the bottom. The centrifugal velocity has a rel-
atively minor impact on the change in the
flow field shape but exerts a significant influ-
ence on the segregation of the alloy composi-
tion.

e (2) During the cooling process of the bearing
alloy layer, owing to the large wall thickness,
the temperature distribution assumes a U

shape. Even after 500 s, there are still certain
areas within the bearing blank that have not
reached 300 °C. Additionally, the last cooled
area is located in the middle, which corre-
sponds to the location of shrinkage cavities.
e  (3) Through numerical models with different
process parameters and orthogonal test simu-
lations, the optimal process parameters were
determined as follows: the casting tempera-
ture of the Babbitt alloy is 440 °C, the initial
temperature of the bearing blank is 280 °C,
the diameter of the filling inlet is 16 mm, and
the centrifugal rotational speed is 340 t/min.
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