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Abstract: In the investment casting of shifting fork, hot cracking is a common defect. In order to analyze the hot cracking in the
investment casting, the ProCAST software was adopted, and the investment casting process was simulated, The filling field,
temperature field and stress field were analyzed, and the cause of crack was predicted. Results show that as the local area receives
larger tensile stress from around, the shrinkage cavity appears; as a result, hot cracking occurs. By decreasing the pouring
temperature, increasing preheating temperature of the shell, or chamfer angle of the fork, the casting stress can be reduced, and thus

the crack will be avoided.
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Hot cracking is a common defect in the process of
investment casting, which affects the quality of casting
products seriously, and shortens the service life of
products™?. With the development of computer technology
and computational method, numerical simulation technology
is improved constantly; it can predict stress and strain,
provide an effective method for the prediction of hot
cracking, and improve casting quality.

The Pro-CAST software is used for numerical simulation
commonly, which can simulate the casting process. It can
predict defects effectively and provide reference to improve
the casting quality. In the present paper, the Pro-CAST
software was applied to simulate and analyze hot cracking,
which can enhance the production rate and has a great
significance.

1 Model and Boundary Condition

1.1 Mathematical model for fluid

In the molding filling, the mathematical model is the basis
and premise of the finite element for fluid, which is regarded
as the incompressible fluid. The coupled equations of
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temperature field and flow field are shown as below.

The continuity equation is a mathematical expression of the
law of mass conservation, and used for fluid generally. The
motion equation can be used for the ideal fluid and viscous
fluid. The mathematical expression can be seen as below!™:
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wherein: D is a divergence; u, v, w is the velocity vector in X,
y, z direction component in the coordinate system.

Energy equation™ is as follows:
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wherein: e is the internal energy of the fluid; p is density; ¢ is
dissipation function.

1.2 Hydrodynamics model

The thermo-elastic model is used in thermal stress
simulation commonly. In the model, the relationship between
stress and strain complies with the following equation'®:

do, =D,de, (3)

Foundation item: Science and Technology Projects of Chongging Education Commission (KJ1401123); Foundation and Frontier Research Program Projects of

Chongging (cstc2014jcyjA50033)

Corresponding author: Wang Mingguang, Master, Chongging Key Laboratory of Micro/Nano Materials Engineering and Technology, Chongging University of Arts

and Science, Chongging 402160, P. R. China, E-mail: wmgl166@163.com

Copyright © 2017, Northwest Institute for Nonferrous Metal Research. Published by Elsevier BV. All rights reserved.



Wang Mingguang et al. / Rare Metal Materials and Engineering, 2017, 46(4): 0946-0950 947

where do, D, and de. are elastic stress incremental, elastic
modulus matrix and elastic strain increment, respectively.
The following subscripts e, p and t denote elastic, plastic and
heat, respectively.

In the thermal elastic-plastic model, the strain increment
can be expressed as follows™:

de =de, +dg, +de, 4)
Stress and strain conform to the following relationship™™:
do =D, (ds, +ds,) = D, (ds —dg,) ()

wherein, D, is the matrix of elasto-plastic modulus.

Thermal contraction and strain increment including
incremental elastic modulus and linear expansion coefficient
vary with temperature, which can be expressed as:

{de } = {a}dT +(T —T,)3{c}/eT +[D];/oT {o} (6)

wherein: T, is the initial temperature; T is instantaneous
temperature; « is linear expansion coefficient. Plastic strain
increment is determined by the size and direction of fluid
criteria:
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wherein: H' is the plastic hardening modulus of the material,
which can be obtained by a simple tensile curve.
1.3 Thermal boundary conditions
The heat (AQ) transfers between the casting and shell,

which can be expressed as follows!®):

A Q=Nh(T,~T,) (8)
wherein: h is heat transfer coefficient of the interface; T, and
T, are temperatures of the two interfaces, respectively!”.

Meanwhile, there is also a radiant and convective heat
transfer process between the casting and the environment.

AQ=h(T-T,)+oe(T*~T*) 9)

wherein: h; is convective heat transfer coefficient of shell
mold or sand box between other surface with the
environment; T is the temperature of the shell mold or sand
box; T, is the ambient temperature; ¢ is radiation heat transfer
coefficient.

2 Fork Structure and Casting Technology

2.1 Fork structure and hot cracking

The fork structure is shown in Fig.1a, Fig.1b is a selected
area of Fig.la, and the cracked area can be seen in Fig.1b.
The qualified rate is low; therefore, it is necessary to analyze
the cause of crack defects, and provide theoretical basis to
improve the technology.

The fork for casting is the thin-walled structure,
ZG310-570 is used for investment casting, and the casting
part is shown in Fig.1. 24 pieces are a group for casting, as
shown in Fig.2.

Fig.1 Fork structure (a) and cracked area (b)

Fig.2 Mold group (a) and the finite element model (b)
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2.2 Boundary conditions, initial conditions and
simulation parameters

Solidus and liquidus critical temperature of ZG310-570
steel is 1430 and 1510 <, respectively™. Smelting
equipment is an acidic medium frequency induction furnace.
Pouring temperature for investment casting is generally
higher than the alloy liquidus temperature by 50~100 <. For
small castings with complex structure and thin wall, the
upper limit is generally used, i.e. the pouring temperature is
1570 <€, the shell is preheated to 850 <. The casting speed
has a great influence on the casting quality. According to the
casting experience, the pouring velocity is 70 mm/s in the
experiment.

Shell material is silica sand; casting and heat transfer
coefficient of the shell is 1000 W/(m®K); heat transfer
coefficient between shell and air is 50 W/(m®K); for
ZG310-570, heat transfer coefficient of casting and air is 300
W/(m? K), and the gravity casting is used.

The Pro-CAST database provides a complete parameter
for ZG310-570. Its elastic modulus, yield strength, and
hardening coefficient are shown in the following tables. The
castings and gating system is meshed by the finite element,
491927 nodes are generated, and 2278121 units are produced.

The tetrahedron grid is adopted, and the large size of the
mesh is 0.5 mm, as shown in Fig.2.

3 Simulation Results and Analysis

3.1 Filling sequence

The filling sequence of the casting is shown in Fig.3. The
simulation results show that the sprue is filled with the liquid
metal firstly; from the bottom to the top, the cavity is filled
with the liquid metal thoroughly in each ingate; under static
pressure, each cavity is filled from the bottom to the top in
turn, the filling is complete, and the shrinkage defect will not
occur in the casting.
3.2 Temperature field and stress field

Fig.4a is the casting temperature filed, Fig.4b is the
equivalent stress field after pouring completion of 30 s, and
the nodes 1, 2, 3, 4 are the points where the hot tearing may
occur. The nodes 6, 7, 8, 9 are the corresponding points for

nodesl, 2, 3, 4. Fig.5 is the solid fraction distribution of the
nodes 1, 2, 3, 4.

Fig.6 is the solid fraction and tensile stress distribution over
time. According to the strength theory, the hot cracking occurs
at the end of solidification when the solid fraction is greater
than 0.9, almost close to 1.0. At this point, the temperature is
between the linear contraction starts and the solidus
temperature, the strength is lowest, brittle phase will occur,
and the hot cracking is most likely to happen in this area.

Fig.6 shows that the four nodes solidify almost at the same
time at about 24 s. When the solidification starts within 15 s,
the solid fraction of each node is less than 0.9, while there is
almost no stress during the process. When it is greater than
0.9, tensile stress occurs at each node. When it is close to 1.0,
the tensile stress increases sharply; while the tensile stress is
the largest at nodes 1 and 2, greater than 60 MPa; the solid
fraction of the rest nodes is close to 1.0 while the tensile
stress is 40~50 MPa.

Comparison is shown in Fig.6. The hot cracking lies
between node 1 and 2. When the solid fraction is close to 1.0,

Table 1 Elastic modulus of ZG310-570 steel at different
temperatures
Temperature/ <€ 20 750 1250 1350

Elastic modulus/MPa  1.95x10° 0.8x10° 7.0x10* 120

Table 2 Yield strength of ZG310-570 steel at different

temperatures
Temperature/ € 20 750 1250 1350
Yield strength/MPa 310 150 12 5

Table 3 Hardening coefficient of ZG310-570 steel at different
temperatures
Temperature/ <€ 20 750 1250 1350
1.2x10* 0.8x10* 5x10° 0

Hardening coefficient/MPa
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Fig.3 Filling sequence in casting: (a) sprue, (b) the cavity, and (c) each cavity
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Fig.4 Solidification sequence (a) and stress distribution (b)
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Fig.5 Solid fraction in the casting

the tensile stress occurs at each node. The stress often
concentrates near nodes 1 and 2, where the rounded convex
curvature is large; therefore, the tensile stress at node 1 and 2
is greater than that of other parts and the hot cracking is most
likely to occur.

The stress and strain occur at the first solidification part
(as shown in Fig.4b), as the stress and strain accumulate
gradually at the final solidification. The shrinkage is blocked,

10 —1 4
: ——2
+3

06

Solid Fraction

0.2F

0.0

701
60
50t
40+
301
20t
10+

Stress/MPa

-10 L L L L L L L

Time/s

Fig.6 Solid fraction (a) and tensile stress distribution (b) of
various nodes

where the stress and strain concentrate, lacking of liquid
metal to feed. When the thermal stress is greater than the
yield strength, hot cracking occurs.
3.3 Improved scheme and the simulation results

In the casting, the higher pouring temperature and mold
temperature can ensure the filling ability of the liquid alloy;
but when the pouring temperature is too high, the
solidification lasts too long, and a large number of coarse
grains will be generated, which will increase the tendency of
hot cracking. When the pouring temperature and mold
temperature is reduced, hot cracking can be avoided, but
when the filling temperature and mold temperature is too low,
it is difficult to fill the cavity completely.

As there are cracks in the fork, it indicates that the pouring
temperature and mold shell heat preservation temperature are
too high, and the shell is cooled too quickly, resulting in
cracks, so preheating temperature should be increased and
pouring temperature should be reduced.

Therefore, while the other casting parameters are kept, the
casting pouring temperature is reduced to 1560 <€, and the
shell temperature is preheated to 1050 €

Another way to avoid hot cracking is shown in Fig.7. We can
increase the round angle, which is near the point 10; when the
round angle is increased, the stress in the casting can be reduced,
so the hot cracking can be avoided, as can be seen in Fig.8.
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Fig.7 Improved scheme to avoid hot cracking
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Fig 8 Stress distribution in the solidification
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Conclusions

1) In the investment casting of shifting fork, as the local

area receives larger tensile stress from around, the shrinkage
cavity appears, leading to crack.

2) By reducing the pouring temperature, increasing

preheating temperature of the shell, and increasing round
angle of the fork, the casting stress can be reduced, and the
crack can be avoided.
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