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Abstract: In order to investigate the sand mold strength after
the aeration sand filling-high pressure squeeze molding
process, a three-dimentional (3D) numerical simulation was
introduced. The commercial finite element method ( FEM)
software ABAQUS combined with a revised Drucker-Prager/
Cap model was used to simulate the squeeze compaction
process. Additionally, the sand bulk density after the aeration
sand filling process was tested by a specially designed
experiment, which divided the whole sand bulk in the molding
chamber into 5 x 9 regions and it was used as the input to
simulate the squeeze process. During the simulation process,
the uniform modeling simulation and the partition modeling
simulation methods were used and the 3D numerical simulation
results were compared with correlative benchmark testings.
From the 3D numerical simulation results, it can be concluded
that the uniform sand bulk density distribution can obtain a
high quality sand mold and the revised Drucker-Prager/Cap
model is suitable for handling the situation with the complex
pattern. The 3D numerical simulation results can predict well
the sand mold strength distribution and can be used as
guidelines for the production practice.
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olding technology plays an important role in casting
M production and has great influence on the geomet-
rical shape, the surface quality, and the mechanical prop-
erties of castings. To meet the continuously increasing de-
mands for high quality near net shape castings, the aera-
tion sand filling-high pressure squeeze molding method has
been studied intensively''™. Theoretical analysis and ex-
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perimental testing are two traditional research methods in
molding technology. 3D numerical simulation, as a modern
engineering tool and an important supplementary tool, is fre-
quently used by foundrymen for its high efficiency.

The aeration sand filling-high pressure squeeze molding
method consists of two processes: the aeration sand filling
process with low pressure compressed air and the subse-
quent high pressure squeeze compaction process'’ .
the aeration sand filling process, it is a typical gas-solid
two-phase flow problem. Some different models, e. g.,
the continuous model, discontinuous model™, and dis-
tinct cluster model”™, have been used to deal with this
problem. Some research has been done in this field”,

For

while the simulation results have still not been verified
with the sand bulk density data after aeration sand filling
process. For the squeezing process, it is a static sand
compaction problem and three types of nonlinearity of
green sand are included during this process: the mechani-
cal response nonlinearity, the structural nonlinearity and
the contact nonlinearity'”’. The simulation of the squee-
zing process can be completed with some FEM software,
e.g. ABAQUS. The mechanical model is of key impor-
tance for simulation due to the nonlinear characteristics of
molding sand and its large deformation during the high
pressure squeeze molding process. In this paper, a revised
Drucker-Prager/Cap model is used for the mechanical
model, which has been successfully used in the simulation
of the squeezing process of soil* . The sand bulk density
data after the aeration filling process has been tested by a
specially designed experiment, which divides the whole
sand bulk in the molding chamber into 5 X9 regions.

1 Materials and Methods
1.1 Experiments

The flat pattern was used in the experiment. The air
pressure was set to be 0. 1 MPa during the aeration sand
filling process and the squeeze pressure was set to be 1.0
MPa during the high pressure squeeze molding process.
After the aeration sand filling process, the height of the
sand mold was 260 mm, while the outcome was reduced
to 180 mm when the high pressure squeeze molding
process was finished. An aeration sand filling-high pres-
sure squeeze molding machine (FCMX 1II, Sinto Kogio,
Ltd. ) was used for this experiment. In the experiment,
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the strength of the sand mold was measured on the parting
surface, the lateral surfaces ( Sides A, B, C and D in
Fig. 1(a)) and the cut face (side E in Fig. 1(a)) via a

Side D E (The cut face)

Side A Side B

Side C
(2)

sand mold dynamometer ( Georg Fischer, Swiss). Several
squares were drawn onto the surfaces (see Fig. 1(a)),
and each square was measured twice.

Fig.1 Aeration sand filling-high pressure squeeze molding machine. (a) The layout of the mold for flat pattern; (b) Measurement of the

parting surface; (c) Measurement of the lateral surfaces and the cut face

The sand bulk density distribution after the aeration sand
filling process was used as the input for the numerical sim-
ulation of the high pressure squeeze molding process. An-
other testing machine ( manufactured by Sintokogio,
Ltd.) which was the same as FCMX I but only half in
size, was used to measure the sand bulk density distribu-
tion after the aeration sand filling process. The front plate
of the modeling chamber was made by plexiglass in order
to observe the sand flow during the aeration filling
process. The left and right side panels of the modeling
chamber had three slots, dividing the side panels into four
equidistant parts. As the sand inside the modeling cham-
ber was not tight enough after the aeration filling process,
it was difficult to measure the sand bulk density. In order
to obtain the data, the following experiment was designed
and the steps are shown in Fig. 2. First, three thin steel
plates were inserted through the slots, which uniformly
divided the sand inside the modeling chamber into four
blocks (see Fig.2(a)). Then replacing the plexiglass

(b)

plate with a steel plate with 5 x 9 uniformly distributed
holes on it after the aeration filling process ( see Fig. 2
(b)). Tubes with the same diameter were inserted into
the holes to get the sand out from the modeling chamber
(see Fig.2(c)). The sand bulk density of the area is cal-
culated as

m _ 4m

_m_m __m
P=V 7 SH zp* ~wD'H
o

(1)

where p is the sand bulk density; S is the area of the
tube’s cross section; m is the mass of the sand inside each
tube; D is the diameter of the tube and H is the distance
between inserted two adjoining steel plates.

The remaining sand and the first steel sheet were re-
moved after the measurement of the first layer (see Fig.2
(d)), and then the remaining layers were measured ac-

cording to the above steps until the measurement of the fi-
nal layer was finished (see Fig.2(e)).

Fig.2 Measurement of the sand bulk density. (a) Inserting three thin steel plates through the three equidistant slots; (b) Replacing the front
plate with the steel plate; (c) Inserting tubes into the holes to get the sand out; (d) Complete measurement of the first layer; (e) Measurement of the

remaining layers according to the above steps

1.2 Revised Drucker-Prager/Cap model

Due to the nonlinear characteristics of the molding sand
and its large deformation during the high pressure squee-

zing part, the commercial FEM software ABAQUS was
chosen for the simulation of the high pressure squeezing
Fig.3 shows the revised Drucker-Prager/Cap

[10]

process.
model which is used for the mechanical model
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Fig.3 The revised Drucker-Prager/Cap model. (a) Yield sur-
faces in the p-f plane; (b) Typical cap hardening

Compared with the typical Drucker-Prager/Cap model,
the revised Drucker-Prager/Cap model has a linear shear
failure surface, providing dominantly shearing flow, and
a transition region between the failure surface and the
“cap”, providing a smooth surface purely for facilitating
the numerical implementation'" .

The Drucker-Prager failure surface is written as

F.=t-ptang-d =0 (2)

1 . .
where p = — ?trace( o) is the equivalent pressure stress;

B is the angle of the friction of the material; d is the co-
hesion; ¢ is the deviatoric stress measure and it is

(S N

where g = /%S: S is the Mises equivalent stress; r =

1/3
(%S : S-S ) is the third stress invariant; S is the stress

deviator and it is defined as S = o + pI, where ¢ is the
stress tensor and I is the identity matrix. K is a material
parameter (ranging from 0.778 to 1.0) that controls the
dependence of the yield surface on the value of the inter-
mediate principal stress.

The cap yield surface is written as

_ > Rt :
F, —\/(P—pa) +(1 +a—a/cos/3) -
R(d +p,tanB) =0 (4)
pb - d . . .
where p, = m is the evolution parameter; R is a

material parameter that controls the shape of the cap; and

« is a small number (typically 0.01 <a<<0.05) used to
define a transition yield surface.
The transition face is defined as

F[=\/(p—pa)2+[f—(1‘wo;3)]

a(d+p,tang) =0 (5)

2

1.3 Properties of materials

Fig. 4 is the schematic of the high pressure squeeze
molding process. The size of the modeling chamber is 610
mm x 508 mm x260 mm. There are four parts in the high
pressure squeeze molding process: the squeeze plate, the
flask, the pattern plate and the green sand. In order to
simplify the calculations and fit the actual situations, the
squeeze plate and the flask are treated as a rigid body.

Squeeze plate

L —
Green sand

Pattern plate

\

Flask
Fig.4 Schematic of high pressure squeeze molding process

Based on the actual situation, the material of the pattern
plate is cast iron, and its properties are listed in Tab. 1.

Tab.1 The material properties of cast iron

Density/ (kg - m ™) Poisson ratio

7 800

Young’s modulus/Pa
2.1x10" 0.3

The sand used in the experiment was mixed with water
and bentonite, and the material properties are listed in
Tab. 2.

Tab.2 The material properties of green sand %
Moisture content Bentonite  Active bentonite Compactibility
3.2 10.8 7.6 35

The model parameters of the revised Drucker-Prager/
Cap model are listed in Tab. 3. The yield stress reported
by Li'"' is referenced to obtain the isotropic compression
stress-strain curve.

o, =(0.624-0.735p) +
-0.223 +0.297p
4x(e-(0.903-0.493p))> +0.011 8p

(6)

where o, is the yield stress, MPa; p is the sand bulk den-
sity, g/cm’; and ¢ is the volumetric plastic strain.

Tab.3 Parameters of the revised Drucker-Prager/Cap model

d/KP R Yong’s Poisson
a
B i o modulus/Pa ratio
25 29° 0.1 41x107° 0.0l 1 3 %107 0.35
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Other parameters are set to be the same as those in the
experiment. The squeeze pressure is set to be 1.0 MPa
while the initial mold height is 260 mm and after the
squeezing process, it turns out to be 180 mm. According
to Refs. [ 13 — 14 ], the friction coefficient between the
green sand and the other three parts is set to be 0.5.

In order to match the results of the experiment, the
simulation results are transferred into mold strength with

the equation' ' ;

M= —77.2553><exp( )+79.9389 (7

_ %

1.898 9
where o, is the calculated equivalent stress, MPa; and M
is the mold strength, N/cm’.

2 Results and Discussion

The experimental result of the sand bulk density distri-
bution after the aeration sand filling process is shown in
Fig. 5.

Sand bulk density/(kg + m™):
I 1 050

Fig.5 Sand bulk density distribution after aeration sand filling
process ( experimental results)

Another case with the initial sand bulk density of 1 100
kg/m’ is also simulated for comparison, which is called
the uniform modeling simulation. The simulation with the
measured sand bulk density is called the partition model-
ing simulation. The experimental results, partition mod-
eling simulation results and uniform modeling simulation
results are shown in Fig. 6 and Fig. 7. The strength of the
sand mold is defined by the Mises stress.

Stress/(N + cm™):

4 ;
10
15
20
25
\ 30

(a) (b) (c)

Fig.6 Comparison of the strength ( Mises stress) on the part-
ing surface. (a) Experimental results; (b) Partition modeling simula-
tion results; (c¢) Uniform modeling simulation results

Stress/(N + cm™):

(a) (b) (c)

Fig.7 Comparison of the strength ( Mises stress) on the cut-

ting surface. (a) Experimental results; (b) Partition modeling simu-
lation results; (c¢) Uniform modeling simulation results

In Fig. 6 and Fig. 7, both the partition modeling simu-
lation results and the uniform modeling simulation results
share a similar tendency with the experimental results.
Due to the influence of the flask, the sides and the end-
points are the weakest parts.

Fig. 6 and Fig.7 show that the mold strength of the par-
tition modeling simulation and the uniform modeling simu-
lation are lower than the experimental results, which may
be connected to the shape of the pattern. Li et al. ' used
the Drucker-Prager/Cap model with a three-sleeve pattern
and the uniform sand bulk density distribution, and the
simulation results fit the experimental results better. So,
the conclusion can be drawn that the revised Drucker-Prag-
er/Cap model is suitable for solving the complex pattern
and it can give some advice on casting production.

The parting surface is the most important step of the
molding process. Since the partition modeling simulation
is based on the actual sand bulk density, it should be more
credible than the uniform modeling simulation. However,
there are still some differences between Fig.6(a) and
Fig.6(b). These differences may be caused by the sand
bulk density distribution measured after the aeration sand
filling process which is not sufficiently accurate. The tubes
which were inserted into the holes may affect the sand bulk
density distribution. In this way, Fig.6(c) shows that the
mold strength distribution of the uniform modeling simula-
tion is homogeneous, which also matches the experimental
results well. As the aeration sand filling method can obtain
an approximate uniform sand bulk density distribution, the
uniform modeling simulation results also prove that this
method can achieve a high quality sand mold.

Moreover, the designed experiment for the measure-
ment of the sand bulk density distribution can only work
in simple patterns and it is difficult to carry out. So, in
future work, other effective and more accurate methods to
measure the sand bulk density should be developed, and
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the simulation of the aeration sand filling process should
be integrated into the simulation of high pressure squeeze
compaction process.

3 Conclusions

1) ABAQUS incorporated with the revised Drucker-
Prager/Cap model is an appropriate model for solving
nonlinearity problems associated with the squeezing com-
paction process of molding sand. The simulation results
can give some guidelines for production practice and pro-
vide useful information to improve the quality of casting.

2) The simulation results show that the uniform sand
bulk density distribution can achieve a high quality sand
mold, which is the advantage of the aeration sand filling-
high pressure squeeze molding method.

3) Both the partition modeling simulation and the uniform
modeling simulation results are lower than the experiment re-
sults of other researchers’ work. It can be concluded that the
revised Drucker-Prager/Cap model is suitable for handling a
situation with the complex pattern.
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