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ABSTRACT

In this paper a novel Control volume based FDM technique for solving 
thermal induced stress/strain problems, is presented.
The 3-D thermoelastic equations are solved iteratively on a staggered 
grid, as known from computational fluid dynamics, using a line by line 
solver.
The method has been extended to handle non-uniform complex meshes, 
non-constant material data and multi-domain problems.
As an example, die casting of a circular aluminum sheet has been 
simulated on a mesh of approximately 70,000 nodes, and the stress/strain 
has been calculated in both the casting and the mold.

INTRODUCTION

The high pressure die casting process (HDPC process) has in the past few 
years experienced a great advance. Today the process is one of the few 
casting processes in progress. The process is used more and more to cast 
bigger and far more complex castings. The popularity of the process is 
partly due to the increase in the invironmental requests all over the 
World. Many foundries try to avoid the pollutionary sand casting process 
and try to use permanent molds instead.

The essence of the HPDC process is shortly that melted metal (mostly 
aluminum or zinc) is pressed into the cavity using high pressure. The 
cavity is filled in a few hundreds of a second. After the melt has 
solidified, the casting is removed from the open die and often the 
cavity surface is sprayed with a die lubricant. The closed die is then 
ready to recieve a new portion of melted metal. Cooling channels are 
used to remove the heat input from the melted metal.

The theoretical background (flow, thermal, stress/strain) in the HPDC
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process is today a rather neclected field. The interest and the 
development have been on the mechanical engineering, where more 
powerfull machines and complicated measuring equipment have been 
developed. This lacking insight into the theoretical background for the 
HPDC process has resulted in many breakdowns of molds during operation 
caused by choosing the wrong parameters for the process. This has again 
lead to an incresing interest for optimizing the casting process in 
HPDC. A very efficient way of retrieving this, is to use numerical
calculations to simulate the influence of each single process parameter 
in the casting process.

The thermal induced stresses in a permanent mold are put in focus in 
this paper. The magnitude of the thermal stresses is one of the most 
influential parameters on the lifetime of the mold. One of the major
problems is the tensile stresses around the cooling channels, which can 
lead to tensile cracks in the mold surface around these channels. 
Another major problem is the cyclic thermal impact on the mold, which 
can result in thermal fatigue. If it is possible to decrease or 
eliminate these stresses the lifetime of the mold can be increased
considerably.
This paper describes a novel control volume based FDM-technique for
calculating the stresses in the mold during operation using the process 
parameters.

THEORY

Mold filling and solidification

The mold filling and the solidification have both been simulated with 
the program MAGMAsoft.
This program also generates the mesh.
The underlaying theory and the concepts of MAGMAsoft has been described 
by Hansen et al, (1) and (2).

Stress/strain

The basic ideas and concepts of the control volume based FDM method have 
already been described by the authors in previous papers (3) and (4).

Considering semi-coupled thermoelasticity, we apply Hooke’s generalized 
law, giving the relationship between the stress and the strain:

E
ij 1 + y

s EoAT
5iJ ~Tz^ (i)

This leads to the equlibrium equations in terms of displacements:

* EoAT
6u T=2l7

1=0 (2)

1.1

Where:

E : Youngs modulus
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: Poissons ratio

ot : Thermal expansion coefficient 

AT : The change in temperature 

5^ : The Kronecker delta

These three partial differential equations are the governing equations, 
to be solved.

Boundary conditions

The possible boundary conditions are:

Prescribed displacements

Prescribed stresses

Where:

ou = ui i

o- n = T 
U J i

(3)

(4)

u° : Prescribed displacements on the surface

T° : Prescribed stresses on the surface

n; : Unit vector parallel to the outward pointing normal

In this case the boundary will be the surface of the mold, where the 
boundary conditions are prescribed stresses on the surface.
The known stresses are the shear stress and the normal stress, which are 
equal to zero.
The pressure under the mold due to gravitation, is neglectet.

SOLUTION PROCEDURE

Writing the equations, (2), explicitely and reorganizing by isolating 
the u-terms in the first equation, the v-terms in the second equation 
and the w-terms in the third equation, we get:

a
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Using a staggered grid and and discretizing the equation (5) to (7) we 
get three difference equations.
These are solved applying the iteration procedure shown in figure 1.

PARAMETERS AND DATA 

Process parameters

The process simulated is a HPDC process where, a circular cap with a 
diameter of 200 mm (78 in.) and 5 mm (0.2 in.) thick is casted in a 
permanent mold, fig.2. The mold is preheated to 200 °C (392 F) and the 
aluminum melt (A1SU2) is 600 C (1112 F). The permanent mold is 
cooled with cooling channels with a diameter of 8 mm (0.3 in.) 
containing an oil with a temperature of 150 C (302 F). The cycle time 
is 30 sec. and the dwell time is 10 sec. Spray cooling of the die cavity 
has not been calculated.

Thermophysical data

The thermophysical data for the casting are those of AlSil2.
The thermophysical data for the mold are those of Tool Steel, H13.

Thermomechanical data

cc llO"f,C'1) E [1010Mpa] V

Casting 23 20 °C : 7,0 500 °C : 2,0 0,3

Mold 11 20 °C : 21 500 °C : 16 0,3

Table 1 - Thermomechanical data for casting and mold
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Converged ?

if nothing is known, then zero

Temperature distribution and boundary conditions are given

Fig.l - Iteration procedure for stress/strain calculation

COMPUTATIONS

All the computations where performed on a SUN Spare IPC Work station 1,4 
Mflops.

The generated mesh is of size : 60 * 21 * 56 = 70560 nodes 
The casting, the cooling channels and the inlet are shown in fig.2.

The temperatures in the mold 4, 20 and 40 mm away, perpendicular to the 
center of the casting is shown in fig.3.
As expected, the amplitude of the curves decreases as the distance to 
the casting inereses. Thus the surface of the mold will experience the 
largest cyclic impact because of the heat input from the casting.
Note that after 10 cycles the State of quasi-stationarity has not been 
reached yet.

In fig.4, 5 and 6 we see <r , er and <r during cyclus 3, 5 seconds
XX yy zz
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after casting.
As expected o- and <r are of almost similar magnitude, while o- is 

xx zz yy
much smaller. This is mainly because the size of the mold is much 
smaller in the y-direction than in the x- and z-direction.

Fig.4 Fig.5
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Fig.7
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In fig.7 we see <r during cyclus 10, 5 seconds after casting.
XX

Compared to fig. 4 the stresses are enlarged due to the increased 
heating of the mold.
In fig. 8 the cut is now parallel with the casting, showing the greater 
surface of the mold in contact with the casting.

Fig. 9 shows the Von Mieses stress at the same time as above.

CONCLUSION

A novel control volume based FDM technique for solving thermal induced 
stress/strain problems has been developed.
The model is based on the semi-coupled 3-D thermoelastic equations, 
which are solved iteratively.
It is found, that the method is able to converge and thereby obtain a 
solution on a mesh of 70000 nodes, modeling die casting of a thin
circular aluminum cap.
As expected the results show large compression stresses in the mold 
surface during casting, and small tensile stresses when the die is open. 
If spraycooling had been simulated, obviously these tensile stresses 
would have been increased.
In this example it is likely, that the tensile stresses around the 
cooling channels will not lead to tensile cracks. This is because of the 
relatively high temperature of the cooling media, 150 C.
For the purpose of analyzing thermal stresses in the mold, a thermo­
elastic model is sufficient. On the other hånd, if buliding up of
residual stresses in the casting is model led, a plasticity model is
required. The future work will mainly be in this field.
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