Stress/strain modelling of casting processes
in the framework of the control-volume method
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Abstract

Realistic computer simulations of casting processes call for the solution of both thermal, fluid-
flow and stress/strain related problems. The multitude of the influencing parameters, and their
non-linear, transient and temperature dependent nature, make the calculations complex.
Therefore the need for fast, flexible, multidimensional numerical methods is obvious. The basis
of the deformation and stress/strain calculation is a transient heat transfer analysis including
solidification. This paper presents an approach where the stress/strain and the heat transfer
analysis uses the same computational domain, which is highly convenient. The basis of the
method is the control volume finite difference approach on structured meshes. The basic
assumptions of the method are shortly reviewed and discussed. As for other methods which
aim at application oriented analysis of casting deformations and stresses, the present model is
based on the mainly decoupled representation of the thermal, mechanical and microstructural
processes. Examples of industrial applications, such as predicting residual deformations in
castings and stress levels in die casting dies, are presented.
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Introduction

There are several important reasons for modelling deformations and stresses in casting
processes. First of all modelling increases the overall understanding of the deformation and
stress history which is important for process improvement. Secondly, these models can assist in
the analysis of important questions such as:

- Will hot-tears appear in the casting during solidification ?
- Are the distortions unacceptable compared to the prescribed geometry ?
- Will the residual stresses be unacceptable ?

In this context it should be emphasised that the solution of the governing differential equations
consists of primitive fields such as temperatures, deformations and stresses so the need for
criterion functions interpreting these fields with respect to the above mentioned questions is
obvious.

In the field of solidification these criterion functions are commonly applied in the numerical
optimisation of the process, e.g. Niyama[1] and Hansen[2] as they constitute a very efficient
tool in interpreting the temperature fields with respect to porosity, feeding efficiency,
solidification time etc.

The choice of numerical method is another major issue. Solid mechanical problems are almost
exclusively solved by the FEM. However recent work has applied finite volume methods for
stress/strain calculations on structured meshes, Hattel & Hansen[3], [4] and unstructured
meshes Baily & Cross[5].

1t should be mentioned that it is convenient to use the same computational method for the heat
transfer and stress analysis, although this is not necessary. In other words one should decide
whether to use the FEM or the FVM. Models involving interpolation of temperatures from
FVM calculations onto FEM nodes for stress calculations have been developed, Grill et.al.[6].

Basic equations

The following field equations govern the problem
The equilibrium equations
dii.i+i)i=0 (1)

The strain-displacement relations (small-strain theory)

é“_.z

1
i 5(‘3,-,,‘*"2,'_;) (2)

The constitutive equations
d'ii = Li/‘klékl (3)

where the dot denotes increments and L, is the incremental stiffness tensor.
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In casting, the' expansions and contractions due to temperature change and phase
transformations, plasticity and creep all contribute to generation of strains. The total
incremental strain vector consists of elastic, thermal and inelastic components;

=~ Tot +B 7 2P
& =& tgtg )

where & is the elastic strain increment, a‘,f is the thermal strain increment (incorporating both

temperature changes and phase transformations in the general case) and é‘,f is the inelastic
strain increment (incorporating both plasticity and creep in the general case).

The stress increment is given by the elastic strain increment & via

6 = Liuéy )

ij

where LU,, is the elastic stiffness tensor given by Hooke's law

: E v
il;’ll 1+v { (5 611 + 5115”: )+ 2v 5y5u} (6)

Combining (3), (4) and (5) yields

Tot _ T _ AP
ykl(gklm &y —&y) (7)

which together with (1) and (2) is the basis of the numerical formulation.

The solidification of the metal produces volume contractions of several percent. This gives
arise to problems such as porosity and hot tearing, whereas it has almost no effect on the
stresses. These are mainly generated by the few percent of thermal contraction during the
cooling of the metal in the solid state. This is due to the dramatic reduction of the yield stress at
high temperatures. In this context it should be emphasised that, as for all numerical
calculations, the purpose of the stress simulation, e.g. prediction of hot tearing or prediction of
residual stresses influences how the entire analysis should be carried out.

The thermal strain caused by both temperature differences and phase changes (solidification
and solid state transformations) can be found from the temperature-dependent coefficient of
thermal expansion,

= [a(nyar ®
]

This thermal load is incorporated into the model through the normal components (i = j) of the
incremental thermal strain vector, & .

The incremental inelastic strain, .»:”’ can be treated in several ways, numerically, depending on
the intended use of the model. The choice of the constitutive model greatly affects the stress
generation. Therefore it is important to find equations that are accurate enough for the
conditions and phenomena encountered during the casting process. Predicting residuals stresses
and deformation requires an accurate analysis of the thermal stresses especially during the later
cooling stages where the yield stress has reached a value where stresses can be produced. In
this range of temperatures an incremental plastic model will be adequate.

37



Numerical formulation

The applied numerical method in this paper is based on the widely used control volume based
finite difference method (cv-FDM) of heat conduction and fluid flow problems. When solving
fluid flow problems with cv-FDM, the staggered grid, Harlow & Welch[7] and Patankar(8], is
often used since it promotes more stable solutions and helps to avoid numerical difficulties
regarding the first derivatives in pressure and velocity. Due to the close connection between the
equilibrium equations (1) and the momentum equations, the staggered grid is also introduced
for the stress/strain analysis, and it turns out to give a rather straightforward formulation when
non-constant material properties are considered, Hattel[3]. Once the mesh has been established,
the basic fluxes and equations are discretized. The conservation principle of the physical
phenomena together with the basic fluxes taken in a wide sense are applied to set up the
balance equation of force. Piecewise profiles expressing the variation of the dependent variable
between the grid points are used to evaluate the different fluxes. The result is the discretization
equation containing the values of the dependent variable for a group of grid points. The
discretization obtained in this manner expresses the conservation principle for the dependent
variable for the finite control volume, just as the differential equations (1) expresses it for an
infinitesimal volume.

The following arrangement of grid points is applied
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Fig.1 - (Left) Central control-volume with staggered locations for u,v and w.
(Right) Equilibrium in x,-direction for u,-control volume

The incremental stresses are now expressed by the displacements resulting in equations of the
form

- . W . P .S - P .- B . P P
O =Cplly +Cplly +0:U5 +eplly ity +o U, +0,.1, ©)

where the coefficients, ¢, can be derived from (7) in combination with (2).

Now the force balance is set up for each staggered control volume, that is, in the x,-, x,-, and
the x,-direction respectively. Fig.2. shows the force balance in the x,-direction.

Equilibrium in the x,-direction now reads

(o"xE| —OI'I'I))AI +(d'z,: i d'z,:)Az +(d'gr| _d}’;)A.\ +pV=0 (10)



where d,, is the incremental normal stress, &,,, d;; the incremental shear stresses acting on the
control volume and p, the body force increment. A4,, A, A are the areas in the three
directions.

The stresses expressed in terms of displacements, e.g. (9), are now substituted into the
discretized equilibrium equations, e.g. (10). This results in the following system of linear
algebraic equations to be solved for each increment

Au=b (11)

where 4 is the incremental coefficient matrix, # the incremental displacement vector and b
the incremental load vector. For the solution of the system, several solvers have been applied,
e.g. conjugate gradient solvers.

After convergence is reached within the time step, At, the displacement, strain and stress
increments are calculated. Finally, the total displacements, strains and stresses are updated as

t+At

t+AL 1+A¢t
u;

g = ey g 2B . | D
=y +uy; & =&t g; =0;+0 (12)

i

Application

Two different casting processes have been considered. Fig.2 shows a low-pressure die casted
wheel-rim of aluminium (Silafont 20 DV) together with the lower part of the die. The entire
mesh consists of 6.349.500 nodes with 285.456 included in the cast and 882.160 in the lower
part of the die. Due to symmetry, only a quarter of the geometry has been applied in the
numerical analysis, resulting in 1.587.375 nodes for the solidification calculation and 220.540
nodes for the stress analysis of the lower die. The temperature fields during solidification (10 s
after mould filling is completed) and spraying are shown in fig.3. Note the mainly local thermal
impact on the die surface, resulting in large thermal gradients normal to the surface plane. The
corresponding normal stress distributions in x,-direction are shown in fig.4. At this early stage
of solidification, the normal stresses reach a maximal level of 120 MPa in compression,
whereas the maximal tensile stresses during spraying are approximately 440 MPa. The
corresponding values of the Mises stress, 150 MPa and 550 MPa are shown in fig.5.
Stress/strain simulations of the die is primarily carried out for crack analysis and prediction of
lifetime. In this context, the tensile stresses during spraying are the most critical as they tend to
open cracks. Secondly, the normal stresses during solidification could have some effect on the
entire stress levels if die-surface temperatures are in the range of where creep must be taken
into account.

Fig.2 - (Left) Low-pressure die-castdd wheel-rim
(Right) Lower part of die, for stress analysis
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Fig3 - (Left) Temperatures during solidification
(Right) Temperatures during spraying

Fig4 - (Left) Normal stress (x,-direction) during solidification
(Right) Normal stress (x;-direction) during spraying

Fig5 - (Left) Mises stress during solidification
(Right) Mises stress during spraying



Recent work by the authors, Hattel et.al. [4], have shown that creep has a large effect on die
stress levels in high pressure die casting. Due to the global temperature rise in the bulk of the
die, the mean stresses will be negative, that is, in compression. The stress relaxation from creep
then tends to displace the entire stress level in positive direction, thereby elevating the values
of the tensile stress peaks. As expected this largely depends on the heat transfer coefficient
between the casting and the die. It is expected that these observations to some extend apply to
low pressure die casting as well.

Fig.6 shows a shifter-fork of SG-iron casted in green-sand. The mesh consists of 816.200 nodes
with 61.160 included in the cast. The calculations were carried out mainly to analyse the
relative residual deformation between the prongs of the fork. Measurements on the casted part
together with measurements on the model showed a contraction of 1.2 mm. The numerical
calculation indicated a value of 1.0 mm, which is satisfactory taking accuracy (especially at
high temperatures) of the material properties into account. This good agreement should also be
evaluated in connection with the fact that green sand provides none or very little mechanical
resistance against the thermal contraction of the casting, meaning that almost no stresses are
generated during the cooling.

Fig.6 - Displacement in x,-direction

Concluding Remarks

In this paper the control volume approach has been applied for the stress/strain analysis. The
concepts of the method are shortly reviewed and discussed. The model is decoupled as the
stress/strain depends on the temperatures and not vice-versa. The temperatures, needed for the
deformation analysis, during solidification and the later cooling stages were based on a control
volume based software package for simulation of casting processes.

Two cases of application to industrial castings were considered, stress analysis of a low
pressure die casting die and residual deformation analysis of a SG-iron shifter fork, where the
latter was found to give reasonably good agreement with experimental observations. In this
context it should be mentioned that the stress modelling of casting processes should focus on
the specific objective of the calculation and account for the special aspects of the process.
Future work will focus on primarily constitutive modelling in order to improve analysis of
stresses/deformation history during the entire process.
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