COST 526

“Automatic Process Optimization in Materials Technology”
(APOMAT)

Half-Yearly Report

1. Reporting Period 1.1.2003 — 31.7.2003

Project title Optimisation of casting of corundobaddeleyit
material EUCOR

Project leader Prof.Dr.Frantisek Kavicka
Organization

Main collaborators involved Dr.J.Heger, Prof.K.Stransky, Prof.J.Dobrovska,
Dipl.Ing.J.Stetina,Prof.V.Dobrovska,Dr.Sekanina,
Dipl.Ing.P.Ramik

2. Funding Situation
Amount of money received specifically for COST 9.100,- kEuros
Other resources partially used for the project 0,- kEuros

3. International Collaboration
(mention group and type of work done in collaboration during the reporting period)

Participation in the Working Group Meeting in Saint-Dié des Vosges and Budapest

4. Industry participation
(mention name of companies and work done in collaboration during the whole project)

EUTIT, L.t.d., Stara Voda, Czech Republic, TU-VSB Ostrava, Czech Republic

5. Meetings, visits, exchange of Location, date
scientists, short-term scientific
missions

6. Progress within the reporting period
(Not exceeding 3 pages, including tables and figures)

Corundobaddeleyit Material (CBM) is a modern electrically cast heat- and wear-
resistant material. It is resistant to corrosion and to wear even at very high
temperatures. This material belongs to the not too well known area of the Al,03-SiO,-
ZrO, system. This material is produced in several plants throughout the world under
different trademarks, in three different types, differing mainly in the ZrO2 content.

CBMs are applied mainly in the construction of glass furnaces, in certain steel-works
aggregates, especially within heating furnaces, etc. They have a high resistance to
glass as well as liquid metal, they are also suitable for great temperature changes.




Slabs from this material are therefore very suitable for the walls and floors of melting
aggregates, linings, pouring filters, isolation plates and for a number of other uses
which can be accessible after mastering the optimising of the technology of their
production and utility properties.

From the foundry viewpoint it is possible to compare the properties of EUCOR with
those of commonly cast metals, especially steels and cast steel. For example, the
solidification coefficient of steel when cast into a sand mould is approximately 0.07,
here EUCOR is 0.065 and the solidification coefficient of steel when cast into a cast-
iron mould is 0.13, here EUCOR is 0.163 [m.h'?], etc. This relationship can not be
assumed generally. The proposed project will either confirm or disprove this.

The main objective will be to optimize the casting technology with the aim of ensuring
a solidification process capable of minimizing the occurrence of internal defects
within the CBM casting. Two numerical models will be developed, the first model of a
transient 3D temperature field and the second the model of a chemical heterogeneity.
The model for the investigation into the temperature field of a casting is based on the
Fourier equation. The model for the measurement of dendritic segregation of
constitutive elements and additives is based on Fick's 1st and 2nd law. It includes the
law of preservation of mass, and the actual solution is based on Nernst's law, which
quantifies, during crystallization, the distribution of chemical elements in the region
between the solid and liquid states (i.e. between the solidus and liquidus). Both
models simultaneously utilize the theory of similarity (the criteria of similarity), they
deal with precisely physically/chemically specified quantities and neither contain nor
introduce any empirically determined constants.

Simultaneously, with the numerical computation, the experimental research and
measuring have to take place not only to be currently confronted with the numerical
model but also to make it more accurate in the course of the process.

The procedure and method of investigative work
a) The selection of the operation for the application of both models and
experimental research
After consulting the management of the foundry, a 200 x 350 x 400 mm massive
plate casting (so-called ‘stone’) was selected for a detailed experimental
investigation. The dimensions of the mould frames were 690 x 600 x 200 and
690 x 600 x 400 mm. The mould mixture was water glass and sand, and the base of
the mould was magnesite. The manufacturer disclosed the forming procedure and
casting, including the documentation, in order to conduct the generation of the
network for the numerical calculation of this shape, and also to prepare the plan for
experimental measurement using thermocouples.
b) The 3D numerical model of a transient temperature field of a casting
The numerical model of the temperature field was completed — as part of the
preparation for the calculation, the initial derivation of the boundary conditions for the
solution on all boundaries of the system had been conducted and the thermophysical
properties of the cast and forming materials had been collected.
The software for the calculation is applicable for any size of prism (a xb x c) and a
non-cylindrical mould. It also solves the temperature field of the mould as well as the
actual casting. The software, using sub-programmes, considers the non-linearity of
the task, i.e. the dependence of the thermophysical properties, primarily the material
of the casting and mould on temperature, just like the temperature dependence of the
heat-transfer coefficients on all boundaries of the casting-mould system with the
surroundings and also the casting mould interface. Furthermore, it is equipped with
an original generator of the network (for the use of the method of finite differences)




l.e. so-called pre-processing as well as post-processing — graphical output. The
software, therefore, represents a comprehensive piece of equipment for the
generation of the network, through the preparation of the thermophysical parameters
(including the assessment of their influence) and the definition of boundary conditions
(including the assessment of their influence) up to the numerical model of the
temperature field. The user obtains the temperatures in all nodes of the network at
any point in time of the process, and can select a longitudinal or cross-section
through the solidifying casting or mould, of which a 3D temperature field can be
plotted. The 3D diagrams can be displayed on the screen or sent to a colour printer
whenever necessary, just like the calculated iso-lines or iso-zones. The 2D
temperature-time graphs, which show the temperature history of any point of the
system, are also very useful.

The calculation determines the overall time of the solidification of the casting and the
position of the last solidifying. It is possible to evaluate the values of the temperature
gradients in any part of the casting and at any point in time. It is also possible to
determined the time, during which any point of the solidifying casting can be found
within the solidification interval — in the so-called ‘mushy zone’. This time is one of the
input parameters for the numerical model of chemical heterogeneity.
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Fig. 1: The casting-riser-mould system

The assignment was aimed at investigating a transient 3D temperature field of a
system comprising a casting-and-riser, the mould and the surroundings, using a
numerical model. Figure 1 illustrates the main dimensions. The dimensions of the
actual casting—the “stone” of the special ceramic material EUCOR—were
400 x 350 x 200 mm, the riser comprised a 300-mm-high truncated four-sided
pyramid, where the base was 123 x 250 mm and the top 150 x 270 mm.

The initial temperature of the mould was 20°C, which equalled the room temperature.
The pouring temperature was 1800°C, the pouring time was 10 s, the liquidus
temperature was 1775°C and the solidus 1765°C. The mould material was made
from a CT-mixture and the bottom of the mould was made from a layer of magnesite
of a thickness of 50 mm.

c) The optimisation task

» To define the objective function — a single function that depends on one or more
independent variables. The purpose is to find the value of those variables where f
takes on a maximum or minimum value.

» To define the following independent variables:




» The pouring temperature

» The riser shape

» The thickness of the riser insulation
* To define constraints
* To select a suitable optimisation method
The objective function must be able to forecast so-called ‘directed solidification’,
which is a prerequisite for the casting to be ‘healthy’. In order to monitor the process,
the function Z, via which the minimum value must be found, is introduced:

Z=GNR R= (t-t)/At

G.... the maximum temperature gradient within the casting [K/m]
At .. the time during which the node temperature drops below the solidus ts [S]
t>ts . the temperature at the beginning of the time step At
t'<ts the temperature at the end of the time step At

The calculation of the objective function requires the computation of the temperature
field within the casting, which is very time consuming. Therefore, the initial stage of
the optimisation process was focused on optimising only one variable (i.e. one-
dimensional optimisation).

The first optimised variable is the pouring temperature. This variable has only one
constraint, i.e. its value must be higher than that of the liquidus.

The next optimised variable is the riser shape. For the purposes of numerical
optimisation, the method of increasing of the angle of the opening of the riser is used.
This does not require a change in the shape of the network, but only its dimensions.
The last optimised variable is the thickness of the riser insulation. For the purposes of
numerical optimisation, the wall thickness is substituted by a change in the heat
conductivity of the insulation material.

The main constraint is the requirement that the place of last solidification be outside
the actual casting, otherwise a penalisation function is triggered.
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