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Abstract

This thesis deals with numerical simulations of gravity sand casting processes for the production of
large steel parts. The entire manufacturing process is numerically modeled and evaluated, taking into
consideration mould filling, solidification, solid state cooling and the subsequent stress build up. The
thermal analysis is then combined with evolutionary multi-objective optimization techniques in a
search for the optimal thermal aspects and conditions for producing sound and competitive castings.
The goals of the optimization procedure are related to the casting and rigging design and to defects
occurrence. In other words, it is desired to eliminate all of the potential casting defects and at the
same time to maximize the casting yield. The numerical optimization algorithm then takes these
objectives and searches for a set of the investigated process, design or material parameters e.g. chill
design, riser design, gating system design, etc., which would satisfy these objectives the most.

The first step in the numerical casting process simulation is to analyze mould filling where the
emphasis is put on the gating system design. There are still a lot of foundry specialists who ignore the
importance of a good gating system design. Hence, it is common to see, especially in gravity sand
casting, “traditional gating systems” which are known for a straight tapered down runner a well base
and 90° bends in the runner system. There are theories supported by experimental results claiming
that flow patterns induced by non-optimal gating systems can cause a variety of defects which are
generally not considered to be filling related, such as hot tears and channel segregates. By improving
the gating technology in traditional gating systems it is possible to achieve much higher casting
integrity with less defects and also to reduce the amount of metal to be re-melted, hence reducing the
energy consumption for melting in foundries. Guidelines on how to approach gating system design
are given together with examples on how the separate elements constituting gating systems which
affect filling patterns and subsequent defects occurrence.

Investigation and optimization of thermal behavior of steel castings is the main focus area of this
thesis. The intention is to show and discuss a relation among three well-known casting defects,
namely centerline porosity, hot tears and macrosegregation. It occurs that all of these defects depend
on thermal gradients, cooling rate, pressure drop over the mushy zone and solidification pattern. It is
not a standard procedure in daily foundry practice to run convection, macrosegregation and stress-
strain calculations on all projects to identify macrosegregation and hot tearing, because of insufficient
computational power in many foundries. As a result, many castings are being produced without any
knowledge of these two defects. The consequences are known to everybody. The methodology or
approach, adopted during the study, lies in utilizing the prediction of centerline porosity for the
subsequent assessment of hot tears and macrosegregation. The Niyama criterion is used for this
purpose. If there are any narrow areas or channels with high Niyama values, they indicate a presence
of high thermal gradients over a narrow region and hence high thermal straining which may lead to
hot tearing. If Niyama values are very low, flat thermal gradients are present in this area, which
means that there is not a directional and progressive solidification pattern and there will be issues
with centerline porosity. Moreover, flat thermal gradients imply large extent of the mushy zone
which may promote macrosegregation and especially channel segregates. One can now see that
indeed macrosegregation and hot tearing can be addressed by standard thermal calculations, just by
using the Niyama criterion. This should not be understood as stress-strain analysis or convection
calculations can be entirely omitted, not at all. But they can be reasonably substituted in the initial
(informative) calculation or when there is not time to run proper stress-strain or convection
calculations.

The methodology applied in the thermal analysis is then exploited in numerical optimization. It is
shown and verified that it is possible to eliminate hot tears and macrosegregation issues by
minimizing centerline porosity and by establishing the directional and progressive solidification
pattern towards the heaviest area of the casting. Multi-Objective Genetic Algorithms are applied to
handle this task. Three industrial case studies are presented in which minimization of riser volumes
and minimization of the three aforementioned defects are pursued by modifying the riser and chill
designs and their placement.
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Chapter 1
1. Introduction

1.1. Objectives of the work

The foundry industry, probably more than any other branch of industry around the world, is
constantly exposed to new challenges. Besides increased economical demands, especially regarding
personnel and material resources, the foundry industry must comply with continuously increasing
demands for high quality castings, documentation and delivery time.

The fundamental issue for design department in foundries is improving efficiency. Thus it is obvious
that for foundries who want to succeed it no longer applies that the production is governed by
experience-based innovation or trial-and-error methods only. In this area substantial changes have
occurred over the last two decades by incorporating numerical casting process simulation, also
referred to as virtual prototyping into daily foundry practice. This technology enables designers to set
up robust and easy-to-optimize processes, working well before any tooling has been built, and hence
resulting in savings of both cost and time and giving the industry a definite edge over the
competitors.

Casting simulation aims at using physically realistic models that provide detailed information about
material flow and heat flow, and with that, also information about the local microstructure evolution,
non-uniform distribution of mechanical properties, residual stresses and distortion build-up,
consequently leading to substantial improvement in predicting the in-service behavior of the final
product.

The objective of this study is to apply numerical models for investigating, controlling and optimizing
thermal conditions in various metal-casting processes. This means investigating how the melt flow
and the subsequent heat flow influence local microstructure evolution, defects occurrence, the
casting’s soundness, mechanical properties and consequent residual stresses. All of this is done by
means of numerical simulation and optimization techniques, respectively. Most of the investigations
have been oriented on gravity sand casting of large steel castings.

Major focus has been put on solidification as the most influential stage in the whole casting process.
The solidification pattern is initially governed by the flow field during mould filling which provides
essential insights into the temperature fields, surface turbulence and resulting defects. The
solidification pattern itself is influenced by the geometry of the casting, its alloy chemistry, the
surrounding mould material and by the applied casting technique. Consequently, based on the
thermal conditions it is possible to predict the microstructure at given areas of the casting, defects
occurrence and final mechanical properties. On top of that, one should bear in mind that the
solidification pattern is directly coupled to the subsequent mechanical behavior of the casting,
providing valuable indications of hot tear susceptibility, thermally induced stresses and strains and
final residual stresses that all together control the in-service properties of the given cast part.

In order to obtain a better overview of some of the fundamental mechanisms involved in all metal
casting processes, the physical phenomena have been divided into two subsystems, i.e. thermal and
mechanical behavior, followed by an approach referred to as integrated modeling where the coupled
thermal and mechanical behavior is combined with the load situation.

Besides the casting process modeling investigations, autonomous optimization based on genetic
algorithms has been applied to most of the presented case studies with the aim of finding optimal
process parameters, casting geometry and thermo-physical properties with respect to predefined
conflicting objectives. These objectives have been handled as multi-objective optimization problems.

It will be shown how fully automated optimization techniques, in our multi-objective genetic
algorithms, can be exploited in solving both simple and complex casting-related issues. In addition, a
methodology will be presented on how the Niyama criterion which predicts the presence of centerline
porosity can be utilized in optimization of macrosegregation, channel segregates and hot tearing. It is
not possible, at least computation time-wise to directly optimize hot tearing and macrosegregation
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profiles in castings. One standard convection and segregation analysis which is necessary for this
purpose takes roughly 24 hours on a standard up-to-date multi-core work station, using a reasonably
fine computational grid and the same applies to stress-strain analysis which is necessary for hot tear
prediction. Considering that a typical optimization cycle comprises from 1000 to 2000 independent
designs, nobody in industry would afford doing this type of optimization. This explains why there is a
gap in information in literature or in scientific papers on this type of optimization. Therefore, the idea
of the optimization problems presented here has been to utilize the existing and well proven physical
link between these defects and optimize the macrosegregation profiles and hot tears indirectly by
means of the Niyama criterion. In other words, by finding proper riser and chill designs steeper
thermal gradients and progressive-directional solidification pattern will be established and all of these
defects should be eliminated.

The entire work throughout the Ph.D. studies has been devoted to numerical modeling of various
aspects of the metal casting processes. Material and especially heat flow have been investigated with
respect to evolution of microstructure, defects and transient as well as residual stresses during
casting. All information and data have been provided by the simulation software MAGMAsoft®
(MAGMA Giesserei Technologie GmbH), devoted solely to metal casting. All optimization cases
have been dealt with using the built-in optimization module MAGMAfrontier (MAGMA Giesserei
Technologie GmbH).

1.2. Modeling of Foundry Processes

The following presentation is inspired by Hattel.

A need for modeling of foundry processes usually initiates from a technological problem, e.g. to test,
analyze and/or optimize a certain casting layout or its manufacturing process. The first step in solving
the given problem comprises describing this problem by the proper physical terms. For instance the
mould filling can be taken as a fluid flow problem, solidification is recognized as a heat transfer
problem and the distortions as a solid mechanical problem. The second step would be to describe
these physical problems by a proper mathematical model applied in 3-D. In case of mould filling, a
detailed flow analysis could be obtained by solving the 3-D Navier-Stokes equations. In the case of
solidification a full 3-D heat conduction analysis involving various metallurgy-based models for
solidification should be applied if a thorough analysis on a complex geometry should be carried out.
Although, the numerical solution implies a complex mathematical model, the solution to the given
technological problem always is an approximation of the original problem no matter the solution
method.

Once the mathematical problem has been solved, the results should be interpreted. Even though this
issue is not the major part of mathematical modeling, it is essential to all mathematical solution of
real physical problems. In all manufacturing processes, casting as well, the misinterpretation of
otherwise correct mathematical results could lead to totally wrong conclusions, and hence to no
reasonable solution of the given problem. The basic flow of steps from the initial technological
problem to the final solution is shown in Figure 1.1.

Technological
problem

Physical Mathematical
interpretation solution

Figure 1.1: Flow of steps involved in the solution of a technological problem. Figure adapted from Hattel.
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The starting point for a numerical modeling of casting processes is the geometry, provided by the
design/construction department or by a customer. This geometry is then modified for better
castability, e.g. sufficient draft, machining allowances, shrinkage allowances, etc., based on empirical
knowledge and practical experience. The geometry then serves as the basis for the subsequent
calculations that will result in a proper analysis or even in optimization of the casting process. The
standard casting analysis includes evaluations of the layout, i.e. inlet, gating, feeding or cooling
systems, various types of defects. The subsequent numerical optimization seeks for designs and
layouts favorable in terms of lower susceptibility to hot tearing, residual stress and deformation,
improved filling and feeding, increased casting yield etc., to increase the overall quality of the
casting.

In a foundry or steel works, parameters such as alloys, process and geometry will often be
predetermined to a high degree. Besides optimizing these parameters within narrow limits, the
mathematical modeling and numerical simulations will be related especially to optimization of
casting velocity, cooling rate and layouts, i.e. casting conditions, gating systems, chills, risers and
local insulation.

The basic flow of any numerical model based calculation contains a pre-processing part, a calculation
part and a post-processing part, Figure 1.2. These will be discussed | detail in the following.

Pre-Processing |

| Definition of the problem, .
Geometry, material propemes
etc. -

/ 1 \®\

Mould ﬁ"lng /" solidification

. \ Stressl strain analy5|s N
| Momentum equations, | I [ Energy equation, :' ': Equilibrium equations ,|
| Continuity equation, Energy / calculation of

! ' Constitutive relation
equation / AN Microstructure and /

\ Macrosegregation -~

" Post Processing |

Presentation of results:
Interpretation of primitive
~._fields by criterion functions

Figure 1.2: Flow diagram of the interrelationship of casting simulation modules, figure inspired by Hattel".



1.2.1. The Pre-Processing: Definition of the Problem

Casting simulation starts with a geometry defined by a CAD model of the casting, mold, gating,
chills, risers, padding, etc. that are part of the casting system. It is of great importance to take into
consideration all elements of the casting system that can have any impact on filling calculations and
the subsequent solidification and cooling. In essence, the primary goal in numerical modeling should
always be to “mimic” the real casting process as close as possible to achieve reality-resembling
results.

As stated above, due to the geometrical complexity of industrial castings and the number of variables
involved, it is virtually impossible to describe the entire casting process analytically. This issue can
be relatively easily overcome by means of numerical methods based on suitable numerical models
obtained by methods of discrete representation, i.e. control volumes, finite elements, finite
differences or others. The analyzed domain is suitably split into a large number of volumes, the so-
called mesh or the grid, which is based on simplified geometrical elements, e.g. cubic or tetragonal.
Hence, the quality and precision of the subsequent results are directly related to both the employed
algorithms and the accuracy of the computational mesh. On the other hand, as the mesh becomes
finer, the computational time increases. Therefore, a balance needs to be found between the needed
accuracy and the computational time that can be sacrificed for a particular simulation.

In essence, one could say that the major steps covering the whole casting process, i.e. mould filling,
solidification and solid state cooling, can be described by means of a mathematical approach of
varying complexity. But before the equations governing these physical phenomena can be solved, the
necessary initial and boundary conditions, process parameters and the properties of the materials
involved in the casting process must be available?.

Boundary as well as initial conditions allow for parameters such as initial pouring temperatures,
casting size and its geometrical configuration, i.e. feeder placement, cores, chills, insulation, mould /
die configuration, i.e. placement of the gating system, cooling system, ventilation system, ejecting
system, etc., to be taken into consideration. Besides that, to set up a reasonable simulation it is
required to have detailed information concerning temperature dependent material and thermo-
mechanical properties at disposal, such as:

e As to the cast alloy: extend of the solidification range, temperature dependent viscosity, density,
thermal conductivity, diffusivity, temperature dependent Young’s modulus and yield strength,
thermal expansion coefficient, and many others.

e As to the mould / die: temperature dependent thermo-physical properties such as heat transfer
coefficient at the metal/mould interface, sand density, thermal conductivity of the sand mould,
specific heat capacity, thermal diffusivity, sand permeability, temperature dependent Young’s
modulus and yield strength, thermal expansion coefficient, and eventually chilling/cooling
systems characteristics.

Apart from the material data themselves, information regarding process and work parameters must be
known or at least estimated:

e High pressure die casting: definition of the velocity curve during filling, closing and opening
time, lead time, coating application, operating time of the cooling system, ejection time, closing
force of the machine, etc.

e Gravity sand casting: filling mode, i.e. manual ladle filling, lip-pour ladle, bottom-fill ladle,
multiple stoppers in one ladle, height of the ladle above the pouring cup, simultaneous filling
from multiple ladles, refilling of the open risers with fresh melt after certain time, time of
removing the casting from the mould, referred to as shake out, time and temperature when risers
and the gating system are burned off, type of heat treatment and its operating time and
temperature, etc.

It is thus important to realize that the results of a foundry process simulation can only be as good as
the material and process parameters applied in the simulation. For this reason, it is important to use
the most accurate material, thermo-physical and thermo-mechanical data available and to specify the
process in as much detail as possible in order to benefit the most from the casting simulation.



1.2.2. The Calculations Part

After the geometry and mesh definition, the most demanding part of the numerical simulation
follows, with respect to the algorithmic development and the computational capacity requirements-
the actual solution of the governing equations. It is clear that these calculations, in which primitive
fields such as temperature, velocities, pressure, displacements, stresses, etc. are determined, require
the solution of the governing differential equations. These equations often comprise several coupled
partial differential equations with one or more dependent variables, e.g. temperature, and four
independent variables, time and space (x, y, and z). All these equations express a certain balance or a
conservation principle, established by specific physical quantities as dependent variables. These
variables will be the temperature in the heat conduction equation, the concentration in the Fick's 2™
law, the stresses in the equilibrium equations, displacements in the Navier equations, and the
velocities in the momentum equations.

In general, the calculations connected with a numerical simulation of any kind of casting process
contains of three major successive parts, i.e. fluid flow, solidification and solid state cooling and
stress/strain analysis, as illustrated in Figure 1.2. These will be briefly discussed in the following.

1.2.2.1. Fluid Flow: Mould Filling

Fluid flow plays a very important role in the production of sound quality castings. Mould/die filling
is the very first step of every casting process. For all castings processes, mould/die filling determines
the quality of the final product. Excessive surface turbulence, air or gas entrapment, swirling,
interrupted flow, oxidation, premature solidification, mould/die erosion, any of these factors can spoil
the final product®®. However, some casting techniques are more sensitive to an improper filling
pattern than others, quality-wise. For instance in high-pressure die casting of thin-walled aluminum
castings, the flow pattern is by far more decisive and influential for the casting’s soundness as
compared to rather slow gravity sand casting of large steel or cast iron castings. After the mould
filling phase, during subsequent solidification of the casting, fluid flow steps in again. Buoyancy
effects, segregation of the alloying (solute) elements, shrinkage flow, and flow due to gravity forces
are the examples of fluid flow phenomena that can take place during the solidification®"*. Modeling
of the fluid flow is required if the above phenomena need to be taken into account. In order to be able
to model the mould filling properly, the following equations must be solved:

e The three momentum equations, i.e. momentum conservation, together with a suitable
constitutive law relating stresses and velocities, typically incompressible, Newtonian fluid for
metals.

e The continuity equation, i.e. mass conservation.
e The energy equation, i.e. energy conservation.

Important phenomena that should be taken into account are e.g. temperature dependent viscosity and
tracking of free surfaces. These non-linear phenomena are often taken into consideration in an
explicit manner in the numerical formulation. It should be noted that for especially thin-walled
castings, surface tension could play an important role. This adds yet another non-linearity to the fluid
flow analysis.

1.2.2.2. Solidification

After the mould filling the casting starts to solidify. In order to model this and the following solid-
state cooling, a wide range of engineering and scientific disciplines including heat and mass transfer,
thermodynamics, materials science, stability theory, metallurgy must in general be addressed. Tied
together in rigorous solidification theory, this can be used in the design of castings or casting
processes to control the mechanical, chemical and physical properties of the final product™.

The basis of any solidification model is the energy equation, i.e. energy conservation and the
momentum and continuity equations if fluid flow is not neglected, with release of latent heat. As
mentioned before, fluid flow could also be necessary to include during the solidification analysis.
However, in many cases, the convective terms are often neglected for the purpose of establishing a
first impression of the temperature field during solidification.



1.2.2.3. Stress-Strain Analysis

After the mould filling and solidification analyses, the modeling of stress/strain phenomena should be
carried out. In general, the solidification and stress/strain analyses are fully coupled problems,
meaning that they should be made simultaneously. However, if suitable measures are taken, the
thermo-mechanical analysis of a casting process may normally be performed in a semi-coupled way,
that is, in a sequential manner, where the temperature analysis is performed first and the mechanical
analysis follows within each time step, see Figure 1.2.

Some of the important phenomena to be addressed in the thermo-mechanical analysis are linear
thermal contraction, solid-state phase transformations, shrinkage-dependent interfacial heat transfer
due to relative motion between the casting and the mould, mould distortion, temperature and time-
dependent plasticity, hydrostatic pressure from the liquid solidification and cold crack and/or hot tear
formation. All of these phenomena are obviously not equally important and as for other branches of
numerical process modeling, one of the keys to the successful stress/strain analysis of a casting
process is to take into account only what matters for the solution of the problem at hand. The thermo-
mechanical analysis involves the solution of the following equations in the general case:

e The energy equation, i.e. energy conservation.

e The three equilibrium equations together with a suitable constitutive law relating stresses and
displacements or displacements rates. Typically, a rate independent thermo-elasto-plastic theory.

1.2.3. The post-processing: Presentation of the results

When all the relevant calculations are finished, the resulting basic fields, i.e. temperatures, velocities,
pressure, displacements, stresses, etc., should be presented in an appropriate way.

In evaluating the results of a mould filling simulation, particular attention is commonly paid to the
filling pattern of the casting in order to determine potential inadequacies or arising defects. For
instance air/gas entrapment in various areas of the casting is a very common phenomenon that needs
to be addressed by the filling pattern results. In gravity sand casting, velocities, e.g. at thin gates or
inside the casting cavity, that are too high may lead to splashing, formation of melt fountains, melt
disintegration referred to as fingering, recirculation of swirling indicating regions with mould erosion
leading to sand inclusions, as well as where formation of oxide films can be expected and air may be
entrained into the liquid metal resulting in air/gas bubbles. Observing the temperature field during
filling can indicate whether cold runs can be expected. The temperature field right after filling
establishes a starting point for the subsequent solidification calculations and helps to determine
whether it supports the feeding of the volumetric shrinkage of the metal during solidification.

Based on this initial thermal field a proper heat flow calculation can be evaluated, giving the
possibility of correlating the solidification pattern expressed by the so-called solidification
parameters with the microstructural characteristics, i.e. dendrite arm spacing, and the macro- or
micro-porosity content of the casting or the concentration profiles indicating issues with segregation.
The solidification parameters are:

e Local solidification time is a parameter indicating the time at which particular areas of the casting
dropped below the solidus temperature. It helps to detect potential hot spots. These are usually
isolated areas that solidify slower and later than the surroundings, hence susceptible to porosity
formation due to constrained feeding, and with deteriorated mechanical properties. The
solidification time also highlights uneven solidification patterns. When a casting exhibits uneven
solidification and subsequent cooling, thermally induced stresses and strains evolve, leading to
casting deformations, residual stress or ultimate mechanical failure. Last, it is possible to relate
local solidification time to characteristics of the dendritic structure, represented by secondary
dendrite arm spacing and thus get an idea about the final quality of the microstructure and again,
local mechanical properties.

o Local thermal gradients at the end of the solidification interval help to identify areas prone to
centerline and microporosity due to flat thermal gradients. Moreover, flat temperature gradients
imply potential issues with macrosegregation or channel segregates due to a large extend of the
mushy zone with no apparent directional solidification. On the contrary, if very steep thermal
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gradients are present as narrow channels or highly centralized, this could indicate a risk of hot
tearing due to uneven volumetric shrinkage and high strain rates at those areas.

e Cooling rate, is an indicator of solidification rate, i.e. how rapidly do the dendrites grow in the
opposite direction of the heat flow, and of the final size of grains. In areas with high cooling rates
the solid network, i.e. dendrites, grow very rapidly and there is not enough time and “capacity” to
adequately feed those areas with fresh melt to compensate for the volumetric reduction, resulting
in high pressure drop in the liquid and a high risk of porosity formation.

In sand casting, the temperatures in sand cores are also of interest to provide information about the
stability of the core during the solidification process. In permanent mould casting, i.e. die casting; the
thermal balance in the die is of particular interest. The magnitude of temperature fluctuations in the
die can be investigated to try to minimize thermal stresses and maximize die life. The time needed to
reach a quasi-steady state thermal field in the die or the influence of a production interruption on the
thermal balance can be determined by simulating several consecutive casting cycles.

For each phenomenon/problem to be treated, it is often necessary to have a criterion function that can
transform the calculated basic fields into useful and readily available and understandable information,

e.g.:
e  Will the casting be sound?

e Will there be an even distribution of alloying elements? Or will there be issues with segregation
or channel segregates?

o Will the part withstand tensile straining during solidification or will it tear?
o Does the part contain excessive residual stresses?

o Will the mechanical properties of the casting be satisfactory?

o Will the part maintain the prescribed geometrical tolerances?

Such criterion functions are at present still rather loosely defined, in other words they are primarily
indicative. However, due to their key position there is a rapid development, and the area is thus under
intense research. As the underlying primitive fields become more accessible vie improved calculation
programs and increasing computational capacity, the criterion functions may be progressively better
evaluated by comparing them with real casting experiments.

From this brief reasoning it follows, that the possibility of checking the behavior of the casting during
its whole manufacturing process gives an engineer an opportunity to detect potentially critical regions
of the casting which then provides valuable information for the subsequent validation, optimization
and use of the casting itself ahead of its real-scale production.

1.3. Numerical Optimization

Due to the large number of factors affecting the quality of castings and rather complex
interconnections of physics, metallurgy and casting geometry, empirical or experience-based
knowledge was the only resource on which “optimized manufacturing engineering” depended on in
the past. Numerical casting simulations can only test one “state” at a time, while conclusions from
calculations or subsequent optimization still require an engineer’s interpretation and decision after
each of the simulation runs. Hence understanding the process enables a foundry engineer to make
decisions that can affect both the part and the rigging to improve the final quality.

Thanks to rapid development of high performance computing the calculation time needed for one
variant of the casting process to be analyzed has substantially shortened. Over night it is feasible to
calculate numerous versions and layouts in almost unlimited configurations. The advantage of having
such short calculation times can only be utilized providing that a computer can automatically analyze
calculated variants with respect to some predefined objectives (e.g. maximum feeding, low porosity,
low air entrapment etc.) and subsequently create new variants and analyze them in the same manner
to achieve the optimal solution. By integrating software for casting process simulation with such an
optimization algorithm (in this case the Multi-Objective Genetic Algorithm, MOGA which should
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not be confused with the non-elitist MOGA developed by Fonseca and Fleming"?), a computer based
optimization tool is established which is able to determine optimal values of user-defined design
variables thereby optimizing a given casting process with respect to defined objectives. Subsequently
such system can readily provide optimal solutions for any kind of casting processes. A number of
examples can be found both, in this thesis and in literature, first and foremost, in gravity sand casting.
Here, especially optimization of riser technology, i.e. its shape, size and location [Paper 1], should
be mentioned™, but also optimization of the gating system’s geometry, optimization of filling">?,
and a solidification pattern® [Papers I, 111 and 1V], or optimization of thermo-physical data®, are

frequently applied.

Autonomous optimization represents a new approach when it comes to foundry industry, to overcome
difficulties in the manufacturing process. When casting simulation software is incorporated into an
optimization loop, the whole system can run without user interaction after optimization targets and
degrees of freedom have been determined”. Multiple objectives, very often conflicting, can be
pursued at the same time, e.g. riser size vs. level of porosity. To satisfy the optimization objectives,
manufacturing variables, e.g. materials, casting conditions, mould/die temperatures, shot velocity
curves, etc., and geometries, e.g. runner design, riser design and its location, chills design and
position, gate dimensioning, etc., can be varied. At the same time, manufacturing constraints such as
discrete values of riser shape, shake out time, cycle time can also be considered in the optimization
run.

The first generation, also referred to as set of designs or technological variants, is defined as Design
of Experiments (DOE), using the example of statistical experimental design- from the mostly very
large number of possible variations. Several generations are then processed. According to the laws of
genetics (since genetic algorithms are considered here), positive characteristics will “survive” to the
next generation, such as reduced porosity or increased yield for instance. The best possible
compromises between individual conflicting objectives are found in this way. The quantitative
information on the impact of the varied process conditions obtained during optimization can also be
used for sensitivity studies. Hence, the foundry expert obtains far more layout variants than only on
the part in question. This way, the trial and error method is now replaced or transferred to the
computer. This new trend in casting process simulation makes it possible to reach proposals for
optimum parameter combinations or the optimal technological layout. To summarize the above,
numerical models for foundry processes can be applied for the following purposes:

e A priori prediction and evaluation of the characteristics and potential of a newly set up foundry
process, giving a decisive support to the design of mould / die and casting systems, as well as to
the optimization of the process itself, accelerating the development and set up stage.

e Diagnostics, for figuring out and understanding the physical phenomena behind the cause
of defects in castings, or drawbacks and inadequacies in their manufacturing processes,
and for suggesting possible improvements.

e Autonomous optimization where the “most” optimal solution to one or multiple conflicting
objectives is pursued. Based on the predefined objectives, design variables and constraints, the
relevant optimization algorithm is seeking for a solution, i.e. technological design, which satisfies
the given objectives the most. This often requires thousands of iterations and simulation runs that
for an engineer would be impossible to set up and run independently and thus the optimal
solution would never be found.

1.4. Outline of the Contents

The thesis comprises 6 chapters which are followed by 5 appended articles.

Chapter 1 summarizes basic objectives and motivation of the Ph.D. work, followed by a brief
overview of numerical modeling and optimization of casting processes, the needs and potential
benefits.

Chapter 2 is dedicated to numerical modeling of fluid flow phenomena in metal casting. The
purpose of this thesis is to describe and subsequently optimize thermal aspects of considered casting
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processes; hence the fluid flow chapter serves “only” as some sort of guidelines and proposals to the
designers or foundry technologists. The chapter starts with an overview of fluid flow phenomena and
basic conservation laws applied in metal casting. Later in the chapter, a general description of all
major elements constituting a typical gating system is given together with their impact on the final
quality of the filling process and of the casting itself. The primary focus of this chapter is on
highlighting the importance of a gating system design in metal casting processes. It should be
understood that casting engineers and designers have to, under all circumstances, pay very close
attention to the layout of gating systems as it does not only influence filling patterns together with
thermal fields and defects arising during solidification but it may also significantly contribute to
residual stresses, deformations and hot tears in the casting body.

Chapter 3 is devoted to modeling of solidification and thermal phenomena in metal casting in
general. Besides a brief description of heat transfer and guidelines for risering of steel castings, the
main emphasis is on thermally-induced casting defects. Three well-known defects in steel castings
are discussed, i.e. centerline porosity, hot tears and macrosegregation. It is shown that these defects
are interconnected, meaning that there are few common factors which promote them. These factors
are thermal gradients, pressure drop over the mushy zone and solidification patterns. This theory is
backed and verified by few industrial case studies. Utilizing this interconnection of these defects, a
methodology is developed on how hot tearing; macrosegregation and channel segregates can be
addressed and “taken care of” by the minimization of centerline porosity, represented by the Niyama
criterion. This methodology is then utilized in chapter 4 when optimizing these defects.

Chapter 4 presents a theory and practical use of evolutionary multi-objective optimization
techniques in metal casting simulations. Principles of Multi-Objective Genetic Algorithms (MOGA)
are thoroughly described and directly applied to industrial problems. Several case studies showing
how fully automated optimization can be effectively applied into metal casting industry are
presented. Since optimization is very broad discipline the focus is put only on optimization of thermal
aspects and behavior of large steel castings.

Chapter 5 presents the overall conclusions of the thesis together with ideas and suggestions for a
future research direction.

Chapter 6 is a summary of the four appended journal and conference papers and one industrial report
which have been written during the Ph.D. period.



References

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Hattel, J.H., Fundamentals of Numerical Modelling of Casting Processes, 1* ed., Kgs. Lyngby:
Polyteknisk Forlag, (2005).

Bonollo, F., Odorizzi, S., Numerical Simulation of Foundry Processes. S.G.E., (2001).

Campbell, J., Castings. Second Edition. Elsevier Butterworth-Heinemann, (2003).

Campbell, J., Castings Practice, the 10 Rules of Castings, Elsevier Butterworth-Heinemann,
(2004).

Kotas, P., “Numerical Optimization of Die filling and of High-Pressure Die Cast Deformation”,
Master Thesis, Technical University of Denmark, Lyngby, Denmark, (2007).

Hansen, S.S., “Reduced Energy Consumption for Melting in Foundries”, Ph.D. Thesis, Technical
University of Denmark, (2007).

Kotas, P., Hattel, J.H., Thorborg, J., Svensson, I.L., Seifeddine, S.,” Modelling of Filling,
Microstructure Formation, Local Mechanical Properties and Stress — Strain Development in
High-Pressure Die Cast Aluminium Castings”, Proc. International Ph.D. Foundry Conference,
Brno, Czech Republic, (2009), i.e. [enclosed paper I1].

Kotas P., Tutum, C.C., Snajdrova, O., Thorborg, J., Hattel, J.H., “A Casting Yield Optimization
Case Study: Forging Ram”, International Journal of MetalCasting, Vol. 4, Issue 4, (2010).
Flemmings, M.C.: Solidification Processing. McGraw-Hill, Inc., (1974).

Fisher, K.: Fundamentals of Solidification. Trans Tech Publications LTD, (1986).

Schneider, M.C., Beckermann, C., “Formation of Macrosegregation by Multicomponent
Thermosolutal Convection During the Solidification of Steel”, Metallurgical and Materials
Transactions A, Vol. 26A, (1995).

Dantzig, J., Rappaz, M., Solidification, CRC Press Taylor & Francis Group, (2009).

Fonseca, C., Fleming, P., “Genetic algorithms for multi-objective optimization: Formulation,
discussion and generalization”, 5th International Conference on Genetic Algorithms, USA,
(1993).

Hahn, 1., Sturm, J.C., “Autonomous Optimization of Casting Processes and Designs”, Proc.
World Foundry Congress, Hangzhou, China, (2010).

Masoumi, M., Hu, H., Hedjazi, J., and Boutorabi, M.A., “Effect of Gating Design on Mold
Filling”, AFS Transactions, 113, pp. 185-196, (2005).

Kor, J., Chen, X., Hu, H., “Multi-Objective Optimal Gating and Riser Design for Metal-Casting”,
IEEE International Symposium on Intelligent Control, Saint Petersburg, Russia, (2009).
Gramegna, N., Baumgartner, P., Kokot, V., “Capabilities of New Multi-Objective Casting
Process Optimization Tool”, IDEAL International Conference, Lecce, Italy, (October 2005).

Sun, Z., Hu, H., Chen, X., “Numerical optimization of gating system parameters for a magnesium
alloy casting with multiple performance characteristics”, Journal of Materials Processing
Technology, 199, pp. 256-264, (2008).

Hahn, I., Hartmann, G., “Automatic computerized optimization in the die casting processes”,
Casting Plant & Technology, Vol. 24, no. 4, (2008).

Tsoukalas, V.D., “Optimization of injection conditions for a thin-walled die-cast part using a
genetic algorithm method”, Proc. IMechE Vol. 222 Part B: J. Engineering Manufacture, (2008).
Tsoukalas, V.D., “Optimization of porosity formation in AlSi9Cu3 pressure die castings using
genetic algorithm analysis”, Materials and Design Vol. 29, pp. 2027-2033, (2008).

Midea, A.C., Burns, M., Schneider, M., Wagner, I., ,,Advanced Thermo-Physical Data for
Casting Process Simulation — The Importance of Accurate Sleeve Properties”, International
Foundry Research/Giessereiforschnung, Vol 59, No. 1, pp. 34 -43, (2007).

Kokot, V., Bernbeck, P., “Integration and Application of Optimization Algorithms with Casting
Process Simulation”, Proc. Int. Conf. On Modelling of Casting, Welding and Advanced
Solidification Processes, MCWASP X, Destin, Florida, pp. 487- 494, (May 2003).

10



Chapter 2

2. Modeling of Fluid Flow in Casting Processes

Flow of the molten metal plays a remarkable role in the fabrication of sound and quality castings.
Mould/die filling is the very first step of the whole casting process and it always affects the quality of
the final product. There are many factors related to the flow influencing the whole process and hence
the final casting quality; for instance a turbulent melt flow causing oxide films which impair the
mechanical properties” 2 metal/mould impingement leading to mould erosion, splashing,
disintegrated melt flow, air or gas entrapment within the mould cavity, interrupted flow causing cold
shuts, inadequate cooling system, poor gating system®, wrong fusible alloys with very little fluidity
etc. Subsequent to filling, where solidification of the casting takes place, fluid flow phenomena such
as buoyancy effects, feeding shrinkage- and gravity-driven flow, segregation of solute components
are again of great importance. Modeling of the fluid flow is required if the above phenomena need to
be taken into consideration.

Nowadays, in foundry practice, designers and engineers are aware how important it is to fully
comprehend these phenomena in order to properly design the shape of castings as well as all elements
and systems inside molds or dies. A rapidly increasing trend in various industrial sectors is
integrating numerical simulation programs as part of the process and component design. In particular,
different product components and tools are shape-optimized according to the results obtained from
the prior numerical simulations and analyses of the flow and solidification. In this way it is feasible to
reveal potential inadequacies and shortcomings in the design, thus to reduce a risk of consequential
problems and defects in the product or in the steel die*”.

Modeling of fluid flow is a very extensive and complex subject matter therefore the objective of this
chapter is restricted only to the introduction of the basics and fundamentals of fluid flow phenomena
in casting processes, presentation of governing equations and laws of fluid mechanics and of aspects
influencing processes in the most significant way. A more detailed analysis of impacts of inadequate
flow patterns on the overall quality of cast parts analyzed throughout the PhD studies will be
presented later in this chapter, as well as in the attached papers at the end of this thesis. There, one
can find a presentation of numerical results together with explanations, discussions and subsequent
proposals for improvements. No numerical optimization has been utilized in modeling fluid flow
phenomena.

2.1. Equations Governing the Motion of Fluids

2.1.1. Introduction

Fluid mechanics and heat transfer textbooks give a firm theoretical basis of the mathematical
description of the fluid and heat flow phenomena. On the macroscopic scales, fluids can be treated
like a continuum, even though matter is not continuous but discrete, made of molecules. But its
properties are averages over a large number of molecules. Our purpose is to simulate the mould
filling and solidification of complex castings. The castings range in weight from fractions of a
kilogram to several hundred tons. Our fluid is the melt of liquid metal. For our purposes, the mould
filling and solidification of castings can be described by the continuum models. In this section, only a
brief presentation of the basic conservation equations governing the fluid flow phenomena will be
given.

General conservation laws of mass, momentum and energy are used to formulate mathematical
models for mould filling and solidification of castings. In this context it means a balance of factors
effecting changes. The derivation of the conserved property ¢ follows a general rule: the rate of
change of the conserved quantity inside the control volume is equal to the net influx plus appropriate
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contribution from the sources of ¢ inside of this control volume. A simple sketch illustrated in
Figure 2.1 explains the essence of the conservation principle.

Generation
+

Accumulation

Input

Figure 2.1: Conservation principle, figure inspired by Hattel8.

To derive the conservation law for the property ¢, one should select a control volume (CV) denoted
by the grey area in Figure 2.1. Transport of ¢ by convection, diffusion, radiation or by other
mechanisms may occur through the outer surface of the control volume. Inside the control volume ¢
may be generated or destroyed. The net inflow rate is defined as the rate of inflow of ¢ into the
control volume minus the rate of outflow out of the control volume. Because of the net transport rate
through the surface and the generation of ¢ inside the control volume, the ¢ contents of the control
volume may change in time. Hence, it can be said that the property ¢ can be accumulated in the
control volume. Conservation laws can be expressed in the following way8:

Rate of accumulation of the property ¢ inside the CV = Net rate of inflow of ¢ through the
outer surface of the CV + Rate of generation of ¢ inside the CV.

where CV means the control volume.

When the mass conservation principle is applied to a fluid flow problem, the continuity equation is
obtained. Conservation of momentum is expressed by Newton’s Second Law of Motion. Applied to
fluid flow problems, it yields the momentum equations. Application of the energy conservation
principle, expressed by the First Law of Thermodynamics, leads to the energy equation. In order to
obtain detailed point by point knowledge of the flow field, a differential form of the equations must
be applied.

2.1.2. Conservation of Mass

The conservation of mass equation can be acquired by writing a mass balance over the stationary
volume through which the fluid is flowing. The mass conservation principle denotes that the change
of mass within the control volume is equal to the mass entering, minus the mass leaving the control
volume. This can be interpreted as

Rate of accumulation of mass = net rate of inflow of mass by convection

The above statement can be rewritten in to the following equation

Am z m 2.1)
At S '

Eq. 2.1 is regarded as the starting point of deriving the mass conservation equation. However, this
derivation will not be carried out due to lack of space and due to the scope of this work. For a
complete derivation of the mass conservation equation, please refer to®'®. After performing
derivations, substitutions and modifications we obtain the final continuity equation of the following
partial differential equation

ap  dlpu) , olpy,)  alpus) _ 22)
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Equation 2.2 represents the mass conservation valid for both compressible and incompressible fluids.
Concerning the incompressible fluids (p = const.) this equation can be simplified and rewritten as
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Velocity components are ideally computed from the momentum equations, so the incompressible
form of the continuity equation imposes an additional constraint on the velocity field®.

2.1.3. Conservation of Linear Momentum

Newton's second law of motion applied to a control volume gives the momentum equations. The
momentum conservation principle must be formulated for all components of the velocity vector. Thus
it is expressed by a vector equation from which it follows that we need two momentum equations in
two dimensions and three momentum equations in three dimensions. In other words

Rate of accumulation of i-th direction momentum =
Net rate of inflow of i-th direction momentum +
Sum of forces acting on the system

This principle can be expressed by the following equation

%(mui)=[Z(mui)—2(mui)}{; fi +;bi,k:| (2.4)

in out

The first term in the brackets on the right side of the equation is the convection term. It brings the x-
direction momentum into (or out of) the control volume. The second term on the right side of the
equation comprises the sum of the x;-direction components of the forces acting on the control
volume. Two kinds of forces act on the CV. First, surface forces (e.g. pressure forces, viscous forces,
surface tension forces) and, second, body forces ( e.g. gravity force, centrifugal force, Coriolis force,
electromagnetic force). In order to obtain the resulting momentum equation (for the x direction) quite
a few modifications and substitutions have to be accomplished, and then we can write

0 0 0 0 0ty 01, Oty | Op
pu)=- L < < B VL i ' T X
ot (pul) o, (pu1u1)+ o, (pu2u1)+ ox, (puaul)} (5X1 t o, + X, j o, o0 A (2.5)

The brackets in the Eq. 2.5 group various terms according to their origin. The first term on the right
side in the square brackets represents the x; component of the convective transport. It originates from
the bulk motion of the fluid. The second term is the diffusive transport term (again the x; component)
arising from the viscous stresses. The third term originates from the gradient of the static pressure.
The remaining two terms are the body force term and any additional terms denoted by X;. This
equation is valid for any fluid satisfying the continuum assumption. Before this equation can be used
to solve problems, suitable expressions for stresses must be acquired in terms of the velocity and
pressure fields.

rp =] Nz M (2.6)
2= M o o, '
Ty = %—k% (2.7)
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1

If these expressions are introduced into the differential equation of motion (Eq. 2.5), we then obtain
Navier-Stokes equation in the x;-direction in 3-dimensions; equations for the other two directions
could be obtained accordingly.
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These equations can further be simplified when applied to incompressible flow with constant

viscosity which applies quite well for casting processes. Under these conditions, the equation (for the
X1-direction) reduces to
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Navier-Stokes equations of fluid motion combined with the mass conservation equation (continuity
equation) provide a sufficient description of the velocity field and an overall picture of the behavior
of both compressible and incompressible moving fluids (e.g. die/mould filling) under various
conditions. In order to fully describe the essence of fluid flow phenomena and primarily the
temperature distribution within the calculation domain, one more governing equation must be
introduced- conservation of energy.

2.1.4. Conservation of Energy

The energy equation for a stationary volume element can be in words formulated as:

Rate of accumulation of internal and kinetic energy =
Net rate of inflow of internal and kinetic energy by convection +
Net rate of heat addition by conduction +
Net rate of heat addition by radiation —
Net rate of work done by system on surroundings +

The strength of the internal heat sources/sinks

This statement is the first law of thermodynamics written for the open unsteady system. For weakly
compressible and incompressible fluids (e.g. melt), the kinetic energy contribution to the total energy
can be left out; hence the total energy equation will be replaced by the thermal energy equation. In
addition, two terms small for casting processes can be excluded and neglected. The first one is the
work against gravity forces and the second one is the rate of work done against the static pressure. It
would be necessary to retain this term if we assumed that the melt is compressible. As we assume the
melt as incompressible or at the most slightly compressible these terms can be easily omitted. The
final non-conservative form of the energy equation is then written as®

2 (e7)= —[<pul>§<cr>+<pul>i<cr>+<pul>i<cr>}
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The specific heat ¢ = ¢, = ¢, and the term @, stands for the viscous dissipation function. For casting
phenomena, this viscous dissipation function in the thermal energy equation should be retained if one
wants to simulate the semi-solid process, otherwise it is negligibly small. Based on this equation it is
possible to grasp and completely describe the behavior of the moving fluid in terms of the
temperature. As for other variables in Eq. 2.11 all of them are already known from the prior
conservation laws (e.g. mass conservation and momentum conservation).
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2.2. Background on Gating Technology

The purpose of, and the most important reason for having and designing the gating system is
obviously to transport the molten metal from a ladle into the mould cavity, where the metal can then
solidify to form the desired casting shape. The basic components of a simple gating system for a
horizontally parted mold are shown in Figure 2.2. A pouring cup or a pouring basin provides an
opening for the introduction of metal from a pouring device, i.e. a bottom-pour or a lip-pour ladle for
gravity sand casting techniques. A sprue carries the liquid metal down to join one or more runners,
which distribute the metal throughout the mold until it can enter the casting cavity through ingates,
also referred to as thin gates. The first metal entering the gating system will generally be the most
heavily damaged by contact with the mold medium and with air as it flows. To avoid having this
metal enter the casting cavity, momentum effects can be used to carry it past the ingates into the
runner extension. The ingates will then fill with the cleaner, less damaged metal that follows the
initial molten metal stream.

i Riser
Pouring __f
basin Casting
Sprue
Thin gates
Runner

Runner extension
Figure 2.2: Schematic of a traditional gating system layout. Figure taken from®*,

At first glance this appears quite simple however, the gating system has to, at the same time fulfill a
bunch of other demands as well. One of the first demands is that the rate and direction of metal flow
must be such as to ensure complete filling of the mould before freezing. Furthermore, the gating
system must ensure that the flow of the melt should be as calm and coherent as possible, i.e. with
negligible surface turbulence, without being so slow that the melt solidifies before the mould is filled.
Slowing down the melt before entering the mould cavity is another function of runner extensions.
Providing that a runner extension is sufficiently large, or long, it will absorb a reasonable portion of
the kinetic energy of the moving melt, making it slow down. One should be cautious when using
runner extensions however, to prevent back waves when the melt reaches a blind end of the runner
extension. It is important to slow down the melt gradually, not at once. The gating system should also
be designed in a way that reduces jets, splashes, fountains, melt aspiration, formation of air pockets
and vena-contracta as much as possible. Very often a poorly designed gating system can cause oxide
formation and gas entrapment which compromise the final quality of the casting. Beside this a
beneficial heat distribution in the castings is desired to ease the need for feeding and improve the
efficiency of the risers. At the same time the gating system should weigh as little as possible to
improve the ratio of the weight of castings produced to the weight of metal poured better referred to
as “yield”. It must be mentioned that in this project only gravity driven mould filling in sand moulds
is concerned.

Methods used to promote any of the mentioned demands and design considerations often conflict
with another desired effect. For example, attempts to fill a mold rapidly can result in metal velocities
that promote mold erosion or surface turbulence. As a result, any gating system will generally be a
compromise among conflicting design considerations, with the relative importance of the
consideration being determined by the specific casting and its molding and pouring conditions. The
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design variables that should always be considered in designing gating systems regardless of the
applied metal are briefly summarized*:

Rapid mold filling. Especially with thin-section castings, heat loss from the liquid metal during mold
filling may result in premature freezing, producing surface defects (for example, cold laps) or
incompletely filled sections (misruns). Superheating of the molten metal will increase fluidity and
retard freezing, but excessive superheat can increase problems of gas pickup by the molten metal and
exaggerate the thermal degradation of the mold medium. In addition, the mold filling time should be
kept shorter than the mold producing time of the molding equipment to maximize productivity.

Minimizing turbulence. Turbulent filling and flow in the gating system and mold cavity can
increase mechanical and thermal attack on the mold. More important, turbulence may produce
casting defects by promoting the entrainment of gases into the flowing metal. These gases may by
themselves become defects (for example bubbles), or they may produce dross or inclusions by
reacting with the liquid metal. Turbulent flow increases the surface area of the liquid metal exposed
to air within the gating system. The susceptibility of different casting alloys to oxidation varies
considerably. For those alloys that are highly sensitive to oxidation, such as aluminum alloys;
magnesium alloys; and silicon, aluminum, and manganese bronzes, turbulence can generate extensive
oxide films that will be churned into the flowing metal, often causing unacceptable defects.

Avoiding mold and core erosion. High flow velocity or improperly directed flow against a mold or
core surface may produce defective castings by eroding the mold surface (thus enlarging the mold
cavity) and by entraining the dislodged particles of the mold to produce inclusions in the casting.

Removing slag, dross, and inclusions. This factor includes materials that may be introduced from
outside the mold (for example, furnace slag and ladle refractory) and those that may be generated
inside the system. Methods can be incorporated into the gating system to trap such particles (for
example, filters) or to allow them time to float out of the metal stream before entering the mold
cavity.

Promoting favorable thermal gradients. Because the last metal to enter the mold cavity will
generally be the hottest, it is usually desirable to introduce metal in those parts of the casting that
would already be expected to be the last to solidify. One obvious method of accomplishing this is to
direct the metal flow from the gating system into a riser, from which it then enters the mold cavity.
Because the riser is generally designed to be the last part of the riser/casting system to solidify, such a
gating arrangement will help promote directional solidification from the casting to the riser. If the
gating system cannot be designed to promote some desirable thermal gradient, it should at least be
designed so that it will not produce unfavorable gradients. This will often involve introducing metal
into the mold cavity through multiple ingates so that no location becomes a hot spot.

Maximizing yield. A variety of unrecoverable costs must go into the metal that will fill the gating
system and risers. These components must then be removed from the casting and generally returned
for remelting, where their value is downgraded to that of scrap. Production costs can be significantly
reduced by minimizing the amount of metal contained in the gating system. The production capacity
of a foundry can also be enhanced by increasing the percentage of salable castings that can be
produced from a given volume of melted metal.

Ease of removal. Preferably the system should break off. As a next best option, it should be
removable with a single stroke of a clipping press, or a straight cut. Curved cuts take more time and
are more difficult to dress to finished size by grinding or finishing.

Avoiding casting distortion is especially important with rangy, thin-wall castings, in which uneven
distribution of heat as the mold cavity is filled may produce undesirable solidification patterns that
cause the casting to warp. In addition, the contraction of the gating system as it solidifies can pull on
sections of the solidifying casting, resulting in hot tearing or distortion.

Controlled flow conditions. A steady flow rate of metal in the gating system should be established
as soon as possible during mold filling, and the conditions of flow should be predictably consistent
from one mold to the next.
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2.3. Principles of the traditional gating system

This section will provide a more detailed description and overview of separate features of a gating
system. As a part of it, useful tips, recommendations or guidelines will be given on how to design a
better gating system especially for manufacturing of large steel castings. The guidelines will be
reasoned based on results of various projects and research-oriented papers that the author has
conducted throughout the Ph.D. study. These papers are attached at the end of the thesis. Separate
elements of the gating system will be addressed based on the sketch in Figure 2.2.

2.3.1. Design of a Pouring Basin

One could define the pouring cup or pouring basin as the part of the gating system that receives the
molten material from the pouring vessel, referred to as a ladle. This basin can be either built in the
mould as a core of the given shape of the basin, or placed on top of the mould and tightly mounted by
proper devices, i.e. glues or other tools. The size and shape of the pouring cup is meant to
accommodate the way the melt is being poured. In many foundries the pouring is still done manually
from a ladle in a crane. In these cases melt is poured from one side and the pouring cup is designed to
calm down the melt to avoid splashing when being poured and to make it easier for the operator to
pour as directly and precisely in every mould as possible.

2.3.1.1. Conical basin (pouring cup)

There are many recommendations and guidelines on how a pouring cup should be designed however
most of these designs do not prevent vena-contracta in the upper part of the down runner. One type of
the pouring basin used almost everywhere in the foundry industry is the conical basin, outlined in
Figure 2.3. Campbell claims in his book™ that this type of basin, i.e. conical, is very bad and
responsible for the production of more casting scrap than any other single feature of the filling system
due to the following factors':

e The melt enters at high, unchecked velocity. Since the main problem with gating systems is to
reduce the velocity, this adds to the difficulty of reducing surface turbulence.

e Any contaminants such as dross or slag that enter with the melt are necessarily taken directly
down the sprue.

e The mould cavity fills differently depending on precisely where in the basin the pourer directs the
pouring stream, whether at the far side of the cone, the centre, or the near side. Thus when
pouring manually, the castings are not reproducible. This situation is overcome by automatic
pouring devices.

e The small volume of the basin makes it difficult for the pourer to keep it full so that air is
automatically entrained as the basin becomes partially empty from time to time during pouring.
The pourer is usually unaware of this, since the aspiration of air usually takes place under the
surface at the basin/sprue junction.

e This type of basin is the most susceptible to the formation of a vortex, because any slight off-axis
direction will tend to start a rotation of the pool.

Nevertheless, in the author’s personal opinion, this type of a pouring basin is not as bad as stated by
Prof. Campbell. There are other elements of a gating system, e.g. non-tapered runners, thin gates,
sharp corners, etc., that are by far more decisive or critical for the overall casting quality than a
pouring cup. Although, this statement should not be interpreted as “do not care about the shape of
pouring cups”. On a contrary, in this section it will be clearly shown, that indeed an impact of a
pouring cup must not be disregarded, especially when casting small or thin-walled castings where
high quality is demanded.
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Figure 2.3: Conical basin and sprue combinations showing (a) perhaps least damaging; (b) basin too
large.

A basin that is too large for the sprue entrance, Figure 2.3b jets metal horizontally off the exposed
ledge formed by the top of the mould, creating much turbulence and preventing the complete filling
of the sprue. The problem is unseen by the caster, who, because he is keeping the basin full, imagines
he is doing a good job however, the aspirated air can cause a staggering amount of bubble damage
inside a casting that will be discovered later during machining or by ultrasonic testing (UT) or
radiographic testing (RT). For very small castings weighing only a few grams and where the sprue is
only a few millimeters in diameter, there is a strong element of control of the filling of the sprue by
surface tension. For such small castings the conical pouring cup probably works tolerably well. It is
simple and economical, and, probably fills well enough.

An example of how the conical pouring basin affects filling of a thin-walled aluminium casting are
shown in Figure 2.4. In this experiment a thin-walled casting was cast into a sand mould using the
“troublesome” conical pouring cup. The entire mould was tilted to ensure an uphill smooth filling of
the casting. The filling sequence indicates that neither the cup nor the sprue gets completely filled
and thus there is still an open space for massive oxidation and air entrapment in the liquid aluminium
alloy. The pouring cup needs to be kept full of metal during the whole duration of the pour. If the
pouring is carried out too slowly, allowing the stream to dribble down the sprue, or simply poured
down the centre without touching the sides of the sprue, and without filling the basin at all (which
was the case with the expanded sprue type applied in this experiment), then air and dross will enter
the system.

Figure 2.4: Air entrapment and splashing in the sprue and sprue base areas at 2, 3 and 6% filled, using
the conical pouring basin for a light-weight, stair-shaped Al-Si based casting, (Kotas et. al., 2010).

This unfavorable filling pattern resulted in oxide bi-films and air bubbles present on the casting
surface, as captured in Figure 2.5(a, b). Moreover, it is believed that trapped oxide films together
with other phenomena, e.g. low pouring temperature, interrupted pour, etc., contributed to the misrun
in the thinnest section of the casting.
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Figure 2.5: Filling related defects in the casting (a) the experimental result, (b) Air pressure criterion
function in the simulation software MAGMAsoft, (Kotas, 2010).

Although, Campbell states that when the conical cup is filled with a hand ladle held just above the
cone, the fall distance of about 50 mm above the entrance to the sprue results in a speed of entry into
the sprue of approximately 1 m/s. At such speeds the basin is probably the least harmful.

On the other hand, where the conical cup is used to funnel metal into the running system when
poured directly from a furnace, or from many automatic pouring systems, the distance of fall is
usually much greater, often 200 to 500 mm. In such situations the rate of entry of the metal into the
system is probably several meters per second. From the bottom-poured ladles in steel foundries the
metal head is usually over 1m giving an entry velocity of 5 m/s. This situation highlights one of the
drawbacks of the conical pouring basin; it contains no mechanism to control the speed of entry of
liquid™.

Alternatively, harm can be done by inattention, so that the pour is interrupted, allowing the bush to
empty and air to enter the down-runner before pouring is restarted. Even so, because of the small
volume of the basin, it is not easily kept full so that these dangers are a constant threat to the quality
of the casting. Unfortunately, even keeping the pouring cup full during the pour is no guarantee of
good castings if the cup exit and the sprue entrance are not well matched. This is the most important
reason for moulding the cup and the filling system integral with the mould if possible. Finally, even if
the pour is carried out as well as possible, any witness of the filling of a conical basin will need no
convincing that the high velocity of filling, aimed straight into the top of the sprue, will cause oxides
and air to be carried directly into the running system, and so into the casting. For castings where
quality is at a premium, or where castings are simply required to be adequate but repeatable, the
conical basin is definitely not recommended.

2.3.1.2. The offset step basin

Another design of a basin (sometimes called a bush) that has been recommended from time to time is
the offset step basin. The provision of a vertical step, or weir, in the basin, Figure 2.6, brings the
horizontal jet across the top of the sprue to a stop. It is an essential feature of a well-designed basin.
The offset blind end of the basin is important in bringing the vertical downward velocity to a stop.
The offset also avoids the direct inline type of basin, such as the conical basin, where the incoming
liquid goes straight down the sprue, its velocity unchecked, and taking with it unwanted components
such as air and dross, etc. The step (or weir) is essential to eliminate the fast horizontal component of
flow over the top of the sprue, preventing it from filling properly. The provision of the step yields a
further bonus since it reverses the downward velocity to make an upward flow, giving some
opportunity for lighter phases such as slag and bubbles to separate prior to entering the sprue. Finally,
the provision of a generous radius over the top of the step smoothes the entrance into the sprue, and
further aids the smooth, laminar flow of metal.

The problem in the design of the pouring cup in Figure 2.6 is that when the melt reaches above the
height in the basin where the melt can flow to the down runner it will. The volume of this initial melt
to reach the down runner will under no circumstance be sufficient to fill the cross section of the down
runner. So unless it is possible to pour fast enough to completely fill the entire geometry
instantaneously it will not be possible to keep the down runner full. To pour the molten metal in this
way must be considered to be extremely difficult. This is especially because the pouring must be
slowed down just as instantaneously as it was begun. If the pouring is not slowed down to the exact
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same flow rate as the gating system is designed for the melt will just flow all over the top of the
mould having an already full pouring cup. If the pouring is slowed down too much and the level of
melt in the pouring cup drops below the top of the bend, the down runner will no longer be kept full.
Hence it is highly unlikely that it is possible to keep the down runner full from the beginning to the
end of pouring using the pouring cup shown. Designing a pouring cup that fulfils all the desired
properties is not easy and therefore a wide range and very individually designed pouring cups is also
seen used in the foundries®.

)

i /

SN "/

Figure 2.6: Offset step pouring basin''.

In case of very large steel castings filled from the bottom-pour ladle it is practically impossible to use
some sophisticated pouring basins as shown above due to very large pouring rates which would for
sure cause overfilling and sand erosion of that pouring cup. In order not to overfill, the basin would
have to be enormously deep which would decrease the yield substantially. Moreover it would be
extremely difficult to control the pouring rate when filling multiple castings from one ladle, due to
the decreasing pressure height when the ladle empties during filling. Therefore, still a common
practice is to pour directly from the bottom-pour ladle and from its nozzle to the sprue which is made
of refractory tiles. Just to make sure that the nozzle will not splash all around the very top refractory
element of the sprue is tapered, resembling the much criticized conical basin. As to the author’s
knowledge many foundries casting large steel castings do not use any protective shroud, i.e.
protective argon atmosphere to prevent oxidation, or contact pouring method either, conducting the
pour completely unprotected, but successfully.

2.3.2. Sprue (the down-runner)

The sprue has the difficult job of getting the melt down to the lowest level of the mould while
introducing a minimum of defects despite the high velocity of the stream. The fundamental problem
with the design of sprues is that the length of fall down the sprue greatly exceeds the critical fall
height™®. The height at which the critical velocity is reached corresponds to the height of the sessile
drop for that liquid metal. Thus for aluminum this is about 13 mm, whereas for iron and steel it is
only about 8 mm. Since sprues are typically 100 to 1000 mm or even several meters long as in Paper
Il or in Figure 2.7, the critical velocity is greatly exceeded. How then is it possible to prevent
damage to the liquid? It seems that the secret of designing a good sprue is to make it as narrow as
possible, so that the metal has minimal opportunity to break and entrain its surface during the fall.
The concept on protecting the liquid from damage is either (i) to prevent it from going over its critical
velocity, or (ii) if the critical velocity has to be exceeded, to protect it by constraining its flow in
channels as narrow as possible so that it is not able to jump and splash.

Most sprues are oversized. This is bad for metallic yield, and thus bad for economy. However, it is
much worse for the metal quality, which is damaged in one important way: If the flow is directed
down a straight-sided sprue, the falling stream will create a low-pressure area as it pulls away from
the sprue walls and will aspirate air. Air is therefore taken down with the metal, causing severe
surface turbulence especially when the stream reaches the base of the sprue, see Figure 2.7. This, of
course, leads to a build-up of oxide in the sprue itself, and much consequential damage downstream
from oxide and entrained air.
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Figure 2.7: Air aspiration identified in the down-sprue as the metal accelerates during its free- fall. Note
that the height of the sprue is approximately 4.5m, [ref. Paper |1, (Kotas et al. 2010)].

The question then arises, how is it possible to make sure, that the sprue has the right size and shape?
The answer can be found in the continuity equation. One practical implication of the law of
continuity is seen in Figure 2.8, which illustrates the flow of metal from a pouring basin. Velocity
increases as the stream falls, so the cross-sectional area of the stream must decrease proportionally to
maintain the balance of the flow rate. The result is the tapered shape typical of a free-falling stream
shown in Figure 2.8. Therefore, the sprue should be designed to mimic the taper that the falling
stream adopts naturally as a result of its acceleration due to gravity. The shape is a hyperbola.

Pouring Basin Theoretical
outline of a
free-falling
melt stream.

Sprue entrance
Sand Mould

Straight taper
sprue

Low pressure area;
air aspiration

Figure 2.8: Schematic showing natural flow of the free-falling melt and flow behavior in the tapered sprue.
Figure inspired by Hansen.

The straight-tapered sprue is designed to conform to the natural form of the flowing stream and
therefore reduces turbulence and the possibility of air aspiration. Although, the curved sides of the
stream still encourage metal to become detached from the walls at about half-way down, as shown in
this figure. For modest-sized castings this issue can be corrected by making the sprue entrance about
20 per cent larger in area. Moreover, if the casting and hence the sprue is not too tall, the area of the
free falling melt does not decrease too much and thus, straight tapered sprues are commonly used,
and appear to be satisfactory™.

For very tall castings the straight tapered approximation to the sprue shape is definitely not
satisfactory. In this case it is necessary to calculate the true diameter of the sprue at close intervals
along its length to create the so-called streamlined gating** *°. The correct form of the falling stream
can then be followed with sufficient accuracy, and air entrainment during the fall can be avoided.
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The basic idea behind the streamlined gating system is to use the surface tension and boundary layer
friction of the molten metal to keep the front of the flowing molten metal coherent during the mould
filling. This is done primarily by keeping the runner width as small as possible. Based on
experimental work, conducted by Tiedje and Larsen®, it was clearly shown that sharp changes in the
geometry and dead ends of the gating system cause pressure waves to form that eventually lead to
defective castings. Therefore, all 90° bends are avoided and more soft curves are used instead. A
comparison between the traditional and streamlined gating system for Disamatic automatic moulding
machines is illustrated in Figure 2.9.

(a) (b)

Figure 2.9: Schematic of a traditional gating system (a), and a concept of a streamlined gating system (b),
for Disamatic moulding machines'*. Courtesy of Niels Skat Tiedje.

Mould filling simulations for both types of gating system showed distinct flow behavior of the melt at
various stages of the filling process. This is captured in Figure 2.10. In that figure filling by the
traditional gating system is seen where melt disintegration and air aspiration takes place already in
the upper section of the sprue, (a). Moreover, as a result of a back pressure, the first melt enters the
riser areas very rapidly, causing jetting and massive surface turbulence, (b). On the contrary, the
streamlined gating system minimizes the melt disintegration and uncontrolled down fall in the sprue,
(c), and the shape of the runners with no sharp corners and dead ends reduce the back pressure and
turbulent behavior leading to calmer entrance of the melt into the casting cavity, (d).
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Figure 2.10: Filling sequence for both traditional and streamlined gating systems™. Courtesy of Niels Skat
Tiedje.

It is well known to foundry engineers that many types of high-production molding units do not
readily accommodate tapered sprues or the streamlined gating. But what is even worse or more
disappointing is that in many foundries, technologists and designers are reluctant to accept or trust
new trends or scientific findings, and apply them into the gating system design. It is still common,
especially in gravity sand casting of large steel parts, to see non-tapered sprues and runners, sharp
corners, and abrupt changes in cross sections or constant areas all over the gating system- hence a
total neglect of the continuity equation. Their, i.e. foundry personnel, reasoning is:” This design has
worked for us quite well for 30 years so why should we replace it?” or “gating systems are not that
decisive for the overall quality”. Note, that this statement is based solely on the author’s personal
experience. In cases where tapered sprues and runners are not feasible to accommodate, the gating
system designer should at least try to approximate the effect of a tapered sprue by placing a
restriction, the so-called choke elements, at or near the base of the sprue to force the falling stream to
back up into the sprue.

2.3.2.1. Simple Equations for Designing the Sprue

The design and the dimensions of a gating system determine the character and the velocity of the
liquid flow into the mould cavity. When an appropriate mould filling time has been determined, it can
be then used for dimensioning the gating system. In foundry practice it is quite complicated to choose
a correct filling time. Although thanks to the rapid development of numerical simulation tools, the
whole design stage has become much easier than twenty years ago in that now a designer can test and
improve his new designs virtually without destroying a real casting. Usually all foundries try to fill as
fast as possible to increase their production rate. However, a short filling time will cause a turbulent
flow pattern or erosion and damage of the molding material. Moreover, a short filling time will also
need a more permeable mould or additional vents; otherwise the pressure in the mould might get too
high. On the other hand too long filling times can result in cold shots, i.e. incomplete filling or scabs.
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It is known by experience that for gravity sand casting of steel there is a relation between filling time
and the casting’s weight:

t=B-/G
where B =1.8 for G <500kg (2.12)
B =0.6 for G <50000kg

It must be pointed out that the filling times calculated by this equation cannot be considered to be
optimal. It only gives an estimation of practically used filling times for similar castings. When the
filling time has been determined, the first section that needs to be calculated is the sprue. The reason
is that the height of the sprue and the free fall of the molten metal determine the velocity of the melt.
These very simple 1-D calculations are based on several fundamental principles of fluid flow. Among
these principles are Bernoulli's theorem, the law of continuity, i.e. mass conservation principle shown
in Eq. 2.3, and the effect of momentum. An argument could be raised that we are showing the same
equations as in the beginning of this chapter, just simplified. It is true that for an accurate fluid flow
calculation, the numerical solver has to deal with the governing equations in 3-D, described in section
2.1, but to get a first impression of how the gating system for any given casting should look like;
these simplified versions of the governing equations are reasonable substitutes. Later on, when the
gating system is designed, the full-extent 3-D flow calculations are carried out in the simulation
software as verification or to identify potential design shortcomings.

A first way of expressing the velocity in the sprue is to use the Bernoulli’s theorem seen in Eq. 2.13.
Bernoulli’s theorem relates the pressure, velocity, and elevation along a line of flow in a way that can
be applied to gating systems. The theorem states that, at any point in a full system, the sum of the
potential energy, Kinetic energy, pressure energy, and frictional energy of a flowing liquid is equal to
a constant. The energy terms can be expresses as follows:

2 2
mv;  m mvy, - m
mgh, + =L+ TPL _ mgh, + 122 102 (2.13)
2 P1 2 P2

where p is a pressure in points 1 and 2, p is a density of the applied melt; v is a velocity of the liquid
in points 1 and 2, h is a height in points 1 and 2 and g is acceleration due to gravity.

Equation 2.13 allows for prediction of the effect of the several variables at different points in the
gating system, although several conditions inherent in foundry gating systems complicate and modify
its strict application. For example:

e Equation 2.13. is for full systems, and at least at the start of pouring, a gating system is empty.
This indicates that a gating system should be designed to establish as quickly as possible the flow
conditions of a full system.

e It (Eq. 2.13) assumes an impermeable wall around the flowing metal. In sand foundry practice,
the permeability of the mold medium can introduce problems, for example, air aspiration in the
flowing liquid.

e Additional energy losses due to turbulence or to friction (for example, because of changes in the
direction of flow) must be accounted for.

e Heat loss from the liquid metal is not considered, which will set a limit on the time over which
flow can be maintained. Also, solidifying metal on the walls of the gating system components
will alter their design while flow continues.

Bernoulli's theorem is illustrated schematically in Figure 2.11, and several practical interpretations
can be derived. The potential energy is obviously at a maximum at the highest point in the system,
that is, the top of the pouring basin, i.e. point 1. As metal flows from the basin down the sprue,
potential energy changes to kinetic energy as the stream increases in velocity because of gravity. As
the sprue fills, a pressure head is developed. Once flow in a filled system is established, the potential
and frictional heads become virtually constant, so conditions within the gating system are determined
by the interplay of the remaining factors'’. The velocity is high where the pressure is low, and vice
versa.
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Figure 2.11: Schematic illustrating the application of Bernoulli's theorem to a gating system.

Considering only top filling, i.e. the entire casting lies below the lowest point of the down sprue, as in
Figure 2.11(a), the velocity at point 1 is considered to be zero, i.e. the Kkinetic energy is negligible.
Using the height in point 2 as zero level, considering the two densities identical as well as the
pressures in points 1 and 2, since the system is open, the Bernoulli’s equation reduces to'

Viop = J2-g-h (2.14)

where h stands for a ferrostatic pressure height, i.e. height of the sprue. To achieve a more realistic
result calculating the velocity a friction factor ‘f* is necessary. This factor can be seen as representing
the percentage of loss in velocity due to friction between melt and mould wall and due to pressure
drop. The new expression for the velocity is then seen in Eqg. 2.15. The value for the loss factor is
based upon experience, but a value 0.5 is commonly used.

Vigp = (L~ f)-4f2-g N (2.15)

In case of bottom filling where the entire casting lies above the lowest level of the down sprue, one
has to assume the effect of back pressure on the flow velocity. The velocity at the bottom of the sprue
is then calculated as:

Vbotiom =@-(\/ﬁ+1/ht —hc) With friction : Vyoyom = (1— f)@~(\/ﬁ+1/ht —hc) (2.16)

where hy is the same as h, and h. stands for the height of the casting above the bottom of the down
sprue. The amount of the molten metal V [m®] which passes a given cross section area A [m?] is given
as

VT:A.V:> %ZIO'A'V (2.17)

Inserting Eq. 2.15 into 2.17 we obtain the following solution for the governing cross sectional area at
the bottom of the sprue for the case of top filling, seen in Eq. 2.19.

%ZP'A'(l_f)'VZ'g'h (2.18)
A— M
(1-f)-p-t-4/2-g-h (2.19)

Where M is total weight of the casting in Kg, f is a friction loss coefficient (should be set to 0.5), t is
the filling time estimated in Eq. 2.12. The same procedure would apply for bottom filling.

Equation 2.19 is typically used for estimating the area of the governing cross section in the gating
system. The governing cross section can be understood as the reference area based on which the
remaining cross sections are designed or defined to achieve a good design of the gating system. It
should be noted that the above derivations do not apply to high-pressure die casting (HPDC) of
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aluminium based alloys. In HPDC high pressure is exerted by a moving plunger in a filling chamber,
referred to as shot sleeve, which then induces rapid melt propagation throughout the die cavity, while
in gravity sand casting only gravity is exploited as the only source of the melt flow. Hence, different
rules and guidelines for designing gating systems apply and these will not be discussed in this work.
This work will primarily focus on gravity sand casting of large steel parts.

The relation between the areas in two cross sections 1 and 2 in the sprue can be found based on the
law of continuity, which has already been introduced in Eq. 2.3. In this case it can be expressed as:

A v =Ry v =Q (2.20)

Where Q is a volume rate of flow, A is a cross section area of flow passage in points 1 and 2 and v is
a linear velocity of flow in points 1 and 2

Again, the permeability of sand molds can complicate the strict application of this law, introducing
potential problems into the casting process. When this principle is used in combination for instance

with Eqg. 2.15 it yields:
h,
hy

To demonstrate the validity of the above statements and of the presented simple equations, a small
“artificial” case study has been conducted using the commercial casting simulation tool
MAGMAsoft. Filling of a casting cavity in a sand mould for two distinct gating system designs has
been simulated. The first layout, Figure 2.12 (a) considers a constant cross section area of the sprue
with an abrupt 90° bend to a horizontal runner 1, which then suddenly changes, i.e. decreases, its area
to a runner 2 and then connects to a cylindrical casting with a larger cross-section area than the
adjacent runner 2. The second layout, Figure 2.12 (b), was designed based on equations presented in
section 2.3. These calculations resulted in a tapered sprue with completely different cross section
areas as compared to the first case, i.e. the case (a) was over dimensioned. Moreover, the runner in
the second layout connects to the casting at the lowest point possible to reduce melt fall.

2.3.2.2. Case study

Sprue

Runner 1
Runner 2

Casting

(@) (b)

Figure 2.12: Outline of two geometrical layouts used in the test case, (Kotas, 2010).

Figure 2.12 indicates the following: first, it is seen that as the melt stream falls down through the
sprue it really reduces its cross section and follows the hyperbolic shape as outlined in Figure 2.8.
Therefore in the non-tapered sprue one can observe the separation of the melt from the mould walls
and the following air aspiration due to low pressure into the melt stream.

Next, when the first melt reaches the bottom of the sprue it directly hits the mould walls due to a
missing bend. The so far calm and coherent melt stream then breaks and splashes introducing severe
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turbulence into the stream, Figure 2.13 (a). It does not splash only horizontally but also upwards
back to the sprue where it meets the new-coming melt. It again leads to disintegration of the melt
stream. It should be noted that liquid metals and mainly aluminum based alloys readily oxidize in
contact with air. Therefore, having turbulent and disintegrated melt flow increases the probability of
having oxide films incorporated somewhere in the melt. There is no use of explaining here why and
how oxides compromise the overall casting quality since many books and scientific papers are readily

available; the reader should refer to the book of John Campbel“’.
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Figure 2.13: Filling sequence for the gating system with sharp and abrupt transitions in cross sections
leading to splashes and back waves even before the melt gets to the mould cavity, (Kotas, 2010).

(@) (b) (©

In Figure 2.13 (b) a formation of a back wave after the melt impinges the runner wall is seen. This
undesirable feature will for sure will lead to air entrapment and also to folding of oxide films already
present on the melt surface. When the melt enters the reduced flow channel, the melt does not fill the
entire area and an area with low pressure forms along the walls, which is seen in Figure 2.13 (c).
Last, in Figure 2.13 (d) a situation when the melt reaches the casting is depicted. What happens is
that the melt will fall down into the casting cavity and will create an empty area right below the cross
section change. This area will consequently be filled with the metal but air will have no way to leave
that area, resulting in air bubbles. Moreover, that “dead” area will solidify earlier than the rest of the
casting since it is stagnant while the remaining sections are still being filled by the hot melt. As a
consequence, the “dead” area will have different microstructure and possibly also distinct mechanical
properties. More on this topic will be discussed in the section devoted to solidification.

Filling results for the second layout, redesigned according to the simplified equations in section 2.3
can be seen in Figure 2.14.
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Figure 2.14: Filling sequence for the modified gating system where the sharp corners at the bottom of the
sprue got replaced by a simple turn, (Kotas, 2010).
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From the filling sequence in Figure 2.14 it follows that the melt movement is much more uniform
and coherent. It all started in the sprue area where air aspiration is not seen, the melt falls down with
almost negligible separation from the mould wall. Due to the added bend, the melt does not hit the
bottom wall, but propagates further to the horizontal runner and to the casting with no apparent
disturbance. Also, thanks to the horizontal runner placed at the lowest point of the casting, the melt
fall was eliminated.

It must be emphasized that this case study is only indicative. This test case was intended only to
demonstrate the benefits of the properly calculated gating system in which the basic physical
principles of the fluid flow, i.e. continuity and Bernoulli equations, were fully considered. For more
detailed analysis of different designs of gating systems refer to the reference 16.

2.3.3. Sprue base

The point at which the falling liquid emerges from the exit of the sprue and executes a right- angle
turn along the runner requires special attention. One of the widely used designs for a sprue base is a
well which is shown in Figure 2.15a. Its general size and shape has been extensively researched by
many research groups and individuals in an effort to provide optimum efficiency in the reduction of
air entrainment in the runner. The idea of this bottom well has been to take in the first metal stream
falling from the sprue and comfort it so that calm and non-turbulent melt flow throughout the
horizontal runner is provided. However, based on many personal discussions with various metal
casters, on literature search and also after performing many numerical simulations, it seems that the
comforting and widely held image of the well as being a “cushion” to soften the fall of the melt is
seen to be an illusion. In reality, the well has been an opportunity for the melt to churn, entraining
quantities of oxide and bubble defects. This can also be seen in Figure 2.15a, where a bottom well
has been used while filling a small casting. One can clearly see that as the melt impinges at the
bottom of the well, it disintegrates and splashes causing severe surface turbulence and consequent air
entrapment. These trapped air bubbles are then transported further into the casting cavity with the
flowing melt compromising the final casting quality.

(b) (c)

Figure 2.15: Three common types of sprue/runner junctions. A sprue well (a), turn (b) and a sharp 90deg
corner-element (c), (Kotas, 2010).

Campbell and his colleagues performed systematic X-ray radiographic studies which started in 1992
to investigate the effects of various sprue ends on filling patterns of various castings. They have
shown that in a sufficiently narrow filling channel with a good radius at the sprue/runner junction, the
high surface tension of the liquid metal assists in retaining the integrity of a compact liquid front,
constraining the melt. These investigative studies on narrow channels in real moulds with real metals
quickly confirmed that the sprue/runner junction was best designed as a simple turn (Figure 2.15b),
provided that the channels were of minimum area. The studies showed that if a well of any kind was
provided, the additional volume created in this way was an opportunity for additional surface
turbulence, so damaging the melt. Furthermore, after the well was filled, the rotation of the liquid in
the well was seen to act as a kind of ball bearing, reducing the friction on the stream at the turn. In
this way the velocity in the runner was increased. These higher speeds observed out of right-angle
turns provided by a well were unhelpful. For a narrow turn without a well the velocity of the metal in
the runner had the benefit of additional friction from the wall, giving a small (approximately 20 %)
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but useful reduction in metal speed. Thus the conclusion that the filling systems perform better
without a well seems conclusive.

The worst case possible is to use a 90 degree angle junction between the sprue and the runner as seen
in Figure 2.15c. Sudden changes in the direction of flow can produce low pressure zones. Moreover,
these sudden changes in the flow direction or dead ends always lead to massive splashing and
pressure back-waves, leading to surface turbulence of the propagating melt front and to subsequent
air entrapment or folding of oxide films as also seen in work by Tiedje and Larsen'®. The mentioned
problems with the turbulent flow pattern can be minimized by making the change in flow direction
more gradual or smooth. It may seem obvious that this solution, i.e. right angle junction, should never
be applied but one would be unpleasantly surprised how often it is still used in foundry practice. Not
especially in casting of large steel cast parts but in gravity sand casting of grey cast iron. This just
shows how optimization of gating systems and filling patterns has been taken for granted by many
metal casters and foundry technologists. A demonstration of how significantly simple changes in the
design of the sprue base can influence the filling pattern is shown in case study one in section
2.3.2.2.,and also in Figures 2.13 and 2.14.

2.3.4. Runner

The runner is that part of the filling system that acts to distribute the melt horizontally around the
mould, reaching distant parts of the mould cavity quickly to reduce heat loss problems. The runner is
usually horizontal because it simply follows the normal mould joint in conventional horizontally
parted moulds. In other types of moulds, particularly vertically jointed moulds, or investment moulds
where there is little geometrical constraint, the runner would often benefit from being inclined uphill.
It is especially useful if the runner can be arranged under the casting, so that the runner is connected
to the mould cavity by vertical gates. But above all, this so-called bottom gating will ensure more
uniform and slower entry of the melt into the casting cavity. Placing the mould cavity below the
runner causes an uncontrolled fall into the mould cavity, creating the risk of imperfect castings. For
products whose reliability needs to be guaranteed, the arrangement of the runner at the lowest level of
the mould cavity, causing the metal to spread through the running system and the mould cavity only
in an uphill direction is a challenge that needs to be met. More on the methods of gating will be given
in the following sections.

The objective of a runner is not solely to deliver a molten metal into the casting cavity but also to
control the velocity of the flowing metal, i.e. to slow it down. In the horizontal runner the melt is no
longer falling and therefore the velocity is no longer increasing as in the down runner and the bend
below the down runner. This means that at least in theory, using the continuity equation Eq. 2.22 it is
possible to decrease the velocity by increasing the cross-sectional area throughout the horizontal
runner. A traditional approach has been to enlarge the cross section area of a runner compared to the
sprue exit to provide sufficient friction and hence to slow down the melt. A danger of this approach
lies in that if the runner area is expanded too much it will cause the runner to be incompletely filled
and so permit conditions for damage, i.e. surface turbulence and surface oxidation. Campbell states
that if the runner’s area is enlarged by more than 20% as to the sprue exit, the risk of incomplete
filling rises®. One of the most effective devices to reduce the speed of flow in the runner is the use of
a filter. The close spacing of the walls of its capillaries ensures a high degree of viscous drag. The
flow rate can often be reduced by a factor of 4 or 5. This is a really valuable feature, and actually
explains nearly all of the beneficial action of the filter (i.e. when using good quality metal in a well-
designed filling system the filter does very little filtering. Its really important action in improving the
guality of castings is its reduction of velocity).

2.3.4.1. Tapered runner

Very often, when casting larger castings it is necessary to use multiple thin gates or multiple runners.
In order to facilitate a good filling pattern where melt will enter the casting cavity from all the thin
gates at the same time, geometrical adjustments in the runner design have to be performed. The
situation is shown in Figure 2.16. Clearly, the momentum of the flowing liquid causes the furthest
gate, number 3, to be favored. The rapid flow past the opening of gate 1 will create a reduced-
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pressure region in the adjacent gate at this point, drawing liquid out of the casting! In the case of a
non-tapered runner it would have been best to have only gate 3.

@) (b)

(©)

Figure 2.16: Filling sequence in the non-tapered runner, indicating issues with non-uniform metal entry
into the mould cavity. Moreover, melt velocities differ for each thin gate. Simulation was performed based
on an example given in Campbell™

Where more than one gate is attached to the runner, the runner needs to be reduced in its cross-
section as each gate is passed, as illustrated in Figure 2.17. It has been common that such reductions
have usually been carried out as a series of steps, producing the well-known stepped runner designs.
For three ingates the runner would be reduced in section area by a step of one third the height of the
runner as each gate was passed. However, real-time X-ray studies have noted how during the priming
of such systems, because of the high velocity of the stream, the steps cause the flow to be deflected,
leaping into the air, and ricocheting off the roof of the runner. Needless to say, the resulting flow was
highly disturbed, and did not achieve its intended even distribution. It has been found that simply
reducing the cross-section of the runner gradually, usually linearly, cures the deflection problem. A
smooth, straight taper geometry does a reasonable job of distributing the flow evenly (Figure 2.17).
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Figure 2.17: Filling sequence in the tapered runner. Much more uniform metal entry can be observed with
more-or-less similar melt velocities in all thin gates. Simulation based on Campbell®.

Figure 2.17c shows a much more favorable filling pattern using velocity vectors showing the
velocity and direction of the flowing melt. The areas of our focus are the three gates which indicate a
more directional flow pattern as compared to the non-tapered runner in Figure 2.16.

There is especially one casting technique in which gating systems are of utmost importance. In high
pressure die casting, it really matters if the melt enters the die cavity from all the runners/thin gates at
the same time. Filling velocities are so high, filling times so short and die cooling so intense that
having melt coming at different velocities and at distinct times very often results in waves, splashes,
air bubbles or even cold shuts due to inability of the melt streams exhibiting different temperatures,
to fuse. One such example is given in the series in Figure 2.18. The two split horizontal runners are
not tapered enough to ensure a uniform entry from all the thin gates at the same time, Figure 2.18(a).
Due to the geometry of the thin gates, in a combination with different melt velocities, several areas
indicate potential problems with air entrapment in the early stages of filling, Figure 2.18(b). The
entire filling pattern is captured in Figure 2.18(c). Notice the encircled area which suggests a wave
forming in an area from which the air will not be able to escape, when entrapped. Figure 2.18(d)
shows the air entrapment criterion which supports the just mentioned assumption that waves and
vortices can cause entrapment of air inside the casting.

31



@) (b)

(c) (d)

Figure 2.18: Filling of high-pressure die casting. (a) Initial stage of filling when the melt is entering the die
cavity unevenly from the four thin gates due to inadequately tapered runners, (b) consequence of improper
gating system- air entrapment at the lower part of the casting, (c) fill time criterion function indicating the
overall filling pattern. Issues with surface turbulence and potential risk of air entrapment encircled, (d) air
entrapment criterion implying air pockets which arise during filling. Figures taken from Kotas’.

It should be noted that an improper design of the runners can promote not only filling-related issues
as just demonstrated. The runners and primarily their robustness play a significant role in the
solidification behavior of the entire casting. By this we mean that if the gating system is thick or
bulky as compared to the adjacent casting, it will solidify later than the casting, and may form hot
spots which can then result in shrinkage porosity just above the thin gates. Or, in a worse case, it may
lead to deformation, e.g. bending or warping, and residual stresses inside the casting. Consider now
the same HPDC cast part in Figure 2.18. It appears that when the robust and wide gating system,
adjacent to a very thin-walled flat Al-based casting, tries to cool down and shrink, the entire casting
can end up being distorted or containing residual stresses. This situation is well documented in
Figure 2.19. Since the gating system is robust as compared to the actual casting, it solidifies and
contracts a bit later. As it contracts, it forces the casting to bend down, i.e. bend it in the z-direction.
The adjacent bottom area of the casting is already solid and relatively strong, thus exerting quite
some resistance to any bending. This situation must naturally result in high stresses in the z-direction
inside the casting, as shown in Figure 2.19(a). When the gating system gets trimmed off, some of
these “locked” stresses inside the casting get relieved (Figure 2.19(b)), in a form of permanent
displacements, see Figure 2.19(c, d). This phenomenon is referred to as elastic spring-back. Even
though, the aforementioned findings may seem obvious, one would be very surprised how many
foundry engineers have very little or no clue about thermally driven stresses and strains arising
during metal casting. This explains why stress-strain analyses are commonly skipped when
performing casting simulations. Moreover, some of them totally disregard the fact that even gating
systems can substantially contribute to deformation or residual stresses inside castings. The author
bases this statement on personal experience with both HPDC and steel foundries.
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Figure 2.19: (a) stresses in the z direction due to the hindered thermal contraction of the casting caused by the
robust gating system, (b) partial stress relaxation-elastic spring back, after trimming off the gating system, (c)
permanent deformation of the casting after cutting off the gating system, (d) detailed view on the bottom
distorted, i.e. bended, area of the casting. Figures are taken from ref. [7], Kotas, 2007.

Unlike in high-pressure die casting or gravity die casting, in gravity sand casting of large steel parts it
is not possible or at least not common to use smooth tapering of the runners as shown above. The
reason is that, refractory tiles (tubes) with constant inner diameters are used to construct gating
systems. Such a gating system is depicted in Figure 2.20.

Figure 2.20: Gating systems for large steel casting are very often made of refractory tiles. Courtesy of
Vitkovice Heavy Machinery.

When using the tile system it is impossible to use the smooth area reduction since most of the tile
suppliers do not provide these. Therefore, the three possible scenarios are (i) to make the choke
element as a sand core, (ii) use a tile with a smaller inner diameter, or (iii) leave it non- tapered. In
the first case there is a high risk of sand erosion in that particular element since an extremely large
amount of metal flows through and also, it is very difficult to integrate such element into the tile-
gating system so that it holds firm. Using the second option, there is no smooth taper, but an abrupt
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change of the runner’s inner diameter which may introduce turbulence and vena contrata into the
filling stage.

As shown in Figure 2.21, low-pressure zones-with a resulting tendency toward air entrainment can
be created as the metal stream pulls away from the mold wall. With a sudden enlargement of the
channel Figure 2.21(a), momentum effects will carry the stream forward and create low-pressure
zones at the enlargement. With a sudden reduction in the channel cross section, Figure 2.21(b) the
law of continuity shows that the stream velocity must increase rapidly. This spurting flow will thus
create a low-pressure zone directly after the constriction.

(@) (b)

Figure 2.21: Schematic showing a theoretical formation of low-pressure areas due to abrupt changes in the
cross section of a flow channel, e.g. a runner or a sprue.

If the third solution, i.e. non-tapered runner with no choke elements, is preferred, then a way of
reducing the velocity of the flowing melt is to introduce runner extensions, also called overruns. The
function of the runner extension was explained earlier, but in general it serves to absorb the kinetic
energy and to lower the entrance velocity of the melt. A clear evidence of the usefulness of the runner
extension is depicted in Figure 2.22. There, it is seen that without the runner extension the velocity in
the runner was much higher leading to more severe impingement and splashing of the colliding melt
streams, Figure 2.22(a). While, when the small runner extensions were added, Figure 2.22(b), the
velocity got lowered, eliminating the massive collision and splashing. If the size of those extensions
was even larger, an even slower entry would be achieved.

(b)

Figure 2.22: Effect of the runner extension on the flow velocity. Obviously, more profound effect on the
velocity reduction could have been achieved if larger runner extensions were employed, [ref. Paper II,
(Kotas et al. 2010)].

An example of non tapered runners in a commercial steel casting can be also seen in Figure 2.23. As
a consequence of the improper runner design a non-uniform metal entry from separate thin gates is
observed. Moreover, the runner system does not provide any velocity reduction thus the metal enters
the casting cavity with a high velocity leading to jetting and subsequent splashing and surface
turbulence. A remedy to this situation would either be to totally redesign the gating system, to enlarge
the thin gates cross section area or to design it as a fan gate to increase friction losses. Additionally, if
a runner extension was added, the kinetic energy of the flowing melt would be lowered somewhat
and hence also the entrance velocity.
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Figure 2.23: Non-tapered runner system contributing to the non-uniform entry of the metal into the casting
cavity, [ref. Paper IV, (Kotas et al. 2010)].

A next example of how the non-tapered runner leads to a non-uniform entrance of the melt into the
casting cavity is shown in Figure 2.24. In that case the thin gates were positioned horizontally, being
filled by a circular runner with a constant cross section. The improper geometry of the runner has led
to a situation where some gates got filled much earlier, depending on their position to the vertical
sprues. Since this casting has been filled simultaneously from multiple ladles, the impingement of the
multiple melt streams caused some gates to be filled with rather high velocity, due to the Kkinetic
energy of the colliding melt streams. In such areas, the risk of mold wall erosion has increased
tremendously. A reasonable solution to this problem would be to add few runner extensions to absorb
some energy and to split the circular runner to several sections to prevent the impingement of the
melt streams. Moreover, a tapered runner, by means of choke elements has also been proposed but
the manufacturing foundry refused to apply it.

4% 5% 7%

Figure 2.24: Non-uniform metal entry at the initial stages of the filling process of a large steel ring. This
problem can be solved by making the runners tapered with gradually reduced cross section areas, [ref.
Industrial report, (Kotas 2010)].
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2.3.5. Thin gates

At this moment, a reader would expect one more section related to individual elements of a gating
system. Till now, thin gates have not been addressed properly. Thin gates are elements of literally all
gating systems. They can be found between runners and a casting and they directly deliver the melt
into the casting cavity.

Thin gates in general play an important role in the overall quality of a filling procedure as they are
the last elements which can control, i.e. slow down or accelerate the propagating melt. Naturally,
there are few general guidelines which should be followed when designing thin gates. First of all the
thin gate has to be connected to the casting in a way that gives a beneficial heat distribution in the
casting after mould filling. In this way mechanical properties and feeding can be enhanced. Secondly
it should be kept in mind that the cross-section area throughout the thin gate should be either the
same or increased relative to the top cross-section of the ‘bend under the casting’. At the same time
the connection to the casting should be as thin as possible. These two parameters will help to
decrease the velocity of the melt when entering the mould/die cavity. Thirdly the connection between
the thin gate and the casting should be in a way that makes it as easy as possible to remove the gating
system from the casting.

In casting of thin-walled or net shape castings, thin gates are one of the most, if not the most
important features which affect filling. Therefore, a close attention must be paid to the thin gate
design in HPDC-devoted foundries. However, this does not apply to the same extent to casting of
large steel castings. Typically, thin gates look exactly the same as the runners; they are simply made
of the same refractory tiles as the horizontal runners. Sometimes steel foundries use conical, i.e.
upward expanding, thin gates which are usually made as sand cores and not as tiles, or fan gate-
resembling thin gates can be applied as well, see Figure 2.25. As to the velocity reduction, it must be
said, that in case of large steel castings, these gates do not slow down the melt almost at all since
often the melt falls down from 2-5 meters and these small elements cannot remarkably slow it down.
It is primarily the runner extension that significantly absorbs the kinetic energy and slows down the
velocity.

The author’s conviction is that for filling of small, thin-walled, net shaped castings the design of thin
gates matters a lot, however, for filling of extremely large castings it does not-that much.

Shell-like thin
gates

Figure 2.25: fan gate-like thin gates applied for large steel castings. This figure cannot be shown entirely
due to copyright restrictions imposed by the manufacturing foundry.

2.4. Methods of Gating

Now, when the basic principles of traditional gating systems are known, three methods of gating will
be introduced and discussed. It means how the melt gets to the casting cavity from the gating system,
whether (a) it falls down from the top to the bottom of the cavity, (b) it flows from sides or, (c) it
flows from the bottom of the cavity against gravity force, as sketched in Figure 2.26. Each method
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has its pros and cons and thus it is up to the foundry technologist to select the most desirable tradeoff
solution.

@ (b) ©

Figure 2.26: Methods of gating,(a) top filling, (b) side filling and (c) bottom filling. Figure inspired by
Beeley™.

2.4.1. Top gating

When metal is poured through a top gate or directly into an open feeder head, the melt stream
impinges against the bottom of the mould cavity until a pool is formed; this is kept in a state of
agitation until the mould is filled. The erosive effect of the unconfined stream can be severe, whilst
the associated splashing gives an opportunity for oxidation. The mould surface can be protected at the
point of impact by preformed refractory tiles; however, the massive splashing cannot be prevented.
The principal advantages of top gating are its simplicity for moulding, its low consumption of
additional metal and, above all, the generation of temperature gradients favorable to feeding from top
heads; this arises from the proportionately rapid cooling of the first metal poured, followed by the
progressive accumulation of metal from above until the mould is full.

In Figure 2.27, two examples coming from industry are shown. Both of them represent a combined
filling, i.e. bottom and top filling. A function of the top runners is to supply a hot melt into the upper
sections of the casting to establish a favorable thermal gradient so that the feeder feeds well.
However, a huge downside of this solution is that the top runners get filled too early causing a
waterfall of the new-coming melt. This will for sure lead to massive oxidation of the propagating
melt, compromising the overall quality and integrity of the final product.
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Figure 2.27: Combined bottom and top filling in two industrial castings (a) a wedge casting, [ref. Paper
1V, (Kotas et al. 2010)], (b) a steel forging ram, [ref. Paper Il, (Kotas et al. 2010)].

A problem with oxide films is that nobody knows where they end up in the solidified structure. For
instance, when the forging ram in Figure 2.27(b) was put into service, it collapsed after only a few
forging cycles. After sectioning and a metallographic analysis it was found that it was the oxide films
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together with porosity that caused this ultimate failure. Therefore, the author’s personal conviction is
that if possible, top filling should be completely avoided.

2.4.2. Bottom gating

Quiet entry of metal into the mould cavity is best achieved by its introduction at the lowest level.
Using this method the metal rises steadily through the mould, splashing and metal/mould
impingement are nearly eliminated and dislodged moulding material tends to be carried away to the
surface. If bottom gates are used with top feeder heads the resulting temperature gradients are
opposed to feeding, but various measures are available to reduce this effect. Despite the greater
complexity of moulding, the method is much used for heavy castings. Nevertheless, one should
always provide that the entrance velocity will be sufficiently low to prevent jetting and splashing as
seen in Figure 2.28 (left) illustrating the forging ram again. Due to missing elements for velocity
control such as choke elements of runner extensions, the melt was so fast inducing very undesirable
jetting. The identical feature was also seen in Figure 2.23 because of the same reasons.
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Figure 2.28: Bottom and side gating and its impact on the filling pattern of the large steel forging ram [ref.
Paper 11, (Kotas et al. 2010)].

2.4.3. Side gating

Moulding can be simplified by the discharge of metal into the side of the mould cavity through
ingates molded along a parting line; this practice frequently offers the best compromise between
moulding convenience and the ideal gating arrangement, Figure 2.28 (right). Using side gating,
progressive mould filling can be achieved by tilting the mould towards the ingates to provide uphill
casting conditions, as seen in Figure 2.4. If multiple runners and gates are used for filling of a single
casting, it should always be insured that the melt streams will not directly collide as depicted in
Figure 2.28 (right). If they do collide it introduces surface turbulence into the filling stage leading to
oxidation. Moreover, a direct impingement on the mould or core wall could relatively easily evoke
sand erosion. Therefore a very common procedure is to apply so-called tangential thin gates, Figure
2.29.
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Figure 2.29: Combined bottom and top filling of a flange-shaped cast iron casting. Tangential thin gates
have been employed in this case to prevent the melt impinging directly on the central sand core, which may
cause sand erosion, (Kotas, 2008). This casting has been used in a course on modeling of casting processes
as an example of an improperly positioned gating system.

It means that the gates will not be connected or directed to the casting cavity with a 90 degree angle
but with lower as for instance in the case of the steel ring in Figure 2.24. The tangential gates will
then induce the melt to sort of rotate and propagate relatively smoothly, minimizing a risk of surface
turbulence.

2.5. Filling Related Defects

As far as casting defects are concerned, many books and atlases have been written giving very
thorough descriptions of all so far known casting defects® #*. Hence in this chapter, only defects
primarily induced by improper gating and pouring techniques will be briefly addressed. It obviously
does not mean that no other features such as casting and pattern design, moulding sand, risering,
melting practice etc. evoke these defects. Only, due to the lack of space, these other features will not
be discussed. The three major defects typically initiated by wrong design of the gating system, i.e.
wrong basin, non-tapered sprue and runners, sharp bends etc., or by a metal caster while pouring, too
rapid or slow filling, interrupted pour, are: (a) misruns or cold laps, (b) gas inclusions, i.e. gas
bubbles and (c) inclusions, i.e. sand grains, slag or other dirt. These three will be discussed in the
following three sections.

2.5.1. Misruns and cold shuts

A misrun casting is one which lacks completeness due to failure of the metal to fill the entire mold
cavity. A portion of the casting is missing, usually on the cope surface or at a location remote from
the gate area. The edges surrounding the missing portion are rounded®. Adjacent surface are
generally shiny. The gates and runners are well-filled.

A cold shut casting is one in which a definite discontinuity exists due to imperfect fusion where two
streams of metal have converged. This defect may have the appearance of a crack or seam with

smooth, rounded edges?. See Figure 2.30.

Figure 2.30: (left) typical misrun casting, (Kotas, 2009), (right) a cold shut casting.
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There is more than one cause for occurrence of these two defects, among the most decisive
21

are”":

e Improper sizing of gates, runner and sprue. The gating system must be designed so that the sprue
and runners are of adequate size to supply metal to all gates evenly, and to keep the gates full in
order to avoid interrupted metal flow.

e Gates not properly located. The proper location depends entirely upon casting design. How the
mold cavity will fill and the probable flow pattern must be visualized and the gates located
accordingly.

e Pouring temperature is too low.

e Interrupted pouring produces uneven filling and permits oxide films or gas to prevent proper
fusion, the so-called knitting of the metal after pouring is resumed. Letting the sprue drop (not
keeping the sprue filled) also acts as an interrupted pour.

e Reducing the rate of pour too soon may reduce the pressure needed to finish filling the mold
cavity

e Slag, dirt or ladle refractory which stops off the gate acts as an interrupted pour or a reduced
pouring rate.

¢ Not keeping the sprue, runner and gates full acts as an interrupted pour or inadequate pressure. In
addition, this practice permits air entrapment which reduces fluidity of metal (especially
nonferrous), or allows rapid oxide film formation in metals such as steel.

2.5.2. Gas Defects (air bubbles)

Blows or gas holes in castings are cavities, spherical, flattened or elongated, see the encircled red
area in Figure 2.5(a). Fundamentally, they are caused by localized gas pressure that exceeds the
metal pressure in any locality during solidification of the metal. Gas follows the path of least
resistance and hence moves usually toward the cope portions of the casting. Blows or gas holes may
appear as depressed areas in the surface of the casting or as a subsurface cavity.

Pinholes, blisters and body scars as well as certain types of porosity are variations of gas holes or of a
blow. A great deal of confusion can occur because of the frequent similarity in appearance to the
shrinkage defect. There are two areas of possible confusion which must be analyzed carefully. In the
first place, gas defects may occur in combination with a shrinkage area. In the second place, shrinks
and blows tend to occur in the same general location. Both are likely to be located in the section of
the casting that solidifies last. It is also wrong to define a blowhole as a cope defect and it is false to
conclude that a similar defect in the drag must be a shrink. It is true that gas tends to rise and,
therefore, flow to the cope. On the other hand, if the gas is created in the drag, it may not have time to
tra\zltlel upwards. In this case the blow is the drag defect. The general causes for this defect to form
are”:

e Casting and pattern design.

e Gating causing turbulence. The use of non-tapered sprues, sharp bends in the runner and gate
systems should be avoided.

e Gating system that causes interrupted flow of metal.

e Improper sprue or gate design allowing air or mold gas to enter the metal stream. Round design,
i.e. conical, pouring basins should be avoided as this will create a vortex. Straight sprues, i.e.
non-tapered, should not be used for tall castings at all. Sharp bends in the runner system should
be avoided. All of these factors cause aspiration of air.

e Gating system not full. Tapered runners or at least choke elements should be used when having
multiple gates to provide full channels with no melt oxidation or back waves.
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2.5.3. Inclusions

Inclusions are particles of foreign material embedded in the metal. If these inclusions are found at the
surface, they may be removed during cleaning, leaving only the holes. In this case, they may be
referred to as dirt holes. Since this defect involves an unintended object or foreign body, determining
the exact cause may involve clever detection. For example, the defect may be due to *“any foreign
materials getting into the mold, sprues, or open risers through carelessness?.” Just looking for
careless molding may not be adequate. The carelessness may be a matter of equipment, design,
placement or maintenance. For example, the sand distribution belt may be spilling sand into open
molds below.

It is obvious that the presence of a scab, erosion, or cut in the casting will produce sand or slag
inclusions somewhere in the casting. It may not be equally obvious that such defects on any part of
the gating system can create an identical problem. Since the gating system is usually detached before
the casting is inspected and rejected, the source of trouble becomes mysterious. Inclusions involving
a given pattern should be studied by inspection after cleaning, but with the gating system attached.
The presence of any expansion, erosion, or cut defect on the gate, runner or the sprue may easily be
the cause even though at some distance from the inclusions in the casting itself. The most probable
causes are’":

e Those design factors which contribute to scabs, cuts washes and erosion will intensify the
tendency towards inclusions which result from such defects in casting. Such designs involve
abrupt changes of section, irregular contours, deep pockets and sections which detract from
uniform mold hardness or excessive metal flow over confined surfaces.

e Improper gating. Gates should be located so the first metal will cushion the remainder of the
metal and keep the sand covered until the mold cavity has been filled. This applies equally to the
area at the base of the sprue where cuts are common. Gating systems that create slow pouring can
cause scabs, particularly on cope surfaces. Slow pouring exposes the cope surface to radiant heat
without a protective metal covering. This applies equally to the cope surface or runners. Gating
formulas which create an unfilled runner should be avoided since the cope of such runners will
eventually scab and drop sand into the gating system. An inadequate number of gates creates cuts
and washes in the casting. An inadequate runner of excessive choke can likewise cause a cut or
wash of the gating system. Weak skim cores may break down and wash into the casting
especially if the amount of metal through the core is excessive. A gating system may be designed
in such a way as to create, permit, or increase the formation of inclusions. For example, the choke
may be inadequate to stop the flow of slag or dross coming into the sprue. The slag traps may be
located incorrectly so as to permit further slag formations after the trap or they may be too small
to retain the slag entering the system. The pouring basin designs should avoid a vortex and must
permit retention of slag in the cup.

e Pouring temperature. Low pouring temperature is a common source of trouble. A gating system
with adequate choke for relatively hot, clean metal may fail to separate slag from a colder, dirtier
ladle of iron.

e Interrupted or slow pouring. Failure to keep the sprue full destroys the effectiveness of the slag
trap in the gating system and permits slag to drop down the sprue instead of remaining in the
pouring cups where it belongs.

Obviously there are many other causes for inclusions such as metal composition, melting and pouring
practice, molding sand, core and molding practice, pattern equipment, flask equipment and rigging,
or risering techniques. These will not be discussed in detail here. The interested reader should refer to
references 20 and 21.
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Chapter 3

3. Heat transfer during casting

All casting processes are very closely related to heat release and heat transport during solidification
and solid state cooling. The rate of heat removal is very important as it determines the solidification
time of the casting and the temperature distribution in the material. These phenomena affect both
directly and indirectly the structure of the material, precipitation of pores and slag inclusions,
distribution and shape of shrinkage pores and thus ultimate qualities and properties of castings. Heat
transport and solidification processes in casting are very complex and often difficult to fully
comprehend; nevertheless the knowledge of the basic laws of heat transport and their applications in
the field of casting is of utmost importance. This knowledge is then the basis for the possibilities of
modeling casting methods and designing casting processes for given purposes.

3.1. Thermal conduction

It is well known, that whenever a temperature gradient is present in any kind of matter or a subject,
there is an energy transfer from the high temperature region to the low temperature region. This
phenomenon is referred to as conduction and the heat flow per unit area is proportional to the normal
temperature gradient, where the proportionality constant is the thermal conductivity’. The basic
Fourier's law of thermal conduction can be written as:

q= —kAﬂ (3.1)
OX
Where g, [W], is the diffusive heat flow (heat flux) perpendicular through the surface of the area
A[m?], k is the thermal conductivity, [W/mK], T is the temperature, [K] or [°C], and x is the
descriptive space parameter perpendicular to the surface, [m]. The minus sign in Eq. 3.1 indicates
that the heat is calculated positive in the direction it actually flows. Note that this equation is the
defining equation for thermal conductivity, k.

3.2. Thermal convection

Both thermal conduction and radiation leads to transport of energy but not of material. Convection
means transport of material together with its heat content. One type of convection present in the
continuous casting of a metal melt is caused by cooling the surface of the solidified metal or the
mould with water. The heated medium disappears from the neighborhood of the metal surface and the
mould to be continuously replaced by cold air or cold cooling water. As for high-pressure die casting,
the main source of convection is the motion of the melt in the shot sleeve and the die cavity.

There are two principal means of thermal convection: forced and free convection. Forced convection
involves external source of motion of air or any other type of cooling/heating medium. The cooling
of a die or a mold by flowing liquid (water, oil) is a very good example of forced convection. On the
contrary, free or natural convection in a fluid is caused by density differences that are present in the
fluid without any influence from outside. The main convection takes place due to the transport of the
melt, and the contribution from the corresponding velocities can be seen in the energy equation (Eq.
2.11). The velocities themselves can be found from the momentum equations (Eg. 2.5) and the
continuity equation (Eqg. 2.1). Newton’s law of cooling which is applied in order to express the
overall effect of convection can be used commonly as a boundary condition or to describe the
convection during the solidification or solid state cooling*

q=-hAT, -T) (3.2)
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where T, and T are the temperatures of the surface of the body and the cooling fluid, respectively. h
is referred to as the convection heat transfer coefficient, [W/m?K] and Eq. 3.2 is the defining
equation. The heat transfer coefficient h is dependent on the speed of the flowing cooling medium
and the shape and size of the surface of the casting.

3.3. Thermal radiation

The last mode of heat transfer is called thermal radiation and arises due to electromagnetic wave
propagation, which can occur both in a total vacuum and in a medium. We will focus on
electromagnetic radiation as a result of a temperature difference. For the ideal emitter, a blackbody,
the Stefan-Bolzmann law is applied"

q=0cAT* (3.3)

where ¢ is the proportionality constant and is called the Stefan-Bolzmann constant with the value of
5.669:10°W/ (m?K*). T is the temperature which must be inserted in Kelvin [K]. Regarding all other
surfaces distinct from the ideal black body, their radiation is considerably lower, however, the total
radiation emitted by these bodies still follow the fourth order proportionality stated in the Stefan
Bolzmann law.

For our purposes, the analysis of the casting processes, however, we only consider two simple cases
with radiant heat exchange between two surfaces A; and A,. In both cases the net heat exchange can
be found from the following expression*

q= _45m9an0-(7;4 - 7;4) (34)

where enean States for the mean emissivity. Again it should be noted, that the sign convention from
Fourier’s law is adopted. The mean emissivity can be found for the aforementioned two cases which
are particularly relevant in casting processes.

Case 1: A;<< A,, corresponding to, e.g. the surface one being completely enclosed by the much
larger surface 2. In this case the mean emissivity will be equal to that of the small surface, i.e. €mean =
€1

Case 2: The two surfaces are immediately adjacent. In this case the mean emissivity will be given by
. B 1
mean — 1 1 (35)

—+—+1
Y

Eq. 3.4 is often rewritten in a form more suitable for calculations:
0=~ A e oI +T2T, + TTZ +T2 )T, -T,) (3.6)
When introducing the equivalent heat transfer coefficient for radiation h,,4, given by:
heag = £0(T2 + T2T, +T,T7 +TF) (3.7)
Eq. 3.6 can be written in the same form as Newton’s law of cooling
q=—Nraq A(Tz - Tl) (3.8)

These phenomena can be very complex and all the calculations are very rarely as simple as presented
here. But for our purposes of introducing basic heat transfer modes in casting processes, these
expressions are sufficient enough.
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3.4. Heat Conduction equation

All thermal models, regardless of their complexity rely on the solution of the heat conduction
equation, Eq. 3.9. This partial differential equation provides the basic tool for heat conduction
analysis. From its solution, it is possible to obtain the temperature distribution in a medium, e.g. a
casting or a mould, resulting from conditions imposed on its boundaries as a function of time.

i(ka—Tj+i ka—T +i(ka—Tj+q —pCa—T (3.9)
ox\ ox) oyl oy ) az\ ez ) TP '

where p denotes the material density [kg/m®], cp the specific heat capacity [J/kgK], T is the
temperature field [K], and gy, the volumetric heat source term [W/m®]. It is often possible to work
with simplified versions of Eq. 3.9. For example, if the thermal conductivity is a constant, the heat
conduction equation becomes

O°T 0°T 9T qy 10T
ottt =—— (3.10)

ox° oy- oz k aot

Where o is the thermal diffusivity of material which is a measure of how fast temperature is
conducted in a solid. In words, the heat conduction equation states that at any point in the medium the
rate of energy transfer by conduction into a unit volume plus the volumetric rate of thermal energy
generation must equal the rate of change of thermal energy stored within the volume?. Once the
distribution of the temperature is known, the conductive heat flux at any point in the medium or on its
surface may be computed from Fourier’s law. Other important quantities of interest may also be
determined. For a solid, knowledge of the temperature distribution could be used to determine
structural integrity through determination of thermal stresses, expansions and deflections. The
temperature distribution could also be used to optimize the thickness of an insulating material, e.g.
insulating padding around risers, or to determine the compatibility of special coatings used during
casting.

In addition to the heat conduction equation it is necessary to specify appropriate initial and boundary
conditions in order to describe fully the physical problem under consideration®. The initial boundary
conditions specify the initial temperature distribution throughout the body. In many problems, also in
casting processes, the initial temperature might often be assumed constant.

With regard to the boundary conditions, there are five principal boundary conditions which are used
in mathematical theory of heat conduction as idealizations of the actual physical processes. Basically,
these boundary conditions are based on the three aforementioned modes of heat transfer. For more
detailed analysis, refer to™2.

3.5. Heat transfer between materials and thermal resistance

The casting consists of a number of materials in addition to the metal, e.g. sand mould, die, chills,
cooling circuit etc. The contact between them is not ideal and can lead to a significant temperature
drop across the interface due to the thermal resistance to heat transfer. This temperature change is
attributed to what is known as the thermal contact resistance. The existence of a finite contact
resistance is due principally to surface roughness effects. Contact spots are interspersed with gaps
that are, in most cases air filled. The mechanism of heat transfer at the interface between materials
can be due to conduction and/or convection in the material (usually air) located in the small gaps
between the materials in contact, and radiative transfer across these gaps can also be significant if the
temperature difference between the two materials is large. Since it is difficult to model all of these
effects on the microscopic level, the overall resistance to heat transfer across the gap is usually
accounted for by using an equivalent interface heat transfer coefficient (HTC) between the materials.
This is illustrated in Figure 3.1.
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Casting ,

Figure 3.1: Temperature drop due to thermal contact resistance at the interface between the casting and
mould. Figure inspired by Hattel®.

As an example to how this contact resistance affects the heat transfer between two materials, consider
the contact resistance between the casting and the mould. The total resistance to heat transfer between
a location in the metal and a location in the mould is given by*

metal mould ] = Ametal + L Inoutd (3.11)

Rtotal = [ conduction + Rinterface + Rconduction k h + k

metal interface mould

Where hinerface 1S the interface heat transfer coefficient, d e and dmoug are distances in the metal and
the mould away from the interface, and Kpew and Kpoug are the thermal conductivities of the metal
and the mould, as illustrated in Figure 3.1.

3.6. Solidification and feeding of castings

During cooling and solidification in the mold most metals and alloys undergo volumetric changes,
i.e. they shrink. The combined effect of metal shrinkage and mold behavior during casting
solidification dictates casting soundness. Improper management of heat flow may result in casting
defects such as cold shuts or shrinkage defects. These defects are responsible for considerable
financial loss in the metal casting industry.

3.6.1. Metal shrinkage

It is convenient to distinguish four different types of volume changes: liquid contraction,
solidification, solid contraction and solid state transformations, Figure 3.2.
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Figure 3.2: The solidification and cooling Figure 3.3: Casting constraint. Arrows indicate points where
processes of an alloy. free volumetric contraction of the casting is not permitted®.
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1. Liquid contraction

The contraction occurring from the pouring temperature to the liquidus temperature is rarely a
problem in casting. As long as the liquid level of the ingate system is above the level of the casting,
the liquid contraction within the latter will be easily compensated.

2. Solidification shrinkage

As the liquid metal cools down and reaches the liquidus temperature, it starts to solidify. This means
that the randomly distributed atoms of the liquid start to arrange themselves according to well-
defined patterns, so-called crystals. The formation of a solid crystal is always accompanied by a
change in molar volume, for pure metals usually a decrease®. We therefore talk about solidification
shrinkage. Some typical values for solidification shrinkage are given in Table I.

Table 1. Overview of volumetric solidification contraction for various metal casting alloys.

Material Volumetric solidification Material Volumetric solidification
contraction, % contraction, %

carbon steel 25t03 Cu-30%2Zn 4.5

1% carbon steel 4 Cu-10%Al 4

white iron 4 1t05.5 aluminum 6.6

gray iron -2.5 (expansion) to 1.6 | Al-4.5%Cu 6.3

ductile iron -4.5 (expansion) to 2.7 Al-12%Si 3.8

copper 4.9 magnesium 4.2

zinc 6.5

It is seen that for graphitic cast iron expansion may occur during solidification. This is because the
graphite formed during solidification has a lower density than the liquid from which it is formed.
Gray and ductile iron expand during solidification because of graphite precipitation, and when poured
in non - rigid green sand molds an additional 15% feed metal requirement above that needed to
satisfy the calculated liquid and solidification shrinkage may be required. Solidification shrinkage
can also be compensated through liquid feeding from the risers. However, since feeding channels
may be interrupted during solidification before all parts of the casting are fully solid, local shrinkage
cavities may occur.

3. Solid contraction

By solid contraction, also called patternmaker shrinkage, we mean the change in molar volume of a
material when its temperature changes. In general it means that the molar volume decreases (and the
density increases) as the temperature goes down. The amount of volume change is given by the
coefficient of volumetric thermal expansion / contraction, f

AV 1 + 15
Vo AT (312)
which in one dimension is related to the elongation according to:
AL 1 th 1
a= : =& (3.13)

L, AT T AT

The constant of proportionality a is called the coefficient of linear thermal expansion. In words o
expresses how much relative deformation the body experiences when exposed to a temperature
change of one degree if allowed to contract or expand freely’. If a body, e.g. a casting, is unrestrained
and it will contract an equal amount (proportional to the temperature drop) uniformly in all three
direction, then it applies that B = 3a. The solid contraction is accommodated by allowing suitable
corrections to the dimensions of the pattern used for making the mold. It is apparent that because of
liquid and solidification shrinkage a mass deficit may result in certain regions of the casting. This
mass deficit translates into shrinkage cavities that may cause rejection of the castings. Therefore, it is
important to understand and control the feeding of all regions of mass deficit.
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Linear (solid) contraction according to Eq. 3.12 will, however, only act upon the parts of the casting
which are unconstrained, i.e. allowed to shrink freely. In many cases the mould or the casting itself
will prevent this, see Figure 3.3. The result will be a gradual build-up of internal stresses, resulting in
plastic deformation, cold cracking or residual stress. More on this topic will be given in section 3.7.3.

4. Solid state transformations

At certain temperatures, the atoms of some solid structures tend to rearrange themselves in order to
decrease their energy. These solid state transformations have a great impact in many ways; e.g.
volume changes, residual stresses and change of mechanical properties and are therefore very
important to understand and also to control. The controlling parameters are mainly composition and
cooling rate. More on this topic can be found in devoted literature.

3.6.2. Feeding - the five mechanisms

By feeding, one usually means that liquid metal should be supplied and transported to areas in the
casting suffering from a lack of material due to the solidification shrinkage. Campbell distinguishes
between five different feeding mechanisms, some of them involving solid material and acting during
different stages of the solidification process. The feeding mechanisms are summarized in Figure 3.4
as suggested by Campbell”, for alloys with a freezing range.

Riser

Liquid Mushy zone

X §+'
Liquid feeding o 2 o
@ c T IBE
T O 'g < o O
=3 a5 0§
w— E (0] —
S
£
+—>
Burst feeding

Figure 3.4: Schematic representation of the five feeding mechanisms®.

In order to analyze the feeding, the so-called feeding velocity, Vs, is introduced and it is defined as
the average velocity of the mass moving to fill the mass deficit. It can be expressed as Vs =f_ V| + fg
Vs, where Vs and V| are the velocity of the solid and liquid, respectively.

During liquid feeding, which is the most “open” feeding mechanism and generally occurs before the
beginning of solidification, fs = 0 and thus V; = V. Inadequate liquid feeding is often seen to occur
when the feeder has inadequate volume. Thus liquid flow from the feeder terminates early and
subsequently only air is drawn into the casting.

When solidification starts, solid particles (grains) form in the liquid. As long as these particles are not
in contact with one another, that is when fs < fs”, it may be assumed that the solid moves with the
liquid (Vs = V\), and the metal behaves like a slurry (semi-solid). Its relative viscosity is increased
(fluidity is decreased). Because of this increased viscosity, during mass (semisolid) feeding, the flow
velocity (of the slurry) decreases to Vi < V. This movement of the slurry is arrested when the
volume fraction of solid reaches anywhere between 50 and 100%, depending on the pressure
differential driving the flow, and depending on what percentage of dendrites are free from points of
attachment to the wall of the casting.

As solidification proceeds, dendrite coherency (i.e. a rigid network of contiguous dendrites) will
occur when fs < fs*, and a fixed solid network will form. Then, since Vs = 0, the feeding velocity
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becomes V; = f,-V|, meaning a further decrease in feeding. Only interdendritic feeding is possible at
this point.

If a part of the casting is cut off from feeding possibilities by a solid barrier, the hydrostatic tension in
the remaining liquid of this region will increase dramatically. At a certain amount of tension, the
solid barrier may burst, letting metal into the formerly cut off region. This is called burst feeding.
Burst feeding is very hard to predict since it depends upon the relation between the amount of
hydrostatic tension and the strength of the solid barrier, quantities which are difficult to estimate.
Nevertheless, it is important to know that it may occur.

Solid feeding is related to burst feeding in a way that the gradual build-up of hydrostatic tension in an
isolated liquid region deforms the surrounding solid shell inwards. The solid shell does not, however,
burst but compensates the solidification shrinkage by decreasing the size of the entire casting, i.e. the
surrounding solidified shell is being sucked inwards by plastic or creep flow*. This inward flow of the
solid relieves the internal tension, like any other feeding mechanism. For effective feeding to occur
during solidification four main requirements must be satisfied. They also must be fulfilled
independently; if one is neglected, no matter how carefully the feeding system is designed in other
respects, the result will be an unsound casting:

o a feeding source (riser) that solidifies after the region to be fed must be available- heat transfer
requirement;

o sufficient liquid must be available to feed the shrinkage- volume requirement;
e unrestricted feeding channels (path of flow from the feeder to the shrinkage);
o sufficient pressure on the liquid to make it flow toward the shrinkage region.

These four feeding requirements will be briefly discussed in the next section.

3.6.3. Feeding requirements

It has already been mentioned that most of the commercial ferrous and non-ferrous cast alloys
experience volumetric shrinkage during solidification. Additional volume reduction occurs during
cooling of the liquid metal after pouring. These contractions will create internal unsoundness, i.e.
porosity unless a riser of liquid metal reservoir provides liquid feed metal until the end of the
solidification process. The riser also serves as a heat reservoir, creating a temperature gradient that
induces directional solidification. Without directional solidification, liquid metal in the casting may
be cut off from the riser, resulting in the development of internal porosity [ref. Papers 11, 111, (Kotas
et al. 2010)].

e Heat transfer requirement

To be effective, a riser should continue to feed liquid metal to the casting until the casting has
completely solidified. Thus, the riser must have a longer solidification time than the casting. Since
the critical factor affecting solidification time is heat loss, minimizing heat loss from the riser is an
important consideration. It has been shown that the solidification time of any solidifying body is
controlled by its ratio (volume)/ (cooling surface area), known as its modulus, m, i.e. Chvorinov’s
rule. Thus the problem of ensuring that the feeder has a longer solidification time than that of the
casting is simply to ensure that the feeder modulus my is larger than the casting modulus m.. To allow
a factor of safety, particularly in view of the potential for errors of nearly 20 per cent when
converting from modulus to freezing time, it is normal to increase the freezing time of the feeder by
20 per cent, i.e. by a factor of 1.2. Thus the heat-transfer condition becomes simply”®

My > 1.2 * M, (3.14)

A sphere represents the maximum volume-to-surface-area ratio and therefore freezes at the slowest
rate according to Chorinov’s rule. However, spherical risers present molding problems. A cylinder
with a height, H, equal to its diameter, D, is the typically recommended riser geometry, since it is a
simple, easily moldable shape having a high volume to surface-area ratio. The modulus of a feeder
can be artificially increased by the use of an insulating or exothermic sleeve. It can be further
increased by an insulating or exothermic powder applied to its open top surface after casting.
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e Mass-transfer (volume) requirement

At first sight it may seem surprising that when the first requirement is satisfied then the volume
requirement is not automatically satisfied also. However, this is definitely not the case. Although a
feeder may have been provided of such a size that it theoretically would contain liquid until after the
casting is solid, in fact it may still be too small to deliver the volume of feed liquid that the casting
demands. Thus it will be prematurely sucked dry, and the resulting shrinkage cavity will extend into
the casting. Figure 3.5 illustrates that normal feeders are relatively inefficient in the amount of feed
metal that they are able to provide®.
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Figure 3.5: Metal utilization of feeders of various forms molded in sand. The numbers represent fed
volume in percent of total volume, Figure adapted from Beeley®.
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This is because they are themselves freezing at the same time as the casting, depleting the liquid
reserves of the reservoir. Effectively, the feeder has to feed both itself and the casting. We can allow
for this in the following way. If we denote the efficiency € of the feeder as the ratio (volume of
available feed metal) / (volume of feeder, Vs,) then the volume of feed metal is, of course, ¢ * V5. If
the solidification shrinkage of the liquid is £ during freezing, then the feed demand from both the
feeder and casting together is g (7:.V.), and hence:

&V :ﬁ-(\/f +VC) (3.15)

Solving for the riser volume yields

It follows that the smaller solidification shrinkage of ferrous alloys reduces the feeder volume
considerably. For graphitic cast irons the value reduces even further of course, becoming
approximately zero in the region of 3.6 to 4.0 per cent carbon equivalent. Curiously, a feeder may
still be required because of the difference in timing between feed demand and graphite expansion.

e Feed path requirement

The third requirement amounts to efficient feeding channels. The efficiency of the feeding channels
is affected by the type of alloy as well as by the geometry of the casting. The type of alloy influences
the width of the mushy zone (the solidification interval). Wide mushy zone alloys (T, -Ts > 110°C)
that solidify typically with equiaxed grains, rely heavily on semisolid and interdendritic feeding.
Thus their feeding velocity is small and significant difficulties are experienced in feeding the
numerous tortuous channels. The resistance to flow is relatively high. Alloys with narrow mushy
zone (T, -Ts < 50°C), that exhibit columnar structure, rely mostly on liquid feeding, and therefore
their feeding velocity is high. They are called skin forming alloys.

It is easy to appreciate that in normal conditions it is to be expected that there will be a limit to how
far feed liquid can be provided along a flow path. Up to this distance from the feeder the casting will
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be sound. Beyond this distance the casting will be expected to exhibit porosity. Hence, the feeding
distance determines the number of risers needed. The feeding distance is always measured from the
edge of the riser to the furthest point in the casting section to be fed by that riser. The feeding
distance depends in part on the temperature gradient, which is the change in the temperature per unit
length during solidification. Figure 3.6 illustrates how a steep temperature gradient facilitates the
feeding of a casting®. The shape of the solid skin surrounding the liquid metal varies with the
steepness of the temperature gradient during freezing. When there is no, or very shallow temperature
gradient parallel solidification fronts will move from the mold wall to the center of the casting,
Figure 3.6(a). The flow of liquid metal is gradually restricted, because liquid feeding is gradually
replaced by interdendritic feeding. Eventually the feeding channel will be closed and porosity, known
as dispersed centerline shrinkage, will occur between the dendrites. In the case of a solidifying wedge
(Figure 3.6(b)); a steep temperature gradient from the center to the edge of the casting exists. Steep
gradients provide open, more accessible feeding passages and liquid feeding is possible until the end
of solidification, see Papers Il and Ill in the supplements of this work. There exists a critical
tapering angle for the liquid pool feeding the solidification shrinkage. For liquid pool angles smaller
than this critical angle, centerline shrinkage will form in the isolated pools of liquid that are cut off
from the feeding path™. The feeding distance also depends on the cooling rate of the steel during
solidification, and hence the section thickness™ 2. For large cooling/solidification rates (small
section thicknesses), the feeding distance is smaller because the velocity at which the feed metal must
flow to compensate for shrinkage is larger. Accompanying this larger feed metal velocity is an
increased pressure drop along the feed path, which in turn promotes the formation of porosity™. Since
both the temperature gradient and the cooling rate are influenced by factors such as the section
geometry, pouring conditions, steel type and molding material, the feeding distance will vary with all
of these parameters.
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(a) parallel solidification fronts (b) converging solidification fronts

Figure 3.6: Plate- and wedge-type solidification®

There are two terms that are important to understand when considering feeding distances: riser zone
and end zone. Consider now the case of the L-shaped casting presented in Figure 3.7.
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Figure 3.7: Directional (progressive) solidification in an L - shaped casting resulting from increasing
temperature gradient from the extremity of the casting to the riser. Figure inspired by Stefansecu®.
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Since the riser remains hotter than the casting section to be fed, it provides a temperature gradient
that facilitates feeding. The length over which this riser effect acts to prevent shrinkage porosity is
called the riser zone length, (RZL). The cooling effect of the mold at the end of a casting section also
provides a temperature gradient along the length of the casting section to be fed. This is called the
end effect, and it produces a sound casting over the so-called end zone length'*, (EZL). The feeding
distances are functions of RZL and EZL. In the long, horizontal part of the casting, parallel
solidification fronts due to shallow gradients converge toward the center of the plate, and center-line
dispersed shrinkage is to be expected, the grey area in Figure 3.8. This is why criteria attempting to
predict the position of centerline shrinkage include the thermal gradient in their formulation.

RZL « EZL, RZL RZL

it — 3T
@ (b)

Figure 3.8: Top-risered plate (a) with end effect and (b) with lateral feeding. The plate is sound if (a) the
riser zone and the end zone extending from the right edge of the casting section are tangent or overlap and
(b) if the riser zones are tangent or overlap. The plate has centerline shrinkage between these zones if they
do not meet™,

Nowadays, numerical simulation tools are heavily utilized in predicting the effect of a casting design
on the solidification behavior of the casting with subsequent analysis of the casting defects which are
directly coupled to the solidification pattern. Figure 3.9 is an example of how the geometry used in
Figures 3.7 and 3.8 affect thermal gradients and subsequent formation of centerline porosity inside
the casting. Figure 3.9(a) implies that the whole horizontal section, especially its central region does
not undergo directional solidification. The end zone is very short, leaving the major part of the
casting with very shallow thermal gradients. Eventually the residual liquid will be cut off from the
primary feeding path from the riser and centerline porosity will form which is seen in the same figure
(b and c).
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Figure 3.9: Numerical simulation of a solidification pattern and its effect on the defect distribution, (a-c) no
chill, (d-f) with the end chill, (Kotas 2010).

Sometimes methods are used to increase feeding distances. End chills create an additional
temperature gradient and enhance the end zone length (and thus the feeding distance), but have no
effect on the riser zone length. The benefits of the end chill are shown in Figure 3.9 (d-f). Obviously
the end chill enhances the cooling effect and increases the end zone length. Due to that steeper
thermal gradients will be induced in the central plate region, establishing directional and progressive
solidification and hence minimizing the extent of the porous region, Figure 3.9 (e and f). In order to
fully avoid the porous region, more adjustments would have to take place. For instance, the plate
should be tapered towards the riser, the riser should be shifted to the right or chilling would have to
be intensified. The lateral feeding distance can be enhanced by the use of drag chills. A drag chill
does not increase the riser zone length, but rather it causes a temperature gradient that essentially
creates an end effect between the risers. An open feed path is also promoted by a taper, where the
section thickness continually increases toward the riser. In fact, a sufficiently large taper can result in
an infinitely long feeding distance.

The above concept is well described and documented in the work by Kotas et al. [ref. paper Il and
I11]. Figure 3.10 highlights the effect of the solidification pattern on feeding efficiency of the top
riser. Due to inadequate external cooling from the chills in Figure 3.10a, very shallow thermal
gradients were induced along the cylindrical section. The parallel solidification fronts gradually
restricted the flow of liquid to the lower sections, causing the complete isolation of the residual
liquid, Figure 3.10(b) which eventually transformed into shrinkage porosity, Figure 3.10(c).
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Figure 3.10: Negative effect of the solidification pattern on thermal gradients leading to porosity formation in
the casting, [ref. Paper 11, (Kotas et al. 2010)].

On the contrary, when adequate cooling is established due to the new chills around the cylindrical
section, directional and progressive solidification towards the thermal axis and the riser is evoked,
Figure 3.11. It means that the solidifying front progresses towards upper areas in a V-shape pattern
which is desirable mainly with respect to the elimination of multiple casting defects- this will be dealt
with in detail in the section devoted to casting defects.
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Figure 3.11: The effect of the intense cooling on the solidification pattern, on thermal gradients and on
porosity elimination in the casting, [ref. Paper |1, (Kotas et al. 2010)].

e Pressure gradient requirement

Although all of the previous feeding rules may be met, including the provision of feed liquid and a
suitable flow path, if the pressure gradient needed to cause the liquid to flow along the path is not
available, then the feed liquid will not flow to where it is needed. Internal porosity may therefore
occur. A fluid flowing down a channel will experience various resistances against its motion. For a
feeding liquid the important resistances will be offered by friction against the mould walls, the
viscosity of the liquid itself and gravitational forces. The force which has to overcome all these
resistances is the metallostatic pressure. The friction against the mould wall is usually low as long as
no solid is formed. When the solid phase starts to grow, the feeding path narrows down and the
pressure gradient increases. The feeding is now very much dependent on whether the alloy solidifies
in a eutectic or a dendritic mode. Eutectic growth is accompanied by smooth walls of the flow
channel while dendritic growth exhibits a rugged surface with great resistance to fluid flow.
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The viscosity of the liquid is mostly dependent on the presence of equiaxed grains. At pouring, the
viscosity corresponds to that of water but as the content of the solid phase increases it becomes more
like porridge or paste. For both dendritic and eutectic alloys the amount of equiaxed grains depends
on the temperature gradient in such a way that a flat gradient promotes equiaxed growth. This
explains why permanent mould castings are easier to feed.

The gravitational force constrains the feeding system design in a way that a feeder can never feed a
higher located part of the casting, unless the feeding system is pressurized in some way. The feeder
should therefore be positioned well above the casting regions it should feed. It is also very important
to preserve the atmospheric pressure inside the feeder when the liquid level starts to sink. Both of
these conditions are fulfilled by an open riser, see Figures 3.9-3.11. This type of a riser is usually
placed at the top or the side of a casting with its upper surface open to atmosphere. A valuable feature
of such risers is their function in venting the mould cavity during pouring. The principal disadvantage
of an open riser is the heat loss to atmosphere by radiation: in the absence of insulation the exposed
surface is susceptible to premature freezing, with corresponding loss in feeding efficiency®. A type of
the riser which is not in contact with the upper mould surface is referred to as a blind riser. These
blind risers will be ineffective unless placed in such a position that metallostatic pressure is available
for feeding. Blind risers required for the feeding of sections at lower levels are usually modified to
exploit the atmospheric effect for feeding, the so-called atmospheric blind riser. This can be done by
using an atmospheric vent, a type of a porous core’. The general arrangement of such a head is shown
in Figure 3.12.

After casting, a solidified shell of metal forms round the periphery of the entire mould cavity, the
gating system having become sealed off due to its relatively small cross-section area. As the
remaining liquid continues to contract and a partial vacuum is created, the solid envelope will
puncture at its weakest point which, due to the slow rate of freezing at re-entrant angles in the casting
surface, is at the end of the puncture core. Atmospheric pressure is thus brought to act on the liquid,
creating the conditions for feeding to an appreciable height. Even though Beeley in his book® points
out that “atmospheric blind risers can feed to a height considerable greater than that of the head itself
where gravity is opposed to feeding”, after talking to quite a few foundry men, the general conviction
is that atmospheric blind risers can feed well to approximately 2/3 of their height- if they are well
“ventilated”. Some foundry engineers even follow a theory; always try to rearrange your casting so
that blind risers can be avoided. If an atmospheric vent is not used, this could have dramatic
consequences in some casting geometries. When a solid shell has formed, the pressure inside the
feeder will significantly decrease. If at the same time, there is contact between liquid and the sand
mould in some part of the casting which is to be fed; it could lead to a situation where the feeder is
fed from the casting.

Hydrostatic
pressure opposing
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y
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Figure 3.12: The principle of atmospheric blind risers used in steel castings, (Kotas, 2010).
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The casting in Figure 3.12 is an additional example from industry how improper rigging and casting
arrangement can lead to an improper, i.e. non-directional, solidification pattern, induce low pressure
and thermal gradients and hence promote solidification related defects, i.e. centerline porosity. Due to
the inability of the top riser to feed the entire height of the casting and due to missing chills that
would split the feeding zone, progressive solidification could not have been established and thus
solidification propagated only from the casting walls inwards eventually choking off small liquid
pools almost over the entire height of the casting. These isolated pools did not have a chance to
compensate for the volumetric shrinkage during the temperature drop which resulted in centerline
shrinkage in the problematic area, see Figure 3.13. A remedy, which is seen in a work by Kotas, is an
addition of new chills to divide the feed zones into smaller regions to increase the efficiency of the
risers, and addition of a second row of atmospheric blind risers.
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Figure 3.13: (left) Temperature distribution in the steel crusher roll shell, causing shallow thermal gradients
in the vertical section (middle), and centerline porosity as a consequence (right), (Kotas, 2010).
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An alternative to the casting arrangement in Figure 3.12 could be the one in Figure 3.14. In this way,
one could replace the blind risers only with open risers. However, the casting yield would decrease
substantially and machining costs would increase.

Figure 3.14: An alternative solution if blind risers should be avoided. However, the casting yield will get
substantially increased, (Kotas, 2010).
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3.6.4. Risering procedure

It must be emphasized that this section was highly inspired by a brochure “Feeding & Risering
Guidelines for Steel Castings” of the Steel Founders’ Society America™.

The risering of steel castings should proceed in a systematic manner. The first step is to represent the
casting as a collection of simple, plate-like sections. Representing the casting with simply shaped
sections allows for the calculation of the solidification modulus, i.e. Chvorinov’s rule (volume-to
surface-area ratio) for each casting section. Although, Chvorinov’s rule can be applied not only to
plate-like sections, but also to cylinders and spheres. As already mentioned, the larger the
solidification modulus, the longer the solidification time. If a casting section has a larger modulus
than all of the surrounding casting sections, it will still be solidifying after the surrounding sections
are completely solidified. The last region to solidify in such a casting section is termed a hot spot.
Once the hot spots in a casting are identified, a riser must be placed adjacent to each hot spot. This
ensures that feed metal will be available to feed each hot spot until solidification is complete.

The reason that the collection of simple sections used to represent the casting should be plate-like is
that the risering rules presented in this manual were developed for simple, plate-like shapes. Thus, it
is necessary to use such shapes in order to apply these rules. Once this has been accomplished, the
edges of each casting section with and without the benefit of end effect must be identified. The
feeding distance between a riser and an edge without end effect should be calculated as a lateral
feeding distance (LFD), instead of as a regular feeding distance (FD).

Once the casting has been represented with a collection of plate-like shapes, the feeding zones of the
casting must be identified. A feeding zone is a solidifying region of the casting that solidifies in such
a manner that it must be risered separately from the rest of the casting (a region containing a hot spot
is an example of a feeding zone). A feeding zone may require more than one riser to feed it,
depending on the feeding distances involved. Feeding zones can be identified by their solidification
moduli (V/A ratio). Sections with the smallest solidification moduli will solidify first, and might
therefore divide the casting into distinct feeding zones. Sections having larger moduli will require
feed metal until the end of solidification. Risers must be added to such sections to prevent shrinkage
during the final stages of solidification. Feeding zones for simple castings might be the simple, plate-
like parts that make up a casting. This is not always trivial for complex castings.

Once the feeding zones have been identified, a feeding path must be determined for each feeding
zone. Regions of the casting where sufficient taper and directional solidification exist must be
identified. Such regions need not be considered in determining the feeding distance.

Also, for such cases, there is no end effect in determining the feeding distance. The principle of
directional solidification should be considered in placing the riser. The feeding path should be
identified so that it proceeds from the first region in the feeding zone to solidify to the last region to
solidify. The riser should be placed at the last position along the feeding path to solidify. Ingates
should be placed so that the metal enters below top risers, and always through side risers.

The final step prior to calculating feeding distances and riser sizes for each feeding zone is to define
the feeding dimensions. The feeding dimensions of the section to be fed are the length L, width W,
and section thickness T. Two examples of a section with L, W, and T indicated are shown in Figure
3.15. As shown in this figure, a feeding zone and a feeding path must be identified in order to assign
risering dimensions.

(a) top riser (b) side riser
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Figure 3.15: Dimensions for casting sections fed by (a) a top riser, and (b) a side riser (adapted from [15]).

To summarize, the recommended procedure for risering steel castings is™:

(a) Representation of the casting as a collection of simple, plate-like shapes
o locate hot spots, and place a riser on each one
o for each plate-like shape, determine edges with and without end effect

(b) Determination of feeding zones, feeding paths and feeding dimensions
(c) Determination of feeding distances
(d) Determination of riser sizes

Obviously, this procedure is to be followed when designing an initial casting and risering layout. All
of these aforementioned steps should be considered and respected regardless of the circumstances, as
they have been thoroughly analyzed and verified by many foundry-oriented researchers over the
years, and successfully applied by thousands of foundry engineers world-wide. They are not just
some rules of thumb.

Today’s generation of foundry engineers has been very fortunate in that numerical casting simulation
tools, which are based on various complex physical models, are readily available to assist and help
during a design stage. For those who are familiar with numerical casting simulations, there is no need
to manually split the casting into simple shapes and calculate solidification times for each of them
whatsoever, since the numerical tool does it for them in a few minutes. Afterwards, it is very simple
to thoroughly investigate a thermal behavior of a given casting in a search for potentially critical
areas above which a riser(s) or a chill(s) should be placed. It is also feasible to evaluate the feeding
efficiency of separate risers meaning, how far and for how long they are able to supply the necessary
hot melt to compensate for volumetric shrinkage. Moreover, information on subsequent defects
occurrence, based on the thermal analysis, is also provided to users of any given numerical casting-
devoted tool.

Last, when casting simulation and numerical optimization tools are coupled, the entire procedure for
risering steel or any metal alloy-based castings can be fully automated. A potential outcome of such
an automated procedure would be proposals for the most optimal riser shapes and their location,
positioning of chills or insulation, which would yield a totally sound cast part. The truth is, that a
skilled and experienced foundry engineer, who knows the physics and understands all the complex
and coupled physical phenomena behind the foundry processes, is still highly demanded to properly
define and set up each project, but above all to be capable of interpreting and assessing the results
and proposals provided by the numerical solver as to their applicability to real production.
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3.7. Casting Defects

3.7.1. Introduction

Compared to forming processes, solidification of a melt can produce very complex shapes in a single
operation, thus limiting the number of subsequent joining steps. However, this major advantage is
offset in some cases by the formation of defects, which may prevent the use of castings for high
integrity automotive parts, such as suspension arms, or aircraft components. Among those defects,
porosity and hot tears are the most serious. They are both induced by a lack of feeding of the mushy
zone™, i.e. the zone where solid and liquid phases co-exist. Ultimately, these voids can initiate
premature fractures or at least compromise mechanical properties significantly*” *°.

In the case of porosity, the volume change is associated with solidification shrinkage. In most
materials, the liquid is less dense than the solid. The difference in density in turn requires a flow from
the liquid, through the mushy zone to the regions where final solidification takes place. The pressure
decreases with distance into the mush, due to viscous losses, and if the pressure loss is large enough,
a pore might nucleate and grow”® ?'. This type of porosity is often referred to as shrinkage porosity
because it occurs deep in the mushy zone and is primarily induced by the density difference.

Such pores become filled by gaseous elements that come out of the melt. Among those elements,
hydrogen is the most important one in metallic alloys. Hydrogen becomes dissolved in the melt from
the reaction between the melt and water either adsorbed at the surface of the mould or simply
contained in the air, thus leading to the formation of oxides and hydrogen. Other gases are also
important in some alloys. If the composition of such gaseous elements in the melt is high, voids can
form fairly early in the mushy zone, and this is referred to as gas porosity. Although the pore
morphology and the main mechanisms leading to their formation are quite different, both types of
porosity are described using the same governing phenomena and equations?.

In the case of hot tearing, the volume change is associated with strains in the partially coherent solid,
which add to solidification shrinkage. These strains are induced by the contraction of the solid in a
thermal gradient and are localized at the weakest parts of the mushy zone, the grain boundaries®.
Although the equations governing both defects are similar, the topic of hot tearing is presented
separately.

Another problem encountered in solidification processes is the inhomogenity of compositions at large
scale, known as macrosegregation®. Indeed, such defects cannot be eliminated after solidification
since they involve solute diffusion at long range and thus very long homogenization times (typically
a few centuries for diffusion distance on the order of 10cm). Although the melt itself usually has a
uniform composition, microsegregation at the scale of the microstructure induces local variations of
the concentration. If the enriched or depleted liquid moves with respect to the solid, it leads to a final
average composition that differs from the nominal one. Among the various sources of
macrosegregation, four main mechanisms are generally distinguished: solidification shrinkage,
natural or forced convection, grain sedimentation and deformation of the solid®.

3.7.2. Porosity

The soundness of the casting depends on uninterrupted flow of liquid metal to the region that
solidifies to feed the mass deficit resulting from solidification contraction. Failure to feed the mass
deficit will produce shrinkage defects®, referred to as porosity. There are many types of porosity and
thus they cannot be all addressed in detail in this work, only the most severe, miscroporosity will be
the subject of this chapter. For more detailed analysis of porosity see for example the books by
Campbell* or Frederiksson®. Only a brief classification and definition will be given, see Figure 3.16.
Shrinkage defects that are open to the atmosphere, also called shrinkage cavities are a consequence of
metal contraction while cooling in liquid state and during solidification. This defect is a macro-scale
defect that can be also termed macroshrinkage. The mass deficit produced by this shrinkage is
compensated by atmospheric gasses, a process that is independent of the gas content of the metal and
which does not require gas pores nucleation and growth. On the contrary, closed shrinkage defects
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correlate well with pores nucleation and growth in the mushy zone or the amount of bifilms, and thus
seem to depend on the impurity level and the amount of gas dissolved in the metal. They can be
either macroporosity or microshrinkage (microporosity) defects®. In summary, shrinkage cavities are
driven only by metal contraction (shrinkage flow) while shrinkage porosity is driven by both metal
contraction and pore nucleation and growth or bifilms growth?.

Open shrinkage defects | | Closed shrinkage defects
(macroshrinkage) (shrinkage porosity)

— Shrinkage pipe —

Caved surface _|
7 (sink) Internal
1 __ macroporosity "]

— Microporosity
\ (microshrinkage) *—

L —

Figure 3.16: Definition and classification of shrinkage defects, adapted from Stefanescu®.

From this analysis it is apparent that the accurate prediction of shrinkage cavity formation must be
based on three-phase (liquid, solid, and gas) mass conservation, coupled with energy conservation.
To include casting distortion, stress must be also modeled.

Microporosity, which will be discussed in this chapter, has a strong negative effect on mechanical
properties, especially on ductility and fatigue life, because internal pores act as local stress
concentrators and crack initiation sites. In many instances the appearance of the pore is not spherical
but follows the dendrites shape. Both, the size and the shape of the microshrinkage are important. As
the solidification time increases the secondary dendrite arm spacing increases™ %, and so does
porosity. This trend is well captured in Figure 3.17 for the case of an aluminum-based, i.e. AISi9Cu3
alloy, high-pressure die cast part. In areas where the solidification time is the longest, the
microstructure is the coarsest and the severity of microporosity is the largest. Obviously, the same
trend could be seen in all castings regardless of a cast alloy and size.
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Figure 3.17: Left: Cut through the casting — solidification pattern indicating areas which solidify the last,.
Middle: cut through the casting — SDAS distribution after the casting process, the coarsest microstructure is
found in areas solidifying the last, Right: Microporosity is the most pronounced in areas solidifying the last-
transparent and yellow areas signify the porous regions inside the casting, [ref. Paper I, (Kotas et al., 2009)].

In addition, the fatigue strength and ductility also decrease?’. In well-degassed melts, microshrinkage
takes the shape of the interdendritic liquid that remains just before eutectic solidification, see Figure
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3.18, and the stress concentration factors resulting from these shapes are much higher than for
spherical pores®.

The present understanding of microporosity formation is that metal flows toward the region where
shrinkage is occurring until the flow is blocked, either by solid metal or by a solid or gaseous
inclusion. Recent numerical models assume that when a gas pore appears in the mushy zone during
late solidification, after dendrite coherency, it is entrapped in the dendritic network. When the metal
flow toward the solidification front is blocked, the pore becomes the starting point of microshrinkage.
Thus, microshrinkage formation depends on the nucleation and growth of micro-pores®. This concept
can be understood from the analysis of the local pressure which will be given later in this section.

Figure 3.18: (a) Optical micrograph of (b) SEM image; unmodified Al-Si alloy®.
interdendritic micro- shrinkage in Sb refined
Al-Si alloy®.

One could thus state that there are two main causes of microporosity in castings: shrinkage porosity,
due to the volume change upon solidification combined with restricted feeding of liquid to the final
solidification region; and gas porosity, due to the condensation of dissolved gases in the melt upon
freezing, as a result of the difference in solubility of such gases in the liquid and solid phases. The
two types of porosity manifest themselves in different ways: where they form in the mushy zone,
their morphologies and the extent to which they interconnect are quite distinct. Dantzig and Rappaz®
give a very nice description of both of the defects. They conclude that gas porosity forming early in
the mushy zone, is associated with a certain gas precipitation and is nearly spherical because it grows
in a fairly open dendritic network. In contrast to gas porosity, shrinkage porosity forms deep in the
mushy zone in fairly large solidification interval alloys. It is induced primarily by the difficulty to
provide shrinkage flow required by the final solidification of a solid phase that is denser than the
interdendritic liquid.

Both types of porosity involve the nucleation and growth of pores, in one case due mainly to the
evolution of dissolved gases, and in the other as a result of failure to feed solidification shrinkage.
Although the two types each have different morphology, both can be described using the same set of
governing equations to determine the pressure drop in the mushy zone associated with liquid feeding
and the segregation of dissolved gases. These governing equations are based on the extended mass
conservation equation, derived in chapter 2, i.e. Eq. 2.3, where a compressible phase is now present.

op
L 4+V-ou=0 3.17
ot (3.17)

The density rho is averaged over the various phases:
p:plgl+psgs+ppgp (3.18)

Where g stands for volume fraction of the given phase and the subscript p refers to the pore. When
the density of gaseous phases is neglected and the average mass flow is expressed (also neglecting
the mass transport associated with the gaseous phase) as:

pU= 191U + PG5 (3.19)
the following expression is acquired:
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%—pl?pw-(plguuu)+V-(psgsus)=0 (3.20)

The first term on the left in Eq. 3.20 represents the change in density due to the combined effects of
solidification shrinkage and thermal contraction of the solid and liquid phases. This change in density
must be compensated by three phenomena: void growth in the liquid (second term), inward flow of
interdendritic liquid (third term) or compression of the solid phase (fourth term). If the solid phase is
under a tensile load, arising for instance from external constraints, void growth and interdendritic
flow must produce additional compensating volumes, which can lead to hot tears, as discussed in the
dedicated section. Three cases are illustrated in Figure 3.19: the compensation of shrinkage by
interdendritic flow in (a), void formation in (b) and the additional effect of tensile strains in (c).

L.I._\()'+ﬂ,\-')| U (y+Ay) =Uy(y) =0 1 Uy, (y+Ay)

Uy(y) ¥ Uy(y)
(@) (b) ©

Figure 3.19: (a) solidification occurs between times t (dashed interface) and t + At (solid line) and is
compensated by liquid flow along the y-axis. In (b), solidification shrinkage is compensated by pore growth
alone. In (c), tensile strains on the dendrites perpendicular to the growth direction add to the solidification
shrinkage to induce more flow. Figure adapted from?.

——

In this chapter the focus is on porosity ignoring strains in the solid for now, to be taken up again in
the section devoted to hot tearing. The mass conservation equation then reduces to

9Py 095
_ +V. u)=0 (3.21)
P Pi ot (P| gy )
There are two unknown fields in this equation, the pore fraction g,(x, t) and the velocity field u(x, t).
We treat only the case of fluid flow in the mushy zone without pore formation. The pore formation is
not considered here, for more information on this topic, refer to Dantzig and Rappaz*.

3.7.2.1. Flow through the mushy zone and pressure drop

The mushy zone is a region where solid and liquid phases coexist as a mixture. As long as the
equiaxed dendrites are free to flow with the liquid, it may be assumed that the flow velocity is
affected only by the change in viscosity. However, when dendrite coherency is reached and a fixed
solid network is formed or if the dendrites are columnar, the flow will be considerably influenced by
the morphology of the mushy zone. In most solidification models, the flow through the mushy zone is
treated as flow through porous media and Darcy’s law is used for its mathematical description.
Darcy’s law, Eq. 3.22, relates the velocity to pressure drop®®:

M9, dx 422

where u; is the liquid velocity in the mushy zone (i.e., shrinkage velocity), g, is the liquid volume
fraction, x, is the dynamic viscosity of the interdendritic liquid, P is the melt pressure, and x is the
spatial coordinate, as indicated in Figure 3.20, and K is the specific permeability of the mushy zone.
Darcy’s law is valid under the following assumptions®:

U|:

. Slow flow (u; — 0); this allows ignoring inertial effects
. Steady flow
. Uniform and constant volume fraction of liquid
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. Negligible liquid-liquid interaction forces
3.7.2.2. Centerline porosity - The Niyama criterion

In modeling of casting processes, special criteria have been developed to indicate areas of the casting
where particular problems, e.g. shrinkage, hot tears or mould erosion, can be expected. A very
important part of the solidification analysis is the evaluation of the feeding efficiency. Several
criterion functions have been suggested for that purpose. A criterion function based on only the
temperature gradient for predicting centerline porosity was suggested by Pellini®® as early as in 1953.
Later on, in 1982, this criterion was improved by Niyama®. By comparing the results of
solidification simulations and observations of centerline shrinkage problems in steel castings, Niyama
and co-workers were able to relate the development of centerline shrinkage to the temperature
gradient and the cooling rate, both of which are assessed at a specified temperature near the end of
solidification, see Eq. 3.23.

. G
T

Shrinkage porosity predicted by the Niyama criterion usually forms in the mushy region at high solid
fractions. At lower solid fractions, the pressure drop which governs this type of porosity is negligibly
small. Therefore, in a casting simulation, the Niyama criterion is always evaluated at a temperature
near the end of the solidification interval.

With the help of the Niyama criterion, it is feasible to predict the presence of centerline shrinkage
porosity, i.e. micro- and macro-shrinkage in alloys with short freezing range such as steels, caused by
shallow temperature gradients*> ** 3! see also Figures 3.10 and 3.13. It indicates that in regions that
solidify quickly, there must be hot metal nearby to establish a high gradient to feed the shrinkage
during solidification.

Although at first appearance, the Niyama criterion may appear to be a purely empirical relationship,
it also has a physical interpretation. The model begins with Darcy’s law, which relates the
interdendritic feeding-flow velocity to the pressure drop across the mushy zone. Assuming that the
liquid and solid densities (ps and p,) are constant during solidification, one can define the total
solidification shrinkage, i.e. the coefficient of volumetric expansion/contraction as in Eq. 3.12, in
terms of these densities as f = (pS - P )/p, . Using g to simplify the 1-D mass conservation equation

and then integrating the result, it can be shown that the shrinkage velocity throughout the mushy zone
is constant and can be expressed as u, = - SR, where R is the constant isotherm velocity (Figure
3.20). Niyama noted that the isotherm speed R is difficult to measure, whereas the cooling rate and
the thermal gradient are relatively easy. He therefore replaced R and expressed it in terms of the

temperature gradient,G =dT /dx, and the cooling rate, T =dT /dt. The cooling rate mainly depends
on the mould material and the air gap formed at the metal-mould interface, which affect the rate at
which heat is extracted from the metal. The cooling rate during the time of solidification affects the
grain size. The shrinkage velocity in the mushy zone can then be written as:

u, :_ﬂR:_ﬁ% (3.24)
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In words, the microscopic velocity of the fluid in the
mushy zone is uniform under steady state conditions and
only the superficial velocityU, =u,-g,, which is
proportional to the mass flow rate, varies??. The flow rate
attains its maximum near the liquidus temperature, since it
has to compensate for the shrinkage of the entire mushy
zone. As one moves deeper into the mushy zone, part of
the flow has already been used to compensate shrinkage of
solid ahead of this location, leaving only the flow to
compensate for the remaining part of the mushy zone.
After deriving this expression, i.e. Eq. 3.24, Niyama used
Darcy’s equation to write an expression in terms of
pressure. Inserting Eq. 3.24 into Eqg. 3.22, yields

dP BTy,
dx KG

(3.25)

Figure 3.20 illustrates that, as the solid fraction increases,
the melt pressure decreases from the value at the liquidus,
Piy Piiq, down to some critical pressure, P, at which point
shrinkage porosity begins to form. For convenience, the
critical pressure drop can be defined as AP = Pjig - P
0 The pressure at liquidus is simply the sum of the ambient
pressure of the system and the local head pressure. The
critical pressure is determined by considering the
mechanical equilibrium necessary for a stable pore to
exist. This equilibrium is given by the Young-Laplace
equation as P = P, - P,, where P, is the pressure inside
the pore and P, is the capillary pressure. The capillary
pressure is given by P, =26 / ro, where ¢ is the surface
tension between the pore and the surrounding liquid and rq

AP,

Figure 3.20: Schematic of a 1-D mushy

is the initial radius of curvature at pore formation. For pure

zone  solidifying  with  constant  Shrinkage, in the absence of dissolved gases in the melt,
temperature gradient, G, and isotherm  the pressure inside the pores is negligibly small (due only
velocity, R. Figure adapted from to the vapor pressure of the elements in the melt). With
Beckerman et. al.”® this, the Young-Laplace equation simplifies to
I:.cr = _Po = _2_6 (3.26)
fo

Note that Eq. 3.26 implies that the critical pressure is a negative number; this is reasonable, because
the surface tension must be overcome before porosity can form. Generally, the capillary pressure at
pore formation, P, is an unknown quantity, primarily because the initial radius of curvature of the
pores is unknown. Shrinkage pores typically nucleate heterogeneously from pre-existing bubbles
associated with oxides, other inclusions, and small cavities in mold walls. The radius of curvature
when porosity forms is a function of the nature, size, and geometry of the nucleation sites, which in
turn are influenced by melt quality.

The point in space at which shrinkage porosity begins to form can be determined by integrating Eq.
3.25 over the mushy zone from the critical point to the liquidus, assuming that the viscosity,
temperature gradient, and cooling rate are constant over the interval being considered. After
performing necessary integrations and modifications, the final expression is obtained:

AP, = FPIATe

M
5 ! M (3.27)

T
G2 Niyama?®
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where 4P, i and AT, are the critical pressure drop over the mushy zone, critical liquid fraction
and critical temperature interval at which the melt pressure drops to P, and porosity begins to form,
see Figure 3.20. This inverse relationship shows that the pressure drop increases as the Niyama value
decreases. If an assumption is made that porosity forms at a critical pressure drop, then this critical
value is more likely to be exceeded when the Niyama value is small*.

By comparing experimentally observed shrinkage porosity patterns in cast-steel cylinders to
corresponding casting simulations, Niyama et al. discovered that, indeed there was a threshold value
of Niyama below which shrinkage was typically present. When the Niyama value decreases below a
critical value, small amounts of micro-shrinkage begin to form. As the Niyama value decreases
further, the amount of micro-shrinkage increases until it becomes detectable on a standard
radiograph. This transition occurs at a second critical value. Both of these threshold values are
heavily dependent on the composition of the alloy and in some cases on the casting process
conditions. For instance, it has been experimentally found; see the enclosed Paper I, that for low-
carbon steel cast alloys, the second critical value below which the centerline porosity becomes
apparent on the radiographs is approximately 0.45-0.5. A comparison of experimental and numerical
results is seen in Figure 3.10 (c) and in Figure 3.21.

While the presence of the temperature gradient in Eqg. 3.23 is not surprising, and implies that
shrinkage porosity will form in regions of low G, the presence of the cooling rate in the denominator
may at first seem counterintuitive. The Niyama criterion predicts that shrinkage porosity increases
with increasing cooling rate, because the feeding-flow velocities and the resulting pressure drop
across the mushy zone are higher for higher solidification rates. In other words, low gradient implies
that even if liquid metal is available at a neighboring region, there is insufficient thermal ‘pressure’
for the flow to actually take place, while high cooling rate implies that even if liquid metal and
sufficient gradients are available, the time available is too short and the liquid metal freezes before
reaching the hot spot. It follows that the beneficial effect of a chill, for example, is due to the increase
in the temperature gradient the chill provides; the concomitant increase in the cooling rate near a chill
is actually counterproductive with regard to avoiding shrinkage porosity™.

Figure 3.21: Prediction of the centerline macro/micro shrinkage and its experimental validation
obtained from the foundry. The cyan color indicates regions with the Niyama value below 0.45, [ref.
Paper 111, (Kotas et al. 2010)].

As already mentioned, Niyama applied a few simplifications in his pressure drop and centerline
porosity calculations. One of them was an assumption that the permeability of the mushy zone is
proportional to the fraction liquid, i.e. K = af_. However, measurements of the permeability of alloys
show that the data fit the Kozeny—Carman model*® given in Eq. 3.28:

g}
K=K, —"— (3.28)
" (1-g,)?
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A
Where, as a first approximation, Kg =ﬁ in which 4, is the secondary dendrite arm spacing

(SDAS). Eq. 3.28 indicates that when the arm spacing is large, it leads to a large permeability of the
mushy zone and low porosity. As the SDAS decreases, i.e. the grains are getting finer, which is
usually associated with increasing cooling rate, the resistance to feeding flow is increased and thus
the likelihood of porosity formation is higher. However, the porosity will not be centralized but
distributed all over the casting forming very small voids. So, what is commonly observed is that, the
total pore volume is increased but the even distribution of very small pores will actually lead to
increase in mechanical properties of the given casting. This phenomenon is very typical when
modification of cast alloys is applied®* *.

In essence, one could thus argue that the original Niyama criterion accounts for thermal conditions,
i.e. cooling rate and thermal gradient, but it does not account for the effect of the thermal conditions
on the SDAS, which can significantly affect the resulting pore volume. If proper modifications are
done, the “modified” Niyama criterion can easily account not only for the local thermal conditions
considered by the original Niyama criterion, but also for the properties and solidification
characteristics of the alloy (u), f, AT, and 1,) and the critical pressure drop across the mushy zone
AP, The difference from the original Niyama criterion in the dependence on thermal conditions is
due %)Iely to the SDAS and the effect that this arm spacing has on the permeability in the mushy
zone™.

The Niyama criterion was developed specifically for feeding-distance related shrinkage in short
freezing range cast alloys such as steels, although, attempts have been performed by a research group
at the University of lowa to develop a dimensionless Niyama criterion, which would be suitable also
for long freezing range alloys based on aluminum or magnesium. Note that the Niyama criterion does
not explicitly predict hot spots in a casting, and it does not predict gas porosity, which forms by a
completely different mechanism®.

Foundries use the Niyama criterion primarily in a qualitative fashion, to identify regions in a casting
that are likely to contain shrinkage porosity. The reason for such limited use is twofold: (1) the
threshold Niyama value below which shrinkage porosity forms is generally unknown, other than for
steel, and can be quite sensitive to the type of alloy being cast and sometimes even to the casting
conditions (e.g., sand mold vs. steel mold, application of pressure, etc.); and (2) the Niyama criterion
does not provide the actual amount of shrinkage porosity that forms, other than in a qualitative
fashion (i.e., the lower the Niyama value, the more shrinkage porosity forms). Various industrial
applications of the Niyama criterion can be seen in the work of the author, i.e. Papers 11, 111, IV and
Industrial report which are enclosed at the end of this thesis.

In the following sections, it will be shown how the Niyama criterion can be effectively utilized in
predicting other casting defects such as macrosegregation and hot tearing. To make it clear, it is not
the criterion itself, but the physics behind it, i.e. thermal gradients, cooling rate and pressure drop,
through which the Niyama criterion can be related to the defects prediction and their elimination.

3.7.3. Deformation during solidification and hot tearing

It was shown in the previous chapter and it can also be found in literature, that porosity can be caused
by the inability to feed solidification shrinkage due to pressure losses through the mushy zone
(shrinkage porosity), or by the segregation of too much dissolved gas in the liquid (gas porosity).
Although the same equations® are used to describe the two cases, they differ in both the mechanism
and possible preventive measures for pore formation. Gas porosity can be eliminated by an
appropriate melt treatment, such as degassing, which removes excess dissolved gas prior to casting,
or by preventing reactions between the melt and oxygen or water which lead to excess gas in the
melt. However, the alloy’s tendency to form shrinkage porosity is a more intrinsic characteristic,
caused by the formation of a dense phase during late-stage solidification. Consequently it is harder to
avoid.

One way to eliminate shrinkage porosity is to compress the mushy zone during solidification. It is
shown in literature, that the partially coherent solid of a mushy zone can be compacted or expanded
like a sponge. Putting this concept into context of Eq. 3.20, in regions of a casting that are under
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compression, i.e. wherev-u, <0, the deformation of the solid can counterbalance the density

increase and thus maintain g, = 0, even where there is no feeding, i.e. for u; = 0. This is the idea
behind the squeeze casting process, in which an extra compressive stress is applied at certain
locations at prescribed times®.

However, in many solidification processes such as shape casting, i.e. gravity sand or die casting,
continuous casting or welding, some locations are subjected to tension rather than compression
during solidification. In this case, the deformation of the solid skeleton adds to the solidification
shrinkage, thereby inducing even more liquid suction in the mushy zone. A lack of feeding of the
semisolid regions under tension will result in what is called hot tearing or hot cracking, a defect that
is similar to shrinkage porosity, but that also requires tensile stresses. Whereas microporosity is fairly
uniformly distributed within the mushy zone, hot tears are localized at grain boundaries.

3.7.3.1. Thermomechanics of castings- governing equations

In this section, the origin of deformation and stress during solidification and solid state cooling will
be discussed. Dimensional changes are required to accommodate the volume change upon
solidification, and more importantly, the thermal contraction of the solid upon cooling to room
temperature. These dimensional changes produce stresses if one or more of the following conditions
are met: non-uniform temperature, non-uniform mechanical properties, constraints induced by the
mould or the casting geometry®.

The foundation of all classical mechanics is the Newton laws of motion. And the equilibrium
principle is a consequence of Newton’s 2™ law of motion which states that the summation of the
external forces on a body equals the mass times the acceleration. However, in casting processes, after
the filling of the mould, the accelerations are close to zero. This will simplify Newton’s 2™ law to the
static equilibrium as follows:

3

i=1

Where p; is the body force at any point within the plate and oj; is the stress tensor. A very important
consequence of Eq. 3.29 is that every arbitrarily chosen part of the casting and the mould has to be in
static equilibrium. This also means that the forces, if any, acting on the boundary of the geometry
together with volume forces, e.g. gravity, must even themselves out, finally adding up to zero. If this
is not true the part will start to accelerate, thus violating the static nature of the problem’.

Thermal strain

It is a well-known phenomenon that a body when heated will expand and when cooled will contract,
if allowed to deform freely. This is a consequence of the thermal deformation or thermal strain. If the
temperature of a body is raised uniformly and if its bounding surfaces are unrestrained then it will
expand uniformly in all directions. The constant of proportionality is called the coefficient of linear
thermal expansion which was already introduced in Eq. 3.13 and the strain that the body will
experience will be equal to the thermal strain given by

e = J adT (3.30)

In words, o expresses how much relative deformation the body experiences when exposed to a
temperature change of one degree if it is allowed to contract or expand freely. For this type of
application, i.e. casting processes, it is desired to relate elastic strains to stresses. This is in general
called a constitutive law within the field of solid mechanics. The word elastic indicates that the
deformation that the body undergoes will be entirely recovered while unloading. This leads to the 1-
D Hooke’s law:

o =Eég® (3.31)
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which states that there is a linear relationship between the stress and elastic strain. At this point the
material behavior is not taken into account. If it was, it would lead to the Hooke’s generalized law
which is discussed in the next section.

Thermal stress and constraints

It is commonly known that internal stresses may occur in a heated or a cooled body either due to a
highly local heating/cooling or external constraint, or a combination of both causes. These internal
stresses are referred to as thermal stresses.

In casting processes, one distinguishes between internal and external constraints on castings. The
casting constraint which is a result of uneven cooling is an example of the internal constraint;
furthermore, constraining from the mould/die on the casting could be regarded as the external
constraint. This type of constraining is readily understood and quite easy to visualize. The rate of
constraining is determined via the shape complexity of the casting, which plays an important role for
the mould/die constraint. One very important rule follows.

Thermal contraction/ expansion can result in:

o Deformation only (the body is allowed to contract/expand freely).

e Stress only (the body is totally restrained).

¢ A combination of deformation and stress (almost always the case in practice).

This is also closely coupled with the relationship between total, elastic, plastic and thermal strain,
which is known as the decomposition of the strain component, and in 1D can be written as

to | h

g =g® 4 gy gt (3.32)

This so-called total strain is the one that the body experiences, i.e. the strain seen from outside the
casting. The elastic strain is often regarded as the strain driving the stresses, since they are related
very simply by the Hooke's law. Therefore, in this respect, the thermal strain cannot produce stresses
by itself. It can be understood as a thermal load that promotes elastic strains, and these elastic strains
cause stresses’. For the 1-D thermo-elastic case, the relationship between the stresses and strains is

obtained combining Eq. 3.31 and Eq. 3.32:
oc=E&¥ = E(gtot —eP —gth) (3.33)

The elastic behavior of the body subjected to the external heat is an idealization which does not
correspond to the reality, at least not for metal casting processes. In terms of casting processes the
behavior of the materials differs quite considerably from the elastic description which now becomes
inadequate. The material in general is then said to behave elasto-plastically, i.e. the material
deformation also becomes irreversible. A very important consequence of this is that in general it is
not possible to express the stresses as functions of the strains on total form as was the case for
Hooke's law. In plasticity, it is in general possible to express only changes in stresses as changes in
strains. This is called an incremental constitutive law. We then introduce the mechanical strain which
is defined as the sum of the elastic and plastic strains*

gmech =gel +8p| (3.34)
This definition is very important in the case of thermo-mechanical modeling of casting processes
because the thermal strain is very dominant, so that the total strain in thermo-elasto-plastic case can
be formulated as:

gtot zgmech +€th 26‘EI +gp| +gth (3.35)

where the plastic strain accounts for all inelastic behavior, e.g. time-independent plasticity where
time-dependent plasticity like creep or visco-plasticity is typically dominating inelastic behavior at
high temperatures, of the deformed body.
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3-D thermo-elasticity, Hooke’s generalized law

Now if we consider a general multi dimensional stress state during loading, it will bring us to
Hooke’s generalized law for linear-elastic, isotropic material where stresses are expressed in terms of
strains in 3D:

= o (oo o) AT
uTT ATy, e T -2y
E 1% EaAT
Oog =———3E9y +————\&j1 +Eoy + & — 3.36
22 1+v{ 22 1—2v( 11 22 33)} 1- 21 ( )
oy =—1p + 2 (egy + €9y + E43) _EalT
BT, 58T, ¥ 22 33 -2y

where v is Poisson’s ratio and E is the Young’s modulus in case of isotropic material. In tensor
notation it can be written as

E 14 EaAT
O-ij :l+v{€ij +1_2v5ij8kk}—5ijm (337)

The version of Hooke’s generalized law expressing stresses in terms of strains is normally the version
that is used in a numerical formulation of a thermo-mechanical problem. This is because the
governing equations are the equilibrium equations and these are expressed in terms of stresses’. Just
for clarity, Eq. 3.32 can be extended to 3D and expressed in tensor notation as

githt = gﬁl +5ij€th (338)

3-D thermo-elasto-plasticity

To include and describe plastic behavior in the material model, the standard J,-flow theory can be
applied. The elastic domain is limited by the yield stress, via the yield function which describes when
the material starts to behave plastically. The yield function used to evaluate the elastic/plastic
behavior in the J, flow theory is based on the von Mises hypothesis which states that “plastic flow in
a general stress state is initiated when the second invariant J, reaches the critical value of the second
invariant J, that initiates plastic flow in the uni-axial stress state™. This hypothesis leads to the
definition of the effective von Mises stress which is used to predict yielding of materials under any
loading condition from results of simple uni-axial tensile tests. In other words it is possible to
evaluate the general stress state via the effective stress and compare it with the actual yield stress of
the material.

The calculation of the effective stress based on the second invariant of the deviatoric stress tensor in
Eq. 3.39, known as the J, invariant is given by the following relation.

r— 1 3 1
O'e = 3J2 :\/3§SI]SJI :\/Esijsji Where Sij :O'ij _§6ij0kk (339)

The component s;; stands for the deviatoric part of the stress tensor. The last component on the right
hand side represents the hydrostatic pressure which does not contribute to plastic deformation. This
leads to the definition of the yield function of the form, Eq. 3.40

f(og. el T) =0y (s) -0, (. T) (3.40)

Where &'is the equivalent plastic strain, o,is the effective von Mises stress and o, is the

temperature and plastic strain dependent yield stress. This leads to the following definition of the
elastic and the plastic states expressed in terms of the yield function. If f < 0 the material behaves
elastically, while if f = 0, the material starts to behaves plastically, i.e. it starts to yield. The plastic
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deformation outside the yield surface (f > 0) is not physically possible. The evolution of the yield
surface is described by the consistency criterion which enforces the solution to stay on the yield
surface during the plastic load increment.

The associated flow rule (Eg. 3.41) indicates how the plastic strain develops by using the yield
criterion function (yield surface) and this relation is formulated as

of of
deP' =dA—— where ——=s;
ij ao—ij ao—ij ij (3.41)

where A is a load parameter which stands for the size of the plastic strain increment, while the
direction of this increment is given by the second term which is the outwards pointing normal to the
yield surface. The load parameter is obtained from the consistency criterion in Eq. 3.42.

f _tqe oplmy_OF oo O Of -
f = f(SIJ,gu ,T)— 63” Sij+ agi}o' g'J + a_I_T (3.42)

This condition relates the development of stress in the domain to the change in yield stress of the
material governed by the isotropic hardening and the softening of the material as function of the
temperature increment during the applied load increment’.

Generally, the behavior of temperature softening and the generation of plastic strain can be illustrated
by the 2D plane stress representation of the yield surface given in Figure 3.22. These two
illustrations show how the general stress level drops when the temperature increases and how the
stress level increases during any production of plastic strain.
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Figure 3.22: Development in the yield surface as function of temperature softening (left) and generation of
plastic strain (right). 2D plane stress case given in terms of principal stresses. Figure adapted from Hattel".

The aforementioned theory of stresses and strains occurring in a solidifying casting has been
presented for one reason. All this and much more needs to be calculated by the numerical stress
solver implemented in MAGMASsoft, in order to model and predict phenomena such as deformation,
residual stresses, i.e. von Mises stress, hot tears or cold cracks within a given casting. Considering
just hot tearing, if it was not for these stress-strain calculations, it would not be possible to evaluate
strains, strain rates, transient stresses, etc., which all contribute substantially to this very common
defect in steel castings. Obviously, one should never forget that thermal calculations need to be
carried out as well to get an idea on how the casting cools down, i.e. if uniformly or not, since non-
uniform solidification and thermal contraction drive the formation of thermal stresses and strains.
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3.7.3.2. Coherency

Before we turn to the description of hot tearing the term “coherency” which is commonly used in
discussion of hot tearing should be introduced. The coherency point can be defined as the volume
fraction of solid, or the temperature at which a given alloy starts to develop mechanical resistance. In
order to understand the complexity of defining a unique coherency point, it is necessary to study the
evolution of the mushy zone over the entire solidification range. When we look at Figure 3.23, we
can see a sequence of six micrographs taken during growth of columnar dendrites.

TIME [s]

t=1500s t=210s t=75s t=30s t=10s
gs =098 gs = 0.97 gs = 0.94 g =0.82 gs = 0.7

Figure 3.23: Growth and coalescence of dendrite arms within a single grain of succinonitrile-acetone. The
microstructure has been redrawn from the original micrographs to highlight the solid-liquid interface. The
volume fractions of solid are indicated below each image. Figure adapted from [22].

Observing the microstructure deeper within the mushy zone, one first notices that the dendrite arms
become coarser and thicker. At t = 30s, the dendritic network fills nearly the entire frame, but gs is
still only 0.82. Note that, at this point, the columnar dendrites remain separated from their neighbors
by continuous liquid films. Between t = 30s and t = 75s, a dramatic change in topology occurs. The
dendrite arms coalesce or bridge, transforming the continuous liquid films into isolated liquid pools
or droplets. Coalescence should not be confused with coarsening; it is defined as the replacement of
two solid-liquid interfaces by one solid bridge. This intragranular bridging does not have to overcome
any grain boundary energy barrier, and thus occurs at a fairly low volume fraction of solid (~0.9), as
soon as two dendrite arms touch®. The temperature at which this takes place is designated T,"".

Below gs = 0.82, dendrite trunks do not pose much resistance to tensile stresses applied perpendicular
to their growth direction, whereas above gs = 0.94, the mushy zone behaves as a coherent solid,
slightly weakened by the presence of the liquid droplets.

If the simplest possible polycrystalline specimen consisting of two columnar dendritic grains growing
with a symmetric tilt boundary between them is considered, see Figure 3.24, one can see again the

same coalescence occurring at around T,™" within each grain.
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Figure 3.24: (a) A schematic diagram of two columnar dendritic grains in a symmetric tilt boundary
configuration. (b) The configuration of the atoms located at the grain boundary after solidification. (c) The
surface energy of a tilt boundary, y4(6), as a function of the misorientation angle 6. The bridging
undercooling AT, is shown on the right hand scale. The transition between an attractive and repulsive
boundary occurs at around 7/12. Figure taken from [22].
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Below this temperature, the grains are already close to being fully solid, with a few isolated liquid
pools. On the other hand, dendrite arms located on both sides of the future grain boundary must
overcome the grain boundary energy, which depends on the relative misorientation between the two
grains. For values of the misorientation angle small enough there would be a decrease in energy upon
coalescence and hence this boundary would be attractive and the coalescence would occur

around T,"". However, for larger misorientations, the grain boundary is said to be repulsive and the
bridging occurs at a lower temperature given by an undercooling AT (0).

In summary, for a polycrystalline columnar specimen in which all of the grain boundaries are nearly
parallel to the thermal gradient, all of the dendrites are surrounded by liquid films for T > T/,

Accordingly, there is little mechanical resistance in the direction along which thermal strains
develop. However, any lateral separation of the dendrites can be compensated by interdendritic liquid
flow, since permeability is high. Therefore, the range is characterized by high ductility and low

strength. On the other hand, for T <T/"", all of the boundaries are solid, and the specimen exhibits

both high ductility and high strength. For T™" < T <T,™" films of liquid remain at some of the

grain boundaries, thereby weakening the material. Any opening of such grain boundaries by thermal
strains cannot be compensated easily by liquid flow, since the permeability of the mushy zone is low
in this range (~0.94 < g, < 1). Therefore this range typically corresponds to low ductility and an
intermediate strength of the mushy zone. The material is very sensitive to hot tearing, due to the
remaining liquid films acting as a brittle phase and concentrating the thermal strains.

3.7.3.3. Hot tearing

As discussed in the first part of this chapter, thermally induced stresses and strains during casting
develop mainly in the fully solid part. These are then transmitted to the mushy zone and tend to
localize at the weakest regions, i.e. at the continuous liquid films remaining between the grains. Some
of these films are still present even at low temperatures and the low permeability of the mushy zone
in such regions prevents feeding of any grain boundary opening. This leads to hot tearing?. The next
section reviews the main characteristics of such defects after which factors influencing this defect
will be introduced and discussed. The theory on hot tears will be explained by considering an
industrial project.

Characteristics of hot tears

Hot tearing is one of the most common and serious defects encountered in large steel castings. Hot
tear defects require extensive rework, which significantly increases costs. In some instances, several
iterations of part inspection repair and heat treatment can be required, which is both labor and energy
intensive. Hot tear defects that are not properly repaired or are not discovered, can result in failure
initiation sites during service. These troublesome defects can occur internally in a casting or on the
surface of the casting, see Figures 3.25 and 3.26. These cracks may be large and visible to the naked
eye or small and found only by magnetic particle inspection.

(b)

Figure 3.25: (a) The jagged and discontinuous surface appearance of a hot tear on the surface of a casting,
(b) An optical micrograph of a “healed” or filled hot tear in an Al-10%Cu specimen®.

72



Figure 3.26: View on the location of a hot tear in the middle rib of a steel casting, [ref. Paper 1V, (Kotas et
al. 2010)].

The defect is easily recognized from one or more of a number of characteristics*:

o Its form is that of a ragged, branching crack.

e The main tear and its numerous minor offshoots generally follow inter-granular paths. This is
particularly clear on a polished section viewed under the microscope.

e The failure surface reveals a dendritic morphology. The failure surface is often heavily oxidized
(prior, of course, to any subsequent heat treatment). This is particularly true for higher
temperature alloys such as steels.

e Its location is often at a hot spot, and where contraction strain from adjoining extensive thinner
sections may be concentrated.

e It does not always appear under apparently identical conditions; in fact it seems subject to a
considerable degree of randomness in relation to its appearance or non-appearance, and to its
extent.

e The defect is highly specific to certain alloys. Other alloys are virtually free from this problem.

Hot tears are caused by a combination of thermal effects, such as hot spot size, and casting restraint,
such as cores in cylindrical castings. In addition, composition can affect hot tearing tendency.
Physically, two factors contribute to hot tearing in the mushy zone. Hot tears are formed when the
mushy zone is cut off from liquid feeding and is under tensile loading®.

First, liquid feeding is the flow of liquid metal into the mushy zone to account for volumetric
shrinkage as the liquid becomes solid. The mushy zone accumulates volumetric changes both through
shrinkage, which is the density change as liquid metal solidifies to solid metal, and by the externally
imposed volumetric strain. The mushy zone is analogous to a sponge shown in Figure 3.27. Initially,
liquid may flow through, like the sponge, but as solidification continues the permeability of the
sponge decreases which restricts liquid metal flow. Eventually the flow is cut off and the remaining
liquid pockets become isolated. As long as the liquid pressure is sufficient to drive liquid into the
pockets, no porosity will form. But when the pockets become isolated then the liquid will not feed the
contraction during solidification and porosity forms.

Second, tensile solid deformation is also necessary for hot tears. In the sponge analogy, tensile
deformation stretches the sponge. Alternatively, compressive deformation squeezes the sponge and
may eliminate porosity and hot tears. Tensile deformation can result when the thermal contraction of
the solid areas of the casting are restrained.

Restrained thermal contraction may occur, when metal surrounds a core or if an already solid casting
feature pins the contraction at a hot spot. When the mushy zone in a hot spot is being deformed in
tension, solid dendrites or grains are pulled apart. This circumstance is illustrated schematically in
Figure 3.27.
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Figure 3.27: Schematic of a deformed mushy zone. Tensile stress in one area can evoke tensile strains
localized in a distinct area. If that area is still mushy and improperly fed, the tensile strains can easily
facilitate hot tearing in that weak spot. Figure inspired by Monroe®.

As the solid colder pieces at the edge of the mushy zone are pulled apart by contraction, additional
liquid metal must flow into the mushy zone to fill this space. If liquid is not available under tensile
loading, due to the feeding flow being cut off, additional porosity may form. This porosity forms late
in solidification, along grain boundaries and it is the initiation site for a hot tear.

The initiating conditions for hot tearing can occur from (1) casting design; normal contraction of
thinner sections causing deformation or restraint of thicker sections which cool more slowly, or (2)
bulk resistance of the mold and core, which prevents contraction of a casting, or (3) the rigging
design, especially if feeding is marginal, by providing additional restraints or due to the high thermal
gradients that are often needed to achieve directional solidification. In a complex-shaped casting,
tearing may occur as a result of the combined effect of the aforementioned causes.

Alloy composition

Susceptibility to hot tearing is closely associated with the mode of freezing and thus with alloy
composition. The tendency is loosely related to the length of the temperature range over which the
alloy possesses certain cohesion yet ductility is minimal. This range is related to the freezing range of
the alloy, since cohesion, i.e. coherency is attained at some critical proportion of solid to residual
liquid. The extent of the brittle range determines the total contraction occurring in a cast member of a
given length whilst the alloy is in the vulnerable condition. Alloys with very short freezing range,
therefore, including those of near eutectic composition, show little tearing tendency. Alloys
containing small amounts of eutectic, with their relatively long temperature range of primary dendrite
cohesion, are especially prone to tearing. Larger amounts of eutectic enable liquid flow to heal
incipient tears until the eutectic temperature is attained, accounting for the low susceptibility to hot
tearing in grey cast irons and in the eutectic aluminum-silicon alloy.

Apart from the basic alloy composition, susceptibility to hot tearing is influenced by segregation of
alloying elements and impurities. Microsegregation or coring extends the true freezing range and
increases the tendency for prolonged retention of interdendritic liquid films, with consequent increase
in the accumulated strain during the critical period of weakness. This accounts for the serious
lowering of resistance to hot tearing by high sulfur and phosphorus contents in steel. Carbon, C, is
known to diffuse relatively well in ferrite and austenite whereas phosphorus, P, like sulfur, S, diffuses
slowly. These two elements have a low partition coefficient and are known to produce interdendritic
segregate of low melting point®” and depress the solidus temperature. This last liquid to solidify is on
grain boundaries, which under tensile deformation will easily separate. The depressed solidus
temperature increases the time that tensile strain may accumulate when flow is cut off*®. Hence one
can see that unfavorable macrosegregation profiles in the casting also facilitate hot tearing to a large
extent.

The hot tearing tendency of an alloy is, on the other hand, diminished by precipitation of gaseous
impurities during freezing, since the resulting volume expansion partly offsets the contraction during
the critical film stage.
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Design and production factors in hot tearing

Design and production conditions influence hot tearing mainly through effects upon temperature
distribution and resistance to contraction. Temperature distribution is of crucial importance in respect
of all types of contraction defect, since it governs the distribution of mechanical properties and at the
same time creates the pattern of stress—strain relationships due to differential contraction. As a
general rule the probability of tearing is increased by longitudinal temperature differentials, which
produce hot spots during cooling. The more confined and intense the hot spot the greater the tearing
tendency, since the strain resulting from the hindered contraction of the whole member is then
concentrated within a narrow zone of weakness, where it must be accommodated by relatively few
films of residual liquid. Temperature distribution and hot spot intensity are influenced by design, by
gating technique, and by selection of pouring speed and temperature, all of which can be used to
reduce the strain concentration.

e Design

Much can be achieved at the design stage of the casting. A hot spot generally occurs at any
intersection or local section increase. The basic aim, therefore, should be to equalize cooling rate by
designing for uniform section thickness. Where this is impossible, cooling can be equalized with the
aid of chills. The chilling of the hot spot is a useful technique. This reduces the temperature locally,
thus strengthening the metal by taking it outside of its susceptible temperature range before any
significant strain and stress is applied. By reducing the temperature locally nearer to that of the
casting as a whole, the temperature differential that drives the process is reduced, and any strain
concentration is redistributed over a larger region of the casting. Local chilling is therefore usually
extremely effective. Although one should be aware of one fact, it is very common for chills which are
in direct contact with the casting wall that they may induce local surface tears. This is because the
chills will induce high thermal gradients localized over a small or narrow area and thus the strain
rates will be very high at that place. However, if feeding is sufficient at that section nothing may
happen. A rule of thumb that the author learned while collaborating with the steel casting industry is
that if more brick-shaped or cylindrical chills in direct contact with the casting are applied in one
area, the minimum distance between them should be at least the same as the width of each of these
chills, not smaller. If this condition cannot be provided, the given chills should be substituted by one
single big chill to prevent hot tearing.

An industrially-oriented project has been performed by the author to investigate and subsequently
optimize the hot tear formation in a large steel wedge-shaped casting, see Paper IV. It is a perfect
example of how the improper solidification pattern and insufficient chilling can cause massive hot
tearing in the 85 ton large casting. The casting is seen in Figure 3.28 and it should be instantly clear
that the chilling will be insufficient. Since hot tearing is a thermally induced defect, it was important
to thoroughly analyze the whole solidification interval.

Figure 3.28: 3-D visualization of the original casting layout with its characteristic feeder design and chill
patterns applied in the initial numerical calculations, [ref. Paper 1V, (Kotas et al. 2010)].

Figure 3.29 outlines the Niyama criterion for the casting shown in Figure 3.28, and this criterion is
generally used to indicate regions prone to centerline porosity due to low thermal gradients.
Although, at the same time it can be used to highlight regions with very steep gradients and hence
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areas prone to hot tearing. Having large temperature differences over a small or narrow region
implies that large thermal strains will be evoked due to this sudden temperature change. One can see
that the area above the top cylindrical core experiences large temperature changes in two very narrow
channels, exactly at the area where the hot tear was found in the real casting. Since the Niyama
criterion is evaluated at the end of the solidification interval it was necessary to check how the
casting behaves thermally speaking during the entire solidification interval to identify the most
critical time for hot tear formation.
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Figure 3.29: The Niyama criterion used to highlight areas with high thermal gradients for the casting shown
in Figure 3.28. Areas with high Niyama values exhibit steep thermal gradients and low cooling rates, [ref.
Paper 1V, (Kotas et al. 2010)].

Figure 3.30 implies that already at 40% solidified a small region above the top core solidifies at a
much higher rate than the surrounding areas. This trend persists throughout the entire solidification
interval. Having an area which solidifies much quicker than the surroundings generally leads to large
thermally induced tensile strains. Also, the cold area has gained strength and volumetrically contracts
while the surroundings are still semi-solid and weak. The consequence of this thermal imbalance can
easily be a hot tear located at the boundaries of the cold and hot regions.
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Figure 3.30: Temperature distribution in the solidification interval of the original casting layout. It is
expected that the sudden temperature change in the area between the risers might induce thermal straining
at the boundaries of the cold and hot regions and consequently a hot tear. Blue color denotes a completely
solid region, all of the shades of green stand for the mushy zone and the red color stands for the liquid, [ref.
Paper 1V, (Kotas et al. 2010)].

Figure 3.31 captures the maximal principal strain rate inside the casting at two different stages of
solidification. One might argue why we should be concerned about what goes on at that early stage of
solidification when hot tears usually form much later. The reason is that at 40% solidified; the cold
“triangular” area starts to form above the top core, as indicated in Figure 3.30. Therefore, that
particular area is already in the late stage of its solidification, due to the uneven solidification pattern
of the entire casting and thus hot tears can form there already now. Indeed, one can see in Figure
3.31 that the significant temperature difference coupled with volumetric contraction lead to rather
severe thermally induced tensile straining in that area. Also, it is nhow obvious that the top core
represents a mechanical restraint to the free contraction as the peak values of the strain rate are
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adjacent to the core. Hence one may assume that the hot tear initiated there and propagated
diagonally to the top.

MaxPrincipalStrainRz
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Figure 3.31: Maximal principal strain rate contributing to hot tearing. The effect of the top cylindrical core
as a mechanical restraint to free contraction is seen. The “fastest” deformation occurs right at the region
where the hot tear was found in the real casting, [ref. Paper 1V, (Kotas et al. 2010)].

Figure 3.32 depicts the final prediction of the hot tear occurrence in the casting as a consequence of
the coupled physical phenomena mentioned above. Notice a very good correlation with the results
obtained from the casting trial. There is one more area in the hot tear results that might be of concern.
It is located in the lower central section of the casting above the bottom cylindrical core. One of the
probable reasons why the hot tear did not occur in the bottom area in reality is the stress
redistribution in the casting after the top hot tear opened up. So, when the hot tear formed in the
central rib, the residual stress stored in the casting got released in a form of deformation and the
stress pattern of the entire casting changed and the bottom tear did not initiate.
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Figure 3.32: Hot tear prediction obtained from the numerical stress-strain analysis. Colored areas indicate
regions most susceptible to hot tearing. A good agreement with the experimental results (Figure 3.26), is
seen in terms of the predicted hot tear in the central rib, [ref. Paper 1V, (Kotas et al. 2010)].

A conclusion can be that the hot tear was in essence evoked by a combination of multiple factors, (i)
an uneven temperature distribution inducing high thermal gradients concentrated over the very
narrow area, (ii) by unfavorable concentration profiles of solute elements which are also heavily
dependent on the temperature profiles, (this will be shown and discussed in the section dedicated to
macrosegregation), and, (iii) by a mechanical restraint due to the presence of the top core which
hindered free volumetric contraction of the solidifying cast part.

e Gating technique

Hot spots may also exist as by-products of the pour, the ingate regions forming frequent sites for
tears. Gating practice can be designed to reduce this risk by the use of multiple ingates positioned to
achieve a wide distribution of the molten metal, so avoiding intensive heating at a single ingate. Care
is required, however, to avoid creation of a stress framework embodying the gating system itself.
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Based on Campbell’s arguing that hot tears are strongly linked to the presence of bifilms and various
inclusions®, a conclusion can be made that simply upgrading the filling system is one of the most
important techniques for dealing with hot tearing problems. By using filters in the gating system or
by avoiding air aspiration or sand mould erosion, the melt will travel more uniformly and will contain
fewer impurities and potential nucleation sites for hot tears. Basically, the less turbulent filling, the
lower the risk of hot tearing. An example of a gating system applied in practice is given in Figure
3.33. This highly turbulent flow pattern will for sure cause excessive oxidation and providing that
Campbell’s theory is correct, it will be the inclusions and bifilms which most likely will promote hot
tearing.
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Figure 3.33: Initial stages of the filling process in case of the original casting arrangement suggesting
highly turbulent entry of the metal to the mould causing jetting and also a waterfall effect due to improperly
designed gating system, [ref. Paper IV, (Kotas et al. 2010)].
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A Few simple changes in the design of the gating system, namely increasing the cross section area of
the ingates and adding three more gates would slow down the melt while entering the mould cavity.
Additionally, the vertical runners were eliminated to prevent the waterfall effect, see Figure 3.34.
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Figure 3.34: Initial stages of the filling process after shape optimization of the gating system. The entry is
much smoother and quiet which may eliminate oxidation and most likely also hot tear susceptibility.

e Melt treatment and pouring conditions

The grain refinement of the alloy is expected to be helpful in reducing tear initiation in that for finer
grains more strain can be accommodated by easy slip along the lubricated grain boundaries without
the danger of tearing. Since a hot tear generally grows or propagates along the grain boundaries,
having much more fine grains exposes higher resistance to the free movement of the growing hot
tear. From this, it is obvious that having a mushy zone comprised of very fine grains, i.e. small
SDAS, will lower the permeability of the mushy zone* and lower the risk of hot tearing.

A high casting temperature is associated with increased incidence of tearing. This can be explained
partly by its effect upon transverse temperature gradients in the casting member. Pouring with
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excessive superheat, by preheating the mould, produces shallow transverse gradients during
solidification, so that an increased proportion of the cross section passes simultaneously through the
brittle range. Steep transverse gradients, on the other hand, favor progressive inward growth of a
solid layer, of which the weaker inmost region has constant access to the residual liquid whilst the
skin develops full solid cohesion. These conditions are favored by moderate pouring temperatures
and by greensand moulds. The influence of a high pouring temperature can also be partly attributed
to a grain size effect, since a coarse structure produces concentration of longitudinal strain at fewer
inter-crystalline liquid film sites”. The influence of pouring speed on hot tearing arises primarily from
its effect upon long range longitudinal temperature gradients: rapid pouring promotes uniformity and
reduces hot spot intensity, enabling the strain to be accommodated at a maximum number of sites.

Note that hot tearing follows the same trend as centerline porosity, represented by the Niyama
criterion in, that if proper thermal gradients with proper cooling rate are present in the casting and if
directional and progressive solidification is ensured, the extent and the permeability of the mushy
zone are decreased and hence the resistance to centerline porosity and hot tearing is increased. This
leads to the assumption that in essence hot tears which are considered as “thermo-mechanical”
defects can be treated by the Niyama criterion. In other words, if we minimize the presence of the
centerline porosity by establishing a proper solidification pattern, the risk of hot tears will decrease as
well. This assumption has been verified in Paper 1V, (Kotas et al. 2010).

e The mould

The resistance to contraction of a mass of moulding material depends partly upon its bulk properties
at normal temperatures and partly upon properties in the heated layers adjacent to the casting. In a
greensand mould bulk properties predominate and there is little tendency to form hot tearing in the
casting when compared with dry sands and core sands: contraction is accommodated by deformation
of the whole mass. The traditional assumption that organically bonded cores suppress hot tearing is
only valid if sufficient time elapses for breakdown of the binder to an adequate depth before the
casting cools through the susceptible temperature ranges. Before this stage heating of the sand
actually makes the problem worse through expansion. Owing to the low thermal diffusivity of
moulding materials, the conditions for collapse are only achieved with castings of extremely heavy
sections. For light section castings, which cool rapidly to the tearing temperature, it is the high dry
strength of the unchanged coresand that is significant, producing a strong tearing tendency®: the
contrasting situations arising from the time dependence of the sand properties are schematically
illustrated in Figure 3.35.
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Figure 3.35: Strength changes in moulding materials after casting. Schematic comparison of clay
bonded and organically bonded sands, adapted from [9].

Campbell” lists the sand binders in increasing hot-tearing tendency for casting sections of less than 30
mm. These are: Greensand (least hot tearing tendency), Dry sand (clay bonded), Sodium silicate
bonded (CO, and ester hardened types), Resin-bonded shell sand, Alkyd resin/oil (perborate or
isocyanate types), Oil sand, Phenol formaldehyde resdisocyanate, Furan resin (highest hot tearing
tendency). Although the strengths give a rough indication of hot tearing tendency, the capacity for
deformation is the crucial factor. For a sand of high initial dry strength, the capacity for high
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temperature deformation in the surface layers alone must be sufficient to accommodate the whole of
the contraction. The extent of this deformation is a function of metal temperature, binder
composition, ramming density and other variables. Deformation of a mould can be enhanced by
special additions such as sawdust, wood flour, or chopped straw; this is also one of the functions of
cereal binders. The contraction resistance of larger moulds and cores may also be reduced by centre
fillings of loose materials such as coke and unbonded sand. Certain mould and core sections may be
completely hollowed out by the use of dummy pattern blocks in moulding. The mechanical
construction of the mould must be designed to avoid hindrance from box bars, reinforcing grids and
irons. Sprues and feeder heads emerging at the cope surface must be kept well clear of these
obstructions, a considerable amount of free movement being required for long dimensions. This
movement can be helped by removal of moulding material from between heads and runners
immediately after casting, a practice aided by relief cores which can be extracted after a suitable
interval. However, it has to be emphasized that removal of constraints after casting is not always a
reliable technique. This is because the timing is difficult to control precisely; too early an action may
result in a breakout of liquid metal, and too late will cause cracking®. Therefore, other improving
measures should be applied, for instance optimized chilling to induce a favorable solidification
pattern, i.e. progressive and directional.

Specific precautions against hot tears can be embodied in the casting design. Apart from the overall
aim of section uniformity, section changes should be gradual and all corners provided with adequate
radii to reduce stress concentration. Reinforcement can be introduced in the form of thin webs and
brackets across critical regions; these may be temporary to be removed in fettling or may be retained
as a permanent feature of the design. Their function is to accelerate cooling and so to strengthen
vulnerable zones during their cooling through the critical temperature. These brackets can be seen in
Figure 3.36. Corrugated, i.e. wavy, surfaces have been suggested as one means of sharing the strain
concentration between numbers of sites in members prone to tearing.

Figure 3.36: Application of strengthening brackets, i.e. ribs, in steel castings to prevent hot tearing [ref.
Paper 1V, (Kotas et. at. 2010)].

Much effort has been devoted to the understanding of the hot tearing phenomenon over the past
decades. Several mechanisms of hot tearing and conditions that may lead to it are already suggested
in literature®. In conclusion to this section, some of those are outlined and summarized in Figure
3.37. It also shows that the conditions for and causes of hot tearing can be considered on different
length scales, from macroscopic to microscopic, and some of these conditions are important on both
mesoscopic and microscopic scales*. This figure also gives a support to the assumption that the
Niyama criterion can be effectively utilized in assessing and predicting the presence of hot tears. The
first link can be seen in the pressure drop over the mushy zone which favors a pore or void to
nucleate. This newly nucleated pore then represents an initiation site of the subsequent hot tear. The
second link between centerline porosity and hot tears is the thermal gradient, which has already been
discussed earlier in this work.
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Hot tearing

Mechanisms Conditions and causes
‘ Nucleation ‘ ‘ Propagation ‘ ‘ Macroscopic ‘ ‘ Mesoscopic ‘ ‘ Microscopic ‘
Liquid film or Liquid film rupture; Nonuniform Thermal stress; Thermal stress;
pore; Oxide films; Liquid metal thermal contraction Insufficient feeding; Local pressure
. embrittlement of solid . drop;
Inclusions; bridges; Critical pressure drop
! over the mush; Vacancy super -
Vacancy clusters Through liquid film; Thermal strain; saturation
Vacancy diffusion Strain rate;
Liquid film distribution

Figure 3.37: Summary of mechanisms, conditions, and causes of hot tearing, as suggested to date. Figure
adapted from [41].

3.7.4. Macrosegregation

Macrosegregation refers to spatial variations in composition that occur in metal alloy castings and
range in scale from several millimeters to centimeters or even meters. These compositional variations
have a detrimental impact on the subsequent processing behavior and properties of cast materials and
can lead to rejection of cast components or processed products. Macrosegregation is present in
virtually all casting processes, including continuous, ingot* ** and shape casting of steel and
aluminum alloys, iron casting, casting of single crystal super-alloys, semisolid casting, and even
growth of semiconductor crystals®. Macrosegregation is especially important in large castings and
ingots. Because of the low diffusivity of the solutes in the solid state and the large distances involved,
such inhomogenity cannot be removed through processing of the casting after solidification is
complete, i.e. by heat treatment, as the time required for solid state diffusion to occur at this scale is
prohibitive?. Therefore, not surprisingly, modeling of macrosegregation is still a very active research
field, for instance the research group of Prof. Beckermann® at University of lowa, has contributed
substantially in this field, when the first pioneering contributions were made by Flemings® * *’ and
co-workers in the beginning of 1960s. They discovered the importance of convection within the
mushy zones of solidifying alloys, and derived the basic equation describing macrosegregation due to
interdendritic flow”.

The cause of macrosegregation is relative movement or flow of segregated liquid and solid within the
mushy zone during solidification. Most alloy elements have a lower solubility in the solid than in the
liquid phase as is shown by phase diagrams, see Figure 3.38.
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Figure 3.38: Schematic of a partial equilibrium phase diagram of a binary alloy.
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During solidification, the solutes are therefore rejected into the liquid phase, leading to a continuous
enrichment of the liquid and lower solute concentrations in the primary solid. The segregation occurs
on the scale of the microstructure that is forming, which often consists of dendrites having arm
spacing of the order of 10 to 100 um. It is therefore termed microsegregation and results in a
nonuniform, cored solute distribution in the dendrite arms. Despite this localization of segregation at
the micron scale, macrosegregation can nevertheless occur by several mechanisms, as illustrated in
Figure 3.39.

(a) v, = —Gv° (b) v,-VC 20 (c)v, 20, v,z (d)V-v, %0

Figure 3.39: Various types of macrosegregation induced by (a) solidification shrinkage, (b) fluid flow, (c)
grain movement and (d) deformation of the solid®.

In all of them, macrosegregation takes its origin in the relative movement of one phase with respect
to another. Indeed, as the solid and liquid phases do not accept the same amount of solute,
microsegregation will give rise to macrosegregation in which one phase moves relative to the other.
When such movement or flow generally occurs over large distances, the casting becomes
macroscopically segregated. Macrosegregation at a given location in a casting is said to be negative
when the average composition measured over a representative volume element is lower than the
nominal value. It is positive in the opposite case. The four main causes of macrosegregation are
illustrated in Figure 3.39 and are briefly treated in the following:

(a) Macrosegregation associated with solidification shrinkage, i.e. flow that feeds the solidification
shrinkage and the contractions of the liquid and solid during cooling, Figure 3.39(a),

(b) Macrosegregation associated with natural or forced convection. If the velocity of the liquid is
perpendicular to the solute gradient, no macrosegregation occurs. However, macrosegregation is
induced when the flow enters or exits the mushy zone, Figure 3.39(b).

(c) Macrosegregation associated with grain movement. As long as the grains move with the same
velocity as the liquid, there is no macrosegregation. However, equiaxed grains have a tendency to
sediment or, in certain cases, to float, giving rise to macrosegregation, Figure 3.39(c).

(d) Macrosegreation associated with deformation of the solid network in the mushy zone due to
thermal and shrinkage stress, head pressure, or external forces on the solid shell. In other words, the
mushy solid behaves like a sponge causing the liquid to be expelled (when in compression) or sucked
in (when in tension), Figure 3.39(d).

All efforts to prevent macrosegregation are aimed at controlling liquid flow and movement of solid.
Examples include adjustments to the alloy composition or thermal gradients to induce a stable density
stratification in the liquid; application of nozzles, baffles, porous materials, or electromagnetic fields
to redistribute the flow; controlled deformation such as soft reduction during continuous casting of
steel to squeeze highly enriched liguid away from the centerline of slabs; changing the cooling rate or
the alloy composition to decrease the dendrite arm spacing and hence increase the resistance to flow
through the solid network; and increasing the prevalence of equiaxed grains in a casting, for example,
by inoculation or stirring, in order to obtain a more uniform and dense solid distribution®.

3.74.1. Macrosegregation induced by fluid flow

In this section, quite a few equations related to macrosegregation phenomena will be presented and
briefly discussed. It has not been the aim to explain the theory and various aspects of
macrosegregation just based on these equations. It is for sure not a scope of this thesis. The reason for
showing all of these equations is that they serve as a basis for the modeling and analysis of
macrosegregation in MAGMAsoft, which has been used throughout the PhD study. It was considered
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interesting to show a brief overview of what goes on inside this numerical solver. To link the theory
to the practical aspects of metal casting, several practical casting-related examples are shown
indicating and supporting the results and theoretical findings of most of these equations.

Liquid flow through the mushy zone, where the developing solid network can be assumed to be rigid
and fixed, is the most common cause of macrosegregation. Such macrosegregation can be best
understood by considering the local solute redistribution equation (LSRE) derived by Flemings and
co-workers®® *', see Eq. 3.43. They considered the flow of interdendritic liquid through a fixed
dendritic solid network as illustrated in Figure 3.40 while accounting for the different densities of the
solid and liquid. This equation is based on a solute balance on a small-volume element inside the
mushy zone. Flemings and co-workers assumed that: (i) local solute diffusion in the solid phase is
neglected, and (ii) the liquid flowing through the volume element is assumed to be well mixed and in
local equilibrium with the solid, i.e. the liquid is not undercooled. These are the same assumptions as
made in the derivation of the Scheil equationl. Then, the solute concentration in the liquid, C,, is
given as a function of temperature by the liquidus line of an equilibrium phase diagram (Figure 3.38)
according to C. = (T - T)/m (where T is the temperature, T, is the melting point of the pure
solvent, and m is the slope of the liquidus line).

Liquid flow

Solid / Liquid

Figure 3.40: Schematic of liquid flowing through a small volume inside the mushy zone. The gray ovals
represent cuts through dendrite arms. Figure inspired by Beckermann®.

Accounting for advection of solute by the liquid flow in or out of the volume element, and for the
different densities of the solid and liquid phases, the following LSRE results:

df, (- fs)(l—ﬁ)(l_u_nj 0
¢, ¢ @-k R '

where fs is the solid volume fraction, k is the partition coefficient, u, is the liquid flow velocity in the
direction normal to the isotherms and R is the isotherm velocity and £ is the solidification shrinkage
described in section 3.7.2.2.

In one dimension, mass conservation yields that the liquid velocity needed to feed the solidification
shrinkage is given by:

i = R- —p—s}—R-i 3.44
U _shrink ( oL (1_/3) (3.44)

Note that shrinkage-driven flow is in the direction opposite to the isotherm velocity, that is, in the
direction of decreasing temperature toward regions of higher solid fraction. Only if the alloy expands
upon solidification, g < 0, and Un.rink has the same sign as R. Defining the flow factor, &, as:

£=(1- ﬂ)(l—%”j (3.45)

Equation 3.43 can be integrated to yield a modified Scheil equation:
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CL g (3.46)
CO

where k and & are assumed constant. The physical significance of Equations 3.43 or 3.46 can be
understood as follows (for k < 1):

Eq. 3.46 reduces to the Scheil equation, implying no macrosegregation if the flow factor is equal
to unity. There are two obvious cases for which & = 1:

a.No shrinkage and no liquid flow normal to the isotherms, i.e. u, = 0.

b.When the liquid wvelocity is just that required to feed solidification shrinkage, i.e.

up = _Rﬂ/(l_ﬁ) Or Un = Un-shrink-

For & =1, macrosegregation occurs, since the liquid concentration, C., varies differently from
that predicted by the standard Scheil equation. Based on Eq. 3.46, three different
macrosegregation mechanisms and outcomes can be identified.

a.Negative segregation: £> 1 oru,/ R <- /(1 - ), or equivalently, U, < Unsnrink- At the same
solid fraction, C, is lower than for £ = 1, indicating that negative macrosegregation will
result. For the case of # > 0, this condition is met if the liquid flows in the direction of
decreasing temperature toward regions of higher solid fraction (u, < 0) and with a speed
(absolute value of velocity) that is greater than the shrinkage velocity Un shrink-

b.Positive segregation: 0 <&<1lor 1 >u,/R>-p/(1-f), or equivalently R > u, > Up.ghrink-
At the same solid fraction, C_ is higher than for & = 1, indicating that positive
macrosegregation will result. This can be rephrased as, both flow in the same direction as
the shrinkage flow, but with a speed less than the shrinkage velocity, as well as flow in the
opposite direction (in the direction of increasing temperature towards regions of lower
solid fractions) result in positive macrosegregation. Examples include centerline and under-
riser segregation in steel castings.

C.Local remelting: & < 0 or u, > R. This condition is met if the liquid flows in the direction of
increasing temperature toward regions of lower solid fraction and with a velocity that is
higher than the isotherm velocity. Based on Eq. 3.46, such flow results in the solid fraction
decreasing, rather than increasing, with decreasing temperature. This means that remelting
occurs and that open (solid-free) channels can form inside the mushy zone. Once the
casting is solidified, the macrosegregation inside of these channels is positive. Such
situation is depicted schematically in Figure 3.41. Assume that a columnar mushy zone
grows at steady state with a velocity R. If a small element of liquid deep in the mushy
zone, where C_ is large, moves toward the dendrite tips because u, > R, the average
composition in the liquid at this point increases. On the other hand its temperature remains
almost unchanged. From the standpoint of the average composition Cayg, increasing the
liquid composition increases Cavg at the highest location. If the temperature remains fixed,
this obviously decreases the solid fraction, i.e. local remelting occurs, in order to maintain
local equilibrium at the solid-liquid interface?. This phenomenon is responsible for freckle
formation often referred to as channel segregation. More on this topic will be given later in
this chapter.

Cg CI.
Figure 3.41: Local remelting inside a mushy zone when u, > R. Adapted from [22].
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The direction and magnitude of the liquid flow velocities in the mushy zone depend on numerous
factors. For a given driving force, the permeability of the mush is the single most important
parameter that limits the flow®. In general, the permeability decreases with increasing solid fraction.
A smaller dendrite arm spacing also reduces the permeability. The following examples illustrate in
more detail the aforementioned macrosegregation mechanisms.

Inverse Segregation. Near a chill face, positive macrosegregation is often observed™. This so-called
inverse segregation® is a consequence of the second macrosegregation mechanism discussed
previously. At an impenetrable chill face, the liquid velocity vanishes (u, = 0). Moreover, the
condition u, > Unqhink IS always satisfied at the chill face, and positive macrosegregation results. If a
gap is present between the mold and the casting, the solute-rich interdendritic liquid can be pushed
into the gap by the metallostatic pressure. This is termed exudation and results in even higher positive
macrosegregation at the surface. In direct chill casting of aluminum ingots, this macrosegregation can
be so severe that the exuded surface layer must later be removed by scalping the ingot.

A very similar case is seen in Figure 3.42 where due to the presence of an inner chill a tendency
towards positive segregation is seen. Since a non-contact chill was applied in this case, we cannot
talk strictly about the inverse segregation but rather just a tendency. This tendency is denoted by the
two black arrows.

Figure 3.42: Carbon compositional profile in an optimized steel casting. Everything what is white contains
more solute elements than is the nominal composition in the liquid state. The two black arrows emphasize
the tendency towards inverse segregation in areas very close to chills, [ref. Industrial report, (Kotas et al.
2010)].

Macrosegregation due to Buoyancy-Driven Flow. The first and second macrosegregation
mechanisms can be observed simultaneously if the liquid flow pattern in the mushy zone is of a
recirculating nature. This has been demonstrated for the large steel ring casting shown in Figure
3.43.

Figure 3.43: Temperature field with suggested thermal convection profiles at 8, 10 and 12% solidified, [ref.
Industrial report, (Kotas et al. 2010)].
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Here, a clockwise recirculating flow pattern is induced in the liquid by thermal and solutal buoyancy
forces. Figure 3.43 shows that the flow in the bulk liquid region penetrates into the mushy zone. In
the upper right part of the mushy zone, the flow is in the direction of decreasing temperature (u, < 0),
i.e. flowing from the liquid area to the mushy zone. According to the first macrosegregation
mechanism, such flow causes negative macrosegregation. The same trend, but less pronounced, is
seen on the casting’s inner side. Negative macrosegregation was indeed measured in the upper part of
the casting on its both i.e. inner and outer surfaces, as shown in Figure 3.44.

Negative segregation

Figure 3.44: A detailed view on a concentration profile of carbon in the original casting layout [ref.
Industrial report, (Kotas et al. 2010)].

Conversely, in the lower part of the mushy zone, the interdendritic liquid flows in the direction of
increasing temperature (u, > 0), back into the bulk liquid region. This causes positive
macrosegregation according to the second mechanism. This was again verified by the
macrosegregation profile (Figure 3.44). Buoyancy-driven flow is also responsible for the positive
macrosegregation seen in the riser of large steel castings and ingots, as shown in Figure 3.45. In steel
castings, the interdendritic liquid is often lighter than the bulk liquid and flows up. This up-flow is in
the direction of increasing temperature (u, > 0), since the riser is the last part of the casting to
solidify. Consequently, positive macrosegregation results according to the second mechanism. More
on this topic can be found in Papers 111, 1V and Industrial Report, written by the author.

= Fmgty

02000
1 01093
L- ‘ 01708
01674

01572

0.1465

0.1358

[RFE

01144

01037

00930

a0z

0amneE

0.0609

0.0501

0.0501%

Figure 3.45: Macrosegregation profiles for two distinct industrial castings, [ref. Paper 111, (Kotas et al.
2010) and Paper 1V, (Kotas et al. 2010)]. White color indicates positively segregated regions.
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Channel segregation. Flow due to thermal and solutal gradients in the liquid leads to formation of
so-called channel segregates, commonly referred to as A- segregates or freckles, an example of which
is shown in Figure 3.46.

Figure 3.46: (a) Presence of porous areas and channel segregates in a steel casting [paper 11, (Kotas et al.,
2010)], (b) Close-up of a single freckle®.

Freckles have been the subject of intense research efforts for about 40 years due to their importance
as a defect in alloy casting and the interesting fluid-mechanical phenomena associated with their
formation. Freckles are chains of small equiaxed grains in an alloy otherwise solidified with a
columnar structure. They are typically initiated by convective instabilities in the high-liquid-fraction
region of the mushy zone near the primary dendrite tips>, i.e. when the velocity of the liquid in the
mush exceeds that of the isotherm (u, > R). During upward directional solidification into a positive
temperature gradient, the melt inside the mushy zone can become gravitationally unstable due to
chemical segregation of alloy elements at the scale of the dendrite arms. Such microsegregation can
cause local melt density to decrease during solidification if the light alloy elements are preferentially
rejected into the melt (for k < 1), or if heavy alloy elements are preferentially incorporated into the
solid (for k > 1). If the melt overcomes the retarding frictional force in the porous medium-like
mushy zone, convection cells form. Since the mass diffusivity of the liquid is much lower than the
heat diffusivity, the segregated melt retains its composition as it flows upward through the mush into
regions of higher temperature. There, the melt causes delayed growth which eventually leads to open
channels, i.e. local remelting due to solid fraction decrease, in the mush through which the solute-rich
and low-density liquid flows upward into the bulk liquid region (according to the third
macrosegregation mechanism). These open channels are associated with local increase in
permeability which allows for the liquid to flow more easily, thus enhancing remelting and
macrosegregation. When the channels eventually freeze, they appear as pencil-like chains of
equiaxed crystals that are highly enriched in solute*. At the lateral boundary of the channels, higher-
order dendrite arms can become detached from the main trunk, most likely by a local remelting
process. These dendrite fragments either, (1) remain in the channels and grow into the equiaxed
grains later observed as freckles chains or (2) are advected out of the channels by the flow and, if not
remelted completely, may form spurious grains inside the columnar structure or even cause a
columnar-to-equiaxed transition™.

There have been many empirical studies over the years that have attempted to identify the process
variables that influence or drive the formation of channel segregates, i.e A- and V-type, primarily in
steel castings and ingots. For instance the work by Suzuki and Miyamoto™ revealed the effects of
thermal conditions on the formation of A-segregates and found that segregation in an 0.7 wt. %
carbon steel occurs when the product of the solidification rate and cooling rate are below a certain
value. They also discovered that channel segregates are initiated in areas with a solid fraction
between 0.3 and 0.35. Suzuki and Miyamoto also reported that the tendency to form V-segregates in
steel ingots increased for larger height-to-diameter ratios of the mold. Since this ratio controls the
extent of cooling on the sides versus the bottom of the ingot, it was deduced that when the rate of
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solidification is large in a direction perpendicular to the buoyancy driven flow (large H/D), V-
segregation is promoted. Later on, this theory was supported by showing that V and A-segregates can
be eliminated by unidirectional, vertical solidification, i.e. where solidification proceeds in the same
direction as the solute enriched liquid. This is exactly why both types of channel segregates occurred
in the large steel forging ram depicted in Figure 3.46(a) (refer to Papers Il and I1l). In the original
casting arrangement, i.e. prior to the numerical optimization, the bottom of the casting was not cooled
whatsoever, while the entire height of the cylindrical section was surrounded by the chill bricks,
leading to pronounced cooling perpendicular to the buoyancy driven flow, thus promoting
segregation. An additional supporting case experienced by the author was that when large steel rings
were cast, channel segregates occurred in those with large heights. For those problematic rings, a
cooling/chilling system had to be entirely reworked to induce and support a favorable solidification
pattern to minimize the segregation issues, see Industrial report. Frawley (1981) discovered that the
formation of channel segregates can be further eliminated by increasing the amount of the mold taper
in steel ingots, i.e. having larger top diameter as compared to the bottom diameter of the ingot™.
Nowadays, this has been a common method in ingot casting to find the most suitable taper of the
ingot to reduce segregation issues, i.e. channel segregates or/and under-riser segregation®. The
importance of proper thermal conditions on formation of segregation but also centerline porosity is
also known in the steel foundry industry in shape casting, where there is an interest in selecting the
proper insulation and toppings for casting risers or shapes of the risers to minimize the
aforementioned problems.

Since the formation of channel segregates is due to buoyancy driven flow, the types and amount of
the various solutes present in the melt has a significant effect on the formation of macrosegregation.
These solutes can be either alloying elements or residual elements present through the remelting of
scrap. One example is provided in the earlier mentioned work of Suzuki and Miyamoto (1981) who
observed that the addition of 1 wt. % molybdenum to 0.7 wt. % carbon steel significantly reduced the
occurrence of A-segregates™. The alloying elements nickel, chromium and vanadium, however did
not have much influence on the formation of A-segregates. In the same steel, increasing the silicon
content from 0.1 to 0.5 wt. % substantially increased the extent of A-segregates.

Clearly, the onset of freckling depends on the complicated interplay of the stabilizing thermal
gradient (G); the speed of the isotherms (R) relative to the flow velocities; the structure and
permeability of the mush, which, in turn, depend on the casting conditions G and R as well as on the
variation of the solid fraction in the mush; the variation of the liquid density in the mush and, thus,
the segregation behavior of the solutes as a function of the alloy composition and solidification path;
and the casting geometry and growth direction relative to gravity. Copley et al.”® suggested a criterion

for freckle formation that is based on a critical cooling rate, T (i.e. the product of imposed casting
speed, R, and temperature gradient, G), below which freckles are likely to form (if G is below a
certain critical value). One could thus argue that in this regard centerline porosity and channel
segregations follow a similar trend although; they are not necessarily governed by the same physical
phenomena. It means that in principle enhanced thermal gradients which in essence decrease the
extent of the mushy zone, and progressive directional solidification with sufficiently tapered pool of
liquid metal™ should decrease the risk of both of these defects. This statement is well supported in
the work by the author; refer to Paper 111 and Industrial report, enclosed at the end of this thesis.
Pollock and Murphy® performed directional solidification experiments using Ni-base superalloys.
They found a strong correlation between the primary dendrite arm spacing and freckle initiation, and,
for one superalloy, the critical spacing above which freckles form was found to be 320 xm. However

for superalloys, the primary spacing has been experimentally found to be well correlated by T 31

lending support to Copley et al. as well.

Several investigators have attempted to interpret their experimental results in terms of a non-
dimensional mushy zone Rayleigh number® ®. The Rayleigh number measures the ratio of the
driving buyoancy force to the retarding frictional force associated with the permeability of the mush.
Beckermann and Gu® developed a Rayleigh number based criterion for predicting the formation of
freckles in Ni-base superalloy castings. This criterion relies on finding the maximum local Rayleigh
number in the mush, where the ratio of the driving buoyancy force to the retarding frictional force is
the largest. They discovered that a maximum value of the Rayleigh number for freckle formation is
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reached at a fairly low volume fraction of solid, approximately around 0.25. If the Rayleigh number
in a superalloy casting is below this critical value, freckles are not expected to form because the
driving force for convection is not large enough, whereas above this value, the average permeability
is too low. The main advantage of a Rayleigh number based criterion for freckle initiation over the
aforementioned purely thermal criteria is that the influence of alloy composition is taken into
consideration. For a review, refer to Beckermann et al.®.

We will conclude this section with two final remarks about freckle formation. Freckles initiate in
regions of the mushy zone where the permeability is the largest. Freckles are most likely to start at
the location of the largest primary spacing where the resistance to interdendritic flow is low. This
also explains why freckles are very often observed at the surface of a casting, where dendrites can be
seen to diverge from it. The microstructure there is thus naturally more permeable due to the
branching mechanisms that are necessary to fill the space.

In large ingots, where the interdendritic liquid is less dense than the initial liquid, cooling from the
side and the bottom will induce U-shaped isotherms. The flow moving upward will have a tendency
to take the easiest path, i.e., move in the direction of the liquidus from the point of initiation. This
leads to so-called A-type segregate channels, which are simply inclined freckles®.

Case study | — Forging ram

This case study presents findings from numerical simulations of solidification and thermal convection
in a large steel forging ram shown in Figure 3.47. The main objective of this study was to try to
accurately predict the effect of the solidification pattern on freckle formation. It is still not possible to
accurately capture and predict freckle formation just by the overall macrosegregation profiles using
commercial casting oriented software packages. This is due to the necessity of an extremely fine
mesh, i.e. it is an extremely computationally-heavy calculation especially for large castings. For this
reason simulation of thermal convection was applied to identify the flow instabilities within the mush
which then lead to freckling. Due to improper cooling/ chilling of the cylindrical section, the thermal
gradients were very shallow, see Figure 3.10(a), and an unfavorable temperature distribution caused
choking of the liquid pool, Figure 3.10(b) which eventually resulted in porosity, Figure 3.10(c) and
3.21.

(@) (b)

Figure 3.47: The cast part used in Case Study I, and the initial casting layout. The casting is indicated
red, chills indicated green; insulation is denoted dark blue, [ref. Paper 111, (Kotas et al. 2010)].

Due to the presence of very shallow thermal gradients, the mushy zone of the solidifying metal was
very extensive, see Figure 3.48. As it was argued before if the stabilizing thermal gradient is very
low it affects also the cooling rate which if it is low, it promotes freckling. This could be rephrased as
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follows: if directional, progressive and pronounced solidification is not provided, the interdendritic
liquid in the mush behaves “chaotic” and the buoyancy forces will “win” over the retarding frictional
forces and freckling will be enabled. So the solidification pattern should be established so that it
exhibits a direction, progressiveness and so that the thermal gradients are increased. In this way, the
extent of the mushy zone will be decreased; more fine grains will be nucleated and present in the
mush, lowering the permeability of the mush and hence imposing larger resistance to this *“chaotic”
interdendritic flow.

Figure 3.48 is a plot of the predicted convection patterns in the bulk liquid and mushy zones during
solidification, namely at 7, 11 and 20% respectively. The vectors indicate the direction and velocity
of both, the liquid and the mush during solidification. Based on this information one can estimate
whether channel segregates will form or not, and where. In essence, just due to density changes the
solidifying elements in the mush have higher density than the liquid in the central areas and thus they
will sediment down and push the lighter liquid upwards. However, if a strong upward flow within the
solidifying mush occurs this could indicate that a narrow channel has been opened, local remelting
has occurred and highly segregated liquid can flow through, giving rise to a freckle. Indirectly it
implies that the cooling ability of the surrounding chills is poor to retain steep thermal gradients and
thus to prevent upward, localized flow. Obviously in practice it is nearly impossible to completely
avoid channel segregation since the geometry of the casting together with the shape of the chills and
of the riser would have to be designed extremely well and still it would not be 100% sure that no
problems would occur. Nevertheless, by establishing a proper directional and progressive
solidification pattern, potential freckles can be either pushed deep into the casting so that they do not
show on the surface during machining operations or, get partially eliminated. The highest priority
should always be to eliminate freckles due to the fact that their microstructure is totally different from
the surroundings. Freckles are characterized by equiaxed grains, while the surrounding areas are
mostly composed of columnar grains. Therefore, freckles represent narrow band-like areas inside the
casting with deteriorated mechanical properties as compared to the surroundings. When considering
that most castings and this steel ram in particular are subsequently loaded during the life service, all
of a sudden these yet hidden freckles may promote cracking of even an ultimate failure of the cast
parts. Problematic areas with a high risk of freckles are implied by black arrows in the figure. As
compared to the casting trial depicted in Figure 3.46(a), quite good agreement with the numerical
prediction of freckles has been found.

Fig. 3.48: Convection patterns and velocity vectors at 7, 11 and 20% solidified, [ref. Paper 111, (Kotas et al. 2010)].

To demonstrate that the numerical simulation of thermal convection can provide accurate results,
Figure 3.49 has been used. In that figure the convection pattern from 20% solidified is overlapped by
the photo obtained from the casting experiment. It suggests that indeed, the A-segregates match well
with those numerically predicted. Figure 3.50 shows the predicted carbon macrosegregation pattern
in the completely solidified casting placed on top of the photo of the sectioned casting, while Figure
3.45(left) shows the numerical predictions for the entire cast part. It can be seen that the strong flow
has created a carbon rich region in the centre of the casting. It affirms that areas solidifying last, i.e.
the hot spots, will be rich in solute elements. These elements have been rejected and pushed away to
the remaining liquid by the progressing solidifying front due to their lower solubility at decreasing
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temperatures, causing positive segregation in the last area to solidify. Due to the isolated liquid pool
which has also been a hot spot, all solute elements ended in that region with nowhere to escape,
causing positive segregation.

Fig.3.49: Comparison of the numerically and Fig. 3.50: Calculated and experimentally obtained
experimentally obtained information regarding A- final C macrosegregation pattern, [ref. Paper III,
segregates in the steel casting, [ref. Paper 111, (Kotas (Kotas et al. 2010)].

et al. 2010)].

These macrosegregation predictions have been compared with the experiment, i.e. samples from the
central region have been analyzed with respect to solute composition, and a reasonable agreement has
been found. It can also be seen that the V-shaped segregates that formed in the real casting, seen in
the photo in Figure 3.46(a), match very well with the predicted pattern which also resembles a V
shape. This might however be a coincidence as the resolution of small scale macrosegregation
features such as A- or V-segregates in large castings is still beyond the current capabilities of the
macrosegregation model in the applied software.
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Case study Il — Steel ring

The second case study is based on the findings listed in Industrial report 1. The objective of this
project was very similar to the first case study, eliminate the presence of freckles inside the steel ring
seen in Figure 3.51, and at the same time, propose a way how to increase the casting yield. However,
even after the yield optimization, the overall quality of the casting had to remain superior, i.e.
concentration profiles, freckles, shrinkage porosity and hot tears had to be avoided. The procedure
was the same as in the first case study, i.e. at first try to accurately identify where and why the
freckles would form and secondly, if they appear, find a way how to eliminate them. The results from
the second objective are discussed in the chapter dedicated to optimization. Standard convection
calculation was applied for identifying the freckle formation inside the casting.

Figure 3.51: Original casting arrangement with its rigging, [ref. Industrial report, (Kotas 2010)].

In Figure 3.52 potential initiation sites for A-segregates, i.e. freckles are indicated by the black
arrows. A sudden upward-oriented flow in the mush suggests that the permeability of the mushy zone
got decreased and that the interdendritic liquid rich on solute elements is enabled to float up. This
means that the buoyancy force causing this flow overruled the retarding frictional force and made the
interdendritic liquid flow up as explained earlier in the text. Moreover it is observed both with the
numerical results and with experimental findings in Figure 3.53 that the inner surface of the ring will
be more prone to freckling due to suppressed heat removal compared to the outer surface meaning
that the inner core will heat up fast due to the *“converging” heat transfer. As one could see, a
relatively good agreement with reality was achieved using the convection profiles during
solidification.
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Figure 3.52: temperature profiles and convection patterns in a solidifying steel ring casting at 8, 10, 12, 14,
20 and 30% solidified. Black arrows indicate potential initiation sites for freckles [ref. Industrial report,
(Kotas 2010)].

It must be noted that it is practically impossible to fully eliminate issues with channel segregates or
with macrosegregation in general. The geometry of the casting would have to be designed extremely
carefully and well, moreover process and working parameters would have to be extremely precise
and well selected and last but not least, nothing would have to go wrong during the melting and
pouring process of the casting itself. For this reason, foundry technologists generally try to design the
casting geometry and the casting process in such a way that the channel segregates are pushed
inwards and partially eliminated by a proper solidification pattern so that they do not appear on the
casting surface after machining. If they are present on the surface, they still can be removed by
welding operations, although this gets very costly if large amount of freckles are present. Such a case
is depicted in Figure 3.54 where freckles were spotted on the surface after the top riser has been
remover. These black dots were among others a cause for rejection of this particular casting. The
optimized solution will be shown and discussed in the chapter dedicated to numerical optimization.
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Figure 3.53: (a) longitudinal cut through the steel ring with highlighted A-segregates, (b, temperature
profile and the convection pattern in a solidifying steel ring casting at 40% solidified, the black arrow
denotes a good agreement with the experimental results regarding the A-segregates (c) cut through the riser
showing the pronounced macrosegregation and also porosity and (d) a detailed view on the A-segregated in
the riser area, [ref. Industrial report, (Kotas 2010)].

Figure 3.54: Transverse cut through the under-riser area of the steel ring denoting the appearance
of channel segregates as black dots, [ref. Industrial report, (Kotas 2010)].
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Chapter 4
4. Optimization

4.1. Introduction

Let us start this chapter with a simple question, what is optimization? Optimization in general may be
assumed as an attempt of finding an optimal or the best solution(s) to meet under some limitations a
given objective(s) either in a trial-and-error or a systematic way". Optimization has played a big role
since the dawn of creation and has been found in literally all fields, disciplines and activities of
mankind such as daily life applications, the field of mathematics, engineering and operations research
or being presented by so many brilliant examples in nature. People have always strived, or they have
been forced to optimize ways of doing things, working procedures, life styles and habits to make their
lives easier, earn more money, become successful or just to survive. The same principles apply to
nature around us where only the fittest survive.

Nature is a great inspiration and a teacher in optimization for scientists, engineers, or whoever
interested in improving any kind of design, process or schedule, etc. More specifically, e.g. in
structural optimization, a number of efficient optimization and search algorithms mimicking
evolutionary principles, i.e. selection and survival of the fittest, has been developed. For instance one
could mention genetic algorithms (GAs) which are motivated by the principles of natural evolution.
These principles are then borrowed and used artificially to construct search algorithms that are robust
and require minimal problem information and which are then able to solve various search and
optimization problems of science, engineering and commerce.

Let us leave nature and restrict ourselves only to engineering activities and to casting processes in
particular. One may realize that this manufacturing process has gone hand in hand with optimization
for ages. Metal casters have always been improving their layouts with an intention of satisfying the
customer’s needs, saving material, increasing mechanical properties and production rate, or
eliminating scrap percentage to win over the competitors. However, for many years, even centuries,
optimization of casting processes has been solely based on intuition, experience and on trial-and-error
method. If optimization failed, a foundry instantly ended up with a financial loss. Therefore, much
money and resources have been invested into research and development in order to understand
“mysterious” physical phenomena behind the casting process, which directly influence quality of
castings. A lot of important phenomena taking place during casting were described and understood
over the last century which, in turn has led to a substantial increase in the quality of foundry
processes and of the final casting products. However, optimization was still only manual and intuitive
and a lot of castings got spoiled, rejected and wasted as a result. For this reason people from foundry
industry started calling for a development of any reliable numerical simulation tool which would
simulate casting processes virtually on a personal computer, evaluate and reveal potential
shortcomings before any money would be lost in a real scale production. Implementation of such
numerical simulation software has been a significant threshold in the history of foundry industry. The
same applies to optimization; even though it was still based on the trial-and-error method at least, all
of these “improving” trials and efforts started to be performed virtually without remarkable financial
or material loss.

Twenty years after the introduction of simulation software for foundries into the industry, casting
process simulation has become an accepted tool for process and design lay-out?.

Metal casting process simulation is used to provide detailed information about the mold filling,
solidification and solid state cooling, heat treatment and with that, also information about the local
microstructure, non-uniform distribution of mechanical properties and subsequently residual stress
and distortion build-up®®. Moreover, physical modeling and simulation of core shooting, binder
hardening and binder degradation during casting is now possible to carry out’. Casting simulation
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tries to use physically realistic models without overtaxing the computer. At the same time the
simulations need to give applicable results in the shortest time possible.

Due to the multitude of factors affecting the quality of castings and the complex interactions of
physics, metallurgy and casting geometry, empirical knowledge is still the main source on which
“optimized manufacturing engineering” is based. Foundry simulation can quantify experience but
unfortunately, it can only test one “state” or layout. It provides insights into the root causes of
problems, while conclusions from calculations or subsequent optimization still require an engineer’s
interpretation and decision after each of the simulation runs. This means that a continuous
improvement involves “trial and error”- both in reality and in simulation.

In recent years the use of simulations software has increased and is now integrated with parallel
processing computers. It is feasible to calculate numerous versions and layouts in almost unlimited
configurations. The advantage of having such short calculation times can only be utilized providing
that a computer can automatically evaluate different combinations of design variants with respect to
predefined objectives (e.g. maximum feeding, low porosity, low air entrapment etc.) and
subsequently produce new variants and analyze them in the same manner to achieve the optimal
solution. By integrating such software for casting process simulation with an optimization algorithm,
GA for instance, a computer based optimization tool is established which is able to determine optimal
values for user-defined design variables thereby optimizing a given casting process with respect to
the objectives™.

Autonomous optimization uses the simulation tool as a virtual test field. By modifying pouring
conditions, gating designs or process parameters, the software tries to find the optimal route to fulfill
the desired objective(s). Several parameters can be changed at the same time and be evaluated
independently from each other. Autonomous optimization tools combine the classical approach of
foundry engineers, to find the “best compromise” with validated physics. This not only further
reduces the need for trial runs to find the optimal process window, but also allows an in-depth
evaluation of many parameters and their individual impact on providing a robust process.
Subsequently such system can readily provide optimal solutions for any kind of casting processes™*°.

In this chapter, it is intended to give a basic overview of one particular optimization technique called
multi-objective genetic algorithms which have been applied for casting process optimization during
this PhD study. Genetic algorithms'’ and mainly the Multi-Objective Genetic Algorithms™ (MOGA)
for handling multiple conflicting objectives have been applied, because they are incorporated in the
software called MAGMATfrontier which is the add-on optimization module of a commercial casting
solidification software package MAGMAGSoft®. One should bear in mind that there are other multi-
objective optimization techniques and algorithms, e.g. MOGA-I11'*, NSGA® or NSGA-II** (successor
of NSGA), that would suit our purposes the same as MOGA; maybe even better, nevertheless these
are not discussed here. Later in the chapter, several industrial case studies are presented to
demonstrate how multi-objective optimization can be effectively utilized in solving various casting
process-related issues.
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4.2. Genetic algorithms

In this section, working principles of genetic algorithms is first described. The theory is demonstrated
on a simple foundry-related case study concerning optimization of a riser volume. Thereafter, a
discussion on how to apply and utilize multi-objective optimization in which several conflicting
objectives are present, in daily engineering problems will be given.

4.2.1. Genetic algorithms — working principles

Genetic algorithms (GA) are computerized search and optimization algorithms developed by
mimicking the evolutionary principles and chromosomal processing in natural genetics. A GA begins
its search with a number of solutions, collectively known as a population of solutions, usually created
at random within a specified lower and upper bound on each design variable, e.g. a height of a riser
should not exceed 1000 mm and not drop below 400 mm. Since GAs work with a set of solutions
(population) instead of a single point as in gradient based (classical) methods this gives an
opportunity to attack a complex problem (discontinuous, noisy, multi-modal, etc.) in different
directions allowing the algorithm to explore as well as exploit the search space. This capability gives
an advantage for having a more robust search strategy compared to traditional algorithms. Since
genetic algorithms do not need any gradient information, they are very suitable for black-box (e.g.
commercial software) optimization applications. Moreover, compared with classical optimization
strategies based on gradient methods, genetic algorithms can effectively utilize distributed computing
facilities because all individuals (designs) can be computed independently. Due to their population
based search strategy, they have been very popular for the Multi-Objective Optimization (MOO)
problems, often having conflicting objectives resulting not only in a single optimum solution, but in a
set of trade-off solutions (Pareto-optimal set). The availability of trade-off solutions, representing
varying preference levels between chosen objectives, makes it easier for a user to choose a particular
solution for subsequent implementation??°, A flowchart of the working principle of a simple genetic
algorithm is shown in Figure 4.1.

' Begin l
l Initial Population (g = 0)
[

»|
X

' Representation ‘ ' Non-dominated
P——— Sorting

¥
. (In case of Multi-
Reproduction Objective Optimization)

g=g+1
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N0 [stop Condition? HYES [ stop |

Figure 4.1: A flowchart of the working principle of genetic algorithms. The non-dominated sorting is
implemented just in case of multi-objective optimization problem. Figure inspired by Deb®.

i

4.2.1.1. Representation

In classical genetic algorithms'’ (Goldberg, 1989), the internal representation is based on binary
encoding that each design variable is represented as a binary string, i.e. 0100, 1101101, etc., where
the length of the string depends on the desired accuracy for each design variable. Therefore in order
to find the optimal values from the set of design variables, e.g. diameter and height of a riser which
are used to evaluate the objective function, it is necessary to represent the parameter values in binary
strings. For instance, a casting riser of diameter 50 cm and height 110 cm can be represented by the
following string 110010, 1101110, respectively. Since the representation of a solution or a variable in
a genetic algorithm is similar to a natural chromosome and GA operators (which will be discussed
later) are similar to genetic operators, the above procedure is named “genetic algorithm”. It is
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important to mention that the binary-coding of the design variables in not absolutely necessary. There
exist some studies where GAs are directly used on the variables themselves, the so-called real-coded
genetic algorithms® *, however these are not discussed here. After this, each member of the initial
population, in our case each technological solution is sent into the casting simulation software
MAGMASsoft®, which performs standard casting simulations for all the designs. When this is done,
the user would have, let us just say 100 distinct casting layouts, completely analyzed. But there
would be no information as to which design is better or worse.

The user himself would have to check each design manually and find the best one from those 100
layouts. This is obviously not an effective way of doing things. In a GA instead, each design created
either in the initial population or in the subsequent generations must be evaluated in terms of the
predefined objective functions and constraints. In other words, it must be assessed how well it meets
the predefined objective(s) and whether it does not violate the constraint(s). For example when the
minimization of the riser is our objective see Figure 4.2(left), each design must be evaluated with
respect to the optimization objective, i.e. the minimization of the riser volume, and designs with low
riser volumes are regarded better. Then the designs or solutions are sorted by the GA (say from best
to worst) in the population. Often, such an ordering can be established by creating a real-valued
fitness function derived from objective and constraint values®. A solution is usually called better than
the other, if its fitness function value is better. Again, the fitness value indicated how “fit” a given
design is with respect to the objectives and constraints, how well it fulfills them. This analogy can be
understood from Figure 4.2(right) where our riser volume optimization problem is schematically
shown. One can see the initial population of all considered riser shape variants. Moreover now, each
riser design is equipped with a number representing its fitness, i.e. the objective function (riser
volume). Since the objective function, in our case, is to be minimized, risers with lower volumes are
ranked or assumed better than the big ones. We can say that the designs have been sorted. Up till
now, only a single-objective optimization has been assumed. For multi-objective optimization
problems, one of the ways to achieve the ordering is to sort the population based on the domination
principle proposed by Goldberg"’ (1989).

Figure 4.2: (left) The steel forging ram for which an optimal riser design with the lowest volume is sought by
optimization techniques, see Papers Il and 111, (right) a random population of six top risers is created by GAs.
Each riser design is assigned with a fitness value representing how well it fulfills the objective function.

Most engineering design activities require a solution of multi-objective and multi-disciplinary
optimization problems. When multi-objective optimization is utilized, the user defines not only the
degrees of freedom for the process parameters, i.e. ranges of variation, but also a number of objective
functions, each of which may have a different individual optimal solution. It is very common, that
engineers have to deal with multiple objectives which are conflicting to each other, and are to be
either minimized, maximized, or a combination of these. It means that a satisfaction of one objective
leads to a sacrifice in the other one. This often results in having multiple trade-off solutions
associated with different amounts of gains and sacrifices among multiple criteria, providing that the
objectives are conflicting. One common example of two conflicting objectives in foundry industry is
to fill the mould as fast as possible to increase the production rate and simultaneously to keep the
flow uniform and smooth without surface turbulence to promote good quality of the given cast part.
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In case of single-objective optimization problems, it is easier to identify the optimal solution as
compared to the case of Multi-Objective Optimization (MOO) where there is more than one criterion
to investigate and satisfy, hence more than one best (elite) solution to consider. Because in case of
conflicting objectives, in general, the best solution for one objective is the worst solution for the other
objective.

As it was put forward by Goldberg®” "if we refuse to compare apples to oranges, then we must come

up with a different definition of optimality, one that respects the integrity of each of our seperate
criteria” which points out the concept of Pareto Optimality, correlated to the fundamental concept of
domination. Since the concept of domination allows a way to compare solutions with multiple
objectives, most MOP algorithms use this domination concept to search for non-dominated solutions,
i.e. the ones that constitute the Pareto-front as shown in Figure 4.3(c). This concept can be explained
with a simple example in a 2D objective space, in which the minimization of both objective functions
(i.e. f; and f,) is considered, as shown in Figures 4.3(a-c). In Figure 4.3(a), point-1 representing a
solution or a design which splits the 2D objective space into two zones: the first zone (the shaded
region); the set of the points dominated by point-1, and the second zone; the set of points not
dominated by point-1 (the remaining three quadrants), i.e. the non-dominated or noninferior set of
points. Thus, the two conditions stated below need to be satisfied if point-1 dominates point-i, where
point-i is any other design point in the objective space®

e point-1 is no worse than point-i in all objectives.
e point-1 is strictly better than point-i in at least one objective.

These two statements give a general description for the comparison of the two solutions in terms of
"betterness", hence emphasizing the applicability of this comparison for other types or combinations
of conflicting objectives besides the minimization — minimization type as shown in Figures 4.3(a-c),
i.e. maximization - maximization, maximization — minimization as well as minimization -
maximization. . In case of the aforementioned minimization-minimization problem, it is formulated
as follows'"*

(Vi f(x) < £;(%)) N@Ek: f(x) < fi (%)) (4.7)

where Xx; represents point-1 in Figure 4.3(a) and X; represents any design point-i in the same 2D
objective space. Eq. 4.1 can be put in words as; at least (3) in one objective, design-1 is "strictly
less" than design-i, while in others (v ) they might be equal.

In case of having a population composed of e.qg. five points as shown in Figure 4.3(b), a need for an
overall relation of dominance arises, i.e. the one-to-one comparison made for point-1 should be
generalized for each point. Figure 4.3(b) shows the distribution of these five points together with
their domination regions which are distinguished with different tones of colors and it is clearly seen
that point-4 dominates points-1, 2 and 5 with respect to all objectives, while point-3 dominates all
other points (i.e. strictly better) only with respect to the first objective for the given distribution.
However, since points-3 and 4 are not dominated by any other points, they constitute the non-
dominated front which is also called the Pareto-optimal front, see Figure 4.3(c), in an MOO context.
A similar comparison will reveal that point-1 and point-5 constitute the next domination front which
in itself is dominated by the Pareto front and shown as the closest dashed line to the Pareto front in
Figure 4.3(c)".
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solutions (the shaded region), ii) the solutions (inspired by [34]) [1].

set of non-dominated solutions

(adapted from [19]) [1].

After the population members, i.e. various technological solutions are evaluated and sorted with
respect to their fitness, the next step is to select the good solutions, i.e. to emphasize the non-
dominated members, for the next generation.

4.2.1.2. Reproduction

Reproduction is usually the first operator applied on a population. The primary objective of the
reproduction operator is to select good solutions and to form a mating pool and to eliminate bad
solutions in a population, while keeping the population size constant- in classical GAs. This is
achieved by performing the following tasks:

o Identifying good (usually above-average) solutions in a population-with respect to the fitness
function.

e Making multiple copies of good solutions.

¢ Eliminating bad solutions from the population so that multiple copies of good solutions can be
placed in the population.

There exist a number of ways to achieve the above tasks. Some common methods are tournament
selection®, proportionate selection, ranking selection, and others (Goldberg & Deb, 1991)®. In the
following, we illustrate the binary tournament selection. As the name suggests, tournaments are
played between two solutions (technological designs) and the better solution is chosen and placed in
a population slot also referred to as a mating pool. Two other solutions are picked again and another
population slot is filled up with the better solution. If done systematically, each solution can be made
to participate in exactly two tournaments. The best solution in a population will win both times,
thereby making two copies of it in the new population. Similarly, the worst solution will lose in both
tournaments and will be eliminated from the population. This way, any solution in a population will
have zero, one, or two copies in the new population®.

Again, assume the case where we would like to design a casting with a riser which has the lowest
possible volume (Figure 4.2). Figure 4.4 shows the six different tournaments played between the old
population members (each gets exactly two turns) shown in Figure 4.2(right). When risers with a
cost of 25 units and 29 units are chosen at random for tournament, the riser costing 25 units is chosen
and placed in the new population, because we want to minimize the cost. Both risers are replaced in
the old population and two risers are chosen for other tournaments in the next round. This is how the
mating pool, i.e. the blue area in Figure 4.4, is formed and the new population of designs (risers) is
stored there.
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Figure 4.4: Tournaments played between six population members are shown. Solutions which have won
their tournaments found themselves within the dashed box which represents the so-called mating pool.
Figure adapted from Deb®.

It is interesting to note how better solutions (having lesser costs) have made themselves have more

than one copy in the new population, i.e. risers 25 and 24, and worse solutions have been eliminated
from the population, i.e. risers 29 and 35. It can be concluded that the reproduction operator cannot
modify any designs in the population. It only makes more copies of good solutions at the expense of
not-so-good solutions. This is precisely the purpose of a reproduction operator.

4.2.1.3. Crossover

The crossover operator is next applied to the solutions, i.e. riser designs, which won their
tournaments and found themselves in the mating pool. Unlike the reproduction operator, creation of
new solutions is performed in crossover and mutation operators. Just like the reproduction operator,
there exist a number of crossover operators in the GA literature (Spears & De Jong 1991)*. The
classical (single-point) cross-over is a well-known genetic algorithm operator in which two parents
(individuals or designs from the mating pool) are randomly chosen and some portions of these binary
strings are exchanged between each other. In a single point cross-over operator, the crossing site is
randomly chosen and all bits on the right side of the crossing site are swapped' as shown
schematically in Figure 4.5.

Parentl1l: 01

Parent2: 01 29
After
> Crossover
Childi: 01|110. 110] =z

Child2: 01 M [___]

Figure 4.5: Schematic procedure of single-point crossover. Two parents are chosen from the mating pool
to create two new children. Explanation, binary strings and real values next to them, obtained after
decoding are all schematically given. Figure inspired by Tutum®

The crossover operator can be well illustrated by picking two solutions (called parents) from the new
population created after a reproduction operator, i.e. those designs placed in the mating pool in
Figure 4.4. The process creates two new solutions, i.e. riser designs (called children).

Notice that when the crossover operation was performed in Figure 4.5 we have been quite lucky and
have created a solution — Child 1 (22 units) which is better in cost than both parent solutions, i.e. it
fulfills the optimization objective better than its parent solutions. One may wonder whether if another
cross site was chosen or two other solutions from the mating pool were chosen for crossover, we
would have a better child solution every time. It is true that every crossover between any two
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solutions from the new population is not likely to find children solutions better than parent solutions;
however, the likelihood of creating better solutions is far higher than random. This is because parent
solutions being crossed are not just any two arbitrary random solutions, they have already survived
tournaments played with other solutions during the reproduction phase. Thus, they are expected to
have some good bit combinations in their string representations. Since a single-point crossover on a
pair of parent solutions can only create | different solution pairs with bit combinations from either
solution, the created children solutions are also likely to be good solutions. If bad solutions are
created, for instance our Child 2 in Figure 4.5, they will get eliminated in the next reproduction
operator and hence have a short life. When a good solution is created, since it is better, it is likely to
get more copies in the next reproduction operator and it is likely to get more chances to perform
crossovers with other good solutions. Thus, more solutions are likely to have similar chromosomes,
i.e. properties, like it. This is exactly how biologists and evolutionists explain the formation of
complex life forms from simple ones® *°. In order to preserve some good solutions selected during
the reproduction operator, not all solutions in the population are subjected to crossover. If a crossover
probability of p. is used then 100p.% solutions in the population are used in the crossover operation
and 100(1 - p.) % of the population is simply copied to the new population.

4.2.1.4. Mutation

The mutation operator is applied to a single solution to create a new perturbed solution. This means
that it changes a 1 to a 0 and vice versa with a small mutation probability, Pm. Mutation probability
is the probability of performing a mutation operation. This refers to, on average, the proportion of
decision variables participating in a mutation operation to a solution. A fundamental difference with a
crossover operator is that mutation is applied to a single solution, whereas when crossover is applied
more parents are involved. The mutation operator can be said to be responsible of the local search as
well as maintaining the diversity in the population®. In other words, mutation can make local
improvement of one particular solution. Figure 4.6 shows how a solution obtained after reproduction
and crossover operators has been mutated to another solution. In our case when talking about casting,
the child represents a slightly different riser shape and volume as compared to its parent.

22 Parent:0111? ?01110
f5) |Child: 01111 101110

Figure 4.6: An illustration of the mutation operation. The third, fifth and sixth bit are mutated to create
a new string. Figure inspired by Deb™®.

To summarize the benefits of these three operators, one could say that the reproduction operator
selects good solutions and the crossover operator recombines good substrings from two good
solutions together to hopefully form a better substring. The mutation operator alters a solution locally
to hopefully create a better solution. Even tough none of these claims are guaranteed and-or tested
while creating a new population of solutions, it is expected that if bad solutions or designs are created
they will be eliminated by the reproduction operator in the next generation and if good solutions are
created, they will be emphasized and further improved.

After the application of reproduction, crossover and mutation in the whole population, one generation
of a GA is completed. The new population is further evaluated and tested for termination. If the
termination criterion is not met, the population is iteratively operated by the above three operators
and evaluated. This procedure is continued until the termination criterion is met®.
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4.2.2. Principles of multi-objective optimization (MOO)

In the context of multi-objective optimization, the extremist principle of finding the optimum solution
cannot be applied to one objective alone, when the rest of the objectives are also important. Different
solutions may produce trade-offs (conflicting outcomes among objectives) among different
objectives.

A solution that is extreme (in a better sense) with respect to one objective requires a big sacrifice in
other objectives. In relation to our riser volume optimization problem one could picture an extreme
solution as follows: Our two conflicting objectives are to minimize the riser volume as much as
possible and to minimize the presence of porosity in the casting. An extreme solution to this problem
could be for instance total preference of the sound casting with minimum porosity but with a big riser
that ensures zero porosity or, vice versa, see Papers I, 111 in the appendix for a complete case study
on this topic. This prohibits one to choose a solution which is optimal with respect to only one
objective. This clearly suggests two ideal goals of multi-objective optimization®:

1. Find a set of solutions which lie on the Pareto-optimal front, and

2. Find a set of solutions which are diverse enough to represent the entire range of the Pareto-
optimal front.

However, one fundamental difference lies between single- and multi-objective optimization. In a
single-objective optimization problem only one solution is evaluated the best while in the multi-
objective optimization problems a whole group of non-dominated Pareto solutions is provided to a
user. From a practical standpoint a user needs only one solution, no matter whether the associated
optimization problem is single- or multi-objective. The user is now in a dilemma. Since a number of
solutions are optimal, the obvious question arises: Which of these optimal solutions must one
choose? This is not an easy question to answer. It involves higher-level information which is often
non-technical, qualitative and experience-driven. However, if a set of many trade-off solutions are
already worked out or available, one can evaluate the pros and cons of each of these solutions based
on all such non-technical and qualitative, yet still important, considerations and compare them to
make a choice. Thus, in a multi-objective optimization, ideally the effort must be made in finding the
set of trade-off optimal solutions by considering all objectives to be important. After a set of such
trade-off solutions are found, a user can then use higher-level qualitative considerations to make a
choice. This methodology for handling multiple conflicting objectives can be summarized in the
following two steps®:

Step 1 Find multiple non-dominated points as close to the Pareto-optimal front as possible, with a
wide trade-off among objectives.

Step 2 Choose one of the obtained points using higher-level information.

Figure 4.7 shows schematically the principles, followed in an MOO procedure. Obviously step 2 can
be disregarded in case of a single-objective optimization problem, because only one preferred or the
“most optimal” solution is found already in Step 1.
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Figure 4.7: Schematic of a two-step multi-objective optimization procedure. Figure inspired by Deb®.

4.3. Optimization of thermal behavior of large steel castings

In this section, several multi-objective optimization case studies are presented. Since thermal aspects
and phenomena play a major role in obtaining high quality castings and a large number of all so-far
known defects are also related or driven by thermal processes, the major emphasis has been put on
optimization of the thermal behavior of these large castings with an objective of increasing the
overall quality of the castings. It will also be shown how complex phenomena such as
macrosegregation, channel segregates and hot tearing can be effectively related and eliminated by
simple optimizing solidification patterns. The entire work, both modeling and optimization has been
performed using the commercial casting simulation software package MAGMAsoft* and its add-on
optimizer MAGMATfrontier. No advanced models or features that a regular user would not have an
access to have been exploited.

4.3.1. Coupling of Simulation and Optimization Tools

Before the optimization process can be started, a standard project must be defined in the simulation
software environment. This includes geometry definition in the pre-processor, furthermore a suitable
mesh must be generated and all relevant process parameters defined adequately. The optimization
itself is based on performing a large sequence of “standard” calculations, each with different design
variants, therefore all of these design variables must be defined in a parametric way.

In essence any constrained optimization method is based on the following scheme: a user formulates
the problem in a mathematical way by means of several parameters*:

e Input (design) variables together with allowed ranges of variation. Design variables (initial
temperatures, riser dimensions, alloy composition, process parameters, etc.) are modified by the
optimization algorithm in order to meet the given objectives.

o Output variables usually represent values calculated in a standard casting simulation. The
optimization objectives are usually formulated by using the output variables, (e.g. when the
porosities and the volumes of the feeders in one design need to be assessed for a feeder
optimization).

e Constraints are conditions for designs. They limit the design space or the range of solutions. If a
design does not satisfy these constraints, it is considered as unacceptable.
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¢ Obijective functions — These are the aims and targets that are the goal to achieve by means of
optimization. They maximize or minimize certain combinations of output variables, e.g. min
(volume of a riser) or min (max. porosity).

4.3.2. Optimization procedure

The actual optimization cycle is initiated by establishing a first generation, i.e. set of solutions,
containing a user-defined amount of individuals, referred to as initial population or Design of
computational Experiments (DOE). Each individual represents one configuration for the considered
set of design variables. For each of these designs an analysis of solidification and solid-state cooling
is performed and the values for the requested output variables are calculated. The output data is used
to evaluate and compare the different designs. After the first generation has been calculated, the
optimization algorithm evaluates the designs with respect to the objective functions and constraint(s)
and subsequently generates a new set of solutions using mathematical mechanisms that follow the
concept of natural genetics, i.e. selection, reproduction, cross-over and mutation. From the
algorithmic point of view the procedure can be described as follows:

1. Create the initial set of designs (initial population).
2. Calculate all designs and grade their performance in terms of the objectives.

3. Generate a new set of designs (new generation) by performing statistical evaluations (selection,
Ccross-over, mutation).

4. Repeat this procedure for the user-defined number of generations.

The optimization cycle terminates when the stopping criterion, i.e. usually the total number of
generations, is reached. The flow chart of the above described optimization procedure is depicted in
Figure 4.8.

Calculate designs

(Thermal analysis)

MOGA- Optimizer
Initial population (——| Grade the performance [—| Statistical evaluation of

Stopping
criterion

of the calculated calculated designs
designs in terms of the (Selection, Cross-over, Mutation)
objectives

NO

Figure 4.8: Flow chart of the optimization process, [ref. Paper 11, Kotas et al. 2010].

In the following, several industrial case studies which are intended to show that the previously
described concept of a Multi-Objective Optimization Problem (MOOP) is applicable and reliable for
a variety of casting related issues are presented. All of these examples deal with optimization of
solidification pattern and its effect on different casting defects occurrence and distribution.
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4.3.3. Case study 1 - A casting yield optimization

The optimization case presented here was the first one considered in the PhD project, see Paper I1.
The multi-objective optimization problem is stated as the goal of finding the optimum set of design
variables, i.e. dimensions of the riser and the chills which provide a set of trade off solutions for the
two conflicting objectives. These are the minimization of the remaining volume of the top open riser
and the minimization of shrinkage porosity inside the casting. The optimization problem is subjected
to a constraint on centerline porosity.

The iterative product design cycle includes five different layouts of a steel forging ram (as seen in
Figure 3.47) manufactured by a gravity sand casting process. The initial layout is obtained from a
foundry, Vitkovice Heavy Machinery a.s., which manufactures the forging ram. The second layout
with manually rearranged gating system and chills is also provided by the foundry, and last three
layouts are generated by using numerical optimization. The first two designs are analyzed both in
terms of filling and solidification using MAGMAsoft® and then the results are compared with
experimental casting trials; no numerical optimization is involved at this stage. The last three designs
are optimized numerically using MOGA (Multi- Objective Genetic Algorithm®) implemented in
MAGMAfrontier ,and are assessed only in terms of solidification since the filling pattern remains
unchanged; however temperature fields at the beginning of the solidification are inherited from the
filling stage.

4.3.3.1. Case Study Description 1- Original Casting Arrangement

The project involves a large, 60 ton steel forging ram, shown in Figure 3.47. During design stage a
riser is designed and placed on top of the heaviest section, based on the thermal analysis of the part
itself. In order to enhance the feeding ability of the riser, insulation is applied. The main cylindrical
padding is insulating, the melt surface is covered by an exothermic powder and on top of that
additional insulating powder is applied. Next, it is determined that the part will be bottom-filled using
a gating system comprised of refractory tiles. The cross-section area of the tiles is constant over the
entire gating system. Last, the chills are added around the cylindrical section of the casting to
establish directional solidification and to push the macrosegregation-related flaws from the surface
further inside the casting.

After casting and machining operations, it was found during quality tests, i.e. NDT techniques, that
there is a rather extensive porous area present in the lower section of the cylindrical area of the ram,
see Figure 3.21. Shrinkage porosity, together with channel segregates penetrating to the machined
surface was the two major causes of rejection of the casting. Thus, the objective of this case study
was to find a solution to this problem by means of numerical optimization techniques.

The original casting layout is simulated using casting conditions and parameters listed in Table I1.
Both, filling and solidification analyses are conducted. A stress analysis is not considered in any of
the presented cases. Results from the filling and the solidification analysis of the original casting
layout are given in Figures 2.7, 2.27(b), 2.28(a) and Figure 3.10, respectively.

Table I1. Material settings in MAGMAsoft®

Material of the casting GS20Mn5 (DIN 1.1120)
Material of the mould Furan Sand

Initial (pouring) temperature of the casting 1540 °C (2804 F)

Initial temperature of the mould 20 °C (68 F)

Filling time 120 s

Weight of the casting- incl. risers and gating system | 59596 kg (131111.2 Ibs)
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4.3.3.2. Case Study Description 2— Manually modified Casting Arrangement

After the original casting got rejected, a new layout with a manually redesigned gating system and
rearranged chills is developed. The new layout in Figure 4.9 is manufactured for a different customer
who requested minor geometrical adjustments as compared to the very original layout, i.e. a slightly
larger diameter of the cylindrical section and geometrical adjustments in the ram’s head. However,
none of these adjustments will deteriorate the purpose of this study.

E
g
=
5

Figure 4.9: Manually optimized casting design (the result of the case study 2). The gating system is now side-
fill to accommodate the bottom chill plate. Cylindrical chills are more robust and four wedge-shaped chills
are implemented at the casting’s head area, [ref. Paper 11, Kotas et al. 2010].

The aim is now to investigate the effects of the redesigned system of chills, particularly of a cooling
plate located underneath the casting, on the solidification behavior of the casting. In order to place the
cooling plate, the gating system has to be changed from bottom filling to side filling. Also, new
vertical runners are added to support filling in higher sections of the casting. Furthermore, the chills
are rearranged a bit. In order to ensure sufficient cooling of the very bottom, thicker chills are added
around the conical bottom section of the casting. Furthermore new chills are incorporated into the top
head section of the casting. The changes are seen in Figures 4.9. Besides the mentioned geometrical
changes, the total weight, all casting and simulation parameters remain the same as in the first casting
arrangement. It should be noted that up till now, no numerical optimization has been applied. All of
these modifications have been done by intuition. Findings from the thermal analysis for the
redesigned casting are captured and discussed in Figure 3.11.

4.3.3.3. Case Study Description 3— Optimization of the riser and chills

After inserting all datasets and parameters into the standard simulation environment, the manually
refined casting layout is used to create a reference solution to compare the optimization results with.
It has been decided to try to reduce the size of the top riser as much as possible to increase the casting
yield, providing that there will be no defects occurring in the casting due to the riser’s reduced size.
When the riser and the chills are transformed into parametric objects, the optimization process is
initiated. The design variables (those which are subjected to optimization) are: dimensions of the
chills- height and thickness of the bottom cylindrical chills, and of the top riser —its height, bottom
and top diameters, and the top diameter of the riser neck, see Table II1.
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Table I11. Design variables for optimization.

Design Variable Lower limit Upper limit Step

Cylindrical chill- Height 549 mm 1149 mm 50 mm
Cylindrical chill- Thickness | 100 mm 200 mm 10 mm
Riserneck- Top diameter 1200 mm 1300 mm 10 mm
Riser- Bottom diameter 1260 mm 1660 mm 20 mm
Riser- Top diameter (1260* 1.06) mm | (1660* 1.06) mm | 20 mm
Riser- Height 500 mm 1350 mm 50 mm

Again, this optimization problem is stated as the goal of finding such a design of the top riser so, that
the casting is sound (i.e. with minimum shrinkage and centerline porosity) and at the same time
having the top riser’s volume as small as possible to increase the casting yield. In this context,
‘casting yield’ is defined as the weight of the fettled casting divided by the gross weight including the
riser and the gating system. In terms of the MOOP we deal with minimization of two conflicting
objectives (min. porosity in the casting body vs. min. riser volume). The optimization problem is
further subjected to a constraint on centerline porosity.

In many engineering cases there are more than two optimization targets to address. However, it is
more complex or unfeasible to graphically visualize and reasonably evaluate more than two
objectives. Then the only way for the optimization algorithms to take the other optimization targets
into consideration without prescribing them as objectives, is to express them by means of
optimization constraints. Of course one can then expect the presence of unfeasible designs that do not
comply with the prescribed constraints. Subsequently, these solutions are automatically rejected by
the optimizer. Our optimization problem is constrained only by the predefined ranges of variation of
the design variables, see Table I11.

Based on the number of design variables and their ranges of variation, the optimizer generates the
total number of feasible combinations (the initial DOE sequence), by a DOE sequence technique
referred to as Full Factorial Design. Obviously, it would be very time-demanding to calculate all
possible designs, thus the initial population is provided by the Sobol DOE sequence generating
technique®® which is a quasi-random sequence. The points in this type of sequence are maximally
avoiding each other, so the initial population fills the design space in a uniform manner. The
optimization run has been executed using the following parameters:

Initial Population: Sobol Sequence
Population Size: 100

Number of Generations: 10

Probability of Directional Cross-Over: 60%
Probability of Selection: 30%

Probability of Mutation: 10%

Elitism: Enabled

Treat Constraints: Penalizing Objectives
Algorithm Type: MOGA Steady
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4.3.3.4. Simulation results — Optimized riser and the chilling system

From Figure 3.11(c) it is seen that the manually optimized chills completely eliminated the presence
of shrinkage porosity in the casting and that the major shrinkage pipe in the riser is still too far from
the actual casting body to be considered critical. One could stop here and argue that the optimal
solution has already been found. This would be true for a very conservative and old-fashioned
foundry which is not concerned with saving its material resources whatsoever. At this stage, the best
solution in terms of competitiveness is to apply the state of the art optimization techniques and utilize
them in the riser volume reduction to obtain the increased casting yield.

The objective space for the optimization problem in Figure 4.10 is constructed by the two following
objectives: The minimization of shrinkage porosity and the minimization of the remaining volume of
the top riser. The first objective is represented by a Weighted VVolume Porosity criterion function
which stands for the total volume of areas having issues with shrinkage porosity or with feeding in
general. The remaining volume of the riser is then calculated as the geometrical volume of the riser
minus the volume of the shrinkage pipe in the riser.

The blue line is the Pareto set which is comprised of all the non-dominated solutions, although, it is
up to the user to determine which solution out of the Pareto set will be the most desirable. In other
words, the user has to figure whether he/she wants to minimize the riser as much as possible, at a cost
of increased porosity or to have a porosity-free casting with a slightly larger riser. In our case, three
distinct designs were selected. The first one, marked 1 in Figure 4.10 does not lie on the Pareto set
and represents the most modest solution- i.e. the largest riser volume. It should be emphasized that
although it may not be clear from the figure, solution 1 is dominated by solution 2. The second one,
marked 2 resembles a single optimum case- the lowest amount of porosity and the third one, marked
3 stands for a trade-off solution.
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Figure 4.10: Design space with all the calculated designs, i.e. each design is represented by a black dot. The
non-dominated trade-off solutions constitute the Pareto set, i.e. the blue line. Three designs are selected for
further analysis, two lie on the Pareto line and one does not, [ref. Paper 11, Kotas et al. 2010].

Then, the three designs have then been analyzed in the standard simulation environment. In order to
obtain realistic temperature fields during solidification, filling has also been considered in the
simulation, but its results are not shown here. The reason for choosing such designs was the
following: the primary aim has been to keep the level of porosity very low- possibly not above the
value of the original design, but still increasing the casting yield. That is why the focus was put on
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the solutions very close to the Y-axis. Moreover, the manufacturing foundry wanted to see different
layouts-from “modest” to those “on the edge” to make a better comparison and decision as to which
solution to select for the subsequent production. From the optimization perspective it is given that
the best solutions constitute the Pareto line, so why should we pick a design not on the Pareto line
that is solution 1? Many foundries will rather prefer a very safe solution to compensate for potential
flaws during production, e.g. human factors, deviations from alloy compositions, etc. Solution 1 was
selected for the subsequent analysis because it has a large enough riser to keep porosity far from
casting and still has its total volume remarkably smaller than the original layout. Figure 4.11 depicts
the three selected designs. Information regarding dimensions of the optimized designs is listed in
Table IV.

(b) (©)
Figure 4.11: Three distinct designs proposed by the optimization tool, [ref. Paper |1, Kotas et al. 2010]

Table IV. Comparison of the three optimized designs.

Solution1 | Solution 2 | Solution 3
Total height 4037 mm 3837 mm 3537 mm
Total weight 48406.8 kg | 45850 kg 40968 kg
Height of the bottom cylindrical chills 999 mm 999 mm 1149 mm
Thickness of the bottom cylindrical chills | 160 mm 160 mm 160 mm

Regarding the solidification pattern of the three optimized designs, no isolated liquid areas are
forming in the bottom area as compared to the original layout which is depicted in Figure 3.10(b).
The bottom chill plate and the stair-type chill around the conical section induced directional
solidification towards the thermal axis and the riser. Solidification patterns were checked over the
entire solidification interval. It was found that none of these designs exhibit apparent isolated liquid
areas although solution 3 is really on the edge later in solidification in an area right below the riser-
neck, see Figure 4.12. The reason is that the riser is too small and the heaviest section of the casting
slowly begins to be the last to solidify. If one should fully rely on the numerical results, solution 3
would be good enough for production. However, simulation does not take into account all crucial
factors that occur in practice. For instance the quality of the melt can be compromised by a dirty ladle
with residuals from the previous batch. Next could be the human factor, which often compromises
the quality of a casting process. Having all this in mind it was decided together with the foundry not
to go for solution 3 to avoid failure in production. But this solution is still shown and discussed here.
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Figure 4.12: Solidification pattern, i.e. fraction of liquid, of the three optimized designs at 90% solidified, [ref.
Paper 11, Kotas et al. 2010]

In Figure 4.13, the centerline porosity is expressed by the Niyama criterion. The light blue areas
stand for values of 0.4 and lower which will contain macroscopic shrinkage. Everything above the
0.45 up to 1 will most likely be microporosity not detectable by the radiography techniques. It is seen
that despite solution 3 being on the edge, it still shows no occurrence of porosity in the casting body.
Only the bottom pins contain small porous areas. The reasonable remedy for this would be to enlarge
the taper towards the casting. One can see a remarkable improvement in presence of this defect,
compared to the original solution in Figure 3.10(c).
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Figure 4.13: Occurrence of centerline porosity in the optimized designs, [ref. Paper 11, Kotas et al. 2010].

A similar situation applies for shrinkage porosity shown in Figure 4.14. The casting body appears to
be porosity free in all three cases, except for the pins again.
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Figure 4.14: Occurrence of macroscopic shrinkage in the optimized designs, [ref. Paper I, Kotas et al.
2010].

The last assessment concerns the casting yield. The aim of the entire project has been primarily to
eliminate the presence of various casting defects. Once this was achieved, the next step was to
optimize the riser volume for the casting yield improvement. The results of this assessment are given
in Table V. Compared to the original design the casting yield could be increased by approximately
25% if the optimized solution 3 was applied. Due to a high risk a shrinkage occurrence below the
riser neck, solution 3 was not approved for production.

Table V. Casting yield assessment

Original Optimized Optimized Optimized

solution Solution 1 Solution 2 Solution 3
Total height 4337 mm 4037 mm 3837 mm 3537 mm
Total weight 59640 kg 48406.8 kg 45850 kg 40968 kg
Casting Yield 55.36 % 61.76 % 72.01 % 80.59 %

4.3.3.5. Conclusion — case study 1

This work showed a study of a multi-objective optimization problem that has been carried out for a
steel forging ram produced by the gravity sand casting technique. The main idea of this case study
was to demonstrate how the fully computerized optimization can be effectively utilized in daily
foundry practice. The optimization objectives were minimization of the remaining volume of the top
riser and the avoidance (minimization) of shrinkage and centerline porosity in the casting body.

Three distinct solutions were selected from the design space. The first one represented a modest
approach (relatively large riser), the middle one was still a safe solution but the riser was much
smaller and the third solution represented the very risky solution with the highest casting yield. It
turned out that all three designs yielded different solidification patterns compared to the initial
design. This was attributed to the change in the riser dimensions and the rearranged chills. No
residual liquid pools were spotted, however there were some indications of potential problems in the
third solution. Concerning the macro and micro-shrinkage in the optimized designs, the only
problematic areas were in the riser head and in the bottom pins. The casting body seemed free of
porosity. Eventually it was decided together with the foundry not to consider the last solution for
production due to a high risk of failure in production. In other words, when taking the human factor
into consideration, the risk of porosity extending from the riser to the casting body is too high. Last,
findings regarding the casting yield showed that when correctly utilizing multi-objective
optimization, it is feasible to substantially increase the casting yield and thus reduce production costs.
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4.3.4. Case study 2 - Optimization of the Solidification Pattern and its
Effect on Porosity and Segregation in Steel Castings

The second case study is based on the same forging ram which was subjected to optimization in the
previous section (Section 4.3.3). This time the aim is to optimize the solidification pattern of the
same forging ram while simultaneously considering its impact on centerline porosity and
macrosegregation distribution. As it was demonstrated in chapter 3, there is a physical relation or at
least the same driving force for occurrence of both, centerline porosity and macrosegregation. It is a
thermal gradient in a solidifying casting which drives both of these defects. It is not possible, at least
computation time-wise to directly optimize macrosegregation profiles in castings. One standard
convection and segregation analysis which is necessary for this purpose takes roughly 24 hours on a
standard up-to-date multi-core work station, using a reasonably fine computational grid. Considering
that a typical optimization cycle comprises from 1000 to 2000 independent designs, nobody in
industry would afford doing this type of optimization. This explains why there is a lack of
information in literature or in scientific papers on this type of optimization. Therefore, the idea of this
optimization problem has been to utilize the existing and well proven physical link between these two
defects and optimize the macrosegregation profiles indirectly by means of the Niyama criterion. In
other words, by finding proper riser and chill designs steeper thermal gradients and progressive-
directional solidification pattern will be established and both of these defects should be eliminated.
The multi-objective genetic algorithm has been applied to handle this problem.

4.3.4.1. Problem Statement — Optimization of the riser and chills

The initial casting layout is identical with the casting layout presented and described in section
4.3.3.1. The manually refined casting layout described in section 4.3.3.2 is taken as a reference
solution to compare the optimization results with. The design variables are: dimensions of the chills-
height and thickness of the bottom cylindrical chills, and of the top riser —its height, bottom and top
diameters, and the top diameter of the riser neck. As already discussed, it would not be feasible to
calculate thermal convection and segregation for each design during the optimization cycle. Thus,
only selected designs constituting the final Pareto line are analyzed with respect to macrosegregation.

The two conflicting objectives can be formulated in the following way: Design the top riser and the
chills so that (i) the casting yield is increased, i.e. minimize the riser volume, and (ii) so that the
casting is sound, i.e. with minimum centerline porosity, and evenly distributed concentration profiles
of solute elements.

The initial population for the MOGA algorithm containing 100 unique designs is provided by the
Sobol DOE sequence generating technique. The assumed optimization problem is constrained only
by the predefined ranges of variation of the design variables. The directional cross-over, the selection
and the mutation probabilities of 0.6, 0.3 and 0.1, respectively, are chosen for running 20 generations
giving in a total number of 2000 possible solutions. In addition, elitism is applied to support
convergence in the optimization problem. Elitism is a GA operator (in general, an evolutionary
algorithm operator) to keep the best designs found so far in the evolution of the generations.

4.3.4.2. Optimized riser and chilling system
The objective space for the optimization problem in Figure 4.15 is constructed by two following
objectives: Minimization of centerline porosity and minimization of the remaining volume of the top

riser. The non-dominated trade-off solutions constitute the Pareto optimal front, i.e. the blue line
shown in Figure 4.15.
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Figure 4.15: Design space with the highlighted Pareto  Figure 4.16: Two selected designs proposed by the
set, [ref. Paper 111, Kotas et al. 2010]. optimizer, [ref. Paper 111, Kotas et al. 2010].

Two distinct designs have been selected. The first one does not lie on the Pareto front and represents
the reference solution with the largest riser volume, i.e. the manually optimized solution from case
study 1. This solution, even though it appears in the optimization results has not undergone a proper
multi-objective optimization. It is entirely based on the manual rearrangement of the chills and the
top riser remained unchanged, i.e. it has the same dimensions and casting yield as the original
solution. The second design highlighted by the red dashed circle represents the case with the lowest
amount of centerline porosity and somewhat reduced remaining volume of the riser.

The two selected designs have then been evaluated with respect to filling and solidification in the
standard simulation environment. The results from filling of solution 2 are not presented. The filling
pattern of solution 1, which is the reference solution here and is the same as the solution in section
4.3.3.2 is seen in Figure 2.22. The geometries of the two designs are captured in Figure 4.16. There
are a few reasons for choosing what at first glance could appear as modest or conservative designs.
First, the primary goal has been to eliminate the presence of centerline porosity and to minimize
macrosegregation issues, especially A-segregates as compared to the original solution. To satisfy this
objective the focus has been on solutions located very close to the Y-axis, representing minimum
centerline shrinkage in Figure 4.15. Moreover, as discussed in chapter 3, centerline shrinkage is
directly affected by a pressure drop inside the casting, derived from Darcy's law of flow in porous
media, which represents a resistance to feeding in a given area. To keep the pressure gradient
sufficiently high to ensure efficient feeding flow, the height and the total volume of the riser should
not be too small. Next, centerline shrinkage usually forms at areas with shallow thermal gradients. To
establish steep thermal gradients, the riser should again be sufficiently large and the dimensions of
the chills should be chosen so that progressive and directional solidification towards the riser is
provided. Considering segregation, it is also known that having steep thermal gradients due to intense
chilling results in a finer dendritic microstructure imposing higher resistance for channel segregates
to form. Moreover, if a progressive and directional solidification pattern exists, it helps to move the
highly segregated remaining liquid towards the riser.

If macrosegregation was not considered in the optimization case, designs with much smaller riser
volumes could be chosen with no major risk of issues with porosity. This has been shown in the
previous work, see section 4.3.3.4, where macrosegregation has been disregarded; therefore the
selected designs reached much higher casting yields. Information regarding dimensions of the
optimized designs is listed in Table VI.
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Table VI. Comparison of the two optimized designs

Solution 1 | Solution 2
Riser height 1350 mm 1300 mm
Riser bottom D 1660 mm 1380 mm
Riser top D 1760 mm 1463 mm
Height of the cylindrical chills 1150 mm 1050 mm
Bottom thickness of the cylindrical chills 100 mm 220 mm
Top thickness of the cylindrical chills 190 mm 190 mm
Total weight 59650 kg 51143 kg

Regarding the solidification patterns of the two selected designs, no isolated liquid areas have been
forming in the bottom area as in the original layout, depicted in Figure 4.17. The bottom chill plate
and the new chills around the cylindrical section evoked directional solidification towards the thermal
axis and the riser. Solidification patterns were checked over the entire interval. It is also seen, that
solution 2 has a more pronounced progressive solidification pattern compared to solution 1, meaning
that the solidifying front progresses towards upper areas in a V shape pattern which is desirable
mainly with respect to segregation. The favorable solidification pattern in solution 2 has to do with
the dimensions of the top riser and the chills which are different as compared to solution 1. Solution 1
has conical chills extending upwards while solution 2 has conical chills extending downwards, see
Table VI. Due to more intense heat removal at the top of the cylindrical chills in solution 1, a
tendency for choking the remaining liquid pipe is observed, similar to the initial case.

Figure 4.18 shows the new distribution of centerline porosity. It shows that due to the optimized
design of the chills, steeper thermal gradients inside the casting have been achieved. These gradients
have changed the morphology of the mushy zone, i.e. decreased its extent, decreased its permeability
due to finer grains giving rise to very small and widely distributed pores not detectable via
radiographs, etc. Besides that, a more favorable solidification pattern has been evoked, which has led
to more enhanced feeding of the remote bottom area. The light blue areas stand for values of 0.45 and
lower which will contain macroscopic shrinkage. Everything above 0.45 up to 1 will most likely be
microporosity not detectable by radiography techniques. It shows that the casting body and even the
riser neck will be free of any porosity issues. Only the bottom pins contain small porous areas. The
reasonable remedy would be to enlarge the draft towards the main casting body.

The same pattern applies for shrinkage porosity. The main porous region has been found in the top
riser, forming a shrinkage pipe which in both cases has not penetrated even to the riser neck. This can
be seen in Figure 4.18 as the missing area on the top of the riser.

SOLUTION 1 SOLUTION 2 SOLUTION 1 SOLUTION 2

Figure 4.17: Fraction liquid at 45% solidified for Figure 4.18: Comparison of centerline porosity in
the two optimized solutions, [ref. Paper 111, Kotas et the optimized designs, [ref. Paper Ill, Kotas et al.
al. 2010]. 2010].
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Figure 4.19 illustrates how the solidification progresses inside the casting and its influence on the
convection pattern for both of the optimized designs. Now it is obvious that the optimized chills have
induced steeper thermal gradients that have decreased the size of the mushy zone denoted by green
color. As compared to the initial situation depicted in Figure 3.48, the liquid area is present for a
longer period of time and in a much larger scale. Steeper gradients have caused an evolution and
growth of much finer grains, thereby decreasing the permeability of the mush. Consequently,
resistance towards liquid/solid movement and to opening liquid channels which give rise to channel
segregates is therefore much higher. Convection is denoted by the vector arrows.
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Figure 4.19(a): Solidification processing and convection patterns at 7, 11 and 20% solidified respectively for
SOLUTION 1, [ref. Paper 111, Kotas et al. 2010].

Potential issues with channel segregates are again highlighted by the black thick arrows. At 7%
solidified, areas adjacent to the bottom pins are very prone to channel segregation because of a
sudden increase of velocity oriented upwards and a subsequent local remelting. Moreover due to
choking the pins from the open feed path, porosity will form and a positively segregated region will
occur which is subsequently proven in Figure 4.21. At 20% solidified the first indications of minor
channel segregates at the cylindrical area are noticed, Figure 4.19(b). However, there is very little
chance that these will form at all since they are in direct contact with the liquid melt which is highly
permeable.

Figure 4.19(b): Solidification processing and convection patterns at 7, 11 and 20% solidified respectively for
SOLUTION 2, [ref. Paper 111, Kotas et al. 2010].

Figure 4.20 implies the situation at 31% solidified. The probability of forming some channel
segregates is rather high for both solutions as quite large streams of upward moving liquid/solid have
been observed. Although if any such channel segregates form, they will be found deep enough in the
casting not to show on the casting surface after machining operations.
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Figure 4.20: Convection patterns at 31% solidified for the two optimized solutions, [ref. Paper Ill, Kotas et
al. 2010].

As a consequence of the modified solidification and convection pattern new macrosegregation
profiles have been expected for both optimized solutions. These are captured in Figure 4.21. One can
recognize an apparent improvement in the sense that the carbon is distributed more uniformly over
the entire lower section which exhibited high positive segregation in the initial layout, see Figure
3.45(left). When it comes to the under-riser section, solution 1 appears to have a slightly more
favorable carbon distribution, while solution 2 seems to have that region highly segregated and thus
worse as compared to the original solution. This is for sure attributed to the riser size and shape.

The forging application, for which this part is used, sets high requirements on the under-riser area
which should exhibit very good mechanical properties. For this reason, solution 1 would be more
beneficial. It should be noted that solution 1 has already been cast according to the optimization
results. It has been evaluated, tested and no problems have occurred whatsoever.

C Conceniraion
(TR

02867
| kmpty

SOLUTION 1 SOLUTION 2

Figure 4.21: Carbon macrosegregation patterns for the two optimized solutions, [ref. Paper Ill, Kotas et al.
2010].

The effect of optimization on the casting yield has been also assessed in this study. The aim of the
entire project has been primarily to eliminate the presence of various casting defects via
determination of the proper design of the riser and chills. It has also been very desirable to increase
the casting yield somewhat but not at the cost of impaired soundness of the casting. Results of this
assessment are given in Table VII.
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Table VII. Casting yield assessment

Original solution | Solution 1 | Solution 2
Total weight 59640 kg 59640 kg 51143 kg
Casting Yield 55.36 % 55.36 % 64.9 %

Now it is actually very interesting to make a small mutual evaluation of the two case studies which
are based on the same casting, in terms of the casting yield. In the first case study, the only concern
was to get rid of the shrinkage porosity and to reduce the volume of the riser. While in the second
case study, the objectives have been changed a bit and macrosegregation came into the game. The
second case study shows that when considering macrosegregation we do not have that much freedom
in lowering the riser volume due to its effect on the solidification pattern and on the under-riser
macrosegregation profiles at the same time. In the first case study, just by looking at the optimization
results, one would vote for the solution 2 which seems very safe and reasonable. However, when
macrosegregation is considered, solution 1 from case study 2 would be the most reasonable solution
since it suggests the lowest under-riser segregation. This comparison just shows that in order to
obtain a valuable and trustworthy numerical assessment of any given casting process, it is very
important to include as many factors, which may have any negative effect on the quality of the
casting, as possible.

4.3.4.3. Conclusion — case study 2

The main intention of this study was to prove that macrosegregation can be addressed by
optimization even without prescribing it as one of the objectives which would not be feasible time-
wise. It was found that by optimizing the solidification pattern so that directional and progressive
solidification with steep thermal gradients is established, one could relatively easy handle multiple
issues like porosity and segregation.

The optimization objectives were minimization of the remaining volume of the top riser and the
avoidance (minimization) of centerline porosity through which the elimination of macrosegregation
issues, particularly channel segregates in the casting body was expected.

The manually-optimized solution, i.e. solution 1, served as a reference or starting solution for the
autonomous multi-objective optimization of the solidification pattern. In the optimization problem,
the dimensions of the riser and the chills were applied as design variables together with the allowed
ranges of variation. After optimization, one solution was selected from the design space.

The new chill arrangement caused significant improvements in the solidification patterns in both of
the solutions. More pronounced cooling established steeper temperature gradients and induced
progressive and directional solidification in the problematic bottom area, totally eliminating the
shrinkage-related defects. The only porous areas were found in the riser head and in the bottom pins.
The casting body seemed free of porosity.

New convection and macrosegregation patterns were obtained giving favorable and promising
results. Due to steeper thermal gradients the mushy zone got reduced, its permeability was lowered
imposing higher resistance for liquid-solid movement and for potential channel segregation. The
resulting carbon distribution seemed more uniform over the casting body, mainly in case of solution
1. As to the under-riser area (in solution 1) which will be heavily cyclically loaded during service, it
is likely to have similar mechanical properties as compared to the initial solution.
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4.3.5. Case study 3 - Elimination of Hot Tears in Steel Castings by Means
of Solidification Pattern Optimization

In the following sections a methodology of how to exploit the Niyama criterion for elimination of
various defects such as centerline porosity, macrosegregation and hot tearing in steel castings is
presented. The tendency for forming centerline porosity is governed by the temperature distribution
close to the end of the solidification interval, specifically by thermal gradients and cooling rates. The
physics behind macrosegregation and hot tears indicate that these two defects are also heavily
dependent on thermal gradients and pressure drop in the mushy zone, more on this topic can be found
in chapter 3. The objective of this work is to show that by optimizing the solidification pattern, i.e.
establishing directional and progressive solidification with the help of the Niyama criterion, hot tears
issues can be at least minimized or entirely eliminated.

4.3.5.1. Description of the project

The project involves a large (84,6 ton, max height = 4280mm, max width = 2881mm) steel wedge-
shaped casting made of a low carbon steel alloy DIN 1.1165, (GS30Mn5), poured into a furan
bonded silica sand mould. Two insulated top risers are placed on top of the casting, directly above the
critical regions with the highest mass accumulation to ensure sufficient feeding. The entire geometry
is shown in Figure 4.22.

Figure 4.22: 3-D visualization of the original casting layout with its characteristic feeder design and chill
patterns applied in the initial numerical calculations. This layout was then subjected to optimization. Letters
A, B, C indicate groups of design variables for the subsequent optimization, [ref. Paper 1V, Kotas et al.
2010].

The original casting arrangement was cast and left in the sand mould for a few weeks to solidify and
cool to a certain temperature. After shake out, a thorough visual inspection took place and a massive
hot tear was identified in the middle rib, going diagonally from the left top riser down to the right,
across the top cylindrical core, see Figure 4.23. The rib was found to be torn completely from both
sides. Obviously, this defect was impossible to repair weld, making the casting a scrap. The hot tear
was found before burning off the two top risers which disproved all the hypotheses and arguments
that it formed due to stress relief while removing the risers and not due to an improper technological
solution. Therefore, the major aim of this case study is to find the reason why the hot tear formed and
subsequently to eliminate it by means of the solidification pattern optimization.
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Figure 4.23: View on the location of the hot tear in the middle rib of the steel casting. This hot tear occurred
on hoth sides of the middle rib, [ref. Paper 1V, Kotas et al. 2010].

4.3.5.2. Optimization problem statement

Unknown optimal shapes and sizes of the two top risers as well as the chills are sought by means of
autonomous optimization to obtain a better solidification pattern of the casting which would
eliminate the likelihood of hot tearing. This issue has been addressed by defining the problem as a
multi-objective optimization problem (MOP) via combining multiple conflicting criteria, i.e. the
minimization of the riser volume together with the minimization of the presence of centerline
porosity. The decisive factors for the occurrence of centerline porosity, macrosegregation and hot
tears are the same, i.e. the low thermal gradients combined with an unprogressive solidification
pattern. Therefore, the focus has been put on eliminating hot tears by the minimization of centerline
porosity by establishing enhanced thermal gradients and progressive solidification pattern inside the
casting. This unconstrained multi-objective problem can then be expressed in mathematical terms as

Minimize: f1(X) = Vviger
Minimize: f,(x) = Weighted Volume Niyama

4.3

X= {31—5: b4, C1—12} ( )
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where Weighted Volume Niyama = Zvi -2 Niyamace (4.4)

i=1
Niyama; <Niyamag,
where V; is a volume of a cell, Niyama.; is a critical value of 0.7. Information received from the
weighted volume Niyama values is regarding the volume of the mesh affected by a poor Niyama
value, i.e. below the critical value of 0.7.

In total there have been 21 independent design variables (those which are changed / updated during
optimization) used in the optimization procedure, which are: placement and dimensions of the chills-
height, width and thickness, and of the top risers —their height, bottom and top diameters. The design
variables were split into three groups and are highlighted in Figure 4.22, where group A (ais)
contains all variables for the two top risers, group B (b;.4) contains variables for the four bottom
brick-like chills and group C (c1.12) comprises variables for the two sets of chills on the right hand
side of the casting. It would be very time consuming to calculate thermal convection, segregation and
hot tears prediction for each design during the optimization cycle. Thus, only the selected designs
constituting the final Pareto line are analyzed with respect to macrosegregation and hot tearing.

The initial population for the MOGA contains 100 unique sets of designs. The directional cross-over,
the selection and the mutation probabilities of 0.6, 0.3 and 0.1, respectively, are chosen for running
20 generations giving in a total number of 2000 solutions. In addition, elitism is applied to accelerate
convergence in the optimization problem.
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4.3.5.3. Casting and simulation results — optimized layout

As mentioned above, the primary goal of autonomous optimization based on process simulations has
been to find a more suitable design of the two top risers and of the surrounding chills to establish a
directional and progressive solidification pattern. A more favorable solidification pattern should then
eliminate the formation of solidification related issues such as centerline porosity, shrinkage porosity,
macrosegregation and hot tears which were present in the original casting layout. A thorough analysis
on why the hot tear formed in this particular casting can be found both, in section 3.7.3.3.3 and in
Paper IV in the attachments.

The gating system has been changed somewhat to achieve a more uniform and smooth flow pattern to
avoid excessive oxidation, see Figures 3.33 and 3.34 for comparison. On top of that, chills and risers
have been transformed into parametric objects and subjected to optimization as design variables. The
most important condition in assessing the size of the riser has been to avoid the shrinkage pipe
penetrating into the riser neck area or even to the casting body. Such designs are then instantly
rejected since they are unsuitable.

The objective space for the optimization problem is constructed by two following conflicting
objectives (i) minimization of the remaining riser volume and (ii) minimization of the weighed
volume Niyama of the casting body, Figure 4.24.

~ The original casting layout " 17

Remaining Volume of the Risers

Weighted Volume Niyama

Figure 4.24: The objective space where all the computed designs are stored. The blue line represents the
Pareto optimal front which comprises the best trade-off solutions in terms of the predefined optimization
objectives. The light blue color indicates the area from which the best solution is selected. The enlarged view
on the six Pareto designs is located on the right upper corner, [ref. Paper 1V, Kotas et al. 2010].

After the optimization run the user has to decide which design among multiple optimal solutions will
be the most desirable for him/her. Whether he/she wants to minimize the riser as much as possible, at
the cost of increased porosity or to have a porosity-free and sound casting with a slightly larger riser,
but still smaller than the initial design. Obviously, the optimized design must contain less centerline
porosity than the original casting layout. This is why only Pareto optimal solutions located in the blue
region are considered. All other solutions are disregarded since they exhibit more centerline porosity
than the initial layout, which is not desirable. These six solutions were subsequently analyzed in
terms of shrinkage porosity, which is an additional criterion for evaluating the overall soundness of
the casting. It was found out that the solution 4 had the best response in terms of the shrinkage
porosity and solution 1 was only slightly worse than solution 4. The other four designs showed much
worse response and therefore they were disregarded. Since the primary aim of the optimization
procedure was to search for the solution with the lowest amount of centerline porosity, solution 1 was
selected, although it had the largest volume of the two top risers from all of the trade-off solutions.
However, the objective of minimizing the riser volume was still met by solution 1, which actually
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exhibited a significant decrease in the riser volume as compared to the original solution. By picking
solution 1, one could argue that single objective optimization could have been applied. True,
however, the benefit of multi-objective optimization is that the user has a selection of many trade-off
solutions lying on the Pareto line which may fulfill his/her preferences that he/she would never be
able to explore, or be aware of other potential alternatives, while using the single objective approach.

The selected design has then been evaluated with respect to filling, solidification as well as stresses
and strains in the standard simulation environment. The geometry of the preferred design, i.e.
solution 1 from Figure 4.24, is captured in Figure 4.25.

Figure 4.25: New casting layout after optimization. Dimensions of the two top risers together with

dimensions and location of the surrounding chills were varied during optimization, [ref. Paper 1V, Kotas et
al. 2010].

Figure 4.26 shows how the thermal gradients inside the casting changed due to the performed
optimization adjustments. It is seen that due to the new shape of the risers, combined with newly
placed chills with optimized design and due to the removed top core, the high thermal gradients got
eliminated from the area where the hot tear occurred. The large area on the left hand side of the
casting indicates steep thermal gradients accumulated over a relatively narrow region, hence
implying potential hot tearing. In reality, there are narrow ribs placed along that area to prevent hot
tearing as seen in Figures 4.25 and 4.31. Since they are very narrow and it would require an
extremely fine mesh to consider them during calculations, these were not modeled. Hence, this
critical area predicted by the numerical solver can be disregarded.
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Figure 4.26: Thermal gradients in the cast part after optimization. No obvious high thermal gradients
located in a narrow band-like area as in the original casting arrangement are seen. The risk of hot tears has
been minimized in the previously critical region, [ref. Paper IV, Kotas et al. 2010].

The optimization adjustments have also led to a new distribution of temperature in the casting
domain, Figure 4.27. There is no longer that “triangular” area solidifying much faster as compared to
the surroundings, evoking thermal imbalance and subsequent thermal tensile strains. Now it appears
that the casting solidifies directionally and progressively from the bottom and from the sides towards
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the two top risers. This should for sure lower the risk of hot tearing in that problematic area as well as
in the entire casting domain.

Temperature|
I'cl

70% 80% 90%

Figure 4.27: Temperature profiles at different stages of solidification in the optimized layout. No indications
of sudden temperature changes as were identified in the original layout. The likelihood of a hot tear is very
low in the previously critical area. Blue color denotes a completely solid region, all of the shades of green
stand for the mushy zone and the red color stands for the liquid phase, [ref. Paper 1V, Kotas et al. 2010].

The changes in the solidification pattern have naturally led to a redistribution of the characteristic
solute elements in the casting, represented by their concentration profiles. It is shown in Figure 4.28
that the concentration profiles of the selected three elements are now more balanced and favorable
implying that the positively segregated region will be found mostly in the riser region.

Figure 4.28: More uniform concentration profiles in the optimized steel casting due to the more favorable
solidification pattern, (left) carbon, (middle) phosphorus, (right) sulfur. The positively segregated area is
now located mainly in the two top risers and partially in the under-riser region, [ref. Paper 1V, Kotas et al.
2010].

This state is much more beneficial with respect to hot tear susceptibility as compared to the original
state. However, a question arises whether the mechanical properties would be sufficiently good in the
area between the two risers due to positive segregation. The manufacturer noted that no special
requirements for that specific area as to the mechanical properties were determined by the final
customer. Therefore this solution would be suitable for subsequent production. Minor improvements
in the segregation might be expected during the heat treatment that the part will undergo afterwards,
especially during homogenization.

When we look at the maximal principal strain rates during the solidification interval of the optimized
layout in Figure 4.29 it shows that, in the previously critical area there are no more signs of high
tensile straining hence eliminating the risk of hot tearing. The potentially critical area in the lower
central region of the casting is not to be worried about. Each numerical solver always highlights some
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risky areas, but it is very important to assess also the magnitude of it. The peak values on the scale
are so low as compared to the state in the original layout (see Figure 3.31), that it becomes apparent
that the thermally induced strains will not cause any major problems in relation to hot tearing.
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+0.0000
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Figure 4.29: Maximal principal strain rate in the optimized layout. Note the difference in the scale as
compared to Figure 3.31, [ref. Paper 1V, Kotas et al. 2010].

Consequently, due to the optimized solidification pattern in which directional and progressive
solidification toward the heaviest section has been established, the risk of hot tearing got entirely
eliminated in the problematic area in the middle rib, Figure 4.30, compared to the situation in Figure
3.32. There is only one small place in the casting which might be prone to hot tearing. It is found in
the lower central area, right above the bottom core. However, when considering all the above
investigated criteria such as temperature profiles during solidification, the Niyama criterion,
segregation profiles and strain rates, it can be assumed that this area will not be of concern in
production and hot tear will most likely not form. Also, the peak value on the scale is much lower as
compared to the original solution where the tear was found.

Figure 4.30: Hot tear prediction in the optimized casting layout. The middle rib appears hot tear free. The
other indication in the lower central area will most likely induce no hot tearing. This can be deduced from its
value on the color scale, [ref. Paper 1V, Kotas et al. 2010].

Based on the findings obtained from the multi-objective optimization run, a new casting layout has
been proposed and applied in production, see Figure 4.31. After it was cast, the part was inspected,
both visually and by the prescribed NDT techniques, and no major defects or problems that would
ultimately destroy the casting were found.
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Figure 4.31: The steel casting which was manufactured based on the optimization results, after its shakeout.
It exhibited no hot tears whatsoever. Protective ribs have been applied for the real casting. They were not
assumed during simulations since they would require extremely fine meshing, [ref. Paper 1V, Kotas et al.
2010].

4.3.5.4. Conclusion - case study 3

The main purpose of the work was to demonstrate and to prove that hot tearing can be relatively
easily addressed by optimization even without prescribing it as one of the objectives which would not
be feasible computational time-wise. It was found that by optimizing the solidification pattern so that
directional and progressive solidification with favorable thermal gradients is established, one could
relatively easily handle multiple phenomena like centerline porosity, macrosegregation, and hot tears.

The optimization objectives were prescribed as (i) minimization of the remaining volume of the top
riser and (ii) minimization of centerline porosity through which the elimination of hot tear occurrence
in the middle rib was expected.

The first step was to analyze the original casting arrangement provided by the foundry to figure out
the major reasons for the hot tear to form. Filling, solidification and stress/strain analyses were
performed to capture all physical phenomena and potential flaws and defects which may contribute to
hot tearing. Findings from this first step are listed in section 3.7.3.3. These findings were verified by
casting trials performed at the foundry. A very good agreement with the casting results was found.

In the optimization problem, the dimensions and positions of the two top risers and the chills were
prescribed as design variables together with the allowed ranges of variation. After optimization, one
solution was selected from the design space.

The new shapes of the top risers and the new chill arrangement led to significant improvements in the
solidification pattern of the selected optimized solution. More pronounced cooling established
favorable temperature gradients and induced progressive and directional solidification not only in the
problematic area but also in the entire casting. New convection and macrosegregation patterns were
obtained giving favorable and promising results. Due to steeper thermal gradients the mushy zone got
reduced, its permeability was lowered imposing higher resistance for liquid-solid movement and for
potential channel segregation. The resulting carbon, phosphorus and sulfur distributions seemed more
uniform over the casting body. After removing the top sand core there was no longer a mechanical
restraint to free volumetric contraction of the casting in the area just below the top core. All of these
features and improvements completely eliminated the susceptibility to hot tearing in the entire casting
which was also proved during the subsequent production.
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Chapter 5

5. Concluding remarks and future work

5.1. Concluding remarks

The work presented in this thesis is devoted to two major subjects; first, modeling of metal casting
processes, with a primary focus on gravity sand casting of large steel castings, where all stages of this
manufacturing process are taken into consideration, and second, to optimization of thermal aspects of
the casting process by means of multi-objective genetic algorithms which belong to evolutionary
computation techniques. The main conclusions and findings are briefly addressed below.

Modeling and simulations of casting processes are generally divided into two steps, i.e. fluid flow
calculations where mould filling is modeled and thermo-mechanical modeling in which thermal
behavior during solidification and solid-state cooling is investigated together with its effect on stress-
strain formation inside the casting.

The fluid flow phenomena are addressed first as metal pouring is the first stage in casting processes.
It represents the driving force for various defects, such as air bubbles, oxide films; cold shuts, misrun,
hot tears, etc., and has a direct influence on the temperature distribution inside the casting which then
affects its thermal behavior. The purpose of this thesis has been to describe and subsequently
optimize thermal aspects of the considered casting process; hence the fluid flow chapter serves
“only” as some sort of guidelines and proposals to the designers or foundry technologists. The idea
has been first, to briefly introduce the fundamental physical laws based on which the flow
calculations can be carried out. Then each single element of a typical gating system is described and
commented on to give an overview on how these elements influence final filling patterns.
Furthermore, useful tips on how to proceed when designing the gating systems are given together
with one example of how improperly designed gating systems may evoke residual stress and
deformation in castings. This example is shown on a HPDC casting. In essence, the chapter devoted
to filling aims at showing how important it is to focus not only on thermal aspects of a casting, but
also on the design of gating systems. One should come to realize and always have in mind that gating
systems and subsequent filling patterns greatly influence the overall quality of castings and stand
behind many types of defects, found in castings, regardless of their size or material.

The chapter dedicated to solidification and thermal behavior of castings is the core of the thesis. In
the beginning, governing equations for the heat transfer and temperature distribution in castings are
given. Feeding rules and mechanisms are discussed and used for designing a proper riser to avoid
subsequent solidification related defects. The greatest portion of this chapter concerns casting defects.
Three major defects, i.e. centerline porosity, hot tears and macrosegregation, are presented and
thoroughly analyzed. When discussing casting defects, it is the most important to determine their
causes of occurrence. When doing so, it was found that there exists a link between all three defects.
Thermal gradients, the pressure drop over the mushy zone and the solidification pattern are the three
common links between these defects. Centerline porosity starts to form when the pressure drop over
the mush exceeds a critical value. The pressure drop decreases as the thermal gradient increases. It
was also shown that when establishing a progressive and directional solidification pattern, centerline
porosity does not occur. One of the theories found in literature claims that the pressure drop is also
accountable for initiation and growth of hot tears, therefore the thermal gradient gets on the scene
again. Hot tears are also promoted by the extent or size of the mushy zone. The longer the area stays
in a semi-solid state, the higher probability of hot tears. The thermal gradient is again the factor
which decreases or increases the size of the mush. If tensile stresses are found in the casting, they can
cause localized tensile straining in the weak, semi-solid area which will not impose any major
resistance to the straining and a hot tear will be initiated.

As to macrosegregation and A-segregates in particular, these are investigated in large steel castings.
Macrosegregation is caused by convective flow inside the solidifying melt. Again, it was found that if
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the extent of the mushy zone gets decreased by the increased thermal gradient, there will not be that
much time and chances to form the A-segregates. If a directional and progressive solidification
pattern towards the heaviest section, i.e. the riser, the residual liquid being rich on the solute
elements, will be pushed into the riser. It is very desirable for the structural integrity of castings to
have the positively segregated liquid in the riser(s) and the uniform solute distribution in the casting
body. One can see that it is possible to address hot tears and macrosegregation by optimizing, i.e.
minimizing, centerline porosity. In other words, if centerline porosity is eliminated by proper thermal
gradients and directional solidification, the other two defects should be eliminated as well. This is
clearly shown in the optimization section. The aforementioned theory is always backed and supported
by industrial examples and case studies carried out during the PhD period.

The thermal model implemented in MAGMAsoft, predicting the behavior of castings during
solidification and solid state cooling is subsequently coupled with evolutionary multi-objective
algorithms (MOGA- in MAGMATfrontier) in a search for the optimal casting design parameters,
namely the riser(s) and chills design, which would minimize the issues with centerline porosity by
establishing a directional and progressive solidification pattern. By minimizing centerline porosity
and based on its relationship to hot tears and macrosegregation, it is possible to optimize these two
defects without a need of prescribing them as optimization objectives. There is no need to run the
very time-consuming macrosegregation, convection and stress-strain analysis for all the designs in
the optimization run. Only simple thermal analyses are required to assess the thermal behavior of
each of the casting designs. When the optimal design with respect to minimized centerline porosity is
found and selected, just this one casting layout is subjected to macrosegregation, convection and/or
stress-strain analyses. Three case studies are shown in the optimization chapter to support this theory.

Findings from the solidification and optimization chapters are, in the author’s opinion, valuable for
many foundry engineers who deal with these defects on a daily basis. It was shown that one can
obtain reasonable information on macrosegregation and hot tears already from the standard thermal
analysis in MAGMAsoft, by checking the Niyama criterion, the thermal gradient criterion function
and the temperature distribution inside the casting. This should not be understood as if stress-strain
analysis can be now totally neglected. Those who have access to the optimization tool
MAGMATfrontier can directly benefit from this work by learning that macrosegregation and hot tears
can be effectively optimized without even prescribing them as the objectives and without running the
time-demanding analyses.

5.2. Future work

The major area of focus during the PhD study has been numerical modeling and optimization of large
steel castings using MAGMAsoft. Since the author has always intended to relate and apply the theory
behind casting processes to industrial applications, a research-oriented collaboration with Vitkovice
Heavy Machinery (VHM), Czech Republic, has been established during the studies. Thus, all of the
case studies and examples, presented in this thesis, come from this foundry. Therefore, a natural
follow-up is that the future work will be closely related to this foundry and to MAGMA GmbH,
applying its numerical simulation tool.

Besides classical end products, i.e. shape castings, many steel foundries also cast steel ingots which
are then taken as inputs for the subsequent forging operations. It is clear that the forged parts are not
always perfect, including internal/external defects or residual stresses which are then a cause of
rejection. Such a rejection of let us say, a 70 ton crank shaft is extremely costly for the foundry since
approximately 140 tons of metal plus labor work got used just to manufacture this shaft. For such
foundries it is extremely important to determine where the defects come from, whether from the ingot
casting or from the forging operation. There is basically no information or work done in this field that
would be described in literature. Therefore, a personal aim of the author is to fill this gap. Of course
this is not practically feasible without help and leadership of the participating partners, i.e. the
process modeling group of DTU, MAGMA GmbH and Vitkovice Heavy Machinery.

The idea is to model ingot castings, as precise as possible, to closely mimic the reality. Based on the
first assessment, the most critical aspects of the casting process will be identified. The most common
defects in ingot castings are centerline and shrinkage porosity, macrosegregation and sometimes hot
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tears. The optimization methodology presented in this thesis will be applied in the following
optimization procedure which will aim at modifying the casting layout and process parameters to
minimize the aforementioned defects. This optimized ingot layout will be subsequently exported
from MAGMAsoft together with its complete thermal history and defects prediction, and inserted as
an initial layout for FEA software to model the forging operation.

By taking the thermal history of the ingot into account, the forging operation should deliver much
more reality-resembling results. At this moment, when modeling forging it is standard procedure to
assume a homogeneous distribution of mechanical properties, no residual stresses and no defects
inherited from the casting operation. When coupling these two independent manufacturing processes,
it will be possible to see where the defects, for instance porosity, will end up after forging, or whether
stress peaks will be located at areas which will be subsequently severely loaded during service.
Moreover, even though it is a long and very challenging run, it is then possible to simulate the load
situation on the forged part to see how the part behaves in its real working conditions.

One big advantage of having industrial partners involved in this project is that they, i.e. Vitkovice
H.M., will provide us with experimental, real-scale results and microstructure analyses to compare
our results with. Having MAGMA GmbH involved gives us assurance of having access to the state-
of-the-art numerical solvers which will make the modeling part as accurate as possible.

Besides this project, the author’s focus will be put on applying various optimization techniques to
casting processes. Although the performance of the MOGA algorithm, implemented in
MAGMATfrontier, is promising, giving good results, it could be nice to test the performance of a
different and newer optimization algorithm, e.g. NSGA-II. A custom NSGA-II algorithm has been
developed and tested on the chosen benchmark cases (in-house) by Dr. Tutum. The plan is to couple
this custom algorithm with MAGMAsoft, through the MAGMA API interface to test its performance
on real industrial cases where the Pareto front is not known.
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Chapter 6

6. Summary of Appended Papers and Reports

Paper |
Petr Kotas, Jesper Hattel, Jesper Thorborg, Ingvar L. Svensson, Salem Seifeddine.

Modelling of Filling, Microstructure Formation, Local Mechanical Properties and Stress — Strain
Development in High-Pressure Die Cast Aluminium Castings.

Published at the International Ph.D. Foundry Conference, Brno, June 2007, Czech Republic.

In this work, a concept of integrated modeling in casting processes, hamely in high pressure die
casting is presented. The objective is to demonstrate how the manufacturing process influences the
defect distribution, local microstructure, final mechanical properties and subsequent in-service
behavior of the casting. A test case of a complex high-pressure die cast part in an aluminium silicon-
based alloy is considered including the simulation of the entire casting process, i.e. filling,
solidification and solid state cooling. The focus is on (i) filling and its effect on defects occurrence
and on final temperature distribution which directly influences the solidification pattern. (ii) How the
temperature fields coming from filling affect local microstructure formation and its coupling with
mechanical properties such as elastic modulus, yield stress, ultimate strength and elongation as well
as residual stresses. Subsequently, the casting is subjected to external service loads and the results of
this analysis are discussed in relation to the predicted local properties as well as the residual stresses
originating from the casting simulation.

Paper 11

Petr Kotas, Cem Celal Tutum, Olga Snajdrova, Jesper Thorborg, Jesper Hattel.
A Casting Yield Optimization Case Study: Forging Ram.

Published in the International Journal of MetalCasting, Vol. 4, Issue 4, (2010).

This paper summarizes the findings of multi-objective optimization of a gravity sand-cast steel part
for which an increase of the casting yield via riser optimization was considered. This was
accomplished by coupling a casting simulation software package MAGMAsoft® with its optimization
add-on module MAGMAfrontier. First, analyses of filling and solidification of the original casting
design were conducted in the standard simulation environment to determine potential flaws and
inadequacies. Based on the initial assessment, the gating system was redesigned and the chills
rearranged to improve the solidification pattern. After these two cases were evaluated, the adequate
optimization targets and constraints were defined. One multi-objective optimization case with
conflicting objectives was considered in which minimization of the riser volume together with
minimization of shrinkage porosity and limitation of centerline porosity were performed.
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Paper 111
Petr Kotas, Cem Celal Tutum, Sgren Andersen, Jesper Hattel.

Autonomous Optimization of a Solidification Pattern and its Effect on Porosity and Segregation in
Steel Castings.

Accepted for an Oral Presentation at the 115" Metalcasting Congress, Schaumburg, April 2011,
USA.

Accepted for publication in AFS Transactions 2011.

The present paper considers optimization of the solidification pattern of a gravity sand-cast steel part.
That is, the choice of proper riser and chill designs has been investigated using genetic algorithms
while simultaneously considering their impact on centerline porosity and macrosegregation
distribution. This was accomplished by coupling a casting simulation software package with an
optimization module. The casting process of the original casting design was simulated using a
transient 3D thermal model incorporated in MAGMASsoft® to determine potential flaws and
inadequacies. After this initial assessment, a new geometrical model was suggested with the
redesigned gating system and rearranged chills to obtain better filling and solidification patterns.
Based on the improved model, relevant optimization targets and constraints were defined. One multi-
objective optimization case with two conflicting objectives was considered in which minimization of
the riser volume together with minimization of centerline porosity and elimination of
macrosegregation issues were performed.

Paper IV
Petr Kotas, Jesper Thorborg, Cem Celal Tutum, Jesper Henri Hattel.
Elimination of Hot Tears in Steel Castings by Means of Solidification Pattern Optimization.

Presented at the International Steel Casting Conference, October 2010, Dresden, Germany.

Submitted to Metallurgical and Materials Transactions B — February 2011.

In this paper, a methodology of how to exploit the Niyama criterion for elimination of various
solidification-related defects such as centerline porosity, macrosegregation but primarily hot tearing
in steel castings is presented. The tendency of forming centerline porosity is governed by the
temperature distribution very close to the end of the solidification interval, specifically by thermal
gradients and cooling rate. The physics behind macrosegregation and hot tears indicate that these two
defects are also heavily dependent on thermal gradients and pressure drop in the mushy zone. The
objective of this work is to show that by optimizing the solidification pattern, i.e. establishing
directional and progressive solidification with the help of the Niyama criterion, macrosegregation and
hot tears issues can be both minimized or entirely eliminated.

The casting process of an original casting layout was simulated using a transient 3D thermal fluid
model incorporated in a commercial simulation software package MAGMASoft®, to determine
potential shortcommings. Based on the initial casting process assessment and when the major causes
for hot tearing were determined, multi-objective optimization (using MAGMATfrontier), of the
solidification pattern of the considered steel part followed. That is, the choice of proper riser and chill
designs has been investigated using genetic algorithms while simultaneously considering their impact
on centerline porosity, the macrosegregation pattern and primarily on hot tear formation.

One multi-objective optimization case with two conflicting objectives was considered in which the
minimization of the riser volume together with the minimization of centerline porosity and
elimination of hot tear susceptibility were performed.
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Industrial Report
Petr Kotas, Jesper Henri Hattel

Casting Process Optimization of a Large Steel Ring With Respect to Centerline Porosity and Channel
Segregates

Presented to the foundry management of Vitkovice Heavy Machinery, July 2010, Ostrava, The Czech
Republic.

This report deals with optimization of an entire casting process of a large (246 ton) steel ring with the
objective of eliminating problems with macrosegregation, particularly with channel segregates.
Moreover, it was requested to optimize the shape of the top riser to increase the casting yield.

Two thorough numerical analyses of mould filling and solidification took place; both accomplished
using the commercial simulation software package MAGMASoft®. These analysis gave detailed
information about the filling pattern, subsequent defects prediction and the temperature distribution
in the casting evoked by the mould filling process, the temperature distribution during solidification
and the subsequent solid state cooling. Moreover, it was possible to identify critical areas such as hot
spots, areas with inadequate and/or restricted feeding, or areas with thermal imbalance that may
evoke thermal stresses and strains. Last, convection and macrosegregation profiles were assessed in
order to predict possible issues with macrosegregation and with channel segregates.

The optimization was defined as a goal of finding the “most optimal” solution to the predefined
objectives, which were: (i) the minimization of the riser volume and (ii) the minimization of the
presence of centerline porosity. When centerline porosity is minimized by increasing thermal
gradients and by establishing a progressive solidification pattern, concentration profiles suggesting
macrosegregation are positively affected as well, thereby suppressing the tendency to channel
segregation in the cast part. For this purpose, a built-in optimizer MAGMATfrontier was applied.
After selecting the most favorable design, this design was analyzed with respect to filling,
solidification and stress-strain to assess the impact of the optimized features on the overall behavior.
The findings and proposals from this study were presented to the management of the foundry and
were evaluated as suitable for subsequent implementation.
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ABSTRACT

Today, the industrial demands are to reduce product development time as well as costs of producing prototypes. In this
context, virtual prototyping by numerical simulation offers an efficient way of lowering costs and shorten lead time.

Castings are produced by a manufacturing method which inherently affects the component’s properties depending on design,
metallurgy and casting technique. The wall thickness influences the coarseness of the microstructure and the material will
have properties depending on the local metallurgical and thermal histories. This is independent on the material, i.e. whether
the casting is based on cast iron- or aluminium-alloys. The distribution of local properties in a casting might vary substantially
which makes it complex to optimize the casting with good accuracy. Often, mechanical simulations of the load situation are
based on the assumption that the cast product has constant material properties throughout the entire casting. Thus, if the
microstructure is determined or predicted at a given point, it gives the possibility to calculate the local material behavior more
realistically.

In the present work, a test case of a complex high-pressure die cast part in an aluminium alloy is considered including
simulation of the entire casting process with emphasis on microstructure formation related to mechanical properties such as
elastic modulus, yield stress, ultimate strength and elongation as well as residual stresses. Subsequently, the casting is
subjected to service loads and the results of this analysis are discussed in relation to the predicted local properties as well as
the residual stresses originating from the casting simulation.

INTRODUCTION

Today, there is a big need for production of complex and compound components to lower the manufacturing costs and
shorten the lead times. A substantial portion of costs in the manufacturing of cast components is production of physical
prototypes and the following execution of physical testing. It is not only the production cost that is large, but also the
production time is long. Only to produce/prepare/ one cast prototype can take from 2-10 weeks. Since the properties depend
to a large extent on the casting process [1-4], the prototypes must imitate the” true” component in an attractive way; which
in turn makes the cost high and production time long.

If one instead could establish a methodology for development of cast components where parameters from the casting and
production process are taken into account to predict for example properties and residual stresses, reliability will be increased
and the precision of simulations and the number of physical prototypes will be drastically decreased.

The automotive, telecom and manufacturing industries are moreover strongly depending on sophisticated and complex
geometries of cast components in continuation of improvement of their products. In order to become more efficient in product
and production development, the time for the experimental testing must decrease or nearly entirely be eliminated. Therefore
new and improved simulation methods and more reliable mathematical models are needed.

Furthermore, improved simulation tools become the strongest competition means for producing complex cast components
with high knowledge- and technology contents. Through combining a traditional production method with a sophisticated
technology an old method can get a world-leading position within the component production technology area by Virtual
product production (VPF).
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To optimize a cast component, all main parameters and variables in the process must be taken into consideration in the
subsequent analyses, calculations and simulations. Examples of parameters are metallurgy treatment, chemical analysis,
cooling conditions and resulting properties and residual stresses. Geometry and process relations will and lead to components
containing a wide variety of properties over the entire geometry. In addition, residual stresses arise during solidification and
solid-state cooling and they will be geometry dependent [3,5,6]. These effects and new boundary conditions are necessary to
be addressed in the following work.

So far, it has been a common procedure for the designers to assume that the cast material has similar properties in all areas.
In most of the cases the properties are taken from a standardized test bar, which then leads to incorrect results and
conclusions. Therefore, it is of importance to consider properties depending on the local metallurgical and thermal histories
directly inherited from the manufacturing process. By means of integrated modeling [7,8] of multi-process steps (casting,
solidification, stress-strain analysis) and materials modeling, it is feasible to obtain the final mechanical properties and
thereby predict the behavior of the component during in-service loading.

In the present work a test case of a console for a front bumper on a truck is analyzed, see Figure 1. First the casting process
is simulated in MAGMAsoft® [9], taking the entire cycle of mould filling, solidification using microstructure formation and solid
state cooling into account. Focus is on solidification pattern, microstructure formation related to mechanical properties such
as elastic modulus, yield stress, ultimate strength and elongation as well as residual stresses. Subsequently, the casting is
subject to service loads and the results of this analysis are discussed in relation to the predicted local properties as well as
the residual stresses originating from the casting simulation.

Constrained on the surface

Pressure

11 MPa

Figure 1 Left: Detailed view of the console with prescribed constant compressive stress corresponding to an equivalent crash
force of 160 kN (worst case according to Swedish standards). Right: Positioning of a similar console on the front bumper.

However, since as earlier mentioned, the microstructural and mechanical analyses are in focus in the present work, they will
be briefly explained in the following.

MICROMODELLING OF SOLIDIFICATION AND MECHANICAL PROPERTIES

Today's generation of computer simulation programs for cast components has mainly focused on fluid flow/mould filling,
solidification and prediction of shrinkage and residual stresses.

However, the development goes toward that simulation can predict microstructures, porosities and shrinkage and mechanical
properties of the material that along with the design gives the component its mechanical properties. Here, one can see
several development trends with the common aim that the resulting mechanical properties can to be imported into simulation
programs to predict stresses and deformations arising from the in-service loads.

The mathematical models used [10,11], describe the microstructure formation during solidification, including nucleation and
growth kinetics for the phases and algorithms that describe the relation between the microstructure and mechanical
properties. Note that the present investigation aims to develop a relationship based on the isolated effect of microstructure on
the mechanical properties, therefore, the influence of defects are not considered here.

The microstructure of aluminium cast alloys is widely defined as the distance of the spacing between the dendrite arms in
terms of secondary dendrite arm spacing, SDAS. In this paper the SDAS is described as a function of local solidification time
ts, equation (1), depicting the fineness of the microstructure constituents; C and n are constants which are related to the
material’s chemical composition.
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The commercial cast aluminium alloy A354, that is commonly used when casting automotive components, is used in this
study. As seen in Figure 2, the finer the microstructure, (a), the stronger the material and vice versa, (b) and (c).

A comparison of three identical tensile test samples at each SDAS has been performed and the material characteristics as
Young’s modulus, strength coefficients and deformation hardening have been evaluated from the experimental curves. The
scatter in data is mainly due to a lower degree of inhomogenities between the samples and different levels of defects. The
filled circles on the curves indicate the fracture points. The material has been gradient solidified to get low spread in material
properties.
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Figure 2. Tensile test curves illustrating the tensile behavior of an Al-9%Si-1%Cu-0.4%Mg cast alloy where
SDAS in a) is ~ 10 ym, b) is ~ 25 pym, and c) is ~ 50 ym. The dashed curves are the corresponding simulated tensile curves
and the filled squares imply that the quality of the material i.e. defect content, will determine where the fracture occurs. The
filled circles denote the fracture of the particular tensile test sample.

The influence of defects such as porosities and/or harmful intermetallic phases are incorporated in the modelling of the tensile
test curve and assumed to affect the mechanical performance, as seen from the simulated curves. The filled squares are to
be considered as indicators, emphasizing that the inherent strength potential of the alloys might have not been reached due
to the factors mentioned above.

MECHANICAL ANALYSIS

A mechanical analysis is carried out during the casting process as well as the subsequent loading situation of the cast part. In
both cases, a standard mechanical model based on the solution of the three static force equilibrium equations is used, i.e.

o;;tp; =0 (2)

where p;is the body force at any point within the volume and qij is the stress tensor.

The well-known Hooke’s law, linear decomposition of the strain tensor into an elastic, a plastic and a thermal part as well as
small strain theory are applied
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In both cases the plastic strain is based on standard J2-flow theory with a temperature dependent yield surface. During the
load analysis, isothermal conditions at room temperature are assumed and hence the thermal strain is set to zero in this

case. The conditions during yielding are described by the associated flow rule; the von Mises yield surface and the
consistency condition, i.e.
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This material description is considered to be adequate for the casting simulation where the first order effect is the yield
strength of the material as a function of temperature.

In general, the temperature fields obtained during the casting simulation will be the driver for the thermally induced strains
and stresses via the thermal strain. During the subsequent load situation, it is the mechanical load emulating a crash
situation, which in general is the driver for the strains and stresses. The temperature dependent Young’s modulus and virgin

yield stress used during the casting simulation are depicted in Figure 3 (left), whereas the hardening curve at room
temperature is depicted in Figure 3 (right).

In|t|aI yield stress and elastic modulus

Hardening curve at 20 °C
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Figure 3 Left: Temperature dependent Young’s modulus and virgin yield stress used for the casting simulation. Right:
Hardening curve at 20 °C used in the load simulation.

In MAGMASOFT the mechanical field problem outlined above is solved in an FE-framework using 8-node brick elements. A
more thorough description of the mechanical models implemented in MAGMASOFT can be found in [12, 13].

6/11



RESULTS AND DISCUSSION

Casting simulation
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Figure 4 Left: Filling pattern when filling is completed. Middle: Amount of air pressure in the melt after filling. Right:
Percentage of entrained air in the melt when filling is completed.

The filling time criterion depicted in Figure 4 (left) implies that the filling pattern is not favorable at all. The central area of the
casting gets filled as almost the last, rising the likelihood of entrained air or bubbles there. The reason for the uneven filling is
that the gating system is split into two main runners with the division just adjacent to the central area of the casting. As a
natural consequence, most of the entrapped air is located in the very bottom of that problematic central area. This is well
captured by the air entrapment Figure 4 (right) and air pressure Figure 4 (middle) criteria. It is obvious to all foundry
engineers that there is no entirely sound casting produced by any known technique. There is always a certain amount of
locked air in the microstructure due to filling and its related inadequacies or faults amongst other wrong design of the gating
system, surface turbulence, excessive velocity in thin gates and insufficient venting [1-5, 14-16]. Nevertheless, entrained air
gets dangerous and unacceptable only when exceeding a certain value. Therefore, a question comes up, namely which
percentage should serve as a threshold value from which the locked air could compromise the internal and structural integrity
of the part. There is no “the best answer” therefore, after a discussion with a specialist on HPDC processes [17], the value of
25% entrapped air (on MAGMAsoft® scale) was recommended to use as the value from which the air locked in the casting
structure could cause impairment in the casting’s soundness. This value closely corresponds to 5% of locked air
experimentally measured in real HPDC castings. For this reason, when using an X-Ray function in MAGMAsoft®, everything
below 25% was considered too low to affect the casting quality. As seen from figure 4 (right), air entrapped in the material
structure did not exceed this agreed value and it is therefore unlikely to encounter problems like air/gas porosity.
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Figure 5 Left: Residual Mises stresses after the casting process. Right: Residual effective plastic strain after the casting
process.

In Figure 5 the residual Mises stress and effective plastic strain after the casting process are shown. It is seen that the Mises
stresses are in the range up to 96 MPa (Figure 5 left) assuming the highest values in the areas where noticeable effective
plastic straining of up to around 6.0 % has taken place (Figure 5 right).
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Figure 6 Left: SDAS distribution after the casting process. Right: Elongation distribution after the casting process.

Figure 6 (left) depicts the predicted dendrite arm spacing (SDAS), whereas Figure 6 (right) shows the corresponding
elongation of the final casting. It is quite obvious to see that the finer the structure, the higher the elongation. This is in full
correspondence with the expected outcome of the presented microstructural model.
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Figure 7 Left: Solidification pattern in the casting. Middle: Cut through the casting - solidification pattern. Right: cut through
the casting — SDAS distribution after the casting process

Figure 7 (left) captures an overall solidification pattern of the cast component. The employed criterion SOLTIME employed
denotes the time necessary for each element to drop from the initial pouring temperature below its solidus. Factors which are
decisive for the solidification pattern are amongst other the composition of an alloy, mode of freezing, filling pattern, casting
geometry and design of the die (die material- its cooling capacity, cooling system, and type of coating). As mentioned earlier
in the text, the local solidification time directly affects the scale of the secondary dendrite arm spacing (SDAS), thereby the
fineness of the microstructure and the final mechanical properties of the component respectively [3,18-21]. In high pressure
die casting, it is a very common feature that castings solidify and cool down nearly uniformly over the entire domain. This is
due to a complex cooling system present within the die blocks and the wall thickness which in many cases does not change
significantly over the casting. However, one can never neglect the effect of the gating system. If a gating system is designed
improperly- too robust, thick or cooled poorly, the entire solidification pattern gets impaired, a thermal imbalance is
established, giving rise to damaging thermally induced stresses [5,6,22]. Figure 7 (middle) shows the same solidification
pattern inside the casting revealing areas to solidify last, so-called hot spots. Figure 7 (right) shows the predicted dendrite
arm spacing inside the casting, implying the widely recognized relation between solidification time and coarseness of the
microstructure, equation (1). In other words, the longer solidification time, the larger dendrite arm spacing, the coarser
microstructure and the poorer mechanical properties of the final product. This phenomenon is well captured in figure 8.
Values have been obtained from the numerical model for predicting the microstructure and local mechanical properties in Al-
based cast alloys developed by Svensson? . It applies, that the elongation (pink line) decreases quite substantially with
increasing dendrite arm spacing DAS, causing the material to become brittle, while the Yield strength (blue line) seems to be
more or less insensitive towards variations in DAS. Very similar results were experimentally obtained by Campbell [3] for
different Al-based alloys.
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Effect of DAS on the final mechanical properties of castings
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Figure 8: Effects of DAS on the final mechanical properties of the AISi9Cu3 alloy casting as predicted by the applied model by
Svensson.
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Figure 9 Left: Ultimate tensile strength (UTS) distribution after the casting process. Right: Yield stress at 0.2 % effective
plastic strain after the casting process.

Finally, in Figure 9 the ultimate tensile strength (UTS) and the yield stress at 0.2 % effective plastic straining after the
casting process are depicted. It is interesting to notice the substantial difference in levels, i.e. the UTS varies between 270
and 350 MPa, whereas the 0.2 yield strength is more or less constant at a level of 150 MPa. For the part under consideration
this is an important result in the sense that for effective plastic strains lower than 0.2% the different sections of the casting
will yield almost equally whereas for substantially higher strains there will be a noticeable difference in the corresponding
stress levels for the same effective plastic strain depending on the location in the cast part. Moreover, since the part is
supposed to obtain crash loads during service, it is of vital importance that the elongation is sufficiently high and the UTS is
substantially higher than the virgin yield stress.

Load simulation

The above predicted mechanical properties were used in the subsequent load simulation. As a preliminary approach, no
spatial distribution of these properties was applied, i.e. the same behavior in all elements was assumed. As discussed above,
the yield stress at 0.2 % could be taken as constantly equal to 150 MPa. Combining this with average UTS of 300 MPa and an
elongation of 4 %, the stress strain curve shown in Figure 2 right was generated.

Note that the values of the Young’s modulus and virgin yield stress correspond to the values at room temperature shown in
Figure 2 left.
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Figure 10 Left: Normal stress in vertical direction as a result of the crash load. Right: Normal stress in horizontal direction as
a result of the crash load.

The results of subjecting the as-cast part to the crash load are presented in Figures 10 and 11. The normal stress in vertical
direction in Figure 10 (left) shows the expected tensile stress in the most upper left corner and the corresponding
compressive stresses in the uppermost right corner. This corresponds to the reactive force moment making equilibrium with
the crash load. Note the localized compressive zone in the uppermost part of the outer stiffening flanges in the left part of the
casting. These stresses are a result of the load attacking the structure a little eccentric to the right as seen from the load
(seen from the left of the casting in the figure). This results in an out-of-plane bending force moment.

Figure 10 (right) shows the horizontal normal stress component. First of all, the boundary condition of a prescribed normal
stress of -11 MPa is recognized at the left part of the casting.

Moreover, the mission of the crisscross-wise inclined stiffeners in the middle of the casting acting by and large as bars in
alternating tension and compression is noticed.

2317

Figure 11 Left: Mises stress as a result of the crash load. Right: Effective plastic strain as a result of the crash load.

In Figure 11 (left) the Mises stress field from the load situation is depicted. Both the distribution and the level of the Mises
stress are coherent with the two normal stress components shown in Figure 10. It is interesting to compare the load induced
Mises stress with the casting induced Mises stress field shown in Figure 5 (left). First of all, it is obvious that the casting Mises
stresses are lower, however, not negligible. Secondly the distribution is somewhat different which is no surprise since the two
fields are originating from substantially different “loads”, i.e. i) a thermal contraction at high temperature in a mould
presenting constraints and ii) a prescribed compressive stress at room temperature with the part constrained at the upper
plane surface where it is mounted. Moreover, in Figure 11 (right) it is noticed that the effective plastic strain due to the
loading is very low in most of the part and reaches its maximum in localized areas which coincide with the values of the high
Mises stress. This is of course to be expected.

CONCLUSION

As mentioned earlier, development of cast components without considering all of the parameters and properties that the
component directly inherits from the production process very often leads to incorrect and misleading results and predictions
of the in-service behavior of the cast components. Thus, the present work could be considered a preliminary attempt to do an
integrated analysis of the casting process and the subsequent loading situation for a complex aluminium casting. This
comprises simulation of the entire casting process with focus on microstructure formation related to local mechanical
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properties such as elastic modulus, yield stress, ultimate strength and elongation as well as residual stresses. Subsequently,
the casting is subject to service loads and the results show the relation between the predicted local properties as well as the
residual stresses originating from the casting simulation.
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Abstract

This work summarizes the findings of multi-objective
optimization of a gravity sand-cast steel part for which
an increase of casting yield via riser optimization was
considered. This was accomplished by coupling a casting
simulation software package with an optimization
module. The benefits of this approach, recently adopted
in the foundry industry worldwide and based on fully
automated computer optimization, were demonstrated.
First, analyses of filling and solidification of the
original casting design were conducted in the standard
simulation environment to determine potential flaws
and inadequacies. Based on the initial assessment, the

gating system was redesigned and the chills rearranged
to improve the solidification pattern. After these two
cases were evaluated, the adequate optimization targets
and constraints were defined. One multi-objective
optimization case with conflicting objectives was
considered in which minimization of the riser volume
together with minimization of shrinkage porosity and
limitation of centerline porosity were performed.

Keywords: casting process simulation, genetic algorithms,
riser volume optimization, casting yield, steel casting,
centerline porosity, macro-porosity

Introduction

Today, there is a general trend to reduce production costs
as much as possible in order to stay competitive and attrac-
tive for potential and current customers. Production is no
longer governed only by experience-based innovation or
trial-and-error method. In this context, virtual prototyping
and testing by numerical simulation offers an efficient way
of reducing product development time, reducing costs of
producing prototypes, shortening lead time and, above all,
eliminating scrap.

Metalcasting process simulation is used to provide detailed
information about mold filling, solidification and solid state
cooling, as well as, information about the local microstruc-
ture, non-uniform distribution of mechanical properties
and subsequently residual stress and distortion build-up."”?
Casting simulation tries to use physically realistic models
without overtaxing the computer. At the same time the
simulations need to give applicable results in the shortest
time possible. Unfortunately, numerical simulations can
only test one ‘“state”, while conclusions from calculations
or subsequent optimization still require an engineer’s in-
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terpretation and decision after each of the simulation runs.
Understanding the process enables a foundry engineer to
make decisions that can affect both the part and the rigging
to improve the final quality.

The objectives which drive designers are generally well de-
fined: improve the component quality, achieve homogeneous
mechanical characteristics, maximize the casting yield, in-
crease the production rates, etc. It may sound easy, but the
truth is that in reality it is very complex and time consuming
to achieve all these objectives at the same time, due to the
high number of variables involved. In many foundries, the
only applied optimization is still based on experience and
thus on the trial-and-error method. When using numerical
simulation, only a virtual casting is spoiled, in the case of an
error. No raw material is wasted, no mould is produced and,
above all, no production loss is experienced.

Recently, rapid development of high performance comput-
ing has substantially shortened the calculation time needed
for one variant of the casting process to be analyzed. It
is feasible to calculate numerous versions and layouts in
almost unlimited configurations over night. The advantage
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of having such short calculation times can only be utilized
with a computer that can automatically analyze calculat-
ed variants with respect to the predefined objectives (e.g.
maximum feeding, low porosity, low air entrapment etc.)
and subsequently create new variants and analyze them in
the same manner to achieve the optimal solution. By inte-
grating such software for casting process simulation with
an optimization algorithm (in this case the Multi-Objec-
tive Genetic Algorithm, [MOGA]' which should not be
confused with the non-elitist MOGA developed by Fon-
seca and Fleming),'" a computer-based optimization tool
is established which is able to determine optimal values of
user-defined design variables, thereby optimizing a given
casting process with respect to defined objectives. Subse-
quently, such a system can readily provide optimal solu-
tions for any kind of casting process.'>'

This paper details multi-objective optimization of filling and
solidification patterns, together with the riser volume of a
steel forging ram cast into a furan sand mould, and presents
the results obtained from the study. Numerical multi-objec-
tive optimization is carried out by coupling the general-pur-
pose casting simulation software package MAGMASOFT®
with the add-on optimization module MAGMAfrontier.

This study includes five different layouts. The initial layout is
obtained from a foundry that manufactures the forging ram.
The second layout with manually rearranged gating system
and chills is also provided by the foundry. Three layouts are
generated by numerical optimization. The first two designs
are analyzed both in terms of filling and solidification, and
the results are compared with the experimental casting trials.
No computerized optimization is involved. The three opti-
mized designs are assessed only in terms of solidification
since the filling pattern remains unchanged; however the
temperature fields at the beginning of the solidification are
inherited from the filling stage. Conclusions and proposals
are made from the various investigations and findings in the
study and presented in the last section of the paper.

Coupling of Simulation and Optimization Tools

Before the optimization process can be started, a standard proj-
ect must be defined in the simulation software environment.
This includes a definition of geometry in the pre-processor.
Furthermore, a suitable mesh must be generated and all relevant
process parameters adequately defined. The optimization itself
is based on performing a large sequence of “standard” calcula-
tions, each with different design variants. Therefore all design
variables must be defined in a parametric way.

In essence, any constrained optimization method is based on
the following scheme: a user formulates the problem in a

mathematical way by means of several parameters:'

e Input (design) variables together with allowed
ranges of variation. Design variables (initial tem-
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peratures, riser dimensions, alloy composition,
process parameters, etc.) are modified by the op-
timization algorithm in order to meet the given
objectives.

¢ Output variables usually represent values calcu-
lated in a standard casting simulation. The optimi-
zation objectives are usually formulated by using
the output variables (e.g. when the porosities and
the volumes of the feeders in one design need to be
assessed for a feeder optimization).

¢ Constraints are conditions for designs. They limit
the design space or the range of solutions. If a de-
sign does not satisfy these constraints, it is consid-
ered unacceptable.

e  Objective functions — These are the aims and tar-
gets that are the goal to achieve by means of op-
timization. They maximize or minimize certain
combinations of output variables, e.g. min (volume
of a riser) or min (max. porosity).

When all this information is available an optimization loop
can be started.

Optimization Methodology

In the next few sections, a multi-objective optimization
problem in the gravity sand casting process of a forging ram
is presented. The objectives for this case study are the fol-
lowing: minimize the top riser volume, minimize shrinkage
porosity, and limit centerline porosity, by means of an opti-
mized arrangement of the chills.

The actual optimization cycle is initiated by establishing
a first generation, i.e. a set of solutions, containing a user-
defined amount of individual variables referred to as the
initial population or Design of Experiments (DOE) in the
applied software package. Each individual represents one
design for the considered design variables, e.g. dimensions
of the riser and the chills. For each of these designs a ther-
mal (solidification) analysis is started, and the values for
the requested output variables are calculated. The filling
analysis is not performed during optimization since the
gating system is kept the same as in the previous side-filled
case. The output data is used to compare and evaluate the
different designs. After the first generation has been cal-
culated, the optimization algorithm evaluates the designs
relative to the objective function(s) and constraint(s). Af-
terwards, it generates a new set of solutions using math-
ematical mechanisms that follow the concept of genetics,
i.e. selection, cross-over and mutation. This strategy is
consequently referred to as a genetic algorithm.'® From the
algorithmic point of view, the procedure can be described
as follows:

1. Create the initial set of designs (initial population)

2. Calculate all designs and grade their performance
in terms of the objectives
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3. Generate a new set of designs (new generation) by
performing statistical evaluations (selection, cross-
over, mutation)

4. Repeat this procedure for the user-defined number
of generations

The optimization cycle terminates when the stopping crite-
rion, i.e. the total number of generations, is reached. The
flow chart of the above described optimization procedure is
depicted in Figure 1.

Multi Objective Optimization Problem (MOOP)

Most engineering design activities require a solution of
multi-objective and multi-disciplinary optimization prob-
lems that in many cases deal with conflicting objectives.
When considering these objectives, a number of alternative
trade-off solutions, referred to as Pareto-optimal solutions,
have to be evaluated. None of these Pareto designs can be
said to be better than the other without any additional infor-
mation about the problem under consideration. In order to
define the Pareto set, one has to apply the concept of domi-
nation, which allows comparing solutions with multiple ob-
jectives. Most multi-objective optimization algorithms use
the domination concept to search for non-dominated solu-
tions, i.e. the ones that constitute the Pareto-optimal set,'®
which is schematically shown in Figure 2. Since the Pareto

Initial population

1

Calculate designs

(Thermal analysis)

Grade the performance
of the calculated
designs in terms of the
objectives

v
MOGA- Optimizer

Statistical evaluation of
calculated designs

(Selection, Cross-over, Mutation)

Stopping
criterion

Figure 1. Flow chart of the optimization process.
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set includes numerous designs, from an engineering view-
point it is more practical to select only a few or even one
solution among them. The selection of the “most optimal”
design depends on the user’s preference of importance of the
different design criteria (e.g. porosity-free casting is more
important than having the highest casting yield).

Genetic algorithms work with a set of solutions (popula-
tion) instead of a single point, as in gradient based (clas-
sical) methods. This gives an opportunity to attack a com-
plex problem (discontinuous, noisy, multi-modal, etc.) in
different directions, allowing the algorithm to explore as
well as exploit the search space. This capability gives a
more robust search strategy compared to traditional al-
gorithms. Since genetic algorithms do not need any gra-
dient information, they are suitable for black-box (e.g.
commercial software) optimization applications. More-
over, compared with classical optimization strategies
based on gradient methods, genetic algorithms can ef-
fectively utilize distributed computing facilities because
all individuals (designs) can be computed independently.
Besides that, they are typically able to provide a larger
spectrum of Pareto-optimal designs without requiring ad-
ditional problem definition. The availability of trade-off
solutions, representing varying preference levels between
chosen objectives, makes it easier for a user to choose a
particular solution for subsequent implementation.'”-?

Design (Parameter) Space
A
X3

Feasible Region

A X1 o

N e g

S A Pareto-optimal
A

designs

Pareto Front f

Objective (Criterion) Space
Figure 2. Design and objective space related to a multi-
objective optimization problem, taken from reference.”
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The following case study shows that the previously de-
scribed concept of a Multi-Objective Optimization Prob-
lem (MOOP) is applicable and reliable for a variety of cast-
ing related issues.

Case Study Description 1—
Original Casting Arrangement

The project involved a steel forging ram manufactured
by a gravity sand casting process shown in Figure 3.
Based on the thermal analysis of the part itself, a riser
was designed and placed on top of the heaviest section.
In order to enhance the feeding ability of the riser, in-
sulation was applied (Figure 4). The main cylindrical
padding is insulating, the melt surface is covered by an
exothermic powder, and on top of that additional insu-
lating powder is applied. Next, it was determined that
the part be bottom-filled using a gating system com-
prised of the refractory tiles. The cross-section area of
the tiles is constant over the entire gating system. Last,
the chills were added around the cylindrical section of
the casting to establish directional solidification and to
push the macrosegregation-related flaws from the sur-
face to further inside the casting.

The original casting layout was simulated using the casting
conditions and parameters listed in Table 1. Both filling and
solidification analyses were conducted. A stress analysis
was not considered in any of the presented cases.

Heat Transfer Coefficients (HTC) at the casting/mould
interface, are assumed to be temperature independent.

-

Figure 3. 3-D view of the cast part used in the project
(Courtesy of Vitkovice Heavy Machinery, a.s.).
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This assumption holds only in the case of gravity sand
casting. The reasoning is that in sand casting the contact
between the melt and the mould is poor from the begin-
ning due to the rough surface of the mould. As a result,
there is a high resistance to heat removal, resulting in low
interface HTCs. When the casting shrinks during solidifi-
cation and solid state cooling, an air gap is formed in the
casting/mould interface, inducing even more resistance to
the heat removal. Nevertheless, since the heat transfer has
been poor from the beginning, the decrease in HTC due
to volumetric changes is not that significant to the results,
and the HTC can be assumed more or less constant (low)
over the entire casting process. Moreover, it is not primar-
ily the interface that induces the largest resistance to heat
transfer, but rather the large sand mould and its poor ther-
mal properties that really govern the heat removal. Thus,
the HTC between the casting and the sand mould was set
to be 800 W/m?’K.

Case Study Description 2—
Manually Modified Casting Arrangement

Next, the new casting arrangement with manually rede-
signed gating systems and rearranged chills were devel-
oped. The shape of the forging ram (Figure 5) was some-
what different compared to the initial one in Figure 3, due
to the fact that the second layout was manufactured for a

2357 mm

5318mm

3349 mm

01668 mm

< gl
Figure 4. Initial casting layout. The riser is indicated
by green, chills indicated by light blue, and insulation
is denoted by dark blue (Courtesy of Vitkovice Heavy
Machinery, a.s.).

International Journal of Metalcasting/Fall 10



different customer who requested these geometrical adjust-
ments, i.e. a larger diameter of the cylindrical section and
geometrical adjustments in the ram’s head. The aim was to
investigate the effects of a cooling plate located underneath
the casting. In order to place the plate, the gating system
had to be changed from bottom filling to side filling. New
vertical runners were added to support filling in higher sec-
tions of the casting and the chills were rearranged. In or-
der to ensure sufficient cooling of the very bottom, thicker
chills were added around the conical bottom section of the
casting. New chills were incorporated into the top head
section of the casting. The changes are seen in Figures 5
and 11. Besides the mentioned geometrical changes, all
casting and simulation parameters are the same as in the
first casting arrangement.

Case Study Description 3—
Optimization of the Riser and Chills

After inserting all datasets and parameters into the stan-
dard simulation environment, the manually refined cast-
ing layout in Figure 5 was assessed to create a reference

solution to compare with the optimization results. It had
been decided to try to reduce the size of the top riser as
much as possible to increase the casting yield, providing
that there were no defects occurring in the casting due to
the riser’s reduced size. When the riser and the chills were
transformed into parametric objects, the optimization pro-
cess was initiated. The design variables (those which are
subjected to optimization) are dimensions of the chills,
height and thickness of the bottom cylindrical chills, and
of the top riser, height, bottom and top diameters, and top
diameter of the riser neck, see Table 2.

The main optimization objectives are to design the top
riser so the casting is sound (i.e. with minimum shrink-
age and centerline porosity) and at the same time the
top riser’s volume is as small as possible to increase the
casting yield. In this context, ‘casting yield’ is defined
as the gross weight including the riser and the gating
system divided by the weight of the fettled casting. In
terms of the MOOP, we deal with minimization of two
conflicting objectives (min. porosity in the casting body
vs. min. riser volume).

Table 1. Material Settings in MAGMAsoft®

Material of the casting

GS20Mn5 (DIN 1.1120)

Material of the mould

Furan Sand

Material of chills

Common steel

Material of the insulating padding IN5

Material of the exothermic powder Ferrux

Material of the insulating powder Vermikulit
Initial (pouring) temperature of the casting 1540 °C (2804 F)
Initial temperature of the mould 20°C (68 F)
Filling time 120 s

Feeding effectivity of the applied steel alloy 40%

Sand permeability

Activated-value taken from a standard database

Weight of the casting- incl. risers and gating system

59596 kg (131111.2 1bs)

Weight of the casting itself (fettled)

29898 kg (65775.6 Ibs)

Table 2. Design Variables for Optimization

Design Variable Lower Limit Upper Limit Step

Cylindrical Chill -Height 549 mm 1149 mm 50 mm
Cylindrical Chill -Thickness | 100 mm 200 mm 10 mm
Riserneck -Top Diameter 1200 mm 1300 mm 10 mm
Riser - Bottom Diameter 1260 mm 1660 mm 20 mm
Riser - Top Diameter (1260* 1.06) mm [ (1660* 1.06) mm | 20 mm
Riser - Height 500 mm 1350 mm 50 mm
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In many engineering cases, more than two optimization tar-
gets are addressed. However, it is more complex or unfea-
sible to graphically visualize and reasonably evaluate more
than two objectives. The only way for the optimization al-
gorithms to take the other optimization targets into consid-
eration without prescribing them as objectives is to express
them by means of optimization constraints. Of course, one
should then expect the presence of unfeasible designs that do
not comply with the prescribed constraints. Our optimiza-
tion problem is constrained only by the predefined ranges of
variation of the design variables (Table 2).

Based on the number of design variables and their ranges of
variation, the optimizer generates the total number of fea-
sible combinations (the initial DOE sequence) by a DOE
sequence technique referred to as Full Factorial Design. Ob-
viously, it would be very time-demanding to calculate all
possible designs, thus the initial population is provided by
the Sobol DOE sequence generating technique,?' which is a
quasi-random sequence. The points in this type of sequence
are maximally avoiding each other, so the initial population
fills the design space in a uniform manner. The optimization
run has been executed using the following parameters:

Initial Population: Sobol Sequence
Population Size: 100

Number of Generations: 10

Probability of Directional Cross-Over: 60%
Probability of Selection: 30%

Probability of Mutation: 10%

Elitism: Enabled

Treat Constraints: Penalizing Objectives
Algorithm Type: MOGA Steady

The last task is to assess how the optimized riser influences
the formation of the centerline porosity, represented by the
Niyama criterion”* ** in the simulation software environ-
ment. The minimization of the centerline porosity is neither
prescribed as an objective nor a constraint in the optimizer.
The optimization results are simply analyzed with respect to
the Niyama criterion in order to select the “most” optimal
solution on the Pareto line.

The Niyama criterion is a local thermal parameter defined
as the relationship between the gradient (G) in K/mm and
the cooling rate (R) in K/s, both of which are assessed at
a specified temperature near the end of solidification, when
the solidification shrinkage forms (Equation 1). In the pres-
ent study, the Niyama criterion is evaluated at a temperature
10% of the solidification range above the solidus tempera-
ture. This is important to state, since the choice of Niyama
evaluation temperature can remarkably affect the resulting
Niyama values.”

. G .
Niyama = ﬁ Equation 1
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With the help of the Niyama criterion, it is feasible to predict
the presence of centerline shrinkage porosity, i.e. micro- and
macro-shrinkage in steels caused by shallow temperature
gradients.?® %" It indicates that in regions that solidify quick-
ly, there must be hot metal nearby to establish a high gradi-
ent to feed the shrinkage during solidification.

It has been proven by numerous trials that for sufficiently
large Niyama values, no shrinkage porosity forms. When
the Niyama value decreases below a critical value, small
amounts of micro-shrinkage begin to form. As the Niya-
ma value decreases further, the amount of micro-shrink-
age increases until it becomes detectable on a standard ra-
diograph. This transition occurs at a second critical value.
Both of these threshold values depend on the composition
of the alloy and, in some cases, on the casting process
conditions.

Based on a literature search and results obtained from the
manufacturing foundry, it is determined that the critical Ni-
yama value for macro-porosity for this particular steel alloy
is Ny =0.45 (K-s) "?/mm. Everything above this value is
assumed to be micro-shrinkage that will not be detected via
common radiography. The second threshold value for mi-
cro-porosity, above which the material is completely sound,
is set to be Ny =1 (K-s)"*/mm. It should be emphasized
that the Niyama criterion only predicts feeding-distance re-
lated shrinkage; it does not explicitly predict hot spots in a
casting, and it does not predict gas porosity.?

Figure 5. Manually optimized casting design (the result
of the case study 2).
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Results and Discussion

In the three following sections, results obtained from the
simulations and casting trials are presented and discussed.
First, the numerical and experimental results from the origi-
nal casting assembly are analyzed to establish a base case.
Then, the numerical results of the mould filling and solidi-
fication processes based on the reworked chills and gating
system are listed. In the last section, the results from the
multi-objective optimization problem (riser volume and
chill size optimization) are presented. At the end a compari-
son of the casting yield of the original and optimized designs
is carried out.

Simulation and Casting Trial Results—
Original Layout

The original casting arrangement, Figure 4, was simulat-
ed both with respect to filling and solidification using the
casting conditions listed in Table 1. The filling analysis
is supposed to indicate whether the current gating system
will provide uniform filling without any melt aspiration
in the downsprue or surface turbulence that would likely
lead to excessive oxidation of the propagating melt, caus-
ing various filling-related defects, e.g. reoxidation inclu-
sions, entrapped air pockets, etc.”® The primary source of
oxygen in reoxidation inclusion formation is air, which
contacts the metal stream during pouring as well as the
metal free surface in the mold cavity during filling. The
oxide mixture that forms during pouring of carbon and
low-alloy steel is partially liquid,? as opposed to the solid
oxide films or particles that form during casting of high-

(a) 1% filled

(b) 2.5% filled
Figure 6. Three different stages of the filling process of the bottom-filled forging ram.
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alloy steel or light metals. Figure 6 captures three differ-
ent stages of the filling process.

It can be seen in Figure 6(a) that due to a constant cross-
section area over the entire downsprue, the melt starts to
spire from the mould walls and becomes oxidized. This
phenomenon can be explained by the continuity equa-
tion. The melt experiences a free fall from the nozzle of
the pouring ladle down to the bottom of the gating system.
During the free fall, it accelerates due to the effect of gravi-
ty and changes its area (the area decreases with the increas-
ing velocity). In order to compensate for the area reduction
resulting in the aspiration from the mould walls, one has to
decrease the area of the downsprue accordingly. The nearly
ideal solution would be an application of a stream-lined
gating system.’ However, for such a large cast part, this
solution is unfeasible. The stream-lined gating system is
used mainly in gravity die casting. Another option would
be the use of “choke” conical elements at several locations
in the downsprue.

Figure 6(b) shows that due to no velocity control during the
early stage of the filling process, the melt reaches the mould
cavity with a high velocity (approx. Sm/s). A very rapid en-
trance naturally leads to a formation of fountains (1.47 m
high) inside the mould cavity. When the melt starts to fall
down again, it splashes, becoming highly turbulent and dis-
integrated. In most of the bottom-filled casting assemblies it
is a difficult task to fully avoid this formation. Nevertheless,
it should always be the primary objective of a designer to
design such a gating system with all necessary attributes to
keep this phenomenon at a minimum.
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Figure 6(c) indicates the melt falling down from the two top
runners on top of the melt front progressing from the bottom
of the mould cavity. This is again a feature that should be
kept at a minimum during filling for the same reason as the
fountains, i.e. oxidation. Moreover, an oxide layer is already
present on top of the melt front coming from the bottom,
which likely gets torn apart by the melt streams, and estab-
lishes surface turbulence and disintegration of the melt front.
The thermal analysis during solidification evaluates the
effect of the top riser and the cooling effect of the chills
placed around the cylindrical section of the cast part.

In Figure 7 one can see that during the solidification pro-
cess, particularly at 42% solidified, there are indications
of isolated liquid pools in the lower section of the casting.
This fact raises a probability of porosity formation due to a
lack of liquid feeding. The chills cool the cylindrical section
too rapidly, compared to the very bottom area in which the
cooling rate is lower due to the enlarged cross-section, thus
creating a hot spot. A potential remedy might be either to
increase the thickness of the chills towards the bottom area
or to redesign the gating system so that there is a chance to
add a chill plate underneath the casting bottom. This would
significantly promote cooling of the bottom of the casting
and directional solidification towards the riser. This will be
addressed in the following section.

A direct consequence of having both isolated liquid pools
(Figure 7) and very flat temperature gradients (Figure 8)
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Figure 7. Fraction liquid criterion function indicating an
isolated liquid pool in the bottom section of the cast part
at 42% solidified.
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in the casting domain is the presence of a shrink (porous
area). Areas solidifying early always “suck out” the lig-
uid melt from areas solidifying last to compensate for the
volumetric changes evoked by the solidification process.
As long as there is an open and active feeding path to
these areas, no problem occurs. However, when the liquid
melt supply is cut off and drained, areas solidifying last
will be short of melt, so when the time comes for them
to solidify, no compensation for the volumetric shrink-
age will be available, giving rise to porosity. This issue
is addressed by means of the Niyama criterion function
in Figure 9.

Figure 9 shows the numerically predicted presence of cen-
terline porosity in the lower areas together with results
obtained from the casting trials (by the radiographic tech-
nique). It is seen that the porous areas occured in the casting
where the isolated pools of liquid were once present. Look-
ing at the dimensions of the defect area, one can see a very
good agreement between the two types of results (numeri-
cal- red [right] vs. experimental- black [left]). The close cor-
relation also justifies the use of the Niyama threshold value
of 0.45 for this particular steel alloy. However, it should be
emphasised that the geometrical extension of the shrinkage
obtained numerically, to some extent is approximate due to
its dependency on the mesh quality.

Figure 10 shows the results obtained from the casting tri-
als. The cast part was cut into several sections, and the po-
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Figure 8. Gradient criterion function depicting a very
shallow gradient in various areas of the casting.
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rous area (also predicted by the simulation) was detected
and measured. Besides the macro-shrinkage, both V- and
A-type macrosegregation bands are spotted in the casting.
A general cause of the macrosegregation is relative move-
ment or flow of segregated liquid and solid during solidi-
fication. The most common form of solid movement is the
settling or floating up of small solid pieces formed early in
the solidification process.

These solid pieces may be dendrite fragments that separat-
ed from an existing solid structure or equiaxed grains that
nucleated in the bulk liquid. They settle or float, depending
on their density relative to the liquid. The solid pieces gen-
erally have a composition different from the nominal alloy
composition, and their movement to different parts of the
casting thus induces macrosegregation.’- *

Simulation Results—
Manually Refined Layout

After the initial assessment of various stages of the manu-
facturing process, potential drawbacks and defects were
recognized. This was then verified through casting trials by
creating a solid ground for subsequent improvements and
optimization.

Since centerline porosity depends primarily on thermal gradi-
ents and the cooling rate, the next step was to induce steeper
thermal gradients in the section surrounded by the chills and

Figure 9. Prediction of the centerline macro/micro
shrinkage and its experimental validation obtained from
the foundry.
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to establish a directional solidification towards the heaviest
top section where the riser is placed to keep the feeding path
open as long as it is necessary. This was pursued by the rear-
rangement of the chills and by adding a chill plate underneath
the casting bottom. Due to the chill plate, the bottom filling
was no longer feasible. Therefore, the gating system was
somewhat redesigned, which after the first filling analysis was
strongly recommended anyhow. The reason for adding the
vertical extensions of the two horizontal runners is to reduce
the kinetic energy of the melt. This is a very easy way to slow
down the melt front. However, in many foundries worldwide
it has been overlooked and not applied.

Figure 11 shows early stages of the filling process. One
can argue that the new gating system really improved the
filling pattern. The two vertical extension channels signifi-
cantly slowed down the melt (approx. 4m/s in the runners
compared to almost 10m/s in the original layout) and thus it
propagates uniformly towards the thin gates. When the melt
reaches the cavity it does not form fountains but creates a
relatively small splash during impingement of the streams.
A solution to this problem might be an application of tan-
gentially oriented thin gates, which then help to avoid any
impingement of propagating melt fronts.

However, since the shape of the downsprue remained un-
touched, melt aspiration is still seen at that area. This issue
should really be addressed by the manufacturing foundry to
eliminate oxidation of the melt in the downsprue area.

Figure 10. Results from the casting trial - presence of
porous areas and bands of macrosegregation, (Courtesy
of Vitkovice Heavy Machinery, a.s.).
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It was expected that the new system of chills will change the
solidification pattern of the casting and will have positive
effects on the formation and distribution of the defects. The
results are captured in Figures 12-14. In Figures 12a, b a new
solidification pattern was predicted by means of the fraction
liquid function at 42% and 75% solidified.

The size of the riser together with the new arrangement
of the chills obviously positively affected solidification,
completely avoiding the isolation of the liquid pools seen
in Figure 7. Moreover, the steel plate placed below the
casting evoked rapid cooling and facilitated directional so-
lidification toward the riser. The comparison of centerline
porosity indicates that the increased temperature gradients

(a)

Velocity

[cm/s]
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824.9
760.9
697.5
634.1
570.7
507.3
4439
380.4
317.0
253.6
190.2
126.8
63.4
0.0

z

L

via enhanced chilling readily eliminated likelihood of its
formation see Figure 13. The only two areas that might be
of concern are the two bottom pins. In the original lay-
out, no porosity was present in these areas however this is
not true for the current layout. This is depicted in Figures
13 and 14. Considering that part is used for transportation
purposes and the entire casting weighs around 58 tons, this
porosity cannot be neglected as it corrupts the mechanical
properties and weakens those areas. This issue can be elim-
inated by adding a sufficient draft to the pins and changing
their solidification pattern. The critical value for porosity
in Figure 14 has been set to 1%. Areas containing less than
1% porosity are considered “healthy” and thus they are fil-
tered out by the X-Ray function.

Velocity
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Empty

817.3
758.9
700.6
642.2
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467.0
408.7
350.3
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z
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(b)

Figure 11. New filling pattern due to the redesigned gating system.
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T Empty

100.0
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Figure 12a. Improved solidification pattern due to the
reworked system of the chills- 42% solid.
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Figure 12b. Fraction liquid at 75% solidified
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Simulation Results—
Optimized Riser and the Chilling System

After the two preceding analyses, one might think that a
reasonably good solution has been found. The gating sys-
tem has been improved; the solidification pattern changed
and fewer defects are present. This was also confirmed by
the manufacturing foundry which is using this improved
design at the present state. Thus it is a favorable state for
a subsequent geometry optimization. Both of the previous
designs weighed approximately 60 tons together with the
riser and gating system. From Figures 13 and 14, it is seen
that the major shrinkage pipe in the riser is still too far from
the actual casting body to be critical. Therefore, there is
room for a volume reduction to obtain an increased cast-
ing yield. From now on, only the solidification results will
be discussed since the gating system remained unchanged,
and thus the filling pattern did not change.

The objective space for the optimization problem in Figure
15 is constructed by the two following objectives: mini-
mize shrinkage porosity and minimize the remaining vol-
ume of the top riser. The first objective is represented by
the Weighted Volume Porosity which stands for the total
volume of areas having issues with porosity. The remain-
ing volume of the riser is then calculated as the geometri-
cal volume of the riser minus the volume of the shrinkage
pipe in the riser. Several features in that figure should be
addressed. The blue line is the Pareto set which is com-
prised of the non-dominated solutions, but, it is up to the

AN R NIYIA?MA

iy
T Empty

1.000
0.957
0.914
0.871

0.829

0.786
- 0.743
0.700
0.657
0.614
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0.443
0.400
|
- -

Figure 13. Prediction of centerline porosity.
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user to determine which solution out of the Pareto set will
be the most desirable. In other words, the user has to fig-
ure whether he/she wants to minimize the riser as much as
possible, at the cost of increased porosity, or to have a po-
rosity-free casting with a slightly larger riser. In our case,
three distinct designs were selected. The first one, marked
1 in Figure 15, does not lie on the Pareto set and represents
the most modest solution- i.e. the largest riser volume. It
should be emphasized that although it may not be clear
from the figure, solution 1 is dominated by solution 2. The
second one, marked 2, resembles a single optimum case,
the lowest amount of porosity, and the third one, marked 3,
stands for a trade-off solution, see Figure 15.

The three designs have then been analyzed in the standard
simulation environment. In order to obtain realistic tem-
perature fields during solidification, filling has also been
considered in the simulation, but its results are not shown
here. The reason for choosing such designs was: The pri-
mary aim has been to keep the level of porosity very low-
possibly not above the value of the original design, but
still increasing the casting yield. That is why the focus
was put on the solutions very close to the Y-axis. More-
over, the manufacturing foundry wanted to see different
layouts-from “modest” to those “on the edge” to make a
better comparison and decision as to which solution to se-
lect for the subsequent production. From the optimization
perspective it is given that the best solutions constitute
the Pareto line, so why should we pick a design not on
the Pareto line that is solution 1? Many foundries prefer a
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Figure 14. Distribution of macroscopic shrinkage.
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very safe solution to compensate for potential flaws dur-
ing production, e.g. human factors, deviations from alloy
compositions, etc. Solution 1 was selected for the subse-
quent analysis because it has a large enough riser to keep

porosity far from the casting and still has its total volume
remarkably smaller than the original layout. Figure 16
depicts the three selected designs. Information regarding
dimensions of the optimized designs is listed in Table 3.

Table 3. Comparison of the Three Optimized Designs

Solution 1 Solution 2 | Solution 3
Total height 4037 mm 3837 mm 3537 mm
Total weight 48406.8 kg | 45850 kg 40968 kg
Height of the bottom cylindrical chills 999 mm 999 mm 1149 mm
Thickness of the bottom cylindrical chills | 160 mm 160 mm 160 mm
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Figure 15. Design space with the highlighted Pareto set.

(a) (b)

Figure 16. Three distinct designs proposed by the optimization tool.
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Regarding the solidification patterns of the three optimized
designs, no isolated liquid areas are forming in the bot-
tom area as in the original layout, depicted in Figure 7.
The bottom chill plate and the stair-type chill around the
conical section induced directional solidification towards
the thermal axis and the riser. Solidification patterns were
checked over the entire solidification interval. It was found
that none of these designs exhibit apparent isolated liquid
areas although solution 3 is really on the edge later in so-
lidification in an area right below the riser-neck, see Figure
17. The reason is that the riser is too small and the heavi-
est section of the casting slowly begins to be the last to
solidify. If one should fully rely on the numerical results,
solution 3 would be good enough for production. However,
simulation does not take into account all crucial factors that
occur in practice. For instance the quality of the melt can
be compromised by a dirty ladle with residuals from the
previous batch. Next could be the human factor, which of-
ten compromises the quality of a casting process. Having
all this in mind it was decided together with the foundry not
to go for solution 3 to avoid failure in production. But this
solution is still shown and discussed here.

In Figure 18, the centerline porosity is expressed by the Niyama
criterion. The light blue areas stand for values of 0,4 and lower
which will contain macroscopic shrinkage. Everything above
the 0,45 up to 1 will most likely be microporosity, not detect-
able by the radiography techniques. It is seen that despite solu-
tion 3 being on the edge, it still shows no occurrence of porosity
in the casting body. Only the bottom pins contain small porous
areas. The reasonable remedy for this was addressed earlier.

A similar situation applies for shrinkage porosity shown in
Figure 19. The casting body appears to be porosity free in all
three cases, except for the pins again.

The last assessment concerns the casting yield. The aim of
the entire project has been primarily to eliminate the presence
of various casting defects. Once this was achieved, the next
step was to optimize the riser volume for the casting yield im-
provement. The results of this assessment are given in Table
4. Compared to the original design, the casting yield could be
increased by approximately 25% if the optimized solution 3
was applied. Due to a high risk of shrinkage occurrence below
the riser neck, solution 3 was not approved for production.

Table 4. Casting Yield Assessment

Original Solution | Optimized Solution 1 | Optimized Solution 2 | Optimized Solution 3
Total Height 4337 mm 4037 mm 3837 mm 3537 mm
Total Weight 59640 kg 48406.8 kg 45850 kg 40968 kg
Casting Yield 55.36 % 61.76 % 72.01 % 80.59 %

0 Y I

(@

(b)

Figure 17. Solidification pattern of the three optimized designs at 90% solidified.
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Conclusions

This work showed a study of a multi-objective optimiza-
tion problem that has been carried out for a steel forging
ram produced by the gravity sand casting technique. The
main idea of this case study was to demonstrate how fully
computerized optimization can be effectively utilized in
daily foundry practice. The optimization objectives were

(a) (b)

Figure 18. Occurrence of centerline porosity in the optimized designs.

N w

(a) (b)

to minimize the remaining volume of the top riser and
avoid (minimize) shrinkage and centerline porosity in the
casting body.

The first step was to thoroughly analyze the original cast-
ing layout provided by the foundry. Both filling and so-
lidification analyses were performed and potential flaws
and defects were revealed. The results of filling indicated
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Figure 19. Occurrence of macroscopic shrinkage in the optimized designs.
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a massive melt aspiration in the downsprue section due
to the accelerating melt and the constant cross-section.
Using this type of a gating system, it was impossible to
control the melt velocity whatsoever, which then led to a
formation of fountains and subsequent melt oxidation in
the mould cavity. As to the solidification results, it was
shown that due to improper cooling there was a tenden-
cy for cutting off liquid areas from the feeding path. A
consequence was a formation of shrinkage and centerline
porosity in the bottom cylindrical area of the part. These
results were verified by casting trials performed by the
foundry. Therefore it was decided to redesign the gating
system from the bottom-fill to the side- fill type, rearrange
the chills, and implement a new chill plate underneath the
casting to promote cooling of that area. It showed that the
filling pattern improved significantly, avoiding problems
with fountains in the mould cavity. The surface turbu-
lence is still present, but as long as the cross-section area
of the filling channels remains constant and the velocity
is uncontrolled, no further improvement is feasible. The
new chill arrangement caused significant improvements
in the solidification pattern. More pronounced cooling
established steeper temperature gradients and induced
directional solidification in the problematic bottom area,
totally eliminating the shrinkage-related defects.

The manually-optimized solution served as a reference
case for the geometry optimization of the riser and chills.
In the multi-objective optimization case, the riser and
chills dimensions have been applied as design variables
together with the ranges of variation. In addition, opti-
mization objectives together with potential constraints
have been introduced into the optimizer together with the
number of initial designs and generations in which the
optimal solutions should be found. Three distinct solu-
tions were selected from the design space. The first one
represented a modest approach (relatively large riser), the
middle one was still a safe solution but the riser was much
smaller, and the third solution represented the very risky
solution with the highest casting yield. It turned out that
all three designs yielded different solidification patterns
compared to the initial design. This was attributed to the
change in the riser dimensions and the rearranged chills.
No residual liquid pools were spotted; however there
were some indications of potential problems in the third
solution. Concerning the macro and micro-shrinkage in
the optimized designs, the only problematic areas were in
the riser head and bottom pins. The casting body seemed
free of porosity. Eventually it was decided together with
the foundry not to consider the last solution for produc-
tion due to a high risk of failure in production. In other
words, when taking the human factor into consideration,
the risk of porosity extending from the riser to the casting
body is too high. Last, findings regarding the casting yield
showed that when correctly utilizing multi-objective op-
timization, it is feasible to substantially increase the cast-
ing yield and thus reduce production costs.
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A Casting Yield Optimization Case Study:

Forging Ram
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Denmark, Lyngby, Denmark
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Ostrava, Czech Republic

J. Thorborg, Technical University of Denmark, Lyngby,
Denmark, MAGMA GmbH, Aachen, Germany

Reviewer: Can any sensitivities be evaluated after all the
simulations are run to determine if other factors should be
studied, e.g. upper chills required or effect on riser size?

Authors: A classical sensitivity analysis is possible to carry

out in the optimization software. It was done to evaluate
if both of our objective functions are sensitive to the pre-
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defined design variables. And they are. However, this analy-
sis was not stated in the paper, due to its already large size.
If the question is whether the optimization software proposes
some more design variables or factors that might be influen-
tial , the answer is NO, this was not done and is not possible
to do. Every time, a user has to define all the variables, con-
straints, objectives and other parameters and the software
only works with those.

Reviewer: Were any trials run for the optimized solution to
ensure casting soundness and that no other defects were cre-
ated due to the recommended changes?

Authors: No casting trials based on the optimized solu-
tions and proposals have been performed by the foundry yet.
However, there is a promise from them to take our results
into considerations, apply the findings and perform the riser
volume reduction in the next casting batch.

International Journal of Metalcasting/Fall 10



C PAPER-III

Kotas, P., Tutum, C.C., Andersen, S., Hattel, J.Hwutonomous Optimization of a
Solidification Pattern and its Effect on Porosity and Segregation in Steel Castings’, Accepted
for an Oral Presentation at the TIMetalcasting Congress, Schaumburg, April 2011, USA
To be published in AFS Transactions 2011.






Autonomous Optimization of a Solidification Pattern and its Effect on
Porosity and Segregation in Steel Castings

P. Kotas
Technical University of Denmark, Department of Maital Engineering, Kgs. Lyngby, Denmark

C.C. Tutum
Technical University of Denmark, Department of Maittal Engineering, Kgs. Lyngby, Denmark

S. Andersen
MAGMA Foundry Technologies, Inc., 10N. Martingaled&, Schaumburg, IL 60173, USA

J.H. Hattel
Technical University of Denmark, Department of Maittal Engineering, Kgs. Lyngby, Denmark

ABSTRACT

The present paper considers optimization of a
solidification pattern of a gravity sand-cast steait. That

is, the choice of proper riser and chill designs baen
investigated using genetic algorithms  while
simultaneously considering their impact on centerli
porosity and macrosegregation distribution. Thisswa
accomplished by coupling a casting simulation saftav
package with an optimization module. The casting
process of the original casting design was simdlatéing

a transient 3D thermal model incorporated in a
commercial simulation software package to determine
potential flaws and inadequacies. After this initia
assessment, a new geometrical model was suggeited w
the redesigned gating system and rearranged doills
obtain better filling and solidification patternBased on
the improved model, relevant optimization targetsl a
constraints were defined. One  multi-objective
optimization case with two conflicting objectivesasv
considered in which minimization of the riser volim
together with minimization of centerline porosityida
elimination of macrosegregation issues were pergorm

Key Words: Casting process simulation, genetic
algorithms, riser volume optimization, casting gliesteel
casting, macrosegregation, centerline porosityinkage
porosity

INTRODUCTION

Nowadays, a general trend is to reduce productastsc
as much as possible in order to stay competitivé an
attractive for potential and current customers. ttis
context, virtual prototyping and testing by numatic
simulation offer an efficient way of reducing pradu
development time as well as costs of producing
prototypes, shortening lead time and eliminatingsc

Metal casting process simulation is used to provide
detailed information about the mold filling, sofidation

and solid state cooling, and with that, also infation
about the local microstructure, non-uniform disitibn

of mechanical properties and subsequently resistuess
and distortion build-up®. Casting simulation tries to use
physically realistic models without overtaxing the
computer. At the same time the simulations neegive
applicable results in the shortest time possible.
Unfortunately, numerical simulations can only teste
“state”, while conclusions from calculations or
subsequent optimization still require an engineer’s
interpretation and decision after each of the satioth
runs. Understanding the process enables a foundry
engineer to make decisions that can affect bothptre
and the rigging to improve the final quality.

The objectives which drive the designers are gdigera
well defined: improving the component quality, ashing
homogeneous mechanical characteristics, maximitiag
casting yield, increasing the production rates, #tds
very complex and time consuming to achieve all éhes
objectives at the same time due to the high nunober
variables involved. In many foundries the only égqbl
optimization is still based on intuition and thus the
trial-and-error method. While, when using numerical
simulation, in the case of an error, only a virtcasting is
spoiled, no raw material is wasted, no mould idpoed
and above all no production loss is experienced.

Rapid development of high performance computing has
substantially shortened the calculation time neefied
one variant of the casting process to be analy@eer
night it is feasible to calculate numerous versiamsi
layouts in almost unlimited configurations. The adtage

of having such short calculation times can onlybkzed
providing that a computer can automatically analyze
calculated variants with respect to the predefined
objectives (e.g. maximum feeding, low porosity, law
entrapment etc.) and subsequently create new vsuaaual
analyze them in the same manner to achieve thenapti
solution. By integrating such software for castprgcess
simulation with an optimization algorithm (in thiase the
Multi-Objective Genetic Algorithm, MOGA which



should not be confused with the non-elitist MOGA
developed by Fonseca and Flenfjpga computer based
optimization tool is established which is able aiedtmine
optimal values of user-defined design variablegete
optimizing a given casting process with respeatafined
objectives. Subsequently such system can readilyighe
optimal solutions for any kind of casting proceSses

This paper details multi-objective optimization af
solidification pattern of a steel forging ram ansl éffect
on shrinkage porosity and macrosegregation pattern.
Numerical multi-objective optimization is carrieditoby
coupling the general-purpose casting simulatiotmsok
package MAGMASOFY with the add-on optimization
module MAGMAfrontier.

The study includes three different layouts. Theiahi
layout is provided by a foundry (Vitkovice Heavy
Machinery) that manufactures the forging ram. The
second layout with manually rearranged gating syste
and chills is also provided by the foundry althowsgime
changes in the layout are made by the authors,tlaad
third layout is purely generated by the numerical
optimization. All of the designs are simulated uuihg
the filing of the mold cavity to obtain an accwat
temperature field inside the casting for the foilogv
solidification simulation. However, only resultofn the
solidification simulation are presented and disedsdn
case of the first layout no computerized optimizatis
involved. The second layout is taken as a referesrce
starting solution for the following autonomous
optimization. The last design is a result of mabjective
optimization. Conclusions and proposals are madm fr
the various investigations and findings in the gtughd
are presented in the last section of the paper.

MODELLING PROCEDURE

DESCRIPTION OF THE CASTING

The project involves a large (59.6 ton, maximum
dimensions 5.3 x 2.4 x 2.3 m) steel forging rdfigure

1la made of a low carbon steel alloy DIN 1.1120, pdure
into furan bonded silica sand with an insulated rispr,
shown inFigure 1b. The main cylindrical padding is
insulating, the melt surface is covered by an exoitic
powder and on top of that additional insulating pdewis
applied. The original casting arrangement is botfiblied
assuming an initial pouring temperature of 15402084
deg. F). The filling time is 120s. One hour aftilinfg,
additional top filing of the riser takes place to
compensate for the volumetric shrinkage and to éedu
favorable temperature gradients. The chill bricke a
placed around the lower cylindrical section of dasting

to facilitate directional and progressive solidifion
towards the riser and to prevent potential
macrosegregation-related flaws.

FILLING AND SOLIDIFICATION ANALYSIS

Casting process simulation starts with a geometfindd
as a 3D CAD model of the casting, mold, gatingllghi
riser and the insulating padding. Material groufinitgon

is done in the software’s preprocessor. Next, gentetry

is properly meshed and all necessary informatidetirg

to the molten metal chemistry, pouring temperattiosy
properties, interface heat transfer coefficientsT @)
thermodynamic properties, and mechanical properties
must be introduced into the system. Regarding HiliBea
casting/mould interface, it is assumed temperature
independent and it was set to be 800 WmThis
assumption holds only for gravity sand castingvitiich
the solidification results are relatively insensgtito the
HTC since the thermal properties of the sand tyjyica
dominate the cooling of the casting. The assumpigon
that in sand casting the contact between the melttlae
mould is poor from the very beginning due to thagto
surface of the mould. As a result, there is a héglistance

to heat removal, giving low interface HTC. When the
casting shrinks during solidification and solid tsta
cooling, an air gap is formed in the casting/mould
interface, additionally increasing resistance te treat
removal. Nevertheless, since the heat transferbeas
poor from the very beginning the decrease in HTE wu
volumetric changes is not that decisive for theiltesand
the HTC can be assumed more or less constant (eer)
the entire casting process.

(a) (b)

Fig. 1. The cast part used in the project and the initial
casting layout. The casting is indicated red, chills
indicated green; insulation is denoted dark blue,
(Property of Vitkovice Heavy Machinery, a.s.).

After all process parameters are entered, fillifgthe
casting can be simulated. A flow rate boundary danu
is selected to control the filling process whictt@amts
for a change in overpressure during filling usirgtdm-
pour ladles. Once filling is modeled, resulting parature
fields in the casting are taken and used as art fopthe
subsequent heat transfer calculation during satatibn
and solid-state cooling of the casting. The headfer
calculation gives temperature fields and distritmsi of
various defects arising during solidification andtlier
cooling. Results predicting defects occurrence,. i.e
shrinkage porosity, centerline porosity, macrosgatien



etc., are used to evaluate the casting soundnebstsaan
overall quality.

The formation of centerline porosity is represeritgdhe
Niyama criterior’. It is a local thermal parameter defined
as the relationship between the thermal gradientigG
K/mm and the cooling rate (R) in K/s, both of whiate
assessed at a specified temperature near the end of
solidification, see eq. (1). Shrinkage porositydiceed by
the Niyama criterion usually forms in the mushyioegat
high solid fractions. At lower solid fractions, tpheessure
drop which governs this type of porosity is nedilgi
small. Therefore, in a casting simulation, the Niga
criterion is always evaluated at a temperature treaend
of the solidification interval. In the present spudhe
Niyama criterion is evaluated at a temperature b%he
solidification range above the solidus temperature.

Niyamazi
JR
With the help of the Niyama criterion, it is fedsilto
predict the presence of centerline shrinkage ptyfose.
micro- and macro-shrinkage in steels, caused bjjosha
temperature gradiertts®® It indicates that in regions that
solidify quickly, there must be hot metal nearby to
establish a high gradient to feed the shrinkagendur
solidification.
Based on literature search and findings providedhey
manufacturer, it is determined that the criticalyda
value for macro-porosity for this particular stedby is
NYmacre= 0.45 (K-s)¥mm. Everything above this value is
assumed to be a micro-shrinkage that will not tealed
via common radiography The second threshold vadue f
micro-porosity, above which the material is comglet
sound is set to be Nyo= 1 (K-s}¥mm. The Niyama
criterion only predicts feeding-distance relatedrétage;
it does not explicitly predict hot spots in a cagtiand it
does not predict gas porosity
Macrosegregation refers to solute inhomogenitiethat
macroscopic scale in metal alloy castings and range
scale from several milimeters to even meters. These
compositional variations have a negative impacfioal
properties, i.e. microstructure, mechanical propgrtand
in-service behavior of a cast part. Macrosegregatio
caused by relative movement or flow of segregatpad
and solid within the mushy zone during solidificati
Thelge are four major causes of macrosegregati@seth
are™:
(a) Macrosegregation associated with solidification
shrinkage i.e. flow that feeds the solidification
shrinkage and the contractions of the liquid antddso
during cooling,
(b) Macrosegregation associated with natural or forced
convection If the velocity of the liquid is perpendicular to
the solute gradient, no macrosegregation occures.
However, macrosegregation is induced when the flow
enters or exits the mushy zone.
(c) Macrosegregation associated with grain movement
As long as the grains move with the same velodtyhe
liquid, there is no macrosegregation. However, axgl

guation 1

grains have a tendency to sediment or, in certases, to
float, giving rise to macrosegregation.

(d) Macrosegration associated with deformation of the
solid networkin the mushy zone due to thermal and
shrinkage stress, head pressure, or external famrcdhe
solid shell. In other words, the mushy solid belsdike a
sponge causing the liquid to be expelled (when in
compression) or sucked in (when in tension).

Flow due to thermal and solutal gradients in thoid
leads to formation of so-called channel segregates,
commonly referred to A- segregates or frecklesclies

are typically initiated by convective instabilitiebove or
inside the mushy zone, i.e. when the velocity efltuid

in the mushy zone exceeds that of the isothermthed
segregated interdenritic liquid becomes less dehaa

the overlying bulk liquid of original compositiorThis
phenomenon eventually leads to open channeldptal
remelting due to solid fraction decrease, in thesimu
through which the solute-rich and low-density ldjui
flows upward into the bulk liquid region. These obpe
channels are associated with local increase in
permeability which allows for the liquid to flow m®
easily, thus enhancing remelting and macroseg@uyati
When the channels eventually freeze, they appear as
pencil-like chains of equiaxed crystals that arghhi
enriched in soluté. It has been shown in the literattfre
that if temperature gradients and the casting speed
isotherm velocity, are high enough, freckles ass lékely

to form. One could thus argue that in this regard
centerline shrinkage and channel segregationswolo
similar trend although, they are not necessarilyegoed

by the same physical phenomena. It means that in
principle enhanced thermal gradients and progressiv
directional solidification with sufficiently tapedepool of
liquid metaf® should decrease a risk of both of these
defects. Therefore in this present work, the m&jaus

will be put on optimizing the chilling system to ake
steeper thermal gradients and to establish a proeal
progressive solidification pattern.

OPTIMIZATION PROCEDURE

In the present study, unknown shapes and sizdsedbp
riser and the chills are sought by means of autausm
optimization to obtain a better solidification matt of the
casting. This issue has been addressed by defthiag
problem as a multi-objective optimization problem
(MOP) by combining multiple conflicting criteria,ei.
minimization of the riser volume and minimizatio o
centerline shrinkage porosity and macrosegregation,
respectively. The multi-objective genetic algorithm
(MOGA)® has been applied to handle these multiple
objectives. In the following sections, a brief dgstion of
MOP and genetic algorithms is given followed by an
introduction to the considered optimization problem

INTRODUCTION TO MOP AND MOGA
Most engineering design activities require a solutof
multi-disciplinary and multi-objective  optimization



(MOOQO) problems which usually deal with conflicting
design objectives. In the case of single-objective
optimization problems, it is easier to identify tbptimal
solution as compared to the case of MOO where tisere
more than one criterion to satisfy, i.e. hence ntban
one best (elite) solution to consider. As it wasfpuward
by Goldberd® "if we refuse to compare apples to oranges,
then we must come up with a different definition of
optimality, one that respects the integrity of eathour
seperate criteria” which points out the concepPafeto
Optimality, correlated to the fundamental concept o
domination. Since the concept of domination alloavs
way to compare solutions with multiple objectivesyst
MOO algorithms use this domination concept to dearc
for non-dominated solutions, i.e. the ones thatstitute
the Pareto-front as showinm Figure.2(c). This concept
can be explained with a simple example in a 2D ahje
space, in which the minimization of both objective
functions (i.e. f and §) is considered, as shown in
Figures.2(a-c). In Figure.2(a), point-1 representing a
solution or a design which splits the 2D objectsgace
into two zones: the first zone (the shaded regitm®;set
of the points dominated by point-1, and the secomk;
the set of points not dominated by point-1 (the aigimg
three quadrants), i.e. the non-dominated or noricfset
of points. Thus, the two conditions stated belowdé&
be satisfied if point-1 dominates point-i, wheranpo is
any other design point in the objective space

* point-1 is no worse than point-i in all objectives.

* point-1 is strictly better than point-i in at least

one objective.

These two statements give a general descriptiorthier
comparison of the two solutions in terms of "betéss",
hence emphasizing the applicability of this congami
for other types or combinations of conflicting atijees
besides the minimization — minimization type asvamdn
Figures.2(a-c), i.e. maximization - maximization,
maximization — minimization as well as minimizatien
maximization.

f> (minimize) f> (minimize)
A i Al i

relation of dominance arises, i.e. the one-to-one
comparison made for point-1 should be generalized f
each point.Figure.2(b) shows the distribution of these
five points together with their domination regionkich

are distinguished with different tones of colorgl anis
clearly seen that point-4 dominates points-1, 2 amdth
respect to all objectives, while point-3 dominaafisother
points (i.e. strictly better) only with respect tioe first
objective for the given distribution. However, snc
points-3 and 4 are not dominated by any other ppthey
constitute the non-dominated front which is alsdeda
the Pareto-optimal front, seeigure. 2(c), in an MOO
context. A similar comparison will reveal that peihand
point-5 constitute the next domination front whiah
itself is dominated by the Pareto front and showrthee
closest dashed line to the Pareto frorfEiigur e.2(c)%.
Population-based evolutionary algorithms are typica
able to provide a larger spectrum of Pareto-optimal
solutions without any additional problem specificatas

in some algorithms designed specifically for theC50
problems. This ideal approach of evolutionary MOO
algorithms replaces some of the potential weakizesfe
gradient based algorithms in some cases, e.g. when
having a non-continuous or non-convex search sfgdue.
availability of trade-off solutions, representingrying
preference levels between chosen objectives, miékes
easier for a user to choose a particular solution f
subsequent implementatfSit’.

PROBLEM STATEMENT — OPTIMIZATION OF THE
RISER AND CHILLS

The optimization problem here is defined as thel gba
finding the most suitable shapes of the top riset #ne
chills surrounding the casting, which provide a eét
trade-off solutions for the minimization of two dbcting
objectives. These are, (i) to design the top ssethat the
casting is sound (i.e. with minimum centerline skaige
porosity and evenly distributed concentration pesfiof
solute elements) and (ii) at the same time havirngpa

f2 (minimize)
A

\
\

\ \
\

\
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— Non-dominated front
(Pareto-optimal set)

fi (n?nimize)

Figure 2. (a) The two separate sets of

solutions defined with respect to
point-1: i) the set of dominated
solutions (the shaded region), ii) the
set of non-dominated solutions
(adapted from [22]) [23].

In case of having a population composed of e.ge fiv
points as shown irFigure.2(b), a need for an overall

fi (r;nimize)
Figure 2. (b) Each solution in a
population has its own sets of
dominated and non-dominated
solutions (inspired by [24]) [23].

fi (rﬁnimize)
Figure 2. (c) The dominated and non-

dominated (Pareto-optimal) fronts
[23].

riser’'s volume as small as possible to increase#séng
yield. In this context, ‘casting yield' is defineas the



gross weight including the riser and the gatingtesys
divided by the weight of the fettled casting.

Prior to optimization, it was decided by the mawtifiser

to redesign the chills. The primary aim is to faate
directional and progressive solidification towatte top
riser to eliminate potential porosity and channel
segregation, i.e. A- and V-type segregates. Toeaehi
this, a cooling plate is added underneath the raastnd
wedge shaped chill blocks are added adjacent thad'h
area of the casting. In order to place the pléte,dgating
system has to be modified from bottom filling talesi
filling. Also, new vertical runners are added tgport
filling in higher sections of the casting. Furthems, the
chills around the cylindrical section are rearrahgebit.

In order to ensure sufficient cooling of the vegttom,
thicker chills are added around the conical botsattion

of the casting, se&igure 11 Solution 1. Besides the
mentioned geometrical changes, all casting and
simulation parameters remain the same as in ths¢ fir
casting arrangement.

The manually refined casting layout is taken as a
reference solution to compare the optimization Itssu
with. It has been decided to try to reduce the sizthe
top riser as much as possible to increase thengagiteld,
providing that there will be no defects occurrimgthe
casting due to the riser’s reduced size. Wheniieg and
the chills are transformed into parametric objetts
optimization process is initiated. The design Jalga
(those which are subjected to optimization) are:
dimensions of the chills- height and thickness loé t
bottom cylindrical chills, and of the top risers-teight,
bottom and top diameters, and the top diametermef t
riser neck. It would be very time consuming to okdte
thermal convection and segregation for each design
during the optimization cycle. Thus, only seleatiedigns
constituting the final Pareto line are analyzechwéspect

to macrosegregation.

The initial population for the MOGA algorithm
containing 100 unique designs is provided by thbadfo
DOE sequence generating technique which is a quasi-
random sequence. The points in this type of sequane
maximally avoiding each other, so the initial paiidn
fills the design space in a uniform manner. Theusssl
optimization problem is constrained only by the
predefined ranges of variation of the design véemsblrhe
directional cross-over, the selection and the nunat
probabilities of 0.6, 0.3 and 0.1, respectivelye ahosen
for running 20 generations giving in a total numioér
2000 possible solutions. In addition, elitism iplgd to
support convergence in the optimization problenitidah

is a GA operator (in general, an evolutionary athon
operator) to keep the best designs found so fathén
evolution of the generations.

RESULTS AND DISCUSSION
In the two following sections, results obtainednfrahe

simulations and casting trials are presented asclidsed.
First, the numerical and experimental results frim

original casting assembly are analyzed to estaklibase
case. Then, the results from the multi-objective
optimization problem (riser volume and chill size
optimization) are presented. At the end a comparizo
the casting yield of the original and the optimizkgsigns

is carried out.

CASTING TRIAL AND SIMULATION RESULTS-
ORIGINAL LAYOUT

The original casting arrangement depictedrigure 1b
was cast using the process parameters indicatetiein
beginning of this paper. The casting was then seet,
etched and surface treated to provide information
regarding its microstructure and mainly solidifioat
related issues for further comparison with the ntcaé
solution.Figure 3 shows the lower part of the casting, i.e.
vertical cut through the part.

In that figure, two types of solidification inducel@fects
are found. The first one is a shrinkage porosityictvh
formed in the centre of the casting section. As$ @oint it

is quite difficult to estimate the exact type ofgsity, i.e.
centerline porosity or shrinkage porosity. Moselikthis
defect occurred due to limited feeding ability bétriser.

In other words, the problematic area is out ofdffective
feeding distance of the top riser. The second tyfpthe
defect is referred to as channel segregation, namel
and V-type. This defect formed most likely due to a
improper solidification pattern caused by inadequat
cooling from the chills. Local remelting occurred the
mushy zone giving rise to open channels of highly
segregated liquid.

Fig. 3. Results from the casting trial- presence of
porous areas and bands of macrosegregation,
(Courtesy of Vitkovice Heavy Machinery, a.s.).

The same casting layout was simulated, both wisheet
to filling and solidification. The filling analysiprovides
proper temperature fields inside the casting foe th
subsequent solidification analysis. The thermallyais
during solidification evaluates the effectivity tie top
riser and the cooling ability of the chills placa&ebund the
cylindrical section of the cast part.



In Figure 4 it is seen that during the solidification
process, particularly at 45 % solidified, there are
indications of choking off liquid pools in the lowe
cylindrical section of the casting. When the liquitelt
supply is cut off and drained, areas solidifyingt laill be
short of melt so when they are going to solidify no
compensation for the volumetric shrinkage will be
available, forming a hot spot and leading to shagk
porosity, Figure 5. The chills cool the cylindrical section
faster, compared to the bottom area in which thdirog
rate is lower due to the enlarged cross-section ramd
chills. No other issues with isolated liquid aremlsich
would cause shrinkage porosity have been spottedgiu
solidification. A remedy would be either to increathe
thickness of the chills towards the bottom areatmr
redesign the gating system so that there is a ehtanadd

a chill plate underneath the casting bottom. Captiithe
bottom of the casting would be significantly proeubt
and progressive directional solidification towaths riser
would be established.

o

Fig. 4. Indication of an isolated liquid pool in the lower
area of the cast part at 45% solidified.

ooooooo

Fig. 5. Presence of shrinkage porosity caused by
improper feeding during solidification.

Figure 6 shows the numerically predicted presence of
centerline porosity, i.e. represented by the Niyama
criterion, in the lower casting area together witisults
obtained from the casting trial. It is seen thateiad, the
porous areas occured in the casting where thetésbla
liquid pool was once present and in the area wiaabut

of reach of the riser’s effective feeding distariamking

at the size of the defect area, a very good agneewi¢h

the numerical solution is seen. The close cor@lasilso
justifies the use of the Niyama threshold valu®.d6t for
this particular steel alloy. However, it should be
emphasised that the geometrical extension of the
shrinkage obtained numerically, to some extend is
approximate due to its dependecy on the mesh gualit

Fig. 6. Prediction of the centerline macro/micro
shrinkage and its experimental validation obtained
from the foundry.

Figure 7 is a plot of the predicted convection patterns in
the bulk liquid and mushy zones during solidifioati
namely at 7, 11 and 20% respectively. The vectors
indicate the direction and velocity of both, thguid and
the mush during solidification. Based on this infiation
one can estimate whether channel segregates witl (@
not, and where. In essence, just due to densitygdsathe
solidifying elements in the mush have higher dgrian
the liquid in the central areas and thus they sgliiment
down and push the lighter liquid upwards. HowevVeg,
strong upward flow within the solidifying mush ocsu
this could indicate that a narrow channel has logpeamed,
local remelting has occured and highly segregatadd
can flow through, giving rise to a freckle. Inditigcit
implies that the cooling ability of the surroundicigjlls is
poor to retain steep thermal gradients and thysdeent
upward, localized flow. Obviously in practice itngarly
impossible to completely avoid channel segregatione
the geometry of the casting together with the shaphe
chills and of the riser would have to be designed
extremely well and still it would not be 100% stinat no
problems would occur. Although, by establishingaper
directional and progressive solidification pattgratential
freckles can be either "pushed” deep into the ngstio
that they do not show on the surface during manbini



operations or are partially eliminated. Problematieas It can also be seen that the V-shaped segregatds th

with a high risk of freckles are implied by blaakaws in formed in the real casting, seen in the phot&igure 3,

the figure. As compared to the casting trial, qutod match very well with the predicted pattern whiclsaal
agreement with the numerical prediction of freckies resembles a V shape. This might however be a
been found. coincidence as the resolution of small scale

L3neey
fI 7
hdygvesaryh

Fig. 7. Convection patterns and velocity vectors at 7, 11 and 20% solidified

Figure 8 shows the predicted carbon macrosegregation macrosegregation features such as A or V segregates

pattern in the completely solidified casting placedtop large castings is still beyond the current captiddiof the
of the photo of the sectioned casting, whitegure 9 macrosegregation model in the applied software.
shows the numerical predictions for the entire past. It

can be seen that the strong flow has created amaith . R

region in the centre of the casting.
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It affirms that areas solidifying last, i.e. thet lspots, will casting

be rich in solute elements. These elements have bee OPTIMIZED RISER AND THE CHILLING SYSTEM

rejected and pushed away to the remaining liquidhisy The primary reason for autonomous optimization has
progressing solidifying front due to their lowerility been to find a more suitable design of the topr rsel of
at decreasing temperatures, causing positive segpeg the surrounding chills to increase the castingdyamid at
in the last area to solidify. Due to the isolatieghid pool the same time to avoid formation of solidificaticriated
which has also been a hot spot, all solute elemsmed issues such as centerline porosity, shrinkage figrasd
in that region with nowhere to escape, causingtpesi channel segregates seen in the original castimmtayhe
segregation. The_se macrosegregation prediction® hav gating system has been changed from bottom to side
been compared with the experiment, i.e. samples fre filling to be able to place the chill plate undeatte the
central region have been analyzed with respecbhates casting. On top of that, cylindrical chills and thieer

composition, and a reasonable agreement has beed.fo have been transformed into parametric objects and



subjected to optimization as design variables. frost
important condition in assessing the size of tkerrhas
been to avoid the shrinkage pipe penetrating imoriser
neck area or even to the casting body. Such designs
then rejected as unsuitable.

The objective space for the optimization problem in
Figure 10 is constructed by two following objectives:
Minimization of centerline porosity and minimizatiaf
the remaining volume of the top riser. The firsfechive
is represented by the Weighted Volume Niyama coiter
which expresses the total volume of areas havisges
with centerline porosity. The remaining volume bkt
riser is then calculated as the geometrical volwihthe
riser minus the volume of the shrinkage pipe inrtker.
The blue line is the Pareto line which is compriséthe
non-dominated trade-off solutions. However, ittifl sp
to the user to determine which solution out of Bareto
set will be the most desirable. In other words,ubker has
to decide whether he/she wants to minimize the 1@se
much as possible, at the cost of increased porosity
have a porosity-free casting with a slightly largeser,
but still smaller than the initial design.

Two distinct designs have been selected. The first

does not lie on the Pareto front and represents the

reference solution with the largest riser volumdisT
solution, even though it appears in the optimizatio

results has not undergone a proper multi-objective

optimization. It is entirely based on the manual
rearrangement of the chills and the top riser resthi
unchanged, i.e. it has the same dimensions anihgast
yield as the original solution. The second design
highlighted by the red dashed circle representsctse
with the lowest amount of centerline porosity and
somewhat reduced remaining volume of the riser.

\ Reference solution- initial riser volume with

redesigned chills and the new gating system,
1.e. Solution 1.

00 , %,

Remaining Volume of the Riser

sooo0000 ' 100000000
Weighted Volume Niyama

Fig. 10. Design space with the highlighted Pareto set.

The two selected designs have then been evaludthd w
respect to filling and solidification in the stamda
simulation environment. The results from fillingeanot

presented. The geometries of the two designs atereal
in Figure 11. There are a few reasons for choosing what
at first glance could appear as modest or congdeevat
designs. First, the primary goal has been to ehairthe
presence of centerline porosity and to minimizencleh
segregation issues as compared to the originatisolu
To satisfy this objective the focus has been ont&mis
located very close to the Y-axis, representing mim
centerline shrinkage iRigure 10. Centerline shrinkage is
directly affected by a pressure drop inside theimgs
derived from Darcy's law of flow in porous medighiah
represents resistance to feeding of a particutsa.ar

SOLUTION 2

SOLUTION 1
Fig. 11. Selected designs proposed by the optimizer.

To keep the pressure gradient sufficiently higretsure
efficient feeding flow, the height and the totalwme of
the riser should not be too small. Next, centerline
shrinkage usually forms at areas with shallow ttrerm
gradients. To establish steep thermal gradients rider
should again be sufficiently large and the dimemsiof
the chills should be chosen so that progressive and
directional solidification towards the riser is pited.
Considering segregation, it is also known that hqvi
steep thermal gradients due to intense chillingltesn a
finer dendritic microstructure imposing higher stance
for channel segregates to form. Moreover if a presgive
and directional solidification pattern exists, ielps to
move the highly segregated remaining liquid towatds
riser. For this reason one could deduce that derger
shrinkage and macrosegregation phenomena could in
principle be treated by the same remedy. Obvioiisly
does not mean that they are driven by the sameiqathys
phenomena.

After this brief reasoning we can make an assumptiat

if the design of the riser and chills yields a fealde

solidification pattern, i.e. steeper thermal grathe
directional and progressive solidification, enhahce
feeding, to prevent centerline porosity, issueshwit

channel segregation should be reduced somewhahand



macrosegreation profile should be positively change porosity issues. Only the bottom pins contain small
well. porous areas. The reasonable remedy would be &ogenl

If macrosegregation was not considered in the the draft towards the main casting body.

optimization case, designs with much smaller riser The same pattern applies for shrinkage porositg. mhain
volumes could be chosen with no major risk of issue porous region has been found in the top riser, ifogna

with porosity. This has been shown in the previaask shrinkage pipe which in both cases has not peeefrat
by the authof® where macrosegregation has been  even to the riser neck. This can be seeFRigure 13 as
disregarded; therefore the selected designs reatiiet the missing area on the top of the riser.

higher casting yields. Information regarding dimens
of the optimized designs is listedTrable 1.

Table 1.Comparison of the two optimized designs

Solution 1 | Solution 2
Riser height 1350 mm 1300 mm
Riser bottom D 1660 mm 1380 mm
Riser top D 1760 mm 1463 mm
Height of the 1150 mm 1050 mm
cylindrical chills
Bottom thickness of 100 mm 220 mm
the cylindrical chills
Top thickness of the 190 mm 190 mm
cylindrical chills
Total weight 59650 kg 51143 kg

Regarding the solidification patterns of the twdestd
designs, no isolated liquid areas have been forimrige

bottom area as in the original layout, depictedrigure SOLUTION 1 SOLUTION 2

12. The bottom chill plate and the new chills arodhd

cylindrical - section evoked directional = solidificati Fig. 12. Fraction liquid at 45% solidified for the two
towards the thermal axis and the riser. Solidifarat optimized solutions.

patterns were checked over the entire intervais kilso

seen, that solution 2 has a more pronounced prEigees e s
solidification pattern compared to solution 1, anelaning d’ i
that the solidifying front progresses towards upperas “

in a V shape pattern which is desirable mainly with
respect to segregation. The favorable solidificapattern

in solution 2 has to do with the dimensions oftitye riser
and the chills which are different as comparedolotion

1. Solution 1 has conical chills extending upwandsle ‘
solution 2 has conical chills extending downwarskse ‘
Table 1. Due to more intense heat removal at the top of
the cylindrical chills in solution 1, a tendency fthoking

the remaining liquid pipe is observed, similarhe tnitial

case.
Figure 13 shows the new distribution of centerline | | : ‘ S oo
porosity. It shows that due to the optimized desigthe o il [ 0

chills, steeper thermal gradients inside the cgskiave

been achieved. These gradients have changed the SOLUTIONT SOLUTION2
morphology of the mus_hy Zone, "e.' decreqsed !te"me,x Fig. 13. Comparison of centerline porosity in the
decreased its permeability due to finer grainsngjise optimized designs.

to very small and widely distributed pores not dtble
via radiographs, etc. Besides that, a more faverabl Figure 14 illustrates how the solidification progresses

solidification pattern has been evoked, which hetb tb inside the casting and its influence on the conwact
more enhanced feeding of the remote bottom area. Th  pattern for both of the optimized designs. Now st i
light blue areas stand for values of 0.45 and |lowigich obvious that the optimized chills have induced ptee
will contain macroscopic shrinkage. Everything abov thermal gradients that have decreased the sizehef t
0.45 up to 1 will most likely be microporosity not mushy zone denoted by green color. As comparetigo t
detectable by radiography techniques. It shows that initial situation depicted irFigure 7, the liquid area is

casting body and even the riser neck will be freany present for a longer period of time and in a muaiger



scale. Steeper gradients have caused an evolutidn a Figure 15 implies the situation at 31% solidified. The
growth of much finer grains, thereby decreasing the probability of forming some channel segregatesathar
permeability of the mush. Consequently, resistance high for both solutions as quite large streams pfard
towards liquid/solid movement and to opening liquid moving liquid/solid have been observed. Althouglarify
channels which give rise to channel segregates is such channel segregates form, they will be founepde
therefore much higher. Convection is denoted by the enough in the casting not to show on the castimtpsa
vector arrows. after machining operations.

Tempersture

(&)

1508

Fig. 14(a). Solidification processing and convection patterns at 7, 11 and 20% solidified respectively for SOLUTION 1.

Temperature
tel

Emply

1508
1500
1435

1489

1478
1473
1467
1461

1456

1450

1445

1439

Fig. 14(b). Solidification processing and convection patterns at 7, 11 and 20% solidified respectively for SOLUTION 2

Potential issues with channel segregates are again
highlighted by the black thick arrows. At 7% sdliell
areas adjacent to the bottom pins are very prone to
channel segregation because of a sudden increase of
velocity oriented upwards and a subsequent local
remelting. Moreover due to choking the pins frone th
open feed path, porosity will form and a positively
segregated region will occur which is subsequently
proven in Figure 16. At 20% solidified the first
indications of potential channel segregates at the
cylindrical area are noticed. However, there isyJdtle
chance that these will form at all since they aralirect
contact with the liquid melt which is highly perniée

SOLUTION 1 SOLUTION 2

Fig. 15. Convection patterns at 31% solidified for the
two optimized solutions.



As a consequence of the modified solidification and
convection pattern new macrosegregation profilegeha
been expected for both optimized solutions. These a
captured inFigure 16. One can recognize an apparent
improvement in the sense that the carbon is digtib
more uniformly over the entire lower section which
exhibited high positive segregation in the initiayout,
seeFigure 9. When it comes to the under-riser section,
solution 1 appears to have a slightly more favaabl
carbon distribution, while solution 2 seems to haévat
region highly segregated and thus worse as compgared
the original solution. This is for sure attributiedthe riser
size and shape.

The forging application, for which this part is dseets
high requirements on the under-riser area whichulsho
exhibit very good mechanical properties. For tleiason,
solution 1 would be more beneficial. It should beenl
that solution 1 has already been cast accordinthéo
optimization results. It has been evaluated, teatati no
problems have occurred whatsoever.

—
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SOLUTION 1 SOLUTION 2

Fig. 16. Carbon macrosegregation patterns for the two
optimized solutions.

The last assessment concerns the casting yieldaiftef

the entire project has been to eliminate the pEsafi

various casting defects via determination of theppr

design of the riser and chills. Simultaneously réased
casting yield has been pursued by optimization uResf

this assessment are given Tiable 2. Compared to the
original design the casting yield could be increlby

approximately 19% with no apparent risk of centexli
shrinkage and segregation issues.

Table 2. Casting yield assessment

Original Solution 1 Solution 2
solution
Total 59640 kg 59640 kg 51143 kg
weight
Casting 55.36 % 55.36 % 64.9 %
Yield

CONCLUSION

This work presented an attempt to perform multi-
objective optimization of the solidification patteof a
large steel forging ram. The main idea of this gtwds to
demonstrate how the fully computerized optimizatoam

be effectively utilized for solving several conflitg
objectives in daily foundry practice. The intentimas to
prove that macrosegregation can be addressed by
optimization even without prescribing it as one tbhé
objectives which would not be feasible time-wigewas
found that by optimizing the solidification patteso that
directional and progressive solidification with ege
thermal gradients is established, one could redbtiv
easily handle multiple issues like porosity and
segregation.

The optimization objectives were minimization ofeth
remaining volume of the top riser and the avoidance
(minimization) of centerline porosity through whithe
elimination of macrosegregation issues, particularl
channel segregates in the casting body was expected
The first step was to analyze the original castagut
provided by the foundry. Both filling and solidifiton
analyses were performed and potential flaws andatief
were revealed. The result of the improper solidifizn
pattern together with poor chilling was a formatioh
shrinkage and centerline porosity in the bottom
cylindrical area of the part. Besides that, channel
segregates were identified in the casting body.s&he
findings were verified by casting trials performatithe
foundry. It was thus decided to redesign the gadiysiem
from the bottom-fill to the side- fill type, rearrge the
chills and implement a new chill plate undernedib t
casting to promote more intense cooling of thahare

The manually-optimized solution, i.e. solution &ne&ed

as a reference or starting solution for the autamen
multi-objective optimization of the solidificatiopattern.

In the optimization problem, the dimensions of ther
and the chills were applied as design variablegttoy
with the allowed ranges of variation. After optimiion,
one solution was selected from the design space.

The new chill arrangement caused significant
improvements in the solidification patterns in boththe
solutions. More pronounced cooling established petee
temperature gradients and induced progressive and
directional solidification in the problematic battoarea,
totally eliminating the shrinkage-related defedtse only
porous areas were found in the riser head and én th
bottom pins. The casting body seemed free of piyrosi
New convection and macrosegregation patterns were
obtained giving favorable and promising resultseDRa
steeper thermal gradients the mushy zone got reitse
permeability was lowered imposing higher resistafure
liquid-solid movement and for potential channel
segregation. The resulting carbon distribution sskm
more uniform over the casting body, mainly in cafe
solution 1. As to the under-riser area (in solutlynwvhich
will be heavily cyclically loaded during service, is



likely to have similar mechanical properties as paned

to the initial solution.

Last, findings regarding the casting yield showédtt
when correctly utilizing multi-objective optimizafa, it is

possible to increase the casting yield substantiaiid

thus reduce production costs.
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ABSTRACT

A methodology of how to exploit the Niyama critaridor elimination of various defects such as cdinter
porosity, macrosegregation and hot tearing in stastings is presented. The tendency of formindeckme
porosity is governed by the temperature distributitbse to the end of the solidification internvgpbecifically
by thermal gradients and cooling rates. The physe&snd macrosegregation and hot tears indicatethlese
two defects are also heavily dependent on thermaalignts and pressure drop in the mushy zone. bjeeto/e

of this work is to show that by optimizing the slifiication pattern, i.e. establishing directionallgprogressive
solidification with the help of the Niyama critenip macrosegregation and hot tears issues can be bot
minimized or entirely eliminated.

An original casting layout was simulated usingamsient 3D thermal fluid model incorporated in anavercial
simulation software package to determine potefidals and inadequacies. Based on the initial cgginocess
assessment, multi-objective optimization of theédsfaitation pattern of the considered steel paliofeed. That
is, the multi-objective optimization problem of asing proper riser and chill designs has been tigatsd
using genetic algorithms while simultaneously cdaesng their impact on centerline porosity, the
macrosegregation pattern and primarily on hot fe@anation.

Key Words: Casting process simulation, genetic algorithmslidiication pattern optimization,
macrosegregation, centerline porosity, hot tearing

INTRODUCTION

Twenty years after the introduction of simulationftware for foundries into the industry, castingpgess
simulation has become an accepted tool for promedslesign lay-out.

Metal casting process simulation is used to prodedtiled information about the mold filling, sdfidation
and solid state cooling, and with that, also infation about the local microstructure, non-uniforistribution

of mechanical properties and subsequently resistness and distortion build-tip Casting simulation tries to
use physically realistic models without overtaxthg computer. At the same time the simulations neaive
applicable results in the shortest time possible.

Due to the multitude of factors affecting the qualdf castings and the complex interactions of ptsys
metallurgy and casting geometry, empirical knowkedgthe main source on which “optimized manufantur
engineering” is based. Foundry simulation can gfiaekperience but unfortunately, it can only tese “state”

or layout. It provides insights into the root caaiss problems, while conclusions from calculatioors
subsequent optimization still require an enginemterpretation and decision after each of the &tien runs.
This means that a continuous improvement involteal ‘and error’- both in reality and in simulation

In recent years the usage of simulations softwae improved and now integrates parallel processing
computers. It is feasible to calculate numerousives and layouts in almost unlimited configurasiofihe
advantage of having such short calculation times oaly be utilized providing that a computer can
automatically analyze calculated variants with eztpo predefined objectives (e.g. maximum feediog



porosity, low air entrapment etc.) and subsequamtgte new variants and analyze them in the saammen to
achieve the optimal solution. By integrating suoftwgare for casting process simulation with an matation
algorithm, a computer based optimization tool islelsshed which is able to determine optimal valoEaser-
defined design variables thereby optimizing a givasting process with respect to predefined ohjesfi
Autonomous optimization uses the simulation toolaasirtual test field. By modifying pouring conditis,
gating designs or process parameters, the softweseto find the optimal route to fulfill the desd objective.
Several parameters can be changed at the sameatiohebe evaluated independently from each other.
Autonomous optimization tools combine the classiapproach of foundry engineers, to find the “best
compromise” with validated physics. This not onlyther reduces the need for trial runs to find eipémal
process window, but also allows an in-depth evanabf many parameters and their individual impawt
providing a robust process. Subsequently such rsystn readily provide optimal solutions for any ckiof
casting process¥s®

This paper details multi-objective optimizationtb& solidification pattern of a steel wedge shapasting and
its effect on defects distribution, i.e. hot tears.

The study includes two distinct layouts. The inita&yout is provided by a manufacturing foundry.eT$econd
layout is generated by the numerical optimizatmri.tBoth of the designs are simulated including filing of
the mold cavity to obtain an accurate temperatigtd finside the casting for the following solidiition
simulation. After the filling simulation, a thermahalysis together with stress-strain calculat@msperformed
to get an insight into the thermal behavior of tiesst part together with predictions of thermallguned
stresses and strains. In case of the first layautamputerized optimization is involved. Conclusioand
proposals are derived from the various investigatiand findings in the study, and are presentetienast
section of the paper.

METHODS

DESIGN OF THE CASTING LAYOUT

The project involves a large (84,6 ton, max heigh280mm, max width = 2881mm) steel wedge-shaped
casting made of a low carbon steel alloy DIN 1.1185S30Mn5), poured into a furan bonded silica sand
mould. Two insulated top risers are placed on tbthe casting, directly above the critical regiomgh the
highest mass accumulation, showrFigure 1. The main cylindrical padding is insulating, theltrsurface is
covered by an exothermic powder and on top of #ualitional insulating powder is applied. The orain
casting arrangement is filled from the bottom, vkhis generally considered the best way of avoiding
disintegration of the melt during mold fillihg assuming an initial pouring temperature of 1550F8e filling
time is estimated to 120s. Two bottom-pour ladiEbenmodating a total volume of 86 tons are simeitasly
used to fill the casting. One hour after fillinglditional top filling of the risers takes placedompensate for
the volumetric shrinkage and to induce favorablengerature gradients. Directional and progressive
solidification shall also be promoted with the helpcooling chills that are properly placed, mairmily the
bottom of the casting. These chills are placed @pprately 30mm deep in the sand mould, i.e. nortamin
chills, to avoid the risk of hot tears when usiogtact chills.

i

Linc el

Fig. 1: The initial casting layout investigated in this work after shake out from the sand mould and a  fter
burning off the top risers.



NUMERICAL MODELLING
The casting process simulation starts with the ggpmdefined as a 3D CAD model of the casting, mold
gating, chills, riser and the insulating paddiregBigure 2.

Fig. 2: 3-D visualization of the original casting |  ayout with its characteristic feeder design and chi Il
patterns applied in the initial numerical calculati ons. This layout was then subjected to optimization
Characters A, B, C indicate groups of design variab les for the subsequent optimization.

Material group definition is made in the softwarpieprocessor. Next, the geometry is properly ne:sinel all
necessary information relating to the molten metamistry, pouring temperature; flow propertieseiface
heat transfer coefficients (HTC), thermodynamicpemties, and mechanical properties must be intred urtto
the system.

In the mesh generator of MAGMASsoft, Solver 5 fdlirfig simulations has been applied to take advantaig
improved features, (as compared to lower level GBers in the software), such as variable visgpsit
improved wall friction model, improved pressureaaty calculations and also a Cartesian cut-celthod
which is applied to the equations, i.e. momentumaéqns, pressure equation, thermal energy equdtiea
surface equation and venting model, to minimize affect of the stair-step profiles of the boundarthe
calculation mesh, i.e. Cartesian drid

The summary ifFigure 3 shows an overview of the sequence of casting sitionl modules.

Pre-Processing

Definition of the problem,
Geometry, material properties,
etc.

Solidification

Energy equation,
calculation of
Microstructure and
Macrosegregation

Mould filling

Momentum equations,
Continuity equation, Energy
equation

Stress/strain analysis

Equilibrium equations
Constitutive relation

Post Processing

Presentation of results:
Interpretation of primitive
fields by criterion functions

Fig. 3: Flow diagram of the interrelationship of casting si mulation modules, figure inspired by Hattel 18
When all process parameters are entered, filling®fcasting can be simulated. A flow rate boundandition
is selected to control the filling process whictc@amts for a change in overpressure during filliging
bottom-pour ladles. Once filling is modeled, theuléing temperature fields in the casting are tadeth used as
an input for the subsequent heat transfer calamaturing solidification and solid-state coolingthé casting.
The heat transfer calculation gives temperaturtddieand distributions of various defects arisingimy
solidification and further cooling. Results predigt defects occurrence, i.e. shrinkage porositytextine
porosity, macrosegregation etc., are used to etmlhe casting soundness and its overall qualityly @fter
computing the temperatures the deformation canuaduated. When stress-strain prediction is needed,
additional simulation is run. Temperature and pibydsoth drive deformation by casting shrinkage réality,
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deformation occurs at the same time as the tempesatire dropping and porosity is forming. It isialky
accepted to calculate the deformation in a sequandenot as a codependent calculation. The valafitthe
distortion prediction is dependent on represergagimulation results obtained for the temperatistidution.
Not only representative final results are needatlftie entire calculated history must be validategredict the
final casting shape and residual streSsés outline of the simulation analyses performedaxious stages of
this project is given iffable I.

Table I. — Indication of the differences in compleity of the simulation analyses for the original andinal
layouts as compared to the optimization procedure.

Solidification
Filling . Stress-strain analysis Hot tea}r
. Convection, analysis
Thermal analysis .
macrosegregation
Original layout YES YES YES YES YES
Optimization NO YES NO NO NO
procedure

Optimized layout YES YES YES YES YES

BACKGROUND ON DEFECTS FORMATION

CENTERLINE POROSITY- THE NIYAMA CRITERION

In modeling of casting processes, special critbege been developed to indicate areas of the gasfirere
particular problems, e.g. shrinkage, hot tears oultherosion, can be expected. A very important pathe
solidification analysis is the evaluation of theedeng efficiency. Several criterion functions hakieen
suggested for that purpose. A criterion functioadshon only the temperature gradient for predictiegterline
porosity was suggested by Peftthas early as in 1953 ater on, in 1982, this criterion was improved by
Niyam&®. By comparing the results of solidification simidas and observations of centerline shrinkage
problems in steel castings, Niyama and co-workezsevable to relate the development of centerlimmkshge

to the temperature gradient and cooling rate, bbtluhich are assessed at a specified temperataretine end
of solidification, seeeq. 1. Shrinkage porosity predicted by the Niyama cigterusually forms in the mushy
region at high solid fractions. At lower solid ftems, the pressure drop which governs this typpasbsity is
negligibly small. Therefore, in a casting simulatithe Niyama criterion is always evaluated atraperature
near the end of the solidification interval.

Nivamas G
lyama= ﬁ Equation 1

With the help of the Niyama criterion, it is fedsitho predict the presence of centerline shrinkagesity, i.e.
micro- and macro-shrinkage in alloys with shorieftimg range such as steels, caused by shallow tatope
gradient$®> ?* It indicates that in regions that solidify quigkthere must be hot metal nearby to establistyl hi
gradient to feed the shrinkage during solidificatio
Although at first glance, the Niyama criterion megypear to be purely an empirical relationshipJdgbdas a
physical interpretation. The model begins with raclaw, which relates the interdendritic feedirgyw
velocity to the pressure drop across the mushy,z=eeiq. 2.
ﬁ _ M A-1s) u
- 9
dx K
wherep is the pressure, is the viscosity of the liquidg is the solid fractionK is the permeability of the mushy
zone andy, is the liquid velocity in the mushy zone (i.e.,riskage velocity). By making simplifying
assumptions about the functional form of the sblidtion-temperature curve and the permeabilityaNia et
al., were able to analytically integrate the omaeatisional (1-D) form of Darcy’s law to demonstrtitat
M
Niyam&
whereAP is the pressure drop across the mushy zonéviaisda material constant. This inverse relationship
shows that the pressure drop increases aBlifemavalue decreases. If an assumption is made thasippr

forms at a critical pressure drop, then this aiticalue is more likely to be exceeded whenNhyamavalue is
smalf®. By comparing experimentally observed shrinkageosity patterns in cast-steel cylinders to

Equation 2
O
AP=MT/G) 2=

Equation 3

4



corresponding casting simulations, Niyama et acalvered that, indeed there was a threshold vdldgyama
below which shrinkage was typically present. WheaNiyamavalue decreases below a critical value, small
amounts of micro-shrinkage begin to form. As tliyama value decreases further, the amount of micro-
shrinkage increases until it becomes detectabla standard radiograph. This transition occurs aéend
critical value. Both of these threshold valuesteavily dependent on the composition of the allog Bn some
cases on the casting process conditions.

While the presence of the temperature gradieignl is not surprising, and implies that shrinkage piyo
will form in regions of lowG, the presence of the cooling rate in the denominatay at first seem
counterintuitive. The Niyama criterion predictsttishrinkage porosity increases with increasing iogotate,
because the feeding-flow velocities and the resgltiressure drop across the mushy zone are highbigher
solidification rates. One could also say that & #ooling rate is high, there is not enough timsupply the
required melt into the needy area to compensatévolumetric shrinkage and consequently a padltdaxrm.

It follows that the beneficial effect of a chilhrfexample, is due to the increase in the temperaadient the
chill provides; the concomitant increase in theliegprate near a chill is actually counterproduetivith regard

to avoiding shrinkage porosffy

The Niyama criterion only predicts feeding-distamekated shrinkage for short freezing range cdsysi it
does not explicitly predict hot spots in a castiag it does not predict gas poroSity

In this paper it will be shown how the centerlinergsity, represented by the Niyama criterion can be
effectively used to eliminate both macrosegregatind hot tearing by optimizing temperature distiitu and
primarily thermal gradients in the casting.

MACROSEGREGATION

Solute composition inhomogenity on the macroscgpale of a casting- a phenomenon commonly known as
macrosegregation — is undesirable for several msagéirst, such inhomogenity cannot be removed dst h
treatment, as the time required for solid statdudidbn to occur at this scale is prohibitive. Seton
macrosegregation results in spatial variationshefrechanical properties after heat treatment lansl in in-
service behavior of a cast part due to the con@mhipatial variations in the amount, nature amd sff the
precipitates. Third, macrosegregation can leathédf@rmation of gross compositional defects sucfrexkles,
also called segregated chimneys. Macrosegregatioalised by relative movement or flow of segregidest
andzssolid within the mushy zone during solidificati There are four major causes of macrosegregdtiese
are”:

(a) Macrosegregation associated with solidificationiskage i.e. flow that feeds the solidification shrinkage
and the contractions of the liquid and solid duriegling.

(b) Macrosegregation associated with natural or foraatvection If the velocity of the liquid is perpendicular
to the solute gradient, no macrosegregation octlowgever, macrosegregation is induced when the éoters
or exits the mushy zone.

(c) Macrosegregation associated with grain movem@stlong as the grains move with the same velomity
the liquid, there is no macrosegregation. Howegguiaxed grains have a tendency to sediment aeiitain
cases, to float, giving rise to macrosegregation.

(d) Macrosegreation associated with deformation of sod networkin the mushy zone due to thermal and
shrinkage stress, head pressure, or external farceke solid shell. In other words, the mushydsbiehaves
like a sponge causing the liquid to be expelledgfvim compression) or sucked in (when in tension).

Flow due to thermal and solute gradients in theifigeads to formation of so-called channel segeja
commonly referred to A- segregates or frecklescldes are typically initiated by convective instélds above
or inside the mushy zone, i.e. when the velocitthefliquid in the mushy zone exceeds that of sbéherm and
the segregated interdendritic liquid becomes lesseé than the overlying bulk liquid of original cposition.
This phenomenon eventually leads to open chanheldpcal remelting due to solid fraction decredaethe
mush through which the solute-rich and low-denksifyid flows upward into the bulk liquid region. &se open
channels are associated with local increase in gaiitity which allows for the liquid to flow moreasily, thus
enhancing remelting and macrosegregation. Whercliaanels eventually freeze, they appear as pekeil-|
chains of equiaxed crystals that are highly endchresoluté®. It has been shown in the literattiréhat if
temperature gradients and the casting speedsathearm velocity, are high enough, freckles ars lily to
form. One could thus argue that in this regard exdine porosity and channel segregations followinailar
trend although; they are not necessarily governethé same physical phenomena. It means that nctipte
enhanced thermal gradients and progressive diregtigolidification with sufficiently tapered poof tquid
metaf’ should decrease the risk of both of these def@tstefore in the present work, the major focus kgl
put on optimizing the chilling system to evoke featde thermal gradients and to establish a pronedinc
progressive and directional solidification pattern.



HOT TEARS

Hot tearing is one of the most common and seri@fisais encountered in large steel castings. Hotdel@cts
require extensive rework, which significantly inases costs. In some instances, several iteratibisro
inspection repair and heat treatment can be rejuiveich are both labor and energy intensive. idat tiefects
that are not properly repaired or are not discalecan result in failure initiation sites duringngee. These
troublesome defects can occur internally in a ngstir on the surface of the casting. These cracisbe large
and visible to the naked eye or small and found dayl magnetic particle inspection. They are causga
combination of thermal effects, such as hot spz#,saind casting restraint, like cores in cylindrzastings. In
addition, the composition can affect hot tearingency. Physically, two factors contribute to hestrtng in the
mush)&gone. Hot tears are formed when the mushg mrut off from liquid feeding and is under téasi
loading™.

First, liquid feeding is the flow of liquid metatto the mushy zone to account for volumetric stagekas the
liquid becomes solid. The mushy zone accumulatésmetric changes both through shrinkage, whicheés t
density change as liquid metal solidifies to satidtal, and by the externally imposed volumetriaistfrom
e.g. thermal contraction. The mushy zone is analedo a sponge as shownkigure 4. Initially, liquid may
flow through, like the sponge, but as solidificaticontinues the permeability of the sponge decseagech
restricts liquid metal flow. Eventually the flow ¢t off and the remaining liquid pockets beconwaited. As
long as the liquid pressure is sufficient to driwpiid into the pockets, no porosity will form. Buthen the
pockets become isolated the liquid will not feed tontraction during solidification and porosityrfes. With
this approach, hot tear should not occur as lonthe® is no lack of feeding of the solid phaséhwilite liquid.
This was the basis for Feufdwho used hindered feeding as a driving factor gorosity and hot tear
occurrence. He focused on the pressure of thedligteésent between the grains and argued that geowill
nucleate as a pore if the liquid is no longer abléll these interdendritic openings caused byshbkdification
shrinkage. He considered that the feeding dependthe permeability of the mushy zone which is large
dependent on the thermal gradients and cooling.ragter on, a two-phase model of the semi-solitddéc
network was developed by Farfiin which the pressure drop of the liquid phas¢him mush together with
tensile stress caused by thermal contraction ostiel are considered as a cause of hot tear fasmarthis
supports the assumption that it must be possib@ituinate hot tears by means of the Niyama cotesvhich
is a pure thermal criterion and is physically lidke the pressure drop over the mushy zone asiséan 3.
Second, tensile solid deformation is also neceskaryot tears. In the sponge analogy, tensile redtion
stretches the sponge. Alternatively, compressiferdetion squeezes the sponge and may eliminatesipypr
and hot tears. Tensile deformation can result wherthermal contraction of the solid areas of thstiog are
restrained. Restrained thermal contraction may paehien metal surrounds a core or if an alreadyl s@sting
feature pins the contraction at a hot spot. Whemtlashy zone in a hot spot is being deformed isi¢en solid
dendrites or grains are pulled apart. This circamst is illustrated schematicallykigure 4.

LOCALIZED TENSILE STRAIN

TENSILE TENSILE
STRESS STRESS
LIQUID
HOTSPOT -
e 2 =
MUSHY ZONE WITH O
RSEOGIiIODN ISOLATED LIQUID ~— C%U%
POOLS

Fig. 4: Schematic of a deformed mushy zone. Tensile stress in one area can evoke tensile strains
localized in a distinct area. If that area is still mushy and improperly fed, the tensile strains can easily
facilitate hot tearing in that weak spot. Figurei  nspired by Monroe 8

As the solid colder pieces at the edge of the muasimg are pulled apart by contraction, additioialitl metal
must flow into the mushy zone to fill this spackliduid is not available under tensile loading,edto the
feeding flow being cut off, additional porosity mé&yrm. This porosity forms late in the solidificati, along
grain boundaries and it is the initiation site &dnot tear.

Considering the composition of the melt, the additiof sulfur and phosphorus will not change the
fundamentals mentioned above. Instead, sulfur amasghorus will segregate to the grain boundaries an
depress the solidus temperature. As mentioned dyetfiois last liquid to solidify is on grain bounies, which
under tensile deformation will easily separate. @ibpressed solidus temperature increases the timhéensile



strain may accumulate when flow is cut®afHence one can see that unfavorable macroseguagatifiles in
the casting also facilitate hot tearing to a lasgtent.

The right conditions for hot tearing can occur fr¢h) casting design; normal contraction of thineections
causing deformation or restraint of thicker sediarhich cool more slowly, or (2) bulk resistancetted mold
and core, which prevents contraction of a casting3) the rigging design, especially if feedingnarginal, by
providing additional restraints or due to the higbrmal gradients that are often needed to actdeeetional
solidification. In a complex-shaped casting, haritgy may occur as a result of the combined efédédhe
aforementioned caus&sA very thorough summary of many mechanisms ofteating and conditions that
may lead to it is given in the work of Eskin andtglermari®.

OPTIMIZATION PROCEDURE

In the present study, unknown optimal shapes azeb 9f the two top risers as well as the chillssameght by
means of autonomous optimization to obtain a bettédification pattern of the casting which wouliminate
the likelihood of hot tearingThis issue has been addressed by defining the grolals a multi-objective
optimization problem (MOP) via combiningpultiple conflicting criteria, i.e. the minimizatioof the riser
volume together with the minimization of the preserof centerline porosity. The decisive factors tioe
occurrence of centerline porosity, macrosegregasind hot tears are the same, i.e. low thermal gnésli
combined with an unprogressive solidification pattelherefore, the focus has been put on eliminatiohot
tears by the minimization of centerline porosity éstablishing enhanced thermal gradients and argssiye
solidification pattern inside the casting. The riaalijective genetic algorithm (MOGAY has been applied to
handle these multiple objectives. In the followsegtions, a brief description of MOP and genegoathms is
given followed by an introduction to the optimizatiproblem at hand.

INTRODUCTION TO MOP AND MOGA
When multi-objective optimization is utilized, thuser defines not only the degrees of freedom ferptfocess
parameters but also a number of objective functighieh may be conflicting and are to be either mizied,
maximized, or a combination of these. This oftesutes in having multiplérade-off solutions associated with
different amount ofainsandsacrificesamong multiple criteria, providing that the objees are conflicting.
In case of single-objective optimization problefhss easier to identify the optimal solution asrmqmared to the
case of MOP where there is more than one critdodnvestigate and satisfy, hence more than one(bbt®)
solution to consider.
As it was put forward by Goldbetty'if we refuse to compare apples to oranges, themuwst come up with a
different definition of optimality, one that respedhe integrity of each of our seperate critewiddich points
out the concept of Pareto Optimality, correlatethis fundamental concept of domination. Since tivecept of
domination allows a way to compare solutions withiltple objectives, most MOP algorithms use this
domination concept to search for non-dominatedt&wis, i.e. the ones that constitute the Paretotfags shown
in Figure 5(c). This concept can be explained with a simple exarmpa 2D objective space, in which the
minimization of both objective functions (i.e. dnd §) is considered, as shown kigures 5(a-c) In Figure
5(a), point-1 representing a solution or a design wtsplits the 2D objective space into two zones: fitsd
zone (the shaded region); the set of the pointsirted by point-1, and the second zone; the spbiits not
dominated by point-1 (the remaining three quadjants the non-dominated or noninferior set ofr®i Thus,
the two conditions stated below need to be satisfigoint-1 dominates point-i, where point-i isyaather
design point in the objective spate

« point-1 is no worse than point-i in all objectives.

* point-1 is strictly better than point-i in at leaste objective.
These two statements give a general descriptionthier comparison of the two solutions in terms of
"betterness”, hence emphasizing the applicabilitythis comparison for other types or combinatiorfs o
conflicting objectives besides the minimization -inimization type as shown irFigures 5(a-¢, i.e.
maximization - maximization, maximization — miniration as well as minimization - maximization. .dase
of the aforementioned minimization-minimization prem, it is formulated as follow/s *®

(ERACHERINCD)IRI(E SR ACHRRACD) Equation 4

where % represents point-1 iRigure 5(a) and x represents any design point-i in the same 2D tibgespace.
Eqg. 4 can be put in words as; at least)(in one objective, design-1 is "strictly less" nhdesign-i, while in

others () they might be equal.

In case of having a population composed of e.@ fieints as shown iRigure 5(b), a need for an overall
relation of dominance arises, i.e. the one-to-cmparison made for point-1 should be generalizeccézh
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point. Figure 5(b) shows the distribution of these five points togetith their domination regions which are
distinguished with different tones of colors andsitlearly seen that point-4 dominates points-ané 5 with
respect to all objectives, while point-3 dominasédisother points (i.e. strictly better) only witleapect to the
first objective for the given distribution. Howeyeaince points-3 and 4 are not dominated by angrgboints,
they constitute the non-dominated front which isoatalled the Pareto-optimal front, deigure 5(c), in an
MOO context. A similar comparison will reveal thabint-1 and point-5 constitute the next dominatimont
which in itself is dominated by the Pareto frondahown as the closest dashed line to the Paretd iin
Figure 5(c)*®.
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Figure 5(a) The two separate sets Figure 5(b) Each solution in a Figure 5(c) The dominated and
of solutions defined with respect population has its own sets of non-dominated (Pareto-optimal)
to point-1: i) the set of dominated dominated and non-dominated fronts [40].

solutions (the shaded region), ii) solutions (inspired by [38]) [40].

the set of non-dominated solutions

(adapted from [ 39]) [40].

The actual optimization cycle is initiated by edigtiing a first generation, i.e. set of solutionentaining a
user-defined amount of individuals, referred torasal population or Design Of computational Exjpeents
(DOE). Each individual represents one configuratfon the considered set of design variables, e t
dimensions of the top risers together with the disigens and the position of the chills. For eachhafse
designs an analysis of solidification and solidestzooling is performed and the values for the estgd output
variables are calculated. The output data is usezlaluate and compare the different designs. Afterfirst
generation has been calculated, the optimizatigonrithm evaluates the designs with respect to tijective
functions and constraint(s) and subsequently gée®new set of solutions using mathematical nrésines
that follow the concept of natural genetics, igestion, reproduction, cross-over and mutatioris Tierative
evolution strategy is consequently referred to &eaetic Algorithn. The flow chart of the above described
optimization procedure is depictedRigure 6.

Calculate designs

Thermal analysis
( ysis) MOGA- Optimizer
Initial population Grade the performance [—| Statistical evaluation of Stopping
of the calculated calculated designs criterion
designs in terms of the (Selection, Cross-over, Mutation)
objectives

NO

Fig. 6: Flow chart of the optimization process (ada  pted from [41]).

GAs do not need any gradient information in theiareh process. Thus, they are very suitable farkkbax
(e.g. commercial software) optimization applicatiorMoreover, as compared to classical optimization
techniques based on a single solution approacletigesigorithms can effectively utilize distributedmputing
facilities because of their population based apghpa.e. all individuals (designs) can be computed
independently. GAs are typically able to providéamer spectrum of Pareto-optimal solutions withaay
additional problem specification as in some ald¢onis designed specifically for the SOP problemss Teheal
approach of evolutionary MOO algorithms replacemecof the potential weaknesses of gradient based
algorithms in some cases, e.g. when having a natircmus or non-convex search spatiee availability of
trade-off solutions, representing varying prefeeelavels between chosen objectives, makes it efagieruser

to choose a particular solution for further impletagior *°



OPTIMIZATION OF THE SOLIDIFICATION PATTERN

As briefly mentioned above, the optimization prablis defined as the goal of finding the most su@athapes
of the two top risers and the proper placementsdraghes of chills surrounding the casting, whichvigl® a set
of trade-off solutions for the minimization of twomnflicting objectives. These are, (i) to desiga thp risers
and the surrounding chills so that the castingimd (i.e. with minimum centerline shrinkage porpsévenly
distributed concentration profiles of solute eletseand no hot tears) and (ii) at the same timerfgatap risers’
volume as small as possible to increase the cagighdy In this context, ‘casting yield’ is defined the weight
of the fettled casting divided by the gross weiigictuding the riser and the gating system. Thisomstrained
multi-objective problem can then be expressed itheraatical terms as

Minimize: f1(X) = Vyiser
Minimize: f,(X) = Weighted Volume Niyama

Equation 5
X ={a1_5, P14, C1—12} g
Neeil int(lOdW)
whereWeighted Volume Niyama = Zvi 2 Niyamay Equation 6

Niyamalzjl.\liyamqr
whereV, is a volume of a cellNiyama,; is a critical value of 0.7. Information receiverh the weighted
volume Niyama values is regarding the volume of riressh affected by a poor Niyama value, i.e. belogv t
critical value of 0.7.
Prior to optimization, it is necessary to paramie&ethe model in order to vary considered desigmotess
parameters. The primary aim of the optimizationcpss is then to change the solidification pattefrthe
casting so that hot tears are eliminated. In othands, to establish directional and progressivédgimation
towards the top risers with favorable thermal geath, to eliminate centerline and shrinkage poyoaitd
segregation issues. As it was already discussegkadbof these phenomena directly promote hoirtigar
In total there have been 21 independent designablas (those which are changed / updated during
optimization) used in the optimization procedurdiick are: placement and dimensions of the chilksglftt,
width and thickness, and of the top risers —theighit, bottom and top diameters. The design vaegblere
split into three groups and are highlightedrigure 2, where group A(gs) contains all variables for the two top
risers, group B(bs) contains variables for the four bottom brick-likdills and group C(c,) comprises
variables for the two sets of chills on the riglaint side of the casting. It would be very time conisig to
calculate thermal convection, segregation anddatstprediction for each design during the optitiorecycle.
Thus, only the selected designs constituting thel iPareto line are analyzed with respect to magmegation
and hot tearing, s€eable I.
The initial population for the MOGA containing 1@Mique sets of designs is provided by the Sobol DOE
sequence generating technique which is a quasbransampling techniqd® The points in this type of
sequence are maximally avoiding each other, soirtiti@l population fills the design space in a wnif
manner. The assumed optimization problem is constlaonly by the predefined ranges of variationthaf
design variables. The directional cross-over, thection and the mutation probabilities of 0.6, argl 0.1,
respectively, are chosen for running 20 generatgimsg in a total number of 2000 solutions. In dida,
elitism is applied to accelerate convergence inagmization problem. Elitism is a GA operator @eneral,
an evolutionary algorithm operator) which saves Ilest designs found so far during the evolutiortheaf
generations.

RESULTS AND DISCUSSION

In the following sections, results obtained frone gimulations and casting trials are presenteddisalissed.
First, the numerical and experimental results ftbmoriginal casting assembly are analyzed to kskah base
case. Then, the results from the multi-objectivéroization problem (riser volume and chill size iofization)
are presented.

CASTING AND SIMULATION RESULTS — ORIGINAL LAYOUT

The original casting arrangement depictedrigure 2 was cast using the process parameters indicatdtein
beginning of this paper. After the shake out, asivashot tear was found in the middle rib, goinggdinally
from the left top riser down to the right, acrolss top cylindrical core, sdeéigure 7. The rib was found to be
torn completely from both sides. Obviously, thifedt was impossible to repair weld, making the iogsta
scrap. The hot tear was found before burning aftto top risers.



Since hot tears can be assumed to be driven bhéinmal behavior of the casting, the major emghasis put
on the solidification stage and its optimizationrbgans of the Niyama criterion.

Fig. 7: View on the location of the hot tear in the middle rib of the steel casting. This hot tear occ  urred on
both sides of the middle rib.

The first numerical analysis concerned filling bétsand mould cavitfigure 8 captures the situation in the
early stages of the filling process. It shows thatgating system is not designed well enough suensmooth
and calm filling without massive surface turbulenrie to the non-tapered sprues and runners the flo
velocity is not controlled whatsoever and the neelters the mould cavity with high velocity. Consewaly, it
leads to jetting and splashing establishing a Figiibulent flow pattert. Surface turbulence contributes to air
entrapment but primarily to folding of oxide birfis’®. These oxide films are then drifted by the propiaga
metal and end up somewhere in the solidifying ngsstructure. Areas containing oxide films exhibipaired
mechanical propertié$ thus if these areas full of oxide films are sobgd to some loads, either external or
internal, they could readily serve as tear or crinitiation sites. The only option in this case Wbibe to
redesign the gating system so that the velocityhef melt is controlled and lowered to avoid the \abo
mentioned deficiencies. For instance, one couldyagipoke elements at the bottom of each sprue toajig
avoid air aspiration during the free fall in thelsparea. Runners should be reworked so that theenters the
cavity from all the gates at the same time with saene or similar velocity. Runner extensions shded
installed to absorb kinetic energy of the flowingtal and hence lower the entrance velocity. Thiedsnent
from the gating system that should be avoided tgagtt redesigned is the two vertical runners. fTiugiction is

to supply the upper region of the casting with Hiresd hot melt during later stages of the fillingpqess.
However, with the current design, the melt readestop of those runners much earlier than de<ared
initiates the so-called waterfall effect which eeg inFigure 7 at 8% filled. This is a notoriously known effect
that substantially adds to the surface turbuleNodody questions that it is very important to syphle upper
section with hot melt to promote favorable thermgeddients but the position and shape of the twdicatr
runners must be changed so that they do not gteg too early.
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Fig. 8: Initial stages of the filling process in ca  se of the original casting arrangement suggesting h ighly
turbulent entry of the metal to the mould causing j etting and also a waterfall effect due to improperl vy

designed gating system.

Figure 9 outlines the Niyama criterion which usually indies regions prone to centerline porosity due to low
thermal gradients. This time it has been used tovstegions with very steep gradients and low capliates
and, hence areas potentially susceptible to heoinpaHaving large temperature differences ovemalk or
narrow region implies that large thermal straini ¢ evoked due to this sudden temperature chamlieh

will be later verified in the thermo-mechanical Bsis. Low cooling rates suggest that the coolm@indered
and, that the particular area remains weak fongdotime. This again favors hot tearing. One @that the
area above the top cylindrical core experiencegeldemperature differences in two very narrow cleé)n
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exactly at the area where the hot tear was fouriigrreal casting. Since the Niyama criterion ialeated at
the end of the solidification interval it was nes&y to check how the casting behaves thermallynlipg
during the entire solidification interval.

NIYAMA
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14.29
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8.57

7.14

5.71

Fig. 9: The Niyama criterion used to highlight area s with high thermal gradients for the considered
casting. Areas with high Niyama values exhibit stee  p thermal gradients and low cooling rates.

Figure 10 implies that already at 40% solidified a smallioegabove the top core solidifies at a much higher
rate than the surrounding areas. This trend pemisbughout the entire solidification interval.diteg an area
which solidifies much quicker than the surroundiggserally leads to large thermally induced tensitains.
Also, the cold area has gained strength and voliradly contracts while the surroundings are stémi-solid
and weak. The consequence of this thermal imbaleacesasily be a hot tear located at the boundafitdse
cold and hot regions.
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Fig. 10: Temperature distribution in the solidifica tion interval of the original casting layout. It is expected
that the sudden temperature change in the area betw  een the risers might induce thermal straining at th e
boundaries of the cold and hot regions and conseque ntly a hot tear. Blue color denotes a completely
solid region, all of the shades of green stand for the mushy zone and the red color stands for the liq uid.

As mentioned earlier, unbalanced or improper comagan profiles of the solute elements can alsonmte
hot tearing. As seen ikigure 11, the profiles of three elements, i.e. carbon, phosus and sulfur, are
definitely unfavorable with respect to hot teariif@ne can see that in all three cases there arenggyith
positive segregation very close to the problemat&a where the tear formed. Having positively sgeyed
areas means that they will exhibit impaired mectalnproperties, i.e. carbon causes local embritlesulfur
and phosphorus suppress solidification temperatndethus increase the risk of hot tearing. Mainlgase of
carbon and sulfur, notice the white region denotingitive segregation indicated by black arrowdipfang
exactly the same pattern as the hot tear in tHeasting inFigure 7.
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Fig. 11: Concentration profiles of three solute ele  ments (left) carbon, (middle) phosphorus, (right) s ulfur.
Highly segregated regions exhibit impaired mechanic al properties, increasing the risk of hot tearing. The
black arrows highlight the most risky areas in term s of hot tear susceptibility.

Figure 12 captures the maximal principal strain rate inglte casting at two different stages of solidifioati
One might argue why we should be concerned aboat gies on at that early stage of solidificatiorewinot
tears usually form much later. The reason is that0& solidified; the cold “triangular” area statts form
above the top core, as indicatedFigure 10. Therefore, that particular area is already inltte stage of its
solidification, due to the uneven solidificationttgan of the entire casting and thus hot tears foam there
already at 40% solidified. Indeed, one can sefigure 12 that the significant temperature difference codple
with a volumetric contraction lead to rather sevitrermally induced tensile straining in that areslso, it is
now obvious that the top core represents a mechlargstraint to the free contraction as the pealegof the
strain rate are adjacent to the core. Hence one asayme that the hot tear initiated there and atpd
diagonally to the top.
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Fig. 12: Maximal principal strain rate contributing to hot tearing. The effect of the top cylindrical core as
a mechanical restraint to free contraction is seen. The “fastest” deformation occurs right at the regi on
where the hot tear was found in the real casting.

Figure 13 depicts the final prediction of the hot tear ocence in the casting as a consequence of the abuple
physical phenomena mentioned above. Notice a veod gorrelation with the results obtained from thsting
trial. There is one more area in the hot tear tegblt might be of concern. It is located in tbevdr central
section of the casting above the bottom cylindrimale. One of the possible reasons why the hotdielnot
occur in the bottom area in reality is the streshistribution in the casting after the top hot tepened up. So,
when the hot tear formed in the central rib, theideal stress stored in the casting may have deased in a
form of deformation and the stress pattern of thére casting changed and the bottom tear did mititie.
Although, there is no clear evidence which wouldfyehis statement.
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Fig. 13: Hot tear prediction obtained from the nume  rical stress-strain analysis. Colored areas indicat e
regions most susceptible to hot tearing. A good agr eement with the experimental results is seeninter ms
of the predicted hot tear in the central rib.

A conclusion can be that the hot tear was in egsemoked by a combination of multiple factors afi) uneven
temperature distribution inducing high thermal dgeats concentrated over a very narrow area, (i) by
unfavorable concentration profiles of solute eletsemhich are also heavily dependent on the temperat
profiles and, (iii) by a mechanical restraint dogtie presence of the top core which hindered od@metric
contraction of the solidifying cast part.

CASTING AND SIMULATION RESULTS — OPTIMIZED LAYOUT

As already mentioned, the primary goal of autonosnoptimization based on process simulations has twee
find a more suitable design of the two top risemd af the surrounding chills to establish a diretil and
progressive solidification pattern which would dliate the formation of solidification related issusich as
centerline porosity, shrinkage porosity, macrosggien and hot tears which were present in theiraig
casting layout.

The gating system has been changed somewhat tevachimore uniform and smooth flow pattern to avoid
excessive oxidation. On top of that, chills ancensshave been transformed into parametric objeats a
subjected to optimization as design variables. Mt important condition in assessing the sizdefriser has
been to avoid the shrinkage pipe penetrating in¢oriser neck area or even to the casting bodyh 8aesigns
are then instantly rejected since they are undeitab

The objective space for the optimization problerasdastructed by the two following conflicting obiees (i)
minimization of the remaining riser volume and (ii)nimization of the weighed volume Niyama of ttesting
body, Figure 14. After the optimization run the user has to deamd@ch design among multiple optimal
solutions will be the most desirable for him/herh&ther he/she wants to minimize the riser as much a
possible, at the cost of increased porosity oraeeha porosity-free and sound casting with a diiglatrger
riser, but still smaller than the initial designb¥iously, the optimized design must contain lesstedine
porosity than the original casting layout. Thisvisy only Pareto optimal solutions located in theebtegion are
considered. All other solutions are disregardeatesithey exhibit more centerline porosity than thiial
layout, which is not desirable. These six solutiarese subsequently analyzed in terms of shrinkayesity,
which is an additional criterion for evaluating thxerall soundness of the casting. It was found ¢bhition 4
had the best response in terms of shrinkage pgrasid solution 1 was only slightly worse than 4eTdther
four designs showed much worse response and thertfey were disregarded. Since the primary airthef
optimization procedure was to search for the sofutiith the lowest amount of centerline porosigluton 1
was selected, although it had the largest volumé¢heftwo top risers from all of the trade-off sabat.
However, the objective of minimizing the riser vale was still met by solution 1, which actually éited a
significant decrease in the riser volume as comptrehe original solution. By picking solution dne could
argue that single objective optimization could hbeen applied. True, however, the benefit of malhjiective
optimization is that the user has a selection ohynimade-off solutions lying on the Pareto line ghimay
fulfill his/her preferences that he/she would nelverable to explore, or be aware of other poteattarnatives,
while using the single objective approach.
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Fig. 14: The objective space where all the computed designs are stored. The blue line represents the
Pareto optimal front which comprises the best trade -off solutions in terms of the predefined optimizat ion
objectives. The light blue color indicates the area from which the best solution is selected. The enla  rged
view on the six Pareto designs is located on the ri  ght upper corner.

One design was selected from the objective spacdufther analysis. The selected design has them be
evaluated with respect to filling, solidificatiors avell as stresses and strains in the standardlaiom
environment. The geometry of the preferred dessgraptured irfrigure 15.

44

Fig. 15: New casting layout after optimization. Dim  ensions of the two top risers together with dimensi ons
and location of the surrounding chills were varied during optimization.

There are a few reasons for choosing such a ddsSiigpt, the primary goal has been to eliminatepresence of
centerline porosity and through that to minimizgregation issues and occurrence of hot tear.

As discussed earlier, centerline shrinkage is tiredfected by a pressure drop inside the castiegyved from
Darcy's law of flow in porous media, which represeresistance to feeding of a particular area. depkthe
pressure gradient sufficiently high to ensure &dfit feeding flow, the height and the total voluofehe risers
should not be too small. Next, centerline shrinkageally forms at areas with shallow thermal gratlieTo
establish steep thermal gradients, the risers dramdin be sufficiently large and the dimensiors gplacement
of the chills should be chosen so that progresane directional solidification towards the risessiposed.
Considering segregation, it is also known that hggteep thermal gradients due to intense chiti@sglts in a
finer dendritic microstructure imposing higher stance for channel segregates to form. Moreovea if
progressive and directional solidification pattexists, it helps to move the highly segregated neimg liquid
towards the riser. As to the hot tears, it has tstmwn earlier in the text that an adequate satitibn pattern
with good feeding, favorable thermal gradients amdcentration profiles should eliminate hot tearsastings.
For this reason one could deduce that centerliriakgtge, macrosegregation phenomena and hot teald in
principle be treated by the same remedy. Obvioiislpes not mean that they are driven by the sanysigal
phenomena.

After this brief reasoning one can make the assiompthat if the design of the risers and chillsigéea
favorable solidification pattern, i.e. steeper amdiformly distributed thermal gradients, directibrend
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progressive solidification, enhanced feeding, ®vpnt centerline porosity, the macrosegreationilps$hould
be positively changed, as well as hot tear sudaiéptiminimized.

Figure 16 shows how the thermal gradients changed due tpahfermed optimization adjustments. It is seen
that due to the new shape of the risers, combiritdnewly placed chills with optimized design andedo the
removed top core, the high thermal gradients giotiehted from the area where the hot tear occurfée
large area on the left hand side of the castinicatds steep thermal gradients accumulated ovelativiely
narrow region, hence implying potential hot tearihgreality, there are narrow ribs placed alongt threa to
prevent hot tearing as seenFigures 15and21. Since they are very narrow and it would requiteeatremely
fine mesh to consider them during calculationsse¢heere not modeled. Hence, this critical areaipted by
the numerical solver can be disregarded.

NIYAMA
9]

Empty

20.00
18.57

Fig. 16: Thermal gradients in the cast part after o ptimization. No obvious high thermal gradients loca ted
in a narrow band-like area as in the original casti  ng arrangement are seen. The risk of hot tears has been
minimized in the previously critical region.

The optimization adjustments have also led to a distvibution of temperature in the casting domé&igure
17. There is no longer that “triangular” area soldify much faster as compared to the surroundingskieg
thermal imbalance and subsequent thermal tensdinst Now it appears that the casting solidifizeaionally
and progressively from the bottom and from the sidevards the two top risers. This should for doveer the
risk of hot tearing in that problematic area aslasglin the entire casting domain.

70% 80% 90%

Fig. 17: Temperature profiles at different stages o f solidification in the optimized layout. No indica tions
of sudden temperature changes as were identified in the original layout. The likelihood of a hot tear is
very low in the previously critical area. Blue colo r denotes a completely solid region, all of the sha  des of
green stand for the mushy zone and the red color st  ands for the liquid phase.

The changes in the solidification pattern have radiy led to a redistribution of the characteristiolute
elements in the casting, represented by their cdrat®on profiles. It is shown irFigure 18 that the
concentration profiles of the selected three eléamane now more balanced and favorable implying the
positively segregated region will be found mostiythe riser region. This state is much more berafigith
respect to hot tear susceptibility as comparedheodriginal state. However, a question arises vdiethe
mechanical properties would be sufficiently goodhia area between the two risers due to positigeegation.
The manufacturer noted that no special requirenfentdhat specific area as to the mechanical ptasewere
determined by the final customer. Therefore thisittan would be suitable for subsequent productidimor
improvements in the segregation might be expectaihg the heat treatment that the part will undergo
afterwards, especially during homogenization.
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Fig. 18: More uniform concentration profiles in the optimized steel casting due to the more favorable
solidification pattern, (left) carbon, (middle) pho sphorus, (right) sulfur. The positively segregated area is
now located mainly in the two top risers and partia lly in the under-riser region.

When we look at the maximal principal strain redesing the solidification interval of the optimizéalyout in
Figure 19it shows that, in the previously critical arearthare no more signs of high tensile straining benc
eliminating the risk of hot tearing. The potentadtitical area in the lower central region of testing is not to
be worried about. Each numerical solver always lights some risky areas, but it is very importamassess
also the magnitude of it. The peak values on tlaéesare so low as compared to the state in thénafitayout
(seeFigure 12), that it becomes apparent that the thermally iedwstrains will not cause any major problems
in relation to hot tearing.

MaxPrinciEaISlrainR
[1.0E-6 1/s]

Empty

+0.0002
+0.0002
+0.0002
+0.0002
+0.0002
+0.0001
+0.0001
+0.0001
+0.0001
+0.0001
+0.0001
+0.0000
+0.0000
+0.0000
-0.0000

Fig. 19: Maximal principal strain rate in the optim ized layout. Note the difference in the scale as
compared to Figure 12.

Consequently, due to the optimized solidificaticattern in which directional and progressive soiddifion

toward the heaviest section has been establisted,risk of hot tearing got entirely eliminated ihet
problematic area in the middle ribigure 20. There is only one small place in the casting Wimight be prone
to hot tearing. It is found in the lower centratayright above the bottom core. However, wheniderisg all

the above investigated criteria such as temperapuofiles during solidification, the Niyama criten,

segregation profiles and strain rates, it can Iseiragd that this area will not be of concern in potidn and
hot tear will most likely not form. Also, the peaklue on the scale is much lower as compared totigaal

solution where the tear was found.
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Fig. 20: Hot tear prediction in the optimized casti  ng layout. The middle rib appears hot tear free. Th e
other indication in the lower central area will mos t likely induce no hot tearing. This can be deduced from
its value on the color scale.

Based on the findings obtained from the multi-obtiyec optimization run, a new casting layout hasrbee
proposed and applied in production, ségure 21 After it was cast, the part was inspected, basally and
by the prescribed NDT techniques, and no majoraiefer problems that would ultimately destroy thstng
were found.

Fig. 21: The steel casting which was manufactured b ased on the optimization results, after its shakeou t.
It exhibited no hot tears whatsoever. Protective ri bs have been applied for the real casting. They wer e
not assumed during simulations since they would req uire extremely fine meshing.

CONCLUSION

This work presented an attempt to perform multieabje optimization of the solidification patterf @ large
steel wedge shaped casting. The main purpose ofstindy was to demonstrate how the autonomous
optimization procedure based on simulations caneffectively utilized for solving several conflictin
objectives in daily foundry practice. More spedflg, to prove that hot tearing can be relativebsity
addressed by optimization even without prescribitngs one of the objectives which would not be ifelas
computational time-wise. It was found that by optimg the solidification pattern so that directibreand
progressive solidification with favorable thermahdients is established, one could relatively gdséndle
multiple phenomena like centerline porosity, maegvsgation and hot tears.

The optimization objectives were prescribed asnfijimization of the remaining volume of the toperiand
(i) minimization of centerline porosity through igh the elimination of hot tear occurrence in thielafe rib
was expected.

The first step was to analyze the original cas@ngngement provided by the foundry to figure owjon
reasons for the hot tear to form. Filling, solidiffion and stress/strain analyses were performedyture all
physical phenomena and potential flaws and defebish may contribute to hot tearing. The resulttiod
improper solidification pattern, i.e. abrupt temgtare drops over a narrow region, together withrgilling
and the presence of a top cylindrical sand cora mmchanical restraint were all contributing to fiwvenation
of a hot tear in the middle rib of the casting boBgsides that, unfavorable concentration profiesultiple
solute elements were identified in the casting bledging to highly segregated regions very closi¢ccritical
area which favored hot tearing. These findings weréfied by casting trials performed at the foundk very
good agreement with the casting results was found.
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In the optimization problem, the dimensions andtjmss of the two top risers and the chills weregaribed as
design variables together with the allowed randgegaoation. After optimization, one solution waslected
from the design space.

The new shapes of the top risers and the new ahiingement led to significant improvements in the
solidification pattern of the selected optimizedusion. More pronounced cooling established favtgab
temperature gradients and induced progressive iaactidnal solidification not only in the problen@area but
also in the entire casting. New convection and osggregation patterns were obtained giving faveraiold
promising results. Due to steeper thermal gradigresmushy zone got reduced, its permeability voagted
imposing higher resistance for liquid-solid movemend for potential channel segregation. The regylt
carbon, phosphorus and sulfur distributions seemac uniform over the casting body. After removihg top
sand core there was no longer a mechanical resstoefree volumetric contraction of the castinglie area just
below the top core. All of these features and improents completely eliminated the susceptibilityht
tearing in the entire casting which was also pradedng the subsequent production.

REFERENCES

1. MAGMAsoft simulation software, MAGMA GmbH, Aache@ermany

2. Kotas, P., Hattel, J.H., Thorborg, J., Svenssan, &eifeddine, SProc. International Ph.D. Foundry
ConferenceBrno, Czech Republic, (2009).

3. Seifeddine, S., Wéssen, M., Svensson, Metallurgical Science & Technologyol. 24, No. 2, pp. 7-
, (2007).

4. Sturm J., Hepp, E., Enger-Walter, 20" CAD-FEM Users" meeting 2002, International Congrea
FEM TechnologylLake Constance, Germany, (2002).

5. Egner-Walter, A.CP+T Casting Plant + Technology Internation&ol. 23, no. 1, pp. 24-29, (2007).

6. Gunasageram, D.R., Finnin, B.R., Polivka, F.B., &fials Science and Technology, Vol. 23, Nr. 7, pp.

847-856, (2007).

Domkin, K., Hattel, J.H., Thorborg,,Journal of Materials Processing Technolp¢3009).

Kotas, P., Master Thesis, Technical University ehark, Lyngby, Denmark, (2007).

Lin, Z., Monroe, C.A., Huff, R.K., Beckermann, @roc. Int. Conf. On Modelling of Casting, Welding

and Advanced Solidification Processes, MCWASRE Wéncouver, Canada, pp. 329 — 336, (June

2009).

10. Kokot, V., Bernbeck, P.Proc. Int. Conf. On Modelling of Casting, Weldingnda Advanced
Solidification Processes, MCWASPDestin, Florida, pp. 487- 494, (May 2003).

11. MAGMAfrontier 4.4 Reference Manual, (2005).

12. Hahn, I., Hartmann, GCasting Plant & Technologyol. 24, no. 4, (2008).

13. Hahn, I, Sturm, J.CProc. World Foundry Congresslangzhou, China, (2010).

14. Tsoukalas, V.D.Proc. IMechE Vol. 222 Part B: J. Engineering Manufacture, @00

15. Tsoukalas, V.D.Materials and Designyol. 29, pp. 2027-2033, (2008).

16. Gramegna, N., Baumgartner, P., Kokot, NDEAL International Conferencgeé.ecce, Italy, (October
2005).

17. Campbell, J.Mat. Sci. Tech Vol. 4, pp. 194-204, (1988).

18. Hattel, J.H.Fundamentals of Numerical Modelling of Casting Rreses1® ed., Kgs. Lyngby:
Polyteknisk Forlag, (2005).

19. Monroe, C., Beckermann, QRroc. of the 61st Technical and Operating Confeeg&¢SA, Chicago,
IL, (2007).

20. Pellini, W.S., AFS Transactions, Vol. 61, pp 61-8053).

21. Niyama, E., Uchida, T., Morikawa, M., Saito, 8FES Int. Cast. Met..JVol. 7, No. 3, pp 52-63,
(1982).

22. Carlson, K.D., Beckermann, Qvetallurgical and Materials Transactions &Xol. 40A, pp. 163-175,
(2009).

23. Carlson, K.D., Ou, S., and Beckermann,Metallurgical and Materials Transactions B'ol. 36B, pp.
843-856, (2005).

24, Hardin, R.A., Ou, S., Carlson, K.D., Beckermann,Metall. Mater. Trans. BVol. 33B, pp. 731-740,
(2002).

25. Dantzig, J.A., Rappaz, MSolidification EPFL Press, (2009).

26. Schneider, M.C., Gu, J.P. Beckermann, C., BoettingeJ., Kattner, U.RMetallurgical and
Materials Transactions Avol. 28A, pp. 1517- 1531, (1997).

27. Sigworth, G.K., Wang, CAFS Transvol. 100, pp. 989-1004, (1992).

28. Monroe, C., and Beckermann, ®later. Sci. Eng. AVol. 413-414, pp. 30-36, (2005).

© o~

18



29.
. Farup, I., Mo, A., Metallurgical and Materials Teattions A, Vol.31, Issue.5, pp 1461-1472, (2000).
31.
32.
33.
34.

35.
36.

37.
38.
39.

40.
41.

42.
43.

44,
45,

46.
47.
48.
49.

Feurer, U., Giessereiforschung, Vol.28, Issue.Z/$80, (1976).

Monroe, C., Ph.D. Thesis, University of lowa, (2D08

Wong, Y. M., Han, H. N., Yeo, T., OH, K.H., ISlJtérnational, vol. 40, no. 2, pp. 129-136, (2000).
Bhattacharya, U.K., Adams, C.M., Taylor, H. RES Trans Vol. 60, pp. 675, (1952).

Eskin, D.G., Katgerman, L., Metallurgical and M&és Transactions A, Vol.38A, Issue 7, pp 1511-
1519, (2007).

MAGMAfrontier 4.4 Reference Manual, (2005).

Goldberg, D.E.Genetic Algorithms in Search, Optimization & Maahirearning Addison Wesley
Longmann, Inc., (1989).

Deb, K.,Multi-Objective Optimization Using Evolutionary Algthms John Wiley & Sons, (2001).
Zitzler, E., Ph.D. Thesis, Swiss Federal Institftédechnology (ETH), Zurich, (1999).

Poles, S.: ‘MOGA-II: An improved Multi-Objective @etic Algorithm. Technical Report’; ESTECO
s.r.l., (2003).

Tutum, C.C.PhD thesisTechnical University of Denmark, Kongens LyngbBgnmark, (2009).
Tutum, C.C., Hattel, J.HScience and Technology of Welding and Joinif. 15, No. 5, pp. 369-
377, (2010).

Kotas, P., Tutum, C.C., Snajdrova, O., Thorborgtattel, J.H.|nternational Journal of
MetalCasting Vol. 4, Issue 4, (2010).

Kotas, P., Tutum, C.C., Andersen, S., Hattel, JIH5" Metalcasting CongresSchaumburg, USA,
(2011), (accepted for oral presentation).

Deb, K.,Engineering Optimizatigrvol. 35, No. 5, pp 445-470, (2003).

Kor, J., Chen, X., Hu, HIEEE International Symposium on Intelligent Conti®aint Petersburg,
Russia, (2009).

Sobol, I.,SIAM Journal on Numerical Analysis$, (1979).

Campbell, J., “Castings Practice, the 10 Rulesasftidgs”, Elsevier Butterworth-Heinemann, (2004).
Campbell, J., “Castings”, Elsevier Butterworth-Haimann, (2003).

Dai, X., Yang, X., Campbell, J., Wood, J., Matesi&cience and Technology, Vol. 20, Nr. 4, pp. 505 —
513, (2004).

19






E INDUSTRIAL REPORT

Kotas, P., Hattel, J.H.Casting Process Optimization of a Large Sted Ring With Respect to
Centerline Porosity and Channel Segregates’, 2011.






Danmarks Tekniske Universitet

UTL

o
o
oo

| ndustrial Report

Casting Process Optim zation of a Large
Steel Ring Wth Respect to Centerline
Porosity and Channel Segregates

Petr Kot as
Jesper Hattel

Process Model ling Group
Depart ment of Mechani cal Engi neering
Techni cal University of Denmark
Pr odukti onstorvet, Kgs. Lyngby
2800, Denmark



Tabl e of Contents:

a1 geTo [UTox1T0] o DU PP PP PPPPPPPPP 3
Description of the original casting arrangement................uveveviuiiiiirimimiminer—————. 4
Fluid flow analysis for the intial casting layOuUL.......... ... e 5
Solidification analysis of the original casting l[aQut..................ccciiiiii e, 7
CoNCl UST ON: L o 14
(@]0)1]0012= 11 T0] a1 o] £ ToT =T (U] ¢ =TT 15
Filling analysis for the optimized casting layout bthe steel ring ...........cccccvvvvvviiinnnnn. 16
Solidification analysis for the optimized castingdyout ................ccce oo 17
CoNCl UST ON . . o 23
SrESS SIrAIN ANAIYSIS . .uuuuutiiiiiiiiiiitiitammeeaeieeaeeaebaa bbb as s anaanssseeseesessensessenrnes 24



Casting Process Optimization of a Large Steel Ring With Respect

to Shrinkage Porosity and Channel Segregates

P. Kotas
Technical University of Denmark, Department of Magital Engineering, Kgs. Lyngby, Denmark

J. Hattel
Technical University of Denmark, Department of Magital Engineering, Kgs. Lyngby, Denmark

INTRODUCTION

This project was assigned and successfully conppletea framework of research collaboration betwden
process modeling group of DTU and Vitkovice Heavadflinery a.s — one of the largest steel foundries i
Europe.

The aim of this project was to optimize an entiesting process of a large (246 ton) steel ring &
objective of eliminating problems with macrosegtegg particularly with channel segregates alsenefd to
as freckles. Moreover, it was requested by the giagadirector of the foundry to increase the cagiiield by
optimizing the shape of the top riser. However,reafter the yield optimization, the overall quali§ the
casting had to remain superior, i.e. concentragpiafiles, freckles, shrinkage porosity and hot $elaad to be
avoided.

The project was divided into two sections. Thet faesction comprised two very thorough numericalyses of
mould filling and solidification; both accomplishedsing the commercial simulation software package
MAGMAsoft®. Outcomes of the filling analysis were the follogi detailed information regarding the filling
pattern, i.e. whether surface turbulence or a oiskxide inclusions would be of concern, subsequisfects
prediction, and above all the temperature distiilbutin the casting caused by the filling patterrheT
solidification analysis provided valuable insigitto the temperature distribution during solidifiom and the
subsequent solid state cooling. Moreover, it wassitibe to identify critical areas such as hot spatsas with
inadequate and/or restricted feeding, or areas thiéhmal imbalance that may evoke thermal streasels
strains. Based on this information, defects thaty fam due to the aforementioned shortcomings were
investigated. Last, convection and macrosegreggtiofiles were assessed in order to predict pass#sues
with macrosegregation or with channel segregatestarcompare these predictions with experimentsiite
obtained from the foundry. The stress strain am@hyss not required by the foundry since the ogftasting
has already been cast and no hot tears were foutftkicasting. The cause of rejection was the poesef
hundreds of channel segregates extending to tliaceurThe outline of the simulation analyses penfat in
this project is given iTable I.

Table | — Indication of the differences in complexy of the simulation analyses for the original andinal
layouts as compared to the optimization procedure

Solidification
Filling . Stress-strain analysis Hot tear
. Convection, analysis
Thermal analysis .
macrosegregation
Original layout YES YES YES YES YES
Optimization NO YES NO NO NO
procedure

Optimized layout YES YES YES YES YES

The second section was entirely devoted to autonsmptimization with a goal of finding the “mosttwpal”
solution to the predefined objectives. The objetiwere: (i) the minimization of the riser volumedii) the
minimization of the presence of centerline poroskgr this purpose, a built-in optimizer MAGMwntier,
which is based on multi-objective genetic algorithrwvas applied. One may ask, why did we not prescri
minimization of the macrosegregation as one ofdpmization objectives because this is what we twtan
achieve? Macrosegregation optimization would nofdasible since the calculation time for convectaon
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macrosegregation analysis is approximately one daya standard multi-processor work station and
approximately 1000 -2000 of design variants needbet calculated during optimization in a searchtfa
optimal solution. It was found in literature thaitbh centerline porosity and macrosegregation dtaeinced
and governed by the same physical phenomenon-hrenél gradient. In essence, if centerline poromity
eliminated by increasing thermal gradients and Isfaldishing a progressive solidification pattern,
concentration profiles denoting macrosegregatiaukhbe positively affected as well, thereby suppireg the
tendency to channel segregation in the cast péer Aelecting the most favorable design layouteims of the
predefined objectives, this design was again aedlyzith respect to filling, solidification and steestrain to
evaluate the impact of the optimized features andherall behavior. The findings and proposals fithis
study were presented to the management of the fguadd were evaluated as suitable for subsequent
implementation. This report is not considered asiantific manuscript. It was written as a fingboet to the
foundry personnel in which all results and propesaie summarized and presented.

DESCRIPTION OF THE ORIGINAL CASTING ARRANGEMENT

The project involves a large steel ring weighingragimately 246 tons, (max height = 2175mm, meabure
from the bottom of the ring to the top of the rismax diameter = 7909mm, measured on the top sudbthe
riser) made of a low carbon steel alloy DIN 1.1165S30Mn5), poured into a furan bonded silica saodid.

A riser is placed on top of the ring to establialidrable thermal gradients and to facilitate fegdseeFigure

1.

Figure 1: Original casting arrangement with its rig ging. The top riser is green, the casting is grey, the
gating system is brown, cores are yellow and chills are light blue.

The riser is equipped with 6 brick-shaped sandstwesase the subsequent machining, i.e. theisidmirned
off with an automatic torch. The main cylindricaaduling is insulating, the melt surface is covergdah
exothermic powder and on top of that additionaliiasng powder is applied. The original castingpagement
is filled from the bottom, which is generally cothsied the best way to avoid disintegration of thedt muring
mold filling, assuming an initial pouring tempenawf 1540°C. The filling time is estimated to 18@G®ur
bottom-pour ladles accommodating a total volum@18 tons are simultaneously used to fill the cgstifwo
hours after filling additional filling of approxint@ly 40 tons is applied to refill the top riser.s@parate gating
system is used for that. In order to intensify auplof the casting and to establish directionaidsitation, a
set of chills were placed on both the outer andrher side of the ring. These chills are placepraximately
30mm deep in the sand mould, i.e. non-contacts;Hitl lower the risk of hot tears when using cantédls.
No chills are placed underneath the casting.



FLUID FLOW ANALYSIS FOR THE INTIAL CASTING LAYOUT

As to the filling stage, it occurs that the gatisgstem was designed relatively well. To claim tliisyas
necessary to look at the behavior of the movingt respecially while entering the casting cavity. rarthe
filling sequence irFigure 2, one can argue that the melt entry itself waseqeéim. This means that no severe
surface turbulence, e.g. jetting or splashing waseoved and already from 4% filled the melt propegaery
smoothly upwards. This can be attributed to thériad position of the thin gates, the so-calledytantial gates.

Figure 2: Velocity fields at initial stages of the filling process, 1, 2, 3 and 4% filled respectively . The
behavior of the melt in terms of the surface turbul ence can be assessed from these images.

The problem with turbulent behavior of the propagaimelt is that it causes air entrapment and figdbf
oxide bi-films, generally referred to as oxide igibns. The biggest threat of having entrappedesxid the
melt is that nobody can precisely predict wherg #ved up after filling at the solidified structure.

Oxide inclusions cause severe problems alreadynduriachining operations where they can show uphen t
machined surface as black stains or lines. Besidas areas with accumulated oxides exhibit imghire
mechanical properties and thus may compromisertfservice performance of the given cast part. \Gdtgn
these bi-films are connected with shrinkage poyoaitd may also be linked to the casting’s surfadeen,
while service loading, this may lead to an ultimfaiture of the casting. Some theories also sughes oxide
bi-films also promote hot tearing since they casilgaopen up or “unfold” during deformation of tmeushy
zone. The results of the metallographic and micootiire analysis of the steel ring showed that éddexide
inclusions both, dispersed and film-like, and othen-metallic impurities were found in the caststgicture,
seeFigure 3. It was found that these impurities were mainlgaled near the porous areas, in segregated
regions and also right at the channel segregatesserlfindings support the theory of Prof. Campfrelin
Cambridge University who attributes the occurreattehannel segregates to the presence of oxidiénis-fHe
suggests that during solidification when castingdargo volumetric shrinkage, these folded oxidlivis can
easily unfold and make it easier for the interdéindliquid, rich on solute elements to flow upwarthrough
this newly opened channel.
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Figure 3: Presence of oxide films in the casting st  ructure- obtained from the metallographic analysis.
Property of Vitkovice Heavy Machinery a.s.
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Although the gating system is reasonably good,etherstill one proposal that should be considengdhie
manufacturing foundry. It should always be ensuhed the melt will enter the casting cavity fronh thke thin
gates at the same time which is not fulfilled irstbase. It would be enough to split the runneg iimo few
sections so that the melt coming from various ladlees not impinge with other streams from diffetadles.
Moreover the runner cross section area should dpeesially reduced based on the number of thinsgbagééng
filled from the same runner.

If the entry velocity was to be further reducedyrer extensions should be placed to absorb sortie ddinetic
energy of the melt or the cross section area ofttimegates should be enlarged a bit.



SOLIDIFICATION ANALYSIS OF THE ORIGINAL CASTING LAYOUT

The objective of the solidification analysis wasittentify potential problems that might arise dwethe
improper solidification pattern of the casting besm of its geometry. The initial temperature fielals acquired
from the fluid flow analysisFigure 4 depicts the temperature field right after tharfgl was completed. It is
evident that the casting has already started $ghdj from its surfaces towards the centre duehresence

of the chills. The shape and placement of the<ilhyed an important role during solidificationtbé casting.

It occurs that the casting solidifies directionalyvard its centre but not directionally towards tbp riser, the
isotherms are nearly vertical, primarily becausamfinsufficient cooling from the bottom. The bott@f the
casting was continuously filled with the fresh ahdt melt coming from the gating system and hence
continuously heated up. Already based on this Egane may anticipate some issues with shrinkagesfiyp or
macrosegregation in the bottom part of the casting to an inadequate, i.e. non-progressive, siadibn
pattern.

It also appears that the outer surface of therggstools down more rapidly as compared to the isneface.
The inner surface is not capable of rapid coolimges the inner core gets heated up by the convgrgeat
coming from the casting. Therefore, if any chanseyregates formed, they would most likely be more
pronounced in areas adjacent to the inner surfaseally, foundries just try to “push” the A-segr&gmdeep
into the casting so that they do not occur on tiréase. Although, one should always consider thesé¢ highly
segregated bands exhibit completely different meiclah properties, usually much impaired. Therefdhs
primary aim should be not just to “hide” this deféom the customer but take all the possible pugoas to
eliminate them. This problem can only be tackledrtgnsifying the cooling on the inner surfacetd ting.
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Figure 4: Temperature field right after the filling process is ended. The cyan color stands for solid phase;
everything else is either the mush or liquid.

Figure 5 captures the situation at 30% solidified. It isdewt that the casting removes its heat much fédisiar
its outer surface than on its inner surface. Initaadd there is no doubt about the unprogressivalification
pattern meaning, that the casting does not solflifgressively from the bottom towards the headestion.

Fracton Liquid

Figure 5: Fraction liquid at 30% solidified



Due to the unfavorable solidification pattern adl\ae improper placement and shapes of the stéléd,cdmall
pools of residual liquid got isolated from the fegdpath during solidification, séddgure 6. These areas which
lack the necessary melt to compensate for the wvatiienreduction are then very likely to containiskage
porosity. The critical spots are encircled anddbesequent shrinkage porosities are predicté&dgare 7.
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Figure 6: Amount of fraction liquid at the moment w hen the choking of the liquid pools took place in t he
casting.
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Figure 7: Predicted amount and distribution of poro sity in the original casting layout. X-Ray feature was
applied to hide all areas containing less than 10%  porosity.

When it comes to centerline porosity and micropibyoghich are both represented by the Niyama datersee
Figure 8, the most decisive factors for their occurrenae law thermal gradients in a combination with high
cooling rates. If there is an area of a castingvimich the thermal gradient is rather flat- whichdssence is
always in a thermal axis of a casting, a riser caeffectively supply the required amount of fresélt to that
needy area. One could rephrase it, that the rises ot have the “power” to push the melt through t
solidifying structure, the so-called mush. Or ttfdas troublesome place is too far from the effeztfeeding
zone of the given riser. The impact of the cooliate can be formulated as follows: if the cooliageris too
high, the solid dendrites grow too rapidly and éher not enough time to deliver the necessary m&ltthose
areas to compensate for the volumetric shrinkagsezhby the dendrite growth. Pores then form aettaeeas
as a consequence. This type of defect can beva@hateasily eliminated by intense cooling whichgeneral
enhances thermal gradients, but also cooling r8&sed on this reasoning, it occurs that it is ialuio support
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cooling from the bottom of the casting by a addihgl plate underneath the casting. This shouldote an

establishment of directional and progressive siidiaiion, hence partially eliminating the channegjsegates or
pushing them deep enough to the casting so thgtwioeld not appear on its surface. This new chjitem

will however require certain changes in the gasggtem. To be specific, the bottom gating has toHznged
to side gating to accommodate the bottom chillepl@he modifications will be presented and discdissehe

section devoted to optimization.

PSS

e

ey

- M i L&Y

Figure 8: Numerically predicted presence of centerl  ine porosity inside the original casting arrangemen t.

The occurrence of macrosegregation together wiéh diannel segregates can be predicted by simulating
thermal convection inside the solidifying casting, in the solidification interval where liquid dusolid phase
coexist. Note that thermal convection must be chdctver the whole solidification interval in ordeot
overlook potential freckling anywhere in the mugioye.

Macrosegregation refers to a solute inhomogenithetmacroscopic scale in metal alloy castingsrande in
scale from several millimeters to even meters. &l@snpositional variations have a negative impacfiral
properties, i.e. microstructure, mechanical prapgriand in-service behavior of the cast part. segregation
is caused by relative movement or flow of segradjdtquid and solid within the mushy zone during
solidification.

Flow due to thermal and solute gradients in thaidigs responsible for the formation of channelreggtes,
commonly referred to as A- segregates or freckfesckles are typically initiated by convective atsitities
above or inside the mushy zone, i.e. when the itglad the liquid in the mushy zone exceeds thatef
isotherm and the segregated interdendritic liquddmes less dense than the overlying bulk liquidrigfinal
composition. This phenomenon eventually leads tenophannels, i.e. local remelting due to solid tfcac
decrease, in the mush through which the soluteaiuh low-density liquid flows upward into the buiguid
region. These open channels are associated with ilocrease in permeability which allows for thqulid to
flow more easily, thus enhancing remelting and msegregation. When the channels eventually frebes,
appear as pencil-like chains of equiaxed crystasare highly enriched in solute.

There is quite a lot of evidence in the literatthrat if temperature gradients and casting speedjsiotherm
velocity, are high enough, freckles are less likelyform. One could thus argue that in this regagdterline
shrinkage and channel segregations follow a sintitard although; they are not necessarily govelmethe
same physical phenomena. It means that in prin@planced thermal gradients and progressive diresti
solidification with a sufficiently tapered pool bfuid metal should decrease the risk of both @sthdefects.
Since both of these defects are found in the cticasting, the major focus will be put on optimgithe
chilling system to evoke steeper thermal gradiemtd to establish a pronounced progressive solai€in
pattern to get rid of both of them.

Another type of channel segregates is the V-setgsgbinlike freckles, they are found at or arourathermal
axis of the casting and very often, they are fouewy close to porous areas. As to my knowledgeapmarent
V-segregates were found in the casting which watiseed and thoroughly inspected with respect tenma
and microstructure. A few snapshots of the sectl@r@inal casting are seenhigure 9.



(© (d)

Figure 9: (a) longitudinal cut through the steel ri ng with highlighted A-segregates, (b) transverse cu  t
through the under-riser area denoting the appearanc e of channel segregates as black dots, (c) cut
through the riser showing the pronounced macrosegre gation and also porosity and (d) a detailed

view on the A-segregated in the riser area. Propert vy of Vitkovice Heavy Machinery a.s.

Figure 10 captures the temperature distribution during tHaigication interval, velocity vectors for thermal
convection and hence potential initiation sitesAesegregates, i.e. freckles are indicated by thekbarrows.

A sudden upward-oriented flow in the mush suggeststhe permeability of the mushy zone got de@eand
that the interdendritic liquid which is rich on i@urs solute elements is able to float up. This raehat the
buoyancy force causing this flow overruled the nditeg frictional force and made the interdendriigid flow

up as explained earlier in the text. Moreover itolsserved both, with the numerical results and with
experimental findings irFigure 9(a) that the inner surface of the ring is more prooefreckling due to
suppressed heat removal as compared to the oufacsult means that the inner core will heat g1 &nd will

not be able to remove the heat fast enough duegetécbnverging” heat transfer. As one could seelatively
good agreement with reality was achieved usingtmection profiles during solidification.
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Figure 10: Temperature profiles and convection patt  erns in a solidifying steel ring casting at8, 10, 1 2, 14,
20, 30% 40 and 50% solidified. Black arrows indicat e potential initiation sites for freckles.

A direct consequence of thermal convection in adgging structure is macroscopic segregation olut®o
elements. It is well known that areas solidifyilagtl contain the largest amount of these soluteasisnwhich
are rejected from the solid phase into the liquice do lowered solubility during the temperature pdro
Therefore, the residual liquid will have the higheencentration of these elements from the entirsticg.
Generally it is desired to have uniform concentraprofiles of the alloying elements in the castiogthe sake
of good mechanical properties and to restrict tlesgnce of the positively segregated region tgiiees which
will eventually be cut off. If the risers are unadBmensioned, improperly placed or if the chille arsufficient,
the casting could easily wind up having the higédgregated region in the actual casting body. lkisrreason
one could claim that the solidification patterredity influences macrosegregation.

The series oFigures 11-14show concentration profiles of three differentuselelements present in the casting
microstructure. These figures support the assumliat the solidification pattern has a substaimigact on
the macrosegregation in castings. Due to the umpssiye solidification towards the top riser ansbadlue to
inadequate chilling from the inner side and frore thottom of the steel ring, the area exhibitingitpes
segregation is found to be very close to the irsweface and penetrates deep into the casting alioass
bottom.
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Figure 11: Concentration profile of C for the origi nal casting design. Everything what is white contai ns
more solute elements than is the nominal compositio n in the liquid state.

An area highlighted red iRigure 12 implies a tendency towards the so-called inveeggegation. We must
only talk about a tendency since that area is aally positively segregated, but is close to iteTihverse
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segregation occurs are areas adjacent to chillshadolidify the first and rapidly. Neverthelesssthrea is not
of concern and no related issues are expected.
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Figure 12: A detailed view of a concentration profi le of carbon in the original casting layout.
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Figure 13: Concentration profile of P for the origi nal casting design. Everything what is white contai ns
more solute elements than is the nominal compositio n in the liquid state.
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Figure 14: Concentration profile of S for the origi nal casting design. Everything what is white conta ins
more solute elements than is the nominal compositio n in the liquid state.
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The stress-strain analysis was not performed bec#usvas not required by the collaborating foundry.
However, it is still possible to get an impressiwhether the casting may have stress-strain relateblems
already from the solidification analysis. A way hdw kind of indicate potential problems relatedhigh
thermal straining and thereby with hot tears isragmuse the Niyama criterion. This time we wanhighlight
areas with the largest thermal gradients and loslircg rates which can be found in the casting Vatg in the
solidification interval, seéigure 15. If these thermal conditions are localized in aowa or small area, this
would imply that high thermally induces strains doebe expected there. Moreover, if these areas are
mechanically restrained from free contraction, ah eeasily induce a hot tear. The thermal behaviahe
casting implies that feeding of these “problematicéas should be fine. Besides, there is not apgarapt
mechanical constraint which may hinder the freetreation. Therefore, | would not expect any hot teabe
found in the real casting.
The real casting which was cast based on thisalnigiyout exhibited only minor tears/cracks on thder
surface at areas which were heavily affected byflthree torch while burning off the top riser. Beddahe riser
removal, no tears or cracks had been observedebpdtsonnel. These minor tears/cracks can bewdtdio
large temperature differences concentrated overynarrow region while removing the riser.
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Figure 15: The Niyama criterion is used to highligh  t areas with high thermal gradients, i.e. yellow co  lor
shades. Areas with high Niyama values exhibit steep thermal gradients and low cooling rates. Iftheya re
concentrated over a narrow range the risk of hotte  ars is increased.

CONCLUSION:

This section can be concluded with a few propokalsmprovement. Due to the improper layout of tells
the casting did not solidify progressively and difenally towards the open top riser. It eventudéy to
formation of unfavorable concentration profiles saflute elements which also promoted channel setgega
mainly near the inner surface. These channel satgegvere later discovered during the subsequectiiniag
operations and were a major cause of rejectionidBeshat, areas suffering with centerline andnitage
porosity were identified both by the numerical siation software package and by NDT techniques,nicg-
destructive testing techniques. Considering thatghrticular steel ring will be used in the cemiedustry as a
load-bearing platform for a large cement mill, thigrrent state of the casting, i.e. porosity andnciel
segregates present in the structure, is for suneaaptable for service.

My recommendation is to add chills underneath th&ting to evoke more intense cooling from the bottb
would make these chills in direct contact with ttessting for increased efficiency. Additionally, lowld
recommend optimizing the shape of the chills orhhbiebher and outer side of the casting for indudangprable
thermal conditions, i.e. directional and progresselidification towards the riser. If the systefrthe chills is
designed properly to promote intense cooling, thal tvolume of the top riser could be reduced sohswthus
increasing the casting yield and still eliminatisgrinkage and centerline porosity. Based on thatiogl
between the centerline porosity and macrosegragaimore uniform distribution of the solute elemseran be
expected.
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OPTIMIZATION PROCEDURE

During the riser optimization | followed the guides and boundaries that we have set and agreed upo
together with the foundry representatives at thmept’'s kick-off meeting. | also took economic asfseinto
consideration, mainly how expensive it would betfeg foundry to apply my optimization proposalsr Eds
reason | decided to keep the shape of the top tligesame and let the numerical optimizer only deelthe
most suitable number and location of the small dameéker cores present in the riser area. | belieatthis
solution will be much cheaper compared to desig@ifgand new shape of the riser. Besides, havinmg o
these breaker cores will make the cutting/ burmiracess of the riser easier. The optimizer wayad” to
vary the thickness, and the number of these bree#tss (the number of breaker cores ranges 4 — 20).
Optimization results suggested that the most optsolation to casting yield would be to use 12 ke¥ecores
with a slightly larger thickness than in the or@gimrrangement. Thanks to that, the total weightefcasting

will be decreased by 7.7 tons and at the same timeerisk of porosity formation and other relatedues will

not experience an increase with respect to theénaligolution. The material and dimensions of th&ulating
padding surrounding the top riser remained unchdnfgble Il gives information regarding the impact of the
optimized riser on the total weight of the castifie casting and its optimized rigging can be sedfigure

16 (left).

Figure 16: Optimized casting design with new layout s of the top riser, chills and the gating system. T he
top riser is green, the casting is grey, the gating system is brown, cores are yellow and chills are | ight
blue.

I am convinced that this is a very effective salntito the riser optimization task with minimum puation
costs related to applying these modifications. Nlosless, if Vitkovice Heavy Machinery would be irgsted
in performing more radical changes, the paramatodel is fully prepared.

Another objective of the optimization study wasctimpletely redesign the system of the chills,inaer and
outer, to eliminate issues with centerline andrdtage porosity and consequently with channel segesgAs
mentioned before, a driving force for segregatiorgéneral is an inadequate solidification pattesmisined
with low thermal gradients.

As shown before, due to the gating system beingegldelow the casting, combined with no chillingnfrthe
bottom and unsatisfactory cooling from the sidesbfems associated with unprogressive solidificatmvards
the riser were identified in the original technata layout.

Table Il — Effect of the optimized riser shape on raterial consumption.

Weight of the riser | Total weight of the casting sytem

Original solution 109,5t 253,7t
Optimized solution 101,8t 246t
Material saved 7,7t 7,7t

A decision was made to place a chill plate undemése casting. In practice it will not be a onegqa ring
chill, it will be comprised of steel blocks beinggood contact with each other. For their high&iciehcy they
were made in a direct contact with the castinghkbwed that if these bottom chills were in no contthe
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thermal effect on the casting would be nearly zditwerefore, in order to promote cooling from thetdm,
these chills must be in direct contact with thetiogs The side chills are non-contact and are mlace
approximately 20 to 25mm from the casting, in tld mould. Since the technologists from the foundry
insisted on keeping them non-contact under alucrstances it has to be accepted that these noaetattills

will be by far less effective than if they were éontact with the casting. The chills were transfedninto
parametric objects in the simulation software s they would be editable by the optimized. Allowatges

of variation were determined for all elements oitsuthat would undergo optimization. The chills wesplit
into three sections (top, middle and bottom) ineortb vary their thicknesses and heights indepehderhe
independent design variable were: The thicknesshaight of each section The dimension of the chiltsch
were selected by the optimizer as the most optaralisted inTable 1.

Table Ill. - Dimensions of the optimized chills

Outer chill Inner chill T1 270 mm
T2 245 mm

Tl T4
T3 270 mm
T2 5 T4 | 300 mm
T5 250 mm
3 Te T6 | 400 mm

The thickness of the bottom chills was again deireeohby the optimizer, 200 mm.

One could notice irFigure 15(right) that 12 thicker chill elements were used at asdas/e which the sand
breaker cores were located in the riser. An ide@noethis was to intensify cooling and to split treeding
zones of the top riser to make it more effectivieeSe thicker chill segments are also in directacnwith the
casting. Their height was suggested to be 300 mm.

Since the bottom chills were added into the sysiemas necessary to rearrange the gating systethasdhe
thin gates are attached to the casting from a Jideavoid the melt impinging on the mould wall wiimay
cause mould erosion, tangential thin gates werdamg@. The main circular runner was placed intodéstral
core. A reason for putting the circular runnerhe tentral core was that, if any hot tears occuaredind the
thin gates on the casting’s surface due to suddessesection change, it would be easier to rembemtsince
there are much larger machining allowances onrtheriside of the ring.

As to the actual positioning of the thin gatesytbe directly ,through* the side chills and are g#d as close to
the bottom of the casting as possible to avoid,amaerfall* effect during filling. All of these madfications in
the gating system design were made manually togetitieout numerical optimization.

FILLING ANALYSIS FOR THE OPTIMIZED CASTING LAYOUT OF THE STEEL RING

After simulating the filling stage with the new ey system, several conclusions have been drawwast
found that the new gating system was again desigeesbnably well. As in the first filling analysitie major
focus was put on turbulent behavior of the flowinglt at the initial stages of the filling procesgien the melt
was entering the mould cavity.

Since the melt now enters the cavity from the sid@as required to pay attention to potential ndoetosion
caused by the impinging metal on the mould wallorie thoroughly checks the filling sequence oudine
Figure 17 where the filling velocities are captured, it dam seen that no significant problems should arise.
Nevertheless several shortcomings of the new gatystem design must be pointed out. The most obvioe
is that the melt does not enter the mould cavitynfrall thin gates at the same time and with theeseghocity.
Maybe the first shortcoming could be partially reegeéd. One could argue that since the casting large, the
fact that the melt is not entering the mould cadtythe same time from all the gates will not habhm final
quality, unlike in the high pressure die castinggaiss. But the second shortcoming really mattdresd areas
where the melt flows with higher velocity will beom@ prone to potential mould erosion. Besides,aserf
turbulence will be more significant there. A remethuld be to incorporate choke elements into theeu
and/or to add runner extensions to absorb somgedfibetic energy of the melt. By dividing the cilar runner
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into a few independent sections, the streams ofrtéal coming from different downsprues would noflide
in the runner but would flow smoothly into the mibwehvity.

;

1.5%

JTRETS

2% 2,5% 3%

4% 5% 7%
Figure 17: Velocity fields at the initial stages of filling of the optimized casting using the new des ign of
the gating system.

SOLIDIFICATION ANALYSIS FOR THE OPTIMIZED CASTING LAYOUT

The objective of the numerical optimization carrieat entirely in MAGMATrontier was (i) to increase the
casting yield by changing the shape and the volafthe top riser and (ii) to eliminate the presemde
centerline porosity by increasing thermal gradiantshe casting and through that to eliminate oshpthe

channel segregates deep enough so that they dhowtup on the machined surface.

In this section the impact of all of the perfornmmaddifications on the solidification pattern andtbe defects
occurrence is investigated and discussed.

The initial temperature distribution in the optimiz casting layout was obtained from the fluid flow

calculations. As seen Figure 18the casting has already started to solidify fresrsurfaces and also a little bit
from the bottom due to the presence of the newobotthills. Although, if we check the color scale wen
notice that the temperature is more or less theesalnover the casting. It suggests that when niogel
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solidification of large castings, one may assumiéum initial temperature distribution. It then (fome cases)
allows skipping the filling simulations. Howevegrfaccurate results all stages of the casting shalways be

considered. New shapes and the arrangement of skilited to play a significant role during solihfion and

not during filling.

1463

Figure 18: Temperature distribution just after the completion of the filling stage. A more or less uni form
distribution of temperature is seen. It points out that the filling is “so quick” as compared to the t otal
mass and the subsequent solidification time that is does not affect the temperature difference nearly at
all-for very large castings.

Figure 19(a)outlines what is happening at 30% solidified immerof the fraction liquid, i.e. how much liquid is
present and wher@he casting still removes its heat slightly fadtem its outer surface than from the inner
surface. But the situation at the bottom of thdingshas improved a lot after adding the bottomishNow we
can finally start talking about a tendency to di@wal and progressive solidification towards theaviest
section of the casting. For sure, this should imerthe situation with centerline porosity and haofigfwith
channel segregates.

Fraction Liquid
)
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Figure 19(a): Fraction liquid at 30% solidified in the optimized casting layout showing its solidifica tion
pattern.

While evaluating the solidification results, it ffmived that it will not be necessary to use the kicchill
elements below the casting at areas, above whietbthaker cores are placed. This statement is based
Figure 19(b), where it is evident that the thicker chill elertehave basically no influence on the distribution
of the liquid fraction and hence on feeding effiwig of each riser element.
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Figure 19(b): Fraction liquid at 30% solidified in the optimized casting layout. Solid areas are filte  red out
and appear transparent. No choking of residual liqu  id pools was spotted during solidification.

Obviously the new solidification pattern had a geiimpact on the distribution of shrinkage potpsn the
casting, seéigure 20. Except for two very small isolated porous regitims casting body seems completely
sound. The X-Ray function in MAGMAsoft was set tw only areas where the porosity level exceedéd. 10
Even when the threshold value was lowered to 5%etheo small spots increased only a bit and no oees
emerged. | personally think that nothing will beetted by the NDT techniques and that these ar@ade
neglected.
Regarding the centerline porosity and microporositych are expressed by the Niyama criterion, ttheyend
on thermal gradients and cooling rate. As alreaéntioned, if thermal gradients are low, the mustyezwill
be very large and it will be difficult for the risto supply all the necessary melt through the sotd region.
The cooling rate then expresses the time depends#tferding.
Thanks to the pronounced cooling which evoked cieffit thermal gradients in the critical areas, ggheblem
with centerline porosity is believed to be resolveeeFigure 21
PORODEITY
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Figure 20: Prediction of shrinkage porosity in the optimized casting layout. Only areas containing mor e
than 10% of porosity are seen. These are encircled  red.
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Figure 21: Prediction of centerline porosity inside the optimized casting. No indications of centerlin e
porosity were observed.

In the assessment of the thermal convection andntheement of the mushy zone | focused on the pealgnt
most critical area of the casting when it comesh® channel segregates. This area is found undareeah
breaker core, sdeigure 22 Why exactly this area? Because it does not haiseaon top and thus the thermal
gradients will be much flatter and the likelihoddchannel segregation is higher there.

High thermal gradients will narrow down the muslopne and will
not ,allow“the highly segregated liquid to starbwWling up. Their
effect on the character of the mushy zone is degiotFigure 23.
It again supports our conviction that it is feasiltb optimize the
entire solidification pattern and also reduce msegoegation
related issues just by prescribing the minimizatéthe centerline
porosity as one of the optimization objectives. sTh quite an
interesting finding which makes it possible to optie the
macrosegregation issues without setting it as thémization
objective. During this particular optimization rumo thousand of
thermal calculations are being performed in a $eéoc the most
optimal solution. One standard convection and ggdien analysis
which is necessary for this purpose takes rougHlyh@urs on a
standard up-to-date multi-core work station, usimgasonably fine
computational grid. Thus it is not feasible to ciédte thousands of
such analyses. When we prescribe minimization efdénterline
porosity as an objective, we sort of by-pass tbssié. In order to
satisfy this objective, thermal gradients must bereased,
directional and progressive solidification estdimid. All this

Figure 22: Outline of the cross-
section most prone to segregation

issues. This area was investigated in reduces the extent of the mushy zone and the hightyegated
terms of convection and residual liquid is pushed into to the riser, ségure 23. Moreover,
macrosegregation. the resistance to channel segregates is highetatiee reduced

permeability of the mush. Now we can see more ozl or
controlled movement of the mush with very few iradions of potential freckles.
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6% 7% 10%

Figure 22(a): Temperature distribution and velocity fields in the early stages of solidification in th e
optimized casting. The vectors show the direction o f the flow of the melt and the interdendritic liqui d.
Blue color denotes a completely solid region, all o f the shades of green stand for the mushy zone and
the red color stands for the liquid phase.

Just for clarity, while assessing macrosegregatioore than one area of the casting was investigatedo
apparent indications of freckling were found. |ibeé that if any issues with channel segregatese wer
encountered, it would happen in the area undebtbaker core which is presentedFigure 23. Although |
think that even there no problems should be exgecte

The only place where a freckle could possibly fasnhighlighted inFigure 23(b) and is denoted by a black
arrow. Nevertheless, it would be deep enough nshtav up on the machined surface.
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Figure 23(b): Temperature distribution and velocity fields at 12-34% solidified in the optimized

casting layout. The four black arrows emphasize the area at which a potential freckle might
form. Blue color denotes a completely solid region , all of the shades of green stand for the
mushy zone and the red color stands for the liquid phase.

Figures 24-26show concentration profiles of three major soklements. The optimized solidification pattern
obviously changed the distribution of these elemeéntthe casting. A very beneficial feature of thew
distribution is that the positively segregated oegis only located in the riser area and does eatfrate into
the body. To be really certain that the positivgregation will not affect the under-riser area,es fmore
modifications in the taper of the riser or the shapthe chills would have to be made. As to th&ting body
itself, a rather uniform distribution of the elenteris observed. The bottom area now exhibits negati
segregation that is caused by sedimentation oftineary dendrites which are heavier than the sablgenents
which in return are rejected to the bulk liquid gnéshed up. This was not the case in the origaaiut due to
the insufficient cooling from the bottom. The twegatively segregated bands right under the risemarst
likely caused by the vortices seenFigure 23 which ,washed away" the solute elements into thik tiquid
leaving those areas poor on solut€enerally it applies that an area in the mushy zdren which the
interdendritic liquid enters the liquid, will be poon the solutes and vice versa. One more exptemé&br
having these bands is deformation of the mushy »drieh will be shown in the stress-strain analyBise, the
concentration profiles are quite favorable whichiagupport our assumption that it is possiblegtinoize the
segregation issues by establishing a proper sclidiibn pattern. And this solidification patternastablished
based on the optimization objective - the minim@abf centerline porosity.
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Figure 24: Concentration profile of C for the optim ized casting design. Everything what is white conta ins
more solute elements than is the nominal compositio n in the liquid state.
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Figure 25: Concentration profile of P for the optim ized casting design. Everything what is white conta ins
more solute elements than is the nominal compositio n in the liquid state.
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Figure 26: Concentration profile of S for the optim ized casting design. Everything what is white conta ins
more solute elements than is the nominal compositio n in the liquid state.

CONCLUSION

A numerical optimization was performed for the ca$e large steel ring. In this study, the optintiza was
aimed at minimizing the total riser volume to ohtaibetter casting yield and at minimizing centerlporosity
which should also “take care of” the issue with maegregation.
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This new methodology where macrosegregation isemsed by means of the reduction of the centerline
porosity makes it possible to perform a full optiation with thousands of analyzed variants withwaiting to
calculate segregation and convection in each ahthghich would take for ever. Since both the cdimter
porosity and macrosegregation are heavily depenglerthermal gradients and cooling rates, it waseetqd
that if proper thermal gradients with directionaldaprogressive solidification pattern are estaklishthe
centerline porosity and macrosegregation will beéhbeliminated. This was proved and showed on the
optimization results.

In order to achieve progressive and directionalidga@ation with thermal gradients high enough, the
dimensions of the riser and the chills were turtegarametric objects and optimized. Moreover,|ghilere
added underneath the casting to support coolimp fite bottom. Therefore the gating system was rgded
from bottom-fill to side-fill.

The total volume of the top riser got reduced by #ns while the solidification pattern got imprdve
substantially. It resulted in a complete eliminataf the centerline porosity and in a more unifafistribution

of the solute elements in the microstructure. Tibke of channel segregates was also lowered signifig due

to much steeper thermal gradients which decredmesize of the mushy zone.

STRESS STRAIN ANALYSIS

In the stress strain analysis the focus was onigined potential hot tears in the optimized castiagout. The
issue of hot tearing was not considered duringnuiptition, se€lTable |. The selected design was checked to
make sure that, before approving it for productiorhot tears would occur.

Since no “real” hot tears were found after casthmyoriginal casting, no issues with hot tearingenexpected
even now. In the worst case, | would expect miears at the contact area between the casting angating
system. This is the only place with significantiress difference which might be susceptible toémting.
However, after assessing the stresses and stralnsad during the solidification interval, it ocoedt that there
might be a problem with hot tearing on the innefeste right under the riser, as depictedrigure 27. The hot
tear was found along the entire inner diametett Bydooking at the casting geometry, the presaridbde hot
tear does not make much sense. The geometry isiaple with no apparent section changes, shampecsior
stress concentrators.

0

Figure 27: Hot tear prediction in the optimized cas  ting layout. The most susceptible areas are indicat  ed
by the yellow color on the color scale. The higher the number on the scale the higher risk of hot tear  ing.

To explain the occurrence of hot tears and to edémnwvhether they would occur or not one has to ktothe
influencing factors for hot tears. The most de@dactors are hot spots being insufficiently fechbined with
thermal tensile straining. First we will investigahe thermal fields inside the castikggure 28 indicates that
during solidification, the solidification front ppagates both from the sides and from the bottonwexer,
there is an area (indicated by black arrows) whéthins its temperature more or less constant fetaively
long time interval. The surrounding areas solidifyfaster might then evoke tensile straining inzhexis due
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to volumetric contraction. So the slowly solidifgimrea cannot exert much resistance to this detmmsaince
it is still very weak. Hence it might actually end being pulled apart and open up the tear. Th&léestraining
is seen irFigure 29 where high tensile strains (white areas), arevlsein the problematic area.

Lakah e

40% 50% 60% 70%
Figure 28: Thermal fields during solidification aff ecting the likelihood for hot tearing. Blue color
denotes a completely solid region, all of the shade s of green stand for the mushy zone.

The thermally induced straining would actually eplwhey there are the two band-shaped areas with a
pronounced negative segregation, B&gures 24-26 One cause of segregation is deformation of thehyu
zone where the mushy zone can be pictured as @ysptirthe sponge is compressed, the liquid isctegeout

of it, if it is in tension; the liquid is being sked into the sponge. If one imagines that the mmolatic area is
being pulled apart, it tries to suck in new liqu&ince it is located adjacent to the casting serféere is no
place to get that required melt. Therefore thetsotich melt is being sucked inwards from the outsgion
which makes it poor on these solutes.
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Figure 29: Maximum principal strain during the soli dification interval of the optimized casting. It
emphasizes areas which will undergo very rapid defo rmation- white areas in the figure.

The Niyama criterion was applied again to highlightas with high thermal gradients and low coof@gs in
the search for potential hot tears. It is seendbatpared to the original solution, the size angmitade of the
risky areas decreased significantly.

| personally believe that no major problems with te@rs should be seen in reality. The geometitydass not
look as if it facilitates hot tearing. Moreover,etk is no hot spot that would not be fed propeflye
solidification pattern is much more favorable titae original one where no real hot tears were foafter
casting-if we do not consider the crack after remgyhe riser. All numerical software packages \alivays
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find the most critical area. One must always chibekseverity and magnitude of that potential defeot this
reason | think that, MAGMA identified the most dangus areas extremely well; however in realitys théfect
may not occur due to its magnitude- at least inoiyion.
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Figure 29: The Niyama criterion was again appliedt o highlight areas with high thermal gradients and | ow
cooling rates which may induce thermal strains.

In Figure 29 all of the least dangerous areas were filterech fiwe hot tear susceptible area to highlight onéy t
most significant. It shows that if any hot teamfigd it would not be continuous and deep but isdlated most
likely only on the surface.

Figure 30: The “hottest” candidates for hot tearing . The less severe areas were filtered out and appea r
light blue.

Monday, January 10, 2011 | personally called a senior technologist from Vitkovice Heavy Machinery to inform
about the current status of the optimized steel ring. At this moment, the optimized steel ring is at the machining
shop. The roughing and the final cleaning have already been carried out and only 5 black dots which may imply
A-segregates have been found on the surface. In the original design, there were literally hundreds of them on
the surface. No hot tear has been found. Since the machining operations are still not completely finished, we do
not dare to make the final conclusion, although till now everything seems very good.

26



	thesis_very_final
	1. Introduction
	1.1. Objectives of the work
	1.2. Modeling of Foundry Processes
	1.2.1. The Pre-Processing: Definition of the Problem
	1.2.2. The Calculations Part
	1.2.2.1. Fluid Flow: Mould Filling
	1.2.2.2. Solidification
	1.2.2.3. Stress-Strain Analysis

	1.2.3. The post-processing: Presentation of the results

	1.3. Numerical Optimization
	1.4. Outline of the Contents

	2. Modeling of Fluid Flow in Casting Processes
	2.1. Equations Governing the Motion of Fluids
	2.1.1. Introduction
	2.1.2. Conservation of Mass
	2.1.3. Conservation of Linear Momentum
	2.1.4. Conservation of Energy

	2.2. Background on Gating Technology
	2.3. Principles of the traditional gating system
	2.3.1. Design of a Pouring Basin
	2.3.1.1. Conical basin (pouring cup)
	2.3.1.2. The offset step basin

	2.3.2. Sprue (the down-runner)
	2.3.2.1. Simple Equations for Designing the Sprue
	2.3.2.2. Case study

	2.3.3. Sprue base
	2.3.4. Runner
	2.3.4.1. Tapered runner

	2.3.5. Thin gates

	2.4. Methods of Gating
	2.4.1. Top gating
	2.4.2. Bottom gating
	2.4.3. Side gating

	2.5. Filling Related Defects
	2.5.1. Misruns and cold shuts
	2.5.2. Gas Defects (air bubbles)
	2.5.3. Inclusions


	3. Heat transfer during casting
	3.1. Thermal conduction
	3.2. Thermal convection
	3.3. Thermal radiation
	3.4. Heat Conduction equation
	3.5. Heat transfer between materials and thermal resistance
	3.6. Solidification and feeding of castings
	3.6.1. Metal shrinkage
	3.6.2. Feeding – the five mechanisms
	3.6.3. Feeding requirements
	3.6.4. Risering procedure

	3.7. Casting Defects
	3.7.1. Introduction
	3.7.2. Porosity
	3.7.2.1. Flow through the mushy zone and pressure drop
	3.7.2.2. Centerline porosity - The Niyama criterion

	3.7.3. Deformation during solidification and hot tearing
	3.7.3.1. Thermomechanics of castings- governing equations
	Thermal strain
	Thermal stress and constraints
	3-D thermo-elasticity, Hooke’s generalized law
	3-D thermo-elasto-plasticity

	3.7.3.2. Coherency
	3.7.3.3. Hot tearing
	Characteristics of hot tears
	Alloy composition
	Design and production factors in hot tearing


	3.7.4. Macrosegregation
	3.7.4.1. Macrosegregation induced by fluid flow
	Case study I – Forging ram
	Case study II – Steel ring




	4. Optimization
	4.1. Introduction
	4.2.1. Genetic algorithms – working principles
	4.2.1.1. Representation
	4.2.1.2. Reproduction
	4.2.1.3. Crossover
	4.2.1.4. Mutation

	4.2.2. Principles of multi-objective optimization (MOO)

	4.3. Optimization of thermal behavior of large steel castings 
	4.3.1. Coupling of Simulation and Optimization Tools
	4.3.2. Optimization procedure
	4.3.3. Case study 1 - A casting yield optimization
	4.3.3.1. Case Study Description 1– Original Casting Arrangement
	4.3.3.2. Case Study Description 2– Manually modified Casting Arrangement
	4.3.3.3. Case Study Description 3– Optimization of the riser and chills
	4.3.3.4. Simulation results – Optimized riser and the chilling system
	4.3.3.5. Conclusion – case study 1

	4.3.4. Case study 2 - Optimization of the Solidification Pattern and its Effect on Porosity and Segregation in Steel Castings
	4.3.4.1. Problem Statement – Optimization of the riser and chills
	4.3.4.2. Optimized riser and chilling system 
	4.3.4.3. Conclusion – case study 2

	4.3.5. Case study 3 - Elimination of Hot Tears in Steel Castings by Means of Solidification Pattern Optimization
	4.3.5.1. Description of the project
	4.3.5.2. Optimization problem statement
	4.3.5.3. Casting and simulation results – optimized layout
	4.3.5.4. Conclusion - case study 3



	5. Concluding remarks and future work
	5.1. Concluding remarks
	5.2. Future work

	6. Summary of Appended Papers and Reports

	A PAPER I
	Paper I - Thesis
	B PAPER II
	Paper II - Thesis
	C PAPER III
	Paper III - Thesis
	D PAPER IV
	Paper IV - Thesis
	E INDUSTRIAL REPORT
	Industrial Report

