
Chapter 2
State of the Art

Contemporary engineering sciences are strictly related to the broad application of
computer technologies and methods. The finite difference method (FDM), the
boundary element method (BEM) and the finite element method (FEM) are the
most popular computational methods. The FEM is certainly the most widely used,
which is proven by the numerous computing systems based on this method that are
applied in engineering practice. Attempts are being made to model not only changes
occurring within the material being processed, but also within the forming tool,
which enables a final product of very good quality to be obtained. Such attempts are
possible, first and foremost, thanks to the use of mathematical modelling for the
occurring physical phenomena. Mathematical models combined with the finite
element method provide great possibilities for the modelling of metal deformation
processes even for complicated shapes of the deformation zone and complex
thermal conditions [1–3]. They may also be applied for effects that occur during the
semi-solid steel deformation process. In actual metal working processes, a number
of effects occur in parallel, such as the metal flow, metal temperature changes, heat
generation as a result of plastic deformation work, friction force work, heat dis-
charge as a result of contact between the metal deformed and the tool, or heat
discharge to the environment by radiation and convection. For hot plastic working,
the metal mechanical properties considerably depend on the temperature.
A substantial irregularity of deformation in some processes leads to uneven heat
generation, and consequently to an uneven structure and metal properties. In
addition, the contact of the hot metal with a cold tool causes that high temperature
gradients develop in the vicinity of the contact surface [2]. Phase transformations,
both in the liquid and the solid state, are additional, temperature dependent factors
which may influence the process. They may significantly influence both the
deformation resistance and the grain size, as well as the metal properties after the
plastic working. At present, there are many mathematical models and computer
simulation programmes for processes occurring within the temperature range typ-
ical of the cold and hot working. An example of a solution, assuming a rigid-plastic
model of the body deformed, may be found in publications concerning rolling
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[4–6], upsetting [7, 8], or drawing [9]. Only in recent years have solutions to the
semi-solid deformation problem appeared in literature. They primarily concern
non-ferrous metals and their alloys [10–45]. The authors of these papers considered a
number of aspects related to the deformation of samples with various contents of the
liquid and solid phases, starting with equations and computer simulations of heating,
and ending with attempts to determine constitutive equations and preliminary
computer simulations of deformation of the materials analysed [46–50]. However,
there are no solutions concerning the modelling of the steel solidification with its
simultaneous plastic deformation.

Choi, in his paper [15], analysed the influence of the holding time of aluminium
samples at the last stage of upsetting and selected the optimum holding time on the
basis of the final product shape. The experimental research was conducted in lab-
oratory conditions on an MTS (Material Testing Systems) machine, which enabled
the maximum load of up to 25 tonnes to be applied, and induction heating of the
material tested to be carried out. Cylindrical samples with a diameter of 44 mm and
a length of 65 mm, made of the A356 aluminium alloy were used as the input
material for the tests. The experiment included the measurement of temperature
changes over time. Appropriately arranged thermocouples were applied for the
temperature measurements. Computer simulations of the heat transfer between the
sample and tools were made with Fourier’s transient heat conduction equation
using apparent integration with respect to time. Experiments and computer simu-
lations combined with optimisation techniques allowed the authors of the paper [15]
to determine the heat transfer coefficients between the sample and tools. The
authors of the paper [16], based upon prior experimental research, conducted a
series of compression tests of aluminium alloy samples using their original pro-
gramme SFAC2D with various tool strokes. In the program, a rigid-viscous-plastic
model of the body deformed was used for the solid phase skeleton, combined with
the solution of Darcy’s equation for the liquid phase. Also attempts to determine the
constitutive equations were made. Kang, in his studies [23, 24] of the deformation
of aluminium alloys in the di-phase range liquid and solid proposed an equation
relating to the strain rate, strain degree and the temperature to the fraction of the
liquid phase share. Like the authors of the paper [16], for the computer simulation
he used a rigid-viscous-plastic model of the body deformed for the solid phase
skeleton, combined with the solution of Darcy’s equation for the liquid phase. The
initial temperature distribution in the volume of the material analysed is a very
important factor, which substantially influences the strain and stress state in the
deformation process. In research aimed at the computer simulation of such pro-
cesses, many authors have tried to tackle a number of problems that occur when
heating a sample to a desired temperature. The induction heating method was the
prevailing method in laboratory conditions [51–56]. Choi and the authors of the
study [51] tested the impact of induction heating on the aluminium alloy
microstructure. By using various heating variants and implementing a holding stage
at a specific temperature when heating, the changes of temperature at the sample
centre and its faces were analysed. The experiments, combined with various vari-
ants of input and output power, allowed the authors to select the optimal parameters
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of induction heating. The authors of the study [55] used the regression method and
neural networks to determine the relationship between the conditions of the
induction heating process and the solid phase fraction on the basis of the experiment
series for the selected aluminium alloys. Parameters such as the holding time at a
specific temperature, re-heating after the holding and the time of such re-heating or
the power of induction heating significantly influenced the final quality of the
obtained samples. The conditions in which they obtained the minimum grain size
and the maximum average temperature measured with four thermocouples in the
sample volume [55] were the optimum process conditions. Jung dealt with similar
issues in his studies [52, 53]. He analysed the influence of heating conditions on
obtaining a homogeneous temperature distribution and a uniform structure across
the cross-section of a sample. Also the aluminium alloy was analysed. Kang’s
studies [54] had a similar nature. Based on Jung’s experimental findings and the
heating curves developed by Jung [52, 53], he carried out computer simulations of
induction heating and compared the results with the experimental findings.
A commercial programme ANSYS, which enables induction heating combined
with complex thermal conditions to be simulated, was used for the simulations.
From the perspective of this monograph subject area, the publication [57] turned
out to be very interesting. The authors conducted a few series of resistance heating
tests of samples made of aluminium alloy A357 in laboratory conditions. They
analysed a number of aspects related to the simulation of resistance heating, e.g. the
influence of the initial value of the pressure force between the sample and the
electrode on the electric conductivity or the influence of the heating power on the
final temperature distribution. Most physical parameters that influence the solidi-
fication process are strictly related to temperature changes. Temperature fields in
most cases are determined using the solution of Fourier’s generalised diffusion
equation with the finite element method. For the completeness of the solution,
Fourier’s equation must be complemented with Neumann-Hankel boundary con-
ditions. Material constants, which are necessary for a model of steel deformation in
the semi-solid state, in most cases must be determined experimentally. They are
functions of temperature associated with the liquid and solid state of aggregation.
The results of computer simulation of the temperature changes in the metal solid-
ification process with the full 3D model presented in the paper [58] may be shown
as an example. Generally the modified theory of plasticity is used to analyse the
flow of metal in which we can distinguish a mushy zone. This classic theory does
not cover such effects as irregularity arising from substantial metal porosity or the
relationships between the stress and strain states at very high temperatures.
Therefore the modelling of the process of semi-solid metal deformation requires
supplementing the model with effects related to the behaviour of the material within
the temperature range in which the state of aggregation changes. Recently,
thermo-mechanical models of porous material deformation have appeared in liter-
ature, including a change in the material density within the temperature range
specific to the classic plastic working. The paper [59] in which the authors made an
attempt at mathematical modelling of the forging process of these materials may
serve as an example. In this case the constitutive equation includes the relative
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density of the physical continuum referred to a solid material. Also the material
state, where its deformation resistance decays, is an important parameter. Applying
the formulated constitutive equation to model forging of porous steel rings allowed
the authors of the study [59] to obtain good results of the computer simulation that
complied with the experiment. The presented approach may be used for the
modelling of metal flow in the semi-solid state if one can determine the relationship
between strain and stress for the semi-solid and solid material at very high tem-
peratures. The stress state must be computed for the solidified outer layer with a
thermo-elastic-plastic model, taking into account the temperature changes of the
solidifying steel and the d=c transformation. These computations are conducted in
line with the variation formulation and after adopting a discretisation specific to the
finite element method. A solution like this is presented in the publication [60].
When applying the presented model to the issues discussed, the main problem is a
lack of relationship between strain and stress at extra-high temperatures. The
problem of determining the stress-strain relationship for a material in the semi-solid
state is much more complex than in the case when this material is deformed at lower
temperatures and has been plastically deformed before. Solid materials were sub-
jected to comprehensive tests many times in order to determine the stress-strain
relationship at increased temperatures. The paper [61] by Wray, who tested carbon
steels, may be used as an example. It is much more difficult to model the behaviour
of steel and other alloys within the temperature range in which they transform from
liquid to solid. As many effects accompany the solidification, it is difficult to
determine precisely the plastic and strength properties of the forming semi-solid
structure, which changes its density as a result of strain, temperature changes and
the d=c transformation. The implementation of Gleeble series thermo-mechanical
simulators allowed us to conduct appropriate experimental research to determine
those parameters. Those simulators are basically the only units, described in liter-
ature and available in the market, which allow similar tests to be performed.
Examples of tests with Gleeble simulators are presented by the authors of the papers
[62–64], who analysed the conducted experiments with deforming nickel and
aluminium alloys. They showed that not only changes in the dependence of stress
on strain were very strongly related to temperature, but also depended on the
cooling rate within the temperature range between the liquidus and solidus lines.
The papers [63, 64] also reveal a linear dependence of the stress causing material
destruction on the size of grain which forms during the material solidification. Other
than at lower temperatures, for an equiaxial structure the stress causing material
destruction is directly proportional to the grain size [63]. The authors explain this
effect by the melting of grain boundaries. It results in the need to track changes in
the size of the forming grain. During the solidification, the material changes its state
of aggregation and at a certain temperature it becomes mechanically strong. Even
though it is believed [65] that at increased temperatures the carbon content in steel
has a minimal impact on its deformation resistance, it influences the nil strength
temperature [66]. For low carbon steels, the material shows some deformation
resistance even at a 60% fraction of the solid phase. High carbon steels recover their
strength only at a solid phase fraction over 80%. However, the material is brittle and
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its temperature must decrease so that it can be deformed. Generally, it is believed
that although the temperature at which the material loses its strength depends on the
carbon content in the steel, the solidifying material becomes plastic at the tem-
perature at which the solid phase fraction is about 98% and its dependence on the
percentage of carbon is minimal. The authors of the article [66], when carbon steel
properties were tested, found that the plastic behaviour of low and high carbon
steels differs at very high temperatures. They tested a low (0.12%C), a medium
(0.41%C) and a high carbon steel (0.81%C). They found that these steels recovered
their tensile strengths at temperatures of 1505, 1455 and 1404 °C respectively, and
the increase in this strength along with the decrease in temperature had a similar
nature, close to linear. However, these steels demonstrated different behaviour
regarding ductility changes when cooled. Medium and high carbon steels recovered
their ductility at temperatures of 1374 and 1314 °C, and showed a substantial
increase in their ductility when the temperature decreased. Low carbon steels
recovered slight ductility at a temperature higher than other steels. For instance, for
steel containing 0.12%C the temperature of ductility recovery was 1475 °C. Yet
initially the increase in ductility was slow. A faster growth in the ductility of this
steel was only observed at a temperature of 1438 °C. This effect was caused by the
occurring d=c transformation, which started during the solidification at a temper-
ature of 1486 °C, and ended below the solidus line exactly at 1438 °C. A local
decrease of the specific volume of steel as a result of the d=c transformation causes
a strain, which when superimposed on the thermal strain causes the possibility of
faster cracking and is the reason for a decrease in the material ductility. Below the
transformation temperature the low carbon steel demonstrates a rapid increase in its
ductility. The paper [66] also presents a quantitative description of the changes of
the parameters discussed. The authors presented a number of relationships which
allow the critical stress, i.e. the point at which cracks appear in the steel, to be
determined. They showed that the dependence of the yield stress on the temperature
and strain rate may be described with the following relationship:

_ep ¼ Aexp � Q
RT

� �
sinh arð Þð Þ1

m ð2:1Þ

where:

_ep—plastic deformation rate,
T—absolute temperature,
r—yield stress,
Q—plastic deformation process activation energy,
R—gas constant,
A; a;m—material constants.

The authors [66, 67] described the critical stress to initiate a crack within the range
in which phases c and d coexist with the following formula:
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where:

_ep—plastic deformation rate,
u;m; n—material constants,
DTB—the temperature range of reduced ductility.

On the basis of the quoted papers one may conclude that despite serious
experimental difficulties, the application of the foregoing mathematical formalism
to describe the mechanical properties of the material in the semi-solid state gives
very good results. In needs to be stressed that the research quoted in the papers [66,
67] was made with an old type of Gleeble simulator.

There are many papers concerning the determination of strain-stress curves in
the available literature, largely for non-ferrous metals [66, 68–76]. In recent years
also, attempts to describe similar relationships for steels and attempts to deform in
the semi-solid state have appeared [46–50, 67, 77–92]. The main reason for the
numerous tests and the determination of constitutive equations for non-ferrous
metals is the fact that the liquidus and solidus temperatures for non-ferrous metals
are lower than for steels. This fact allowed preliminary tests to be conducted,
usually in laboratory conditions, in which samples were melted and deformed
slowly. On the basis of test results computer simulations were conducted to verify
the findings. When Gleeble simulators were implemented, the technical and
research possibilities increased. Whereas the development of continuous steel
casting practices in recent years has been very intensive, the research work in this
field carried out with new units may constitute the research foundation for the
development of new practices. In most papers, to describe changes of stress as a
function of strain, the authors used equations combining the strain rate, strain
degree and temperature. The fraction of the solid or liquid phase was an additional
parameter taken into account in the equations. Kang’s studies [23, 24] may be used
as an example. He described the dependence of the yield stress on the temperature
and strain rate with the following relationship:

r ¼ K _emexp
Q
RT

� �
1� bflð Þ23 ð2:3Þ

where:

K;m—material constants,
b—equilibrium factor,
T—absolute temperature,
b—equilibrium factor,
Q—plastic deformation process activation energy,
fl—liquid phase fraction.
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The curves were determined on the basis of compression tests, at a 50% fraction
of the liquid phase and small strain rates under 1 s−1. The obtained dependences
became the basis for procedures simulating the deformation of aluminium alloys in
the semi-solid state. In his study [71] Kopp conducted a series of compression tests
of samples made of the Sn-15%Pb alloy for two variants with the solid phase
fraction of 0.55 and 0.65. On the basis of the conducted tests, the strain-stress
curves were determined. Using the commercial FEM software, they made a series
of computer simulations for various parameters of the constitutive model. The
conducted simulations allowed them to evaluate the formulated constitutive model.
The evaluation included a comparison of force parameters obtained during the
experiment and by computer simulation, where good compliance of the analysed
parameters was obtained.

Other examples may be found in papers [68–70, 72–74, 76, 79, 80, 83, 91, 93–
96] concerning primarily non-ferrous metals. A paper by Lewandowski deserves
attention [73], where the author presents a number of aspects related to the com-
pression test modelling and determining flow curves for the aluminium alloy 718.
Deformation experiments were conducted at very low strain rates of 0.001 s−1.
Tests on steels were published in the following papers: [67, 79, 80, 91]. Tseng in
his study [91], like Lewandowski in his [73], presented a number of aspects related
to the compression test modelling and determining strain-stress curves for the
selected carbon steels. By analysing the impact of the solid phase content, he
conducted a few series of deformation tests at low speeds (<0.012 s−1) and obtained
curves for various fractions of the solid phase in the sample volume. In publication
[67] the authors presented their findings concerning the determination of flow
curves for steels in the temperature range between 1100 and 1450 °C. Experimental
work was conducted to determine the impact of the temperature and strain rate on
the plastic behaviour of two types of carbon steel. The first one containing 0.137%
of carbon was subjected to tensile tests at temperatures of 1100, 1200 and 1300 °C
and was used for determining flow curves for austenite. In order to examine similar
relationships for ferrite d, a steel containing 0.0026% of carbon was selected and
was deformed at temperatures of 1400 and 1450 °C. The tests were conducted with
a Gleeble simulator. The authors proved the full suitability of Garofalo’s model [97]
modified by Han to describe the flow curves of the tested steels, dependent on the
temperature and strain rate:

_ep ¼ Aexp � Q
RT

� �
sinh bKð Þð Þ1

m ð2:4Þ

r ¼ Ken ð2:5Þ

where:

_ep—plastic deformation rate,
T—absolute temperature,
r—yield stress,
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Q—plastic deformation process activation energy,
K—strenght coefficient,
n—strain hardening exponent,
A; b;m—material constants.

The steels were tested at very high temperatures. This model was used to analyse
the deformation of porous materials at lower temperatures, not exceeding 1200 °C
and showed its full suitability [59]. The Han relationship can also serve as the basis
for the constitutive equation for high temperatures. In paper [67], very good
compliance of the obtained experimental findings with the values computed with
this model was shown. However, the main objective of the authors was to inves-
tigate flow curves for strain rates from 0.0001 to 0.01 s−1 and very small plastic
deformations, not exceeding 0.1. For the cases of plastic deformation of semi-solid
steel, experimental research should be conducted to determine the material con-
stants for a much broader range of strains and strain rates. One of the most topical
publications is Jing’s paper [80] concerning primarily the determination of flow
curves for steel 304. The curves were determined on the basis of compression tests.
The liquidus and solidus temperatures were 1450 and 1390 °C respectively. The
deformation temperature range for samples with a diameter of 12 mm and a height
of 12 mm was between these two temperatures. During the experiment, the force
and the base elongation of the sample were measured, as well as the temperatures
read from the thermocouple indications. At the first stage the sample was heated to
the deformation temperature within the range between the liquidus and solidus lines
according to a set temperature schedule. At the final stage it was deformed at strain
rates from 0.5 to 10 s−1.

The tests carried out by the authors of the papers [67, 79, 80, 91] may constitute
the research foundation for modelling and designing new continuous steel casting
practices. To be competitive in the market one should aim at obtaining products
with consistent and good quality. Unfortunately, steel tests at very high tempera-
tures are still very expensive. For business and technological reasons they cannot be
conducted under industrial conditions. The Gleeble simulators and computer
tomographs (CT scanners), more and more widely available, may provide an
alternative. A Gleeble 3800 simulator enables the steel continuous casting process
to be physically simulated. The main purpose of the simulation is to use a small
sample to reconstruct the changes of temperature, strain and stress that the material
undergoes in the industrial process. The evaluation of the mechanical properties of
samples subjected to various simulation variants provides the basis for developing
the so-called “casting map”, which enables the optimal parameters of the contin-
uous caster operation when casting a specific steel grade to be determined. In
practice, time-temperature-reduction (TTR) diagrams similar to TTT diagrams are
constructed. These diagrams show areas with a limited ductility, and a thorough
knowledge of those areas allows us to adjust the casting process parameters, such as
for instance the casting speed, so as to avoid the potential threat of cracks in the
strand. The Gleeble simulator provides a rare—from an experimental point of view
—opportunity to combine the simulation of continuous casting with the plastic
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deformation applied during or immediately after the solidification of the working
part of the sample. In both processes, i.e. the solidification and the plastic defor-
mation, in order to determine the impact of process parameters on the
microstructural changes, the sample may be cooled with gas (argon, compressed
air), a water and air mixture, or water, or cooled with a rate typical of the simulated
production process. Increasing availability of modern equipment, such as computer
tomographs, allows the medium tested to be analysed without destroying it. The
analysis of the remelting zone and the ability to make a virtual cross-section for
determining the area of the formed porous zone (Fig. 2.1), or the possibility of the
3D separation of the whole porous zone (Fig. 2.2) are examples from the original
research of the author.

Additionally, thanks to the use of specialist dedicated software to analyse the
findings, results and information, impossible with other methods, can be obtained.
The obtained findings may be the basis for the verification of the adopted model
assumptions in the context of numerical modelling. Examples of the application of
the computer tomography in high-temperature research are shown in papers [88,
98–102]. The authors of [88] used the tomographic analysis method to directly
analyse the deformation zone of a steel sample deformed with a solid phase fraction
of 55–65%. On the other hand, the paper by [100] is very interesting from the
perspective of this monograph.The scope of the performed tests covered physical
simulations with a Gleeble 3500 simulator and numerical simulations of the
deformation of an Al–Cu alloy. Everything was complemented by methodology
aided by the computer tomography for determining the function describing changes
in stress versus strain, strain rate and temperature. To describe, the authors used the
following equation form [100].

Fig. 2.1 A virtual
cross-section of a sample with
a visible porous zone
(author’s original research,
carbon steel)
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r e; _e; Tð Þ ¼ K e; _e; Tð Þem Tð Þ _en Tð Þ ð2:6Þ

where r is the stress, e is the plastic strain, _e, is the strain rate, K is the flow stress
coefficient, m is the strain hardening factor and n is the strain rate sensitivity factor.

The development of the continuous casting practice, in particular of the twin-roll
strip casting process, which is the most important for the industry, continues [103–
122]. The development of the continuous casting practice is focused on the man-
ufacturing of near net shape products. This tendency is conditioned by business
considerations and competition in the market, and indirectly obviously by advan-
tageous environmental impact. Many factors influence the internal state of the strip
cast in the continuous process. The most important are: the degree of superheating,
casting speed, characteristics of heat flow between the solidifying shell and the
rolls, characteristics of the flow of the liquid metal feeding the mould [123].
Physical conditions, in which the cast strand solidification process occurs, very
strongly determine its future state, including such features as the share of individual
crystalline zones, the distance between dendrite branches, the austenite grain size,
microsegregation and macrosegregation degree, and also the type and arrangement
of cracks, or the level of internal stress. These features significantly influence the
product quality. Therefore, they must be controlled by the appropriate selection of
process parameters, and by the impact on the liquid steel during the process. By
focusing on the secondary cooling zone effects, vital for the formation of the cast
strand quality parameters, one can find that—from a mechanical point of view, and

Fig. 2.2 A 3D view of a
separated porous zone
(author’s original research,
carbon steel)
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also due to the heat flow nature—it is the most complex stage of the process. Within
a cast strand we can distinguish the solidified outer layer (shell), the partially
solidified mushy zone and the central liquid area, which are characterised by
diversified physico-chemical properties. In these conditions the plastic behaviour of
the medium considerably differs from the one that is commonly observed, for
instance in the hot working processes. The prerequisite for numerical simulations of
the changes in the temperature field and stress in a cast strand is to have functions
describing the dependence of the thermophysical constants on temperature and the
stress-strain relationship for diversified strain conditions. Without this data the
numerical simulation of the casting and rolling process cannot be conducted with
sufficient accuracy. In this case, it is necessary to apply a simplified approach to
continuous casting physical simulation problems—to set linear functions of tem-
perature changes versus time—developed approximately on the basis of tempera-
ture measurements carried out at continuous casting facilities [90].

In recent years many companies worked on the development of the rolling
process with a semi-solid core. Whilst thin strip casting combined with subsequent
rolling is a simple, improved method of the conventional rolling process, rolling a
strip, in which both the solid and the liquid phases coexist, is a new process. Cold
rolling following simple strand casting is a long process and it is not cost-effective
because of energy reasons. For the technological reasons the process should be
developed to simplify or eliminate some operations, which would drastically reduce
the energy costs. It also involves beneficial environmental impact, due to the
reduction of gas emissions. Processes of casting immediately followed by rolling
have various versions, which depend on the applying companies and differ with
details of industrial installations. A few concepts have been developed by such
companies as SMS Demag AG, VAI (Voest Alpine) or Tippins Incorporated. The
selected installations include [124]:

– CSP (Compact Strip Production),
– LCR (Liquid Core Reduction),
– ISP (Inline Strip Production),
– AST (Arvedi Steel Technology),
– CONROLL (CONtinuous thin casting ROLLing Technology),
– TSP (Tippins Samsung Process),
– CONROLL (CONtinuous thin casting ROLLing Technology),
– CPR (Casting Pressure Rolling),
– DSC (Direct Strip Casting),
– “Danieli” (Thin slab caster),
– QSP (Quality Strip Production),
– UTHS (Ultra Thin Hot-Strip),
– SMI (Sumitomo heavy industries and Mitsubishi heavy Industries),
– ESP (Endless Strip Production).

Continued development of new technologies or their modification forces
designers to seek new solutions that will support decision-making processes at each
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project stage. The development of advanced physical simulation tools as well as
numerical methods, which due to long calculation times could not have been used
formerly in course of design work, enables the analysis of processes both from the
standpoint of continuous media mechanics, fluid mechanics or high-pressure phe-
nomena. This is a common characteristic of the three technological processes
presented in the diagrams (Figs. 2.3, 2.4 and 2.5), with respect to which the author
of the present monograph conducts advanced experimental and model studies. As
mentioned earlier, the dominant continuous medium analysis method is the finite
element method (FEM). In terms of fluid flow analysis or analyses of solidification
in conjunction with flow in the solidifying solid phase, the smooth particle
hydrodynamics method (SPH) gains importance [125].

The SPH method was first developed by [126, 127] to solve astrophysical
problems in a three dimensional open space. In recent years, considerable progress
in the development of solutions using meshless methods has been achieved,
enabling phenomena occurring in many areas, including the description of metal-
lurgical processes such as solidification [128], to be simulated. In many cases, both
in industry and science, the issues concern fluid mechanics. The scale of the phe-
nomena studied is very wide, from micro- through meso-, ending at the
macro-level. With this approach, it is possible to consider many interesting phe-
nomena that occur at the connection of scales, such as multiphase flows [129] or a
turbulent flow [130]. One of the most commonly used methods for simulating the
behaviour of fluids and their flow is called the particle method. Smoothed Particle
Hydrodynamics (SPH) is a method of this type. In the SPH method [126], the
Lagrangian approach is applied to describe the fluid, where calculation points move
together with the flowing liquid as opposed to Euler’s approach, wherein the cal-
culation points do not change their positions. Simulation of the behaviour of real
fluids using computer modelling is of great importance both for industry [131] and

Fig. 2.3 The scheme of direct strip casting process (DSC)
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for the development of science in many fields. Research is being conducted on the
use of the SPH method to simulate many industrial processes such as: forecasting
the metal flow in the process of high-pressure casting of components for the

Fig. 2.4 The scheme of soft-reduction process (SR)

Fig. 2.5 The scheme of continuous casting and rolling process (CCR)
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automotive industry [132], aviation [133], as well as the power sector [123].
Another example is the use of the SPH method using commercial software like
LS-DYNA to simulate the aluminium flow in a foundry mould [134, 135].
A description of the behaviour of fluids, including multiphase fluids, is extremely
important for many technical applications, including those in the metal industry.
Such models should take into account the complexity of the simulated systems. Due
to their complex nature, systems of this type can cause many problems with the
proper simulation of thermodynamic parameters, and the assumption of an adequate
flow in systems of vessels with complex shapes. The interesting, and yet at the same
time complicated behaviour of fluids is primarily due to the interaction processes.
The SPH method, thanks to its high flexibility, is widely used not only for mod-
elling flows (including multiphase) of the liquid, but also to describe the behaviour
of solids—heat conductivity, or problems accompanying explosions. Modern
models of fluids, which allow the issues concerned to be simulated with acceptable
accuracy, due to their high complexity are difficult to design and implement. The
use of modern computer architecture and customised algorithms is required to
obtain reasonable computing time to enable these methods to be useful. The authors
of the publication [86] presented the application of the SPH method to simulate the
solidification process. The research was conducted for a single-component fluid and
a two-component mixture. After verification of the results for the case of a
single-component alloy, an attempt to simulate a two-component alloy was made.
The simulation results were verified with the experiment. The SPH method is also
used for the modelling of deformation processes such as metal forging, where large
deformation of the material occurs, causing serious problems in using mesh
methods like the Finite Element Method (FEM). The authors of the publication
[136] indicated that the SPH was a useful simulation method that allowed them to
obtain information on the deformable material and the flow of material while
forging real industrial components. Through the simulation process, the quality of
the final product and the impact of process parameters and material properties were
established. Also the force needed to sufficiently fill the mould cavity and the effect
of the hardening material, which gives the final product its quality, were defined.
The method also allowed the prediction of defects such as failure to fill the forging
die. The SPH method can thus also be potentially used to assess the quality of
forged products.

The authors of the publication [137] successfully applied the SPH method to
simulate the fluid flow in an isotropic porous material. The porous structure is
defined in the mesoscopic scale by randomly assigning some particles with fixed
positions. The designated flow field, calculated at a steady state of the
two-dimensional isotropic system, provides information on the macroscopic fluid
flow. Meshless methods are widely used in modelling problems with a large
deformation or a loss of material cohesion. In the publication [138], the authors use
the SPH method to present a model of material cutting. Preliminary studies for the
two-dimensional model have shown the suitability of the method to correctly
estimate shear forces, as shown in several examples of the perpendicular cut.
Finally, the modelling of cutting forces in a three-dimensional space was
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performed. In many cases of simulations of complex physical processes, it is rea-
sonable to apply a hybrid method combining the Finite Element Method and
meshless methods. To combine both methods, it is required to determine the iter-
ations between the models. The authors of the publication [139] describe several
methods of interaction and their combinations in order to obtain satisfactory results.
The discussion on the interaction between Lagrangian elements and the particles of
the SPH method was included. Sample calculations and the usage of appropriate
algorithms were exemplified by a commercial program. In the paper [140], an
overview of methods allowing the coupling of the meshless methods with the Finite
Element Method was presented. One of them is the coupled master-slave type,
wherein the particles are associated with the nodes of the finite element mesh. The
coupling, through the interaction of particles with the nodes of the element mesh
and vice versa, is satisfactory. Finally, many static and dynamic problems were
tested, comparing the results to the experimental data. Another example of coupling
of the Finite Element Method with a meshless method is studying the structural
resistance to destruction. In the publication [141], to verify the established thesis,
the problem of the hydrostatic pressure simulation was also considered. Taking into
account the wide use of the SPH method to model phenomena in many fields
including metallurgical processes, it is possible to determine the flow of material
during the solidification of a slab manufactured in the continuous casting process.
Alternative numerical methods used presently in engineering practice spanning,
among others, solidification simulations, are for instance, cellular automata
(CA) and the Monte Carlo (MC) method. Approaches to modelling of effects
accompanying the solidification with the use of cellular automata method, known
from the literature, are fairly diverse and elaborated [142, 143]. The first group of
models focuses on microstructure details, including the simulation of single den-
dritic grains, with the accuracy of at least to the second order branches [43]. The
second group of models deals with the grain growth kinetics, and not its shape,
which is assumed in advance. The best known model of this type was created by
Rappaz and Gandin [144–147]. It was assumed in the algorithm that the grain
envelope is a square (a regular octahedron for 3D areas), which is better satisfied
when the so-called incubation time of second order branches is shorter. It is possible
to present various crystallographic grain orientation by a change in the square
position (regular octahedron for 3D areas), with respect to the cellular automata
mesh. Models that map the relevant effects primarily quantitatively constitute the
last group of models. The transition rules used in these models do not have an
explicit physical interpretation, and their main task is to reconstruct the branched
structure of dendritic grains. A Brown and Brucet paper [148] is an interesting
example. The paper deals with the modelling of three-dimensional dendritic grains
of pure metal. Single grains are considered during their free growth in an under-
cooled liquid. Each cell of the three-dimensional cellular automaton has its tem-
perature and state 1 or 0 assigned, depending on whether the cell belongs to the
solid or the liquid phase, respectively. The solid state appears in those cells which
have an adequate number of solidified neighbours, and their temperature is below
the critical temperature (depending on the number of the solidified neighbours). The
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effect of the latent heat liberation is presented by increasing the temperature of the
solidifying cell to a certain, set value corresponding to the solidification tempera-
ture. The heat flow in the area is executed with the following procedure: the average
temperature of the six closest neighbours is calculated (von Neumann neighbour-
hood), and then the temperature of a specific cell is changed towards this average
temperature by a value depending on the heat transfer coefficient.

A further method that had gained popularity in recent years is the Monte Carlo
method [87, 149, 150]. The use of this method is very broad, beginning from uses
in biology and medicine [151], all the way to welding processes [152–155], in
which analysed are also phenomena such as e.g. granulation growth during solid-
ification or the growth of granularity in the heat influence zone [150, 156–161].
Continued development of computer equipment in terms of processing speed,
including the possibility of use of GPU for calculations creates the perfect base for
the design and implementation of fully 3D models basing on this method. On the
other hand, the shape of the mixed zone itself (Figs. 2.3, 2.4 and 2.5) is often
irregular, and this also determines the choice and use of numeric solutions basing
on full spatial solutions.

The conducted analysis of literature indicates a lack of comprehensive
methodology (from the physical and numerical side) supporting the design of new
high-temperature technologies and the analysis of selected phenomena/parameters
that would accompany it. However, the need of controlled rolling of cast strands is
pointed out. Therefore, the results of a computer simulation or physical simulation
of the analysed process will be useful to control the process parameters. Creating
the modelling concept integrating the physical and computer simulation areas with
simultaneous full or partial information exchange between those areas is pioneering
in terms of theory.
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