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ARTICLE INFO ABSTRACT

Keywords: Over the last 4 decades, remarkable progress has been made in the modelling of casting processes.
ComP“Fer numerical simulation The development of casting models is well reflected in the proceedings of the 15 Modelling of
Modelling Casting, Welding and Advanced Solidification Processes (MCWASP) conferences that have been
Defects .

Cracks held since 1980.

Segregation Computer simulations have enabled a better understanding of the physical phenomena
Porosity involved during solidification. Modelling gives the opportunity to uncouple the physical pro-

cesses. Furthermore, quantities that are difficult or impossible to measure experimentally can be
calculated using computer simulations e.g. flow patterns and recalescence. However, when it
comes to accurately predicting casting performance and in particular, the occurrence of defects
like cracks, segregation and porosity there is certainly some way to go.

In this paper, the current understanding of the main mechanisms of defect formation during
shape and DC casting processes will be reviewed and requirements will be discussed to give a
direction to making casting models more predictive and quantitative.

1. Introduction
1.1. History

Casting is a prehistoric process, but it is thought to be predated by wrought metals, because the temperatures required to achieve
the molten metal are far higher than those needed for wrought processes. Shape casting is a process by which metal is transformed from
ingot or scrap to a shape that has added value and is close to the final shape of the object required by a designer. Shape castings can be
used without any final finishing or can be fully machined, making both the surface and internal integrities important. Shape casting is
essentially a batch process, even though modern engineering techniques have been applied to many processes to automate them. This
is in direct contrast to continuous casting of steel or the so-called continuous casting of aluminium and its alloys developed in the 20th
century. Continuous direct chill cast (DC cast) aluminium is actually a semi-continuous process. The largest ingots produced to date are
“Jumbo” slabs 2700 mm by 610 mm [1] and round billets 1050 mm (42”) diameter x 7 m weighing 20 tonnes [2]. In both of the
continuous processes, the final product is usually the feedstock for some other forming process, such as rolling, forging, machining or
extrusion. Simulation and modelling of casting processes is a technique that has been developed over the last 5-6 decades in order to
give casting engineers a tool to control the quality of the end products they are making.
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Table 1

Summary of main aluminium alloys for shape casting and DC Casting.

Series Main Alloying Elements Typical Freezing range (°C) Series Main Alloying elements Typical Freezing range (°C)
1xx.x Al > 99% <1 Ixxx Al > 99.5% <1

2XX.X Cu <20 2XXX Cu 2-6% total additions < 7% 15

3xx.x" Si with Cu and/or Mg 1-50 3xxx Mn < 1.5% total additions < 2.2% 140

4xx.X Si 1-50 4xxx Si < 6% (usually) 25

5XX.X Mg 40-60 5XXX Mg < 5% (Mn < 1%) total additions < 6% 65

6XX.X Unused - 6XXX Si < 1.4% Mg < 1.1% total additions < 4.3% 50

7XX.X Zn 10 7XXX Zn < 11% Mg < 3.3% (Cu < 2.3%) total additions < 15% 155

8xx.X Sn 370 8xxx Fe < 8.6% (Li < 3%) total additions < 12.5%

9XX.X Other alloys elements - 9XXX Unused

@ Alloy additions can be as high as 30 wt% for example A39x (high silicon alloys) in which case the freezing range is over 220 °C.
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1.2. Casting processes

1.2.1. Shape casting

Shape casting entails the manufacture of a mould or die as a three-dimensional (3D) “negative” form of the shape that is required to
be cast. In other words, where a hole is required a “core” is used to make that hole; where a boss is needed a cavity is made in the
mould. Having manufactured the mould from suitable material, for example sand, ceramic, or steel, liquid metal is channelled into the
mould cavity through the “running system” and allowed to solidify. The running system is an integral part of the casting when made
but is usually cut off or “fettled” when the casting is cold enough to handle. Other features are added to the casting in an attempt to
produce sound products. “Feeders” are placed on the casting to act as reservoirs of molten metal, to counteract the natural solidifi-
cation shrinkage that most metals experience on freezing. These feeders are then removed during the fettling. The design of the extra
parts that are added to the shape of the finished component, i.e., the feeders and running system, are known in the USA as the “rigging”
and in the UK as the “method.” The whole process of shape casting is often also known as “founding” and the manufacturing plants as
foundries. Beeley [3] has written a useful text book on Foundry Technology for those wishing to understand more about the processes
of founding.

From the standpoint of a physicist, the shape-casting process is transient until the casting reaches room temperature. This is unlike
the continuous casting processes, which do have long periods of time during which the process is almost at equilibrium.

For the engineer, a transient process contains inherent problems, mainly of control. In order to help reduce manufacturing
problems within the foundry sector, many alloys have been developed specifically for shape casting. These alloys have elements added
to enhance fluidity (the ability to flow), e.g., silicon in aluminium alloys. This is again a difference compared with continuous casting
processes, where usually the wrought alloy composition is cast. Table 1 is a comparison of the nominal compositions of shape-cast and
wrought alloys with the approximate freezing ranges which drives the solidification and influences the modelling of these alloys from a
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Fig. 1. DC casting set-up [7].
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metallurgical respect.

1.2.2. Direct-Chill (DC) casting

DC casting of aluminium alloys, which was developed around 1930, was put into application due to the needs of the aircraft in-
dustry for the mass production of large billets (both round and rectangular). Prior to that the aluminium industry used permanent
moulds or book moulds for making ingots similar to the steel industry. DC casting was invented independently by VAW (Germany) [4]
and Alcoa (USA) [5] and is nowadays used to cast sheet ingot (up to 500 x 1500-2000 mm) and round ingot (up to 1100 mm in
diameter) for subsequent rolling, extrusion or forging respectively. Continuous sheet casting processes can produce sheet directly with
a minimum thickness of about 3 mm and eliminate the costly hot rolling operation. Because continuous casting is limited to alloys with
a narrow freezing range, DC casting process remains the main ingot casting method to produce aluminium alloys. Details of DC casting
technology are extensively discussed in Refs [6] and [7]. Fig. 1 is a schematic of the process.

In the direct-chill casting process liquid metal is being fed into a water-cooled mould (primary cooling) where a solidified shell is
formed with sufficient mechanical strength to contain the molten core at the centre. At the start of a casting a stool-cap or starter block
is placed into the mould. By lowering the stool-cap, the ingot emerges from the mould and water impinges directly on the cast surface
(secondary cooling) and completes the solidification process. The solidifying ingot descends steadily into the pit until it reaches full
length. The metal level in the mould is controlled with a float system. During solidification, the shrinkage pulls the metal away from the
mould to form an air gap and significantly reduces the heat extraction from the mould. Depending on the casting speed and length of
mould, partial remelting of the solidified shell can occur before secondary cooling takes place. Secondary cooling accounts for about
95% of the overall cooling of the ingots. In a modern DC casting installation up to hundred extrusion billets or ten rolling ingots can be
cast simultaneously.

1.3. Casting defects

Defects arising during the casting of aluminium alloys dramatically affect the mechanical and physical properties of the final cast
product. Defects form due to a range of mechanisms, such as surface oxidation, entrainment, incorporation of exogenous materials
from the containment vessels, dissolved gasses, solidification shrinkage, unwanted micro-structural phases with detrimental mor-
phologies, and the development of stresses in the solidifying metal. The mechanism for the generation of most defects arises from a
combination of many physical processes. Understanding of the mechanisms that generate the defects is fundamental in being able to
control them and therefore produce better quality end products. Fig. 2 illustrates some examples of defects in cast aluminium alloys
and the approximate length scales at which they occur.

Currently, a wide variety of aluminium alloys is being cast on a routine base by means of several casting processes and length and
time scales as detailed in Table 2. However, in search for better properties such as a higher corrosion resistance or a higher strength,
new compositions are being developed which may impose strict constraints on the process window. Not only should the process
parameters such as casting temperature, cooling rate and mould filling should be controlled accurately, but a profound knowledge of
the behaviour of the alloy during the casting process is required in order to produce a defect-free ingot or casting.

In general, defects occurring during casting can be divided into external and internal defects. The most common defects are shown
in Table 3.

It is clear from Tables 2 and 3 that the differences in length and time scales in DC casting and shape casting. The more transient
behaviour associated with shape casting processes leads to a wider range of defects. There are some common defects driven by the
same processes and these are shown emboldened in Table 3. In DC casting defects occur mainly due to the strong thermal gradients in
the ingot. During the production of wrought ingots removal of inclusions and oxides as well as degassing are widely applied and
consequently the occurrence of oxides and porosities are well controlled. However, for the high-performance alloys cracking and
macro-segregation can be a major problem. Macro-segregation originates from buoyancy driven flow in the sump where thermal
stresses may lead to distortion of the ingot shape (e.g. butt curl, butt swell, rolling face pull-in) and possibly to hot tearing or cold
cracking. In general macro-segregation does not occur in shape casting.

1.4. Modelling and simulation of casting processes

Casting of metals is a highly complex process due to the interaction of various phenomena. The challenge is to determine the
optimal processing parameters to produce a casting, which meets demanding performance requirements. To achieve this objective
process modelling has become an essential tool to understand the underlying physics and to produce consistent products.

During casting transport phenomena as heat flow, mass flow and fluid flow are highly coupled. Casting modelling is done at nearly
all the size scales for the physical processes involved: nucleation, dendrite tip growth, liquid metal flow through a mushy semi-solid
dendritic network, etc. [9]. Broadly speaking, casting modelling can be considered at two distinct length scales [10]:

e Macroscopic scale of the process over which the governing transport equations of heat, mass, momentum and deformation are valid
e Local scale at the solid-liquid interface where the solidification phenomena are operative

Modelling activities at macroscopic level describe the phenomena with a typical length scale in the order of the dimensions of the
casting (1 mm — 1 m). Overall velocities, temperatures and stresses are calculated by numerical methods coupling temperature, fluid
velocities and stresses in the solid [11,12]. The as-cast microstructure, which is very important for the properties of semi- and finished



M. Jolly and L. Katgerman Progress in Materials Science 123 (2022) 100824

Fig. 2. Examples of defects in aluminium alloy castings. a) macro quench cracks in sand cast A356 as a result of residual stresses b) macro shrinkage
in low pressure die cast LM25 c¢) non-fill in sand cast L99 d) atmospheric bubble in investment cast TiAl e & f) oxide films in die cast LM25 g) oxide
film draped over primary dendrites in sand cast A380 h) micro-crack in the centre of Fe rich intermetallic needles in A356 [8].

Table 2
Length and time scales of different casting processes used for aluminium alloys.

Process Range of component Mass Timescale of process

Direct Chill (continuous casting) tonnes hours

Sand 100gto5t Seconds to hrs

Investment (lost wax) <10 g to 100 kg Minutes to hours

Shell mould casting 100 g to 100 kg Minutes to hours

Gravity Die (permanent mould) 1 kg to 50 kg Minutes

Low pressure die 2 kg to 30 kg Minutes

High pressure die casting (die casting) 10 g to 30 kg Seconds to minutes

Squeeze casting 100 g to 20 kg Minutes

Table 3
Defects commonly found in cast aluminium alloys.

External Defects DC casting Shape casting Provenance *
Macro-shrinkage, sink and draw X T
Cold shuts X X T&F
Mould erosion defects & exogenous inclusions X T &F
Gas blows blows/pin holes X X T&C
Casting dimensions & distortion X X T&M
Hot tearing/hot cracks X X T&M
Internal Defects DC casting Shape casting Provenance *
Porosity X X T
Hot tearing/hot cracks X X T&M
Cold cracking X X T&M
Macrosegregation X T&C
Entrained bubbles and oxide films X F&C
Unacceptable microstructure(Grain size, orientation etc.) X X T&C

2 Provenance indicates the main mechanism for controlling the defect. T: thermal; F: filling; M: mechanical; C: composition/chemistry.
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products, has a length scale varying from 1 pm to 100 pm. Microstructural transformations at these length scales are modelled with a
variety of meshed and lumped parameter models [13]. An integral casting model has to couple macroscopic models of the governing
transport phenomena with micro-models of the process physics. A numerical simulation of the whole process, with a spatial resolution
at the scale of the microstructure, would require at least 10'2 nodal points in three dimensions. Even with the current hardware and
software tools, it becomes unrealistic to model a complete casting at the length scale level of the microstructure. The optimal coupling
between micro-models and macro-models is a main field of interest of casting modelling research [14]. A recent review by Rappaz [15]
has looked at the last 40 years of modelling microstructures in casting and concluded that there are still many materials properties that
are not known, such as interfacial properties and energies, high temperature behaviours of materials and ordering, which hinder our
understanding. However atomistic or molecular dynamical modelling will help contribute to this lack of knowledge.

Over the last few decades significant progress has been made in the field of solidification and casting modelling and this devel-
opment is well documented in the 15 Proceedings of the Modelling of Casting, Welding and Advanced Solidification Conferences
(MCWASP) since 1980 [16-31]. With increasing computer and processor power many aspects of the multi physics, coupled phe-
nomena are now modelled at the macroscopic scale including free surface flow, heat and fluid flow and thermal stress. However, the
implementation of these calculated results into real casting process windows and performance predictions is one of the key remaining
challenges to make casting modelling truly successful and become a truly useful tool for manufacturing companies. Currently a major
part of current casting modelling applications is used for the prevention of casting defects, for example the occurrence of porosity,
thermal cracks and macro-segregation.

The solidification, heat and fluid flow and stress build-up during casting have been modelled to investigate the influence of the
casting parameters and thereby to formulate recommendations for improvements in casting practice [12,32-39].

1.5. Modelling requirements

The following are considered as essential parts of a casting model:

e a spatial model of the geometry

¢ a set of transport equations, taking into account the significant physical mechanisms
e accurate boundary conditions

e thermodynamic database and thermo-physical and mechanical properties

e validation and interpretation of the computed results

1.5.1. Geometry & representation

The action of dividing up the 3D solid geometry of a casting that is to be simulated is termed “discretization,” or more commonly
“meshing”. Meshing is one of the most important aspects of the numerical methods approach and it can heavily influence the results
obtained during the analysis cycle.. Dividing up the 3D geometry into discrete bits gives rise to numerous problems. For example,
representing curved surfaces with cubes inevitably gives rise to steps which hamper any calculations that involve radiation, as the
radiating surfaces are all at right angles to one another. Dividing up the object of interest into tetrahedra or irregular, six-faced cells
(hexahedra) gives a more realistic model for the surface, but involves much more complicated mathematics, especially when dealing
with conservation of mass or volume. However, in general, despite the complex mathematics, stress and flow problems are dealt better
with the less rigid mesh structures, such as those that are hexahedron based. The usual method for representing curved surfaces is by
classing a cell which is more than half full of material as full, and a cell which is less than half full as empty (usually termed Marker And
Cell method, MAC) [40].

However one FDM-based code, Flow-3D from Flow Science Inc., Los Alamos, uses advanced mathematical algorithms to represent
the free surface of both fluids and curved solids in a rectangular prismatic mesh. This method, termed Volume Of Fluid, or VOF method
[41], represents a partially full cell by interpolating a surface across the cell in a way that is dependent upon the amount of material in
the adjacent cells. This gives an excellent representation of the free surface.

1.5.2. Process physics

There are a large number of physical processes that need to be modelled to cover all aspects of casting processes. These include the
following: heat transfer; including radiation, convection, and conduction; mass transfer (mainly fluid dynamics), phase trans-
formations, including solidification and subsequent solid-state changes and stress/strain behaviour; microstructural development; and
segregation of chemical species.

The main governing equations for conservation of mass (continuity), momentum (fluid flow), and energy (heat flow) are exten-
sively given in text books modelling of materials processing and casting [42-44]. In addition during solidification the release of latent
heat has to be included e.g. as an equivalent specific heat [42]:

C,=C,+ L% ®
where C’, is equivalent specific heat, L is latent heat and f; is fraction solid.

The fraction solid is a function of temperature and for binary alloys is given by the Gulliver-Scheil equation, while for complex
alloys by a function fitted to DSC measurements of latent heat evolution [32].

To describe the coupled phenomena adequately, good insight in the physics of macrosegregation, flow in mushy media, and
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constitutive behaviour at high temperatures is required. This implies very close interaction between controlled experiments and
process physics formulation.
Key phenomena to be considered in a casting model are:

e (turbulent) forced and buoyancy driven flow

o free surface flow

e heat conduction and convection in liquid and solid metal

e liquid-solid phase change (release of latent heat)

e rejection, diffusion and convection of solutal alloying elements

e thermo-mechanical behaviour in mushy zone and solidified metal

The implementation of these key phenomena in the modelling approaches of the different casting defects is discussed in Section 3.

1.5.3. Thermo-physical and mechanical data

Commercial alloys are multi-component and the description of their solidification paths have to be based on phase diagrams of
multi-component alloys. Modellers have benefited from the rapid development of software such as JMatPro® 1[45], Thermo-Calc or
CALPHAD [46] in order to predict a number of these parameters where there is access to digital phase diagram data. Among the
physical-mechanical properties, the permeability and constitutive behaviour at high temperatures in as-cast conditions are most
difficult to obtain.

Accurate thermo-physical data input, such as solidus and liquidus temperatures, latent and specific heats, conductivity, viscosity,
and surface tension, are important for obtaining good results. Some software packages provide the user with a selection of property
data for most common alloys and moulding materials. It is often the case that there can sometimes be quite considerable errors in using
these data, especially where properties are dependent on some other parameter such as the temperature, time or fraction solid.

Exotic or proprietary alloys can often cause a problem for modellers, as there is no universal database of thermo-physical data for
general access. Data for standard alloys are relatively easy to find. Data for alloys with slight deviations from standard, or exotic alloys
with low annual production tonnage and potentially with more casting problems, do not exist in the public domain and are extremely
expensive to produce. This is where the previously mentioned property prediction software packages come into their own.

Thermo-physical data for moulding material properties for shape casting, especially for sand moulds or investment shell moulds,
are not well documented [47]. Problems arise from the very fact that sand properties will vary from foundry to foundry. Investment
shell technology is often unique to a foundry and regarded as a proprietary “art.” It is difficult to envisage how this issue can be
resolved completely in modelling. Some headway is being made in this latter area by use of some simple, rule-based techniques, in
order for foundries to be able to estimate certain thermo-physical data [48]. Such tools could be applicable to other situations in the
foundry for example, mould coatings. Work on the modelling of sand core blowing will also contribute to a better understanding of the
effect of cores during the casting process [49-51].

For DC casting the data for the aluminium moulds is relatively easy to obtain but where there are ceramic rings or distribution bags
used they present a problem when the whole casting system is being modelled. This will often lead to a simplified model being used
which doesn’t attempt to simulate the whole casting process.

1.5.3.1. Constitutive behaviour of as-cast alloys. Where thermomechanical data for a number of aluminium alloys are readily available,
this unfortunately is not the case for alloys in as-cast conditions. To calculate the stress development during casting the availability of
these properties is crucial. The first model to calculate thermal stresses during DC casting in a round ingot at steady-state used an
elasto-plastic model [52]. The model follows Hooke’s law in the elastic region and assumes that in the plastic regime the plastic stress
also increases linearly with increasing strain. More accurately the material behaviour in as-cast condition in the complete temperature
range during casting can be expressed by the extended Ludwik equation [53-56]:

m

c=Ke" i 2)
&0

with ¢ the stress, K a material constant (i.e. the stress at ¢ = 1 andé = 1 s~ 1), ¢ the strain, ny, the strain hardening coefficient, ¢ the strain
rate, &y a constant taken equal to 1 s~! and m the strain rate sensitivity. K, n; and m can be determined from experimental data from

room temperature to solidus temperature at the strain rates applicable to DC casting. For the higher temperature regime of the casting
process, where the material deforms mainly by creep, experimental data can be fitted to the standard creep law:

&= Ac"exp (;—?) 3

with ¢ the strain rate, A a material constant,o the stress, n the stress exponent, Q the activation energy, R the universal gas constant and

1 JMatPro® is a simulation software which calculates properties for alloys and is aimed at multi-component alloys used in industrial practice.
JMatPro® incorporates physically based materials models that have been extensively validated.
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T the temperature (K). This equation fits the data from creep tests in the temperature range 400-600 °C and the strain rate range 10
5.102 57! very well. The advantage of Eq.3 over Eq.2 is that the parameters are temperature independent and the temperature occurs
explicitly in the equation.

The extended Ludwik equation takes into account both the strain rate sensitivity and temperature dependence of the stresses.
Therefore, both the work hardening and creep behaviour can be captured. However, the model fails to capture the recovery that occurs
during DC casting below solidus temperature. Recently Soni and Alankar [57] addressed this problem by analysing previously pub-
lished stress—strain data fitted to the extended Ludwik equation [58]. The Voce equation [59] and Kocks-Mecking (KM) model [60]
were used to predict the hardening and recovery behaviour during DC casting conditions. The KM model was able to fit the uniaxial
tests within 1.5% of the regenerated data [57].

For the thermomechanical behaviour in the mushy zone the effect of liquid has to be taken into account and a modification of Eq.
(3) is required. Braccini et al. applied [61] the exponential creep law to describe the semi-solid constitutive behaviour by assuming that
the dendritic network takes all of the loading:

0 = sexp(ahexp( ) (6)" @

where o is the stress, 0, and a are the materials constants, f; is the solid fraction, m and Q are the strain rate sensitivity coefficient and
activation energy, respectively, R is the gas constant, T is the temperature, ¢ is the strain rate.

Suyitno et al. [62] calculated the stress distributions during the steady-state stage in a round billet using Eq.4. During solidification,
the radial and circumferential tensile stresses exist at the centre of the billet, while only circumferential tensile stresses occur at the
periphery. This explains why hot tears most likely occur in the centre of a billet. Similar simulation results were reported by M’hamdi
et al. [63].

Drezet and Eggeler [64] extended the exponential creep law to make the load carrying area directly proportional to the solid
fraction:

. O\n 0
= A= = 5
e = Ay exp(— ) ®)
A is a materials constant, f; is the solid fraction, n is the stress exponent. Considering the phenomenon that the low melting phases
are located at grain boundaries, van Haaften et al. [65] replaced f, with(1 — figs) where figp is the amount of grain boundary area
covered by liquid phases. The improved equation is expressed:

Vexp(—) ©

. c
£ A(l — fis

The material parametersA, n, and Q can be determined by the tensile tests at the solidus temperature. f; g is the fraction of grain
boundaries covered with liquid. Wray [66] derived the dependence of f; g on solid fraction by assuming perfect wettability of the solid
by the liquid. Consequently the predictions match well with the semi-solid tensile experiments for AA3104 and AA5182 [54] and
AA6056 [67].

Subroto et al. [68,69] established the constitutive data based on the extended Ludwik and creep equations over the temperature
range up to the solidus temperature for AA7050. This study was recently extended to include semi-solid parameters and failure
behaviour of as-cast AA7050 [70].

Takai et al. explicitly included the dependence of the materials constants A, n and the Young’s modulus with temperature and
fraction solid by applying Hooke’s law and the visco-plastic Norton-Hoff law [71].

Phillion et al. [72,73,74] proposed a semi-solid empirical constitutive equation for AA5182 using a three-phase microstructure
model. This constitutive model takes into account the effects of solid fraction, grain size and porosity fraction on the semi-solid tensile
deformation. The constitutive law has been applied to simulate the DC casting process for AA5182 and investigate the effect of various
microstructure features (grain size and rigidity point) and process parameters (casting speed) [75]. Furthermore Phillion et al. [76]
studied the combination of X-ray radiography with semi-solid tensile deformation in Al-Cu alloys to establish mechanisms defor-
mation and failure. A three-stage mechanism for semi-solid failure was proposed:

e strain localization and flow of liquid
o semi-solid necking
o formation of micro-necks, and final fracture

Tensile mechanical properties at various temperatures of as-cast or semi-solid samples are usually measured using a Gleeble-1500,
3500 or 3800 series thermo-mechanical simulator coupled with a modified tensile machine. Tensile specimens are heated through the
Joule effect at a rate of 10 °C/s, kept for 10 s at temperature and then deformed at strain rates of 1072 -10~* s~! typical of DC casting
[54,65,77,78,56,79] or the specimens are reheated from room temperature [56]. Both techniques led to the following general results.
In several aluminium alloys it is observed that both strength and ductility strongly decrease from just below the solidus temperature to
above solidus temperature, while the fracture surface changes from rough, related to the ductile behaviour, to smooth, related to the
presence of a liquid film. Further, cracks initiate at micro-pores or molten inclusions and continue along grain boundaries Alternatively
dedicated tensile machines are used to obtain constitutive properties [71] or to simulate DC casting mechanical behaviour [80-82].
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1.5.4. Boundary conditions

One of the most difficult aspects of any simulation exercise is the accurate representation of the boundary conditions. For all casting
processes, the most important boundary condition is the thermal boundary condition. When casting simulation was first used in in-
dustry, most of the codes concentrated on the thermal aspects of the problem, excluding filling and liquid metal flow. Boundary
conditions were relatively simple and heat-transfer coefficients, although not really known for material combinations, could be
estimated for different mould materials. Initial temperature fields were often assumed to be isothermal which is a long way from the
realty after the filling of the mould or die.

Boundary conditions are quite different for shape casting and DC casting. During DC casting three different cooling zones exist, the
primary cooling and airgap in the mould cavity followed by the secondary zone below the mould by direct impingement of the water
jets. In shape casting heat flow is complicated due to the interaction of mould filling and cooling. In addition, during solidification,
aluminium shrinks away from the mould wall creating a gap with quite different boundary conditions dependant upon the local at-
mosphere. Clearly, the heat flux is a function of the process conditions and the surface temperature of the solidified shell.

Many of the current codes address mould filling, as well as the thermal aspects, and some have the capability to model stress. This
immediately raises more issues with regard to boundary conditions. If stress models are used, then the heat transfer coefficients change
over the time of the simulation and as a function of temperature as distortion occurs and gaps are created between the solidified metal
shell and the mould or die.

The interface heat transfer coefficient (h) is probably one of the most “fudged” parts of casting modelling. As the mould material
properties are not accurately known, it is not possible to make accurate measurements of interface heat-transfer coefficients, although
some attempts have been made [83]. Often the mould and the interface are treated as one and the same, even though there are certain
mechanisms occurring which must change the value of h during the casting process. As previously discussed, the addition of die coats
and mould washes will change h, and these should be taken into account in a more systematic way than is currently the practice. Often
interface heat-transfer coefficients are used, which enable the user of the software to arrive at the correct defect prediction. Research
has been carried out in order to be able to predict values of h [84]. A number of techniques have been used including inverse analysis
[85,86] and so-called thermal resistor model which considers the air gap formation [87].

The initial boundary conditions for filling can be extremely complex and some of the issues are set out in the following. During an
investigation at a UK crankshaft foundry, it was observed that during pouring of one single mould the inlet velocity could vary from
1.7 m.s! to 2.2 m.s! [88,89]. This is not untypical in a foundry and not dependent on the density of the alloy poured but the processes
used which are similar across the shape casting sector.

When simulating any of the die-casting processes, it is usually necessary to impose an initial uniform temperature on the dies and
then apply several (up to 10) solidification cycles in order to produce a temperature profile for the steady-state condition within the
die, before completing a full analysis of filling and solidification.

Modelling of coatings (or paints) which may be no>0.1 mm thick is not really possible as the impact on the mesh size across the
paint layer would make the overall mesh size massive. In order to influence the amount of heat transfer across the coating, a heat-
transfer coefficient has to be obtained for the coatings used, and then applied to the surfaces which are coated. A review of coat-
ings used in shape casting by Nwaogu and Tiejde [90] shows that ab-initio modelling of these materials would have little benefit.
Representing the coating as a change in heat transfer coefficient from experimental data is the most sensible way [91]. The authors are
not aware of a database of interface heat-transfer coefficients for materials combinations across the metal casting sector to represent
coatings.

A number of authors have attempted to model heat flow in investment casting [92,93]. The major issues start from geometrical
considerations. Often the aspect ratio of thinnest section to overall size of the casting is large. This therefore gives problems during the
meshing stage. Other issues relate to the proprietary nature of the shell materials. Each foundry uses its own combinations of materials
and therefore there is no databank of shell material. Radiation is a major consideration in this process, and so the software package
must consider this aspect of heat flow, as well as conduction.

In lost foam casting, where pattern parts are glued together, there are problems in modelling from the glue material, which usually
has very different properties from the bulk pattern properties. Other issues arise for the modeller in trying to model the decomposition
of the polystyrene. However, researchers have attempted to address this problem [94,95]. Other results indicate that in thick sections
the variation of density in the polystyrene can significantly change the way in which the liquid metal flows, and also influence the local
thermal conditions [96].

When modelling high-pressure die-casting, the engineer has to be aware that, unlike in the other casting processes, because of the
high velocities involved, often over 80 ms™?, the metal stream does not stay coherent and is more likely to be like a spray of particles
[97]. This has been replicated using smooth particle hydrodynamics (SPH) [98] which gave a better simulation of air entrainment than
more conventional FD/FV based simulations. The air in the die is hugely influential on the filling pattern. Venting of the die is therefore
essential and should be modelled. Although sand cores are not used in this process, some of the dies used are extremely complex and
the section thicknesses can be very small (as low as 0.1 mm). Sometimes additional post-filling pressure (intensification pressure) is
applied by means of “squeeze pins” to specific locations in the casting. This is not easy to model although some black box software
packages claim to have solutions [99]. Englada et al. [100] looked at the benefits of mould preheating cycles, whether it was necessary
to model fluid flow as well as thermal flows and simplified geometry representation. They concluded that simplifying the geometry
gave the most dramatic reduction in computation time by a factor of 10 with little loss in accuracy. However, it was important to ensure
that the thermal profiles at the beginning of simulations accurately reflected reality.
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1.6. Verification & validation

Verification is concerned with determining whether the conceptual simulation model is an adequate representation of the process.
Modelling tools are mostly commercial products and coding and numerical robustness of the program are well tested. Models are
validated by comparing the computed results with experimental data. This is relatively easily done for temperature profiles but is
rather more complicated for liquid metal velocities and thermal stresses. Even more complex are defects such a porosity because of the
range of scales (um to mm) and physical mechanisms this could cover [101-103], thermal contraction or dissolved gas such as

(@ (b)

(©) (d

Fig. 3. (a) Velocity contours (light blue is low velocity, yellow is high); (b) liquid (red), mushy (green) and solid (blue) regions during filling of a
plate; (c) rendered surface of liquid metal; (d) particle tracking enabling the interpretation of where inclusions might be washed to during the
casting process, as well as indications of bulk filling history and the development of dead zones and eddies; and (e) a 2D cross-section through the
liquid metal showing fraction of material and velocity vectors (white arrows) [117].
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hydrogen [104,105]. Liquid metal entrainment defects (inclusions and gas bubbles) [106,11] and erosion of moulds become highly
difficult although some attempts have been reported [107,108].

1.7. Prediction & sensitivity

The accuracy of the predictions made by simulation tools is highly dependent on the ability to capture the accurate boundary
condition of the process and transient conditions that affect the physics during the phase change from liquid to solid. Casting processes
are essentially 4D processes as time becomes extremely important during the filling, solidification and subsequent cooling. In a
sensitivity analysis performed to examine the mould-metal heat transfer coefficient, mould thermal, conductivity, wall friction factor,
pouring basin pour temperature, and pouring, basin head pressure through doing coupled flow simulations on thin-walled, castings
using the commercial casting simulation software, MAGMASOFT concluded that results were highly sensitive to the thermo-physical
data input [109]. In a sensitivity analysis on modelling of investment casting of LM25 Gebelin and Jolly [110] concluded that
simulation results are highly dependent on the values of mould material heat capacity and heat transfer coefficients used. A further
conclusion was that materials used in industry may behave differently to the behaviour in laboratory conditions where the data are
often generated. Bolduc and Kiss [111] completed a sensitivity study to compare the effect of parameters that characterise boiling on
hot tearing. The effect of input uncertainty in the modelling of high-pressure die casting has been investigated by Fu et al. [112].
Modelling results are most sensitive to the uncertainty in the interfacial heat transfer and the feeding effectivity. More recently Zindani
et al. [113] presented a decision-making approach to handle the uncertainty concurrently with the fluctuations in data.

1.8. Interpretation of the simulation results

Computer simulation software is of no use unless the mass of information that is generated can be easily interpreted, so that the
casting process can be changed in a controlled way to produce better cast products. However, much of what is seen in computer
simulation is qualitative. There has been some research to develop quantitative methods of analysis using modelling as a tool to
develop casting quality indices [114].

To couple calculated results to process performance requires both criterion functions for quantitative predictions and sophisticated
visualisation techniques of 3D results. 3D vector quantities like velocities and stresses are difficult to represent and therefore post
processing of the results can become very cumbersome. A challenge in modelling hence is to establish a quantitative link between
modelling results and casting performance. Recent publications have focussed a number of parameters (including cost, quality, time
and environmental sustainability) by using optimisation techniques [115].

Relating filling modelling to casting defects is probably the least-well-developed aspect of casting simulation. Results can be
represented as velocity vectors, velocity contour maps (Fig. 3a), and temperature distributions (isothermals) in both 2D and 3D im-
agery (Fig. 3b). 2D images are cross-sections through the liquid and are often easier to understand than a fully transparent 3D model,
even though a large number of sequential images are required to convey all the information about a filling system. Images of the free
surface behaviour can also be useful (Fig. 3c). Surface turbulence using these images has to be interpreted. It is also possible to
highlight all areas of the liquid metal that are above the critical velocity during any time-step. Particle tracing methods are also used to
give some indication of the progression of fluid and the development of phenomena such as eddies or strong flow fields (Fig. 3d).
Sometimes it is useful to present two sets of data, for example, fraction solid and velocity vectors (Fig. 3e).

A more recent development is the association of a scalar value with the free surface that has time dependence, and is associated
with the oxide-generation mechanisms of free surface turbulence. This enables running systems to be evaluated more quantitatively.
Fig. 3 illustrates some of the methods for showing filling in casting processes. Other research has investigated optimising melt velocity
and effectively contribute towards the reduction of entrained air and surface defect concentration in the final cast product [116].

2. Modelling tools

A wide array of mathematical tools is applied to the physical models in order to solve the equations. These come in various guises
and combinations of solutions, and include finite difference method (FDM) and finite volume method (FVM); finite element methods
(FEMs); cellular automaton (CA) methods and lately, phase field theory [118].

The methods that can employed for modelling a casting process broadly fall into four categories:

heuristic or rule based
analytical methods
numerical methods
stochastic methods

2.1. Heuristic
These software packages produce results without exposing the applied methodology for commercial reasons. There have been a
number of these programs, like SOLSTAR, SoftCAST, and CADCAST. Some of them use a combination of home-grown rules and well-

known criterion functions, such as the Chvorinov’s [119] rule and modulus calculations. Others are more complex and less driven by
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geometry. For example, in the late 1980s SOLSTAR predicted primary shrinkage and porosity in castings by first simulating heat flow
through a finite-difference-type mesh in a full, 3D domain, and then by applying experimental criteria to the results. The materials’
property data required by SOLSTAR were also empirical. This implied that SOLSTAR had to be calibrated for each alloy/mould
combination and foundry practice.

2.2. Analytical models

A number of analytical solutions have been proposed in the past in order to help the cast metals engineer design the casting method.
Those most well-known have been proposed by Chvorinov [119], who defined the concept of “modulus” (the ratio of volume to cooling
surface area); by Wlodawer [120] (directional solidification); and by Niyama et al. [121] (prediction of centreline micro-shrinkage).
Although these were largely developed for ferrous alloys they have also been used when dealing with Al alloys.

For DC casting algebraic relations are derived for sump depths as a function of casting speed or for the extent of macrosegregation
depending on the alloy partition coefficient. In shape casting, prediction of hot spots, order of solidification and thus potential regions
for porosity was historically assessed by calculating the so-called casting modulus of a different regions of the casting geometry. The
casting modulus, M, was defined as the volume of the specified, V,, region divided by the cooling surface area (A.) of that region and
took no consideration of the alloy or mould materials [119]. This was later developed by Flemings to consider temperatures, con-
ductivities and enthalpies of both mould and alloy cast to predict the solidification time for geometries with different shape factors

[122].
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Ty is the melting point of the metal, T, is the initial temperature of an infinite mould, p;s is the solid density of the metal, H is the
latent heat, K, p,, and Cp,, are the thermal conductivity, density and the specific heat of the mould, n is the shape factor constant, O for a
plate, 1 for a cylinder, and 2 for a sphere. S gives us the thickness of solidified metal after any time ty.

2.3. Numerical methods

Numerical methods like finite difference or volume (FVM) and/or finite element (FEM) are the most widely used due to the
availability of workstations and sophisticated numerical software. The governing equations for casting processes are the conservation
equations of heat, mass and momentum. These equations are well summarized in the literature, see for example [42]. The solidification
process involves two phases: liquid transforms into solid, and solid moves through liquid and vice-versa.

2.3.1. Finite difference (FD)/finite volume (FV)/finite element (FE) methods

These names are given to a mathematical technique whereby the answer to a complex problem is obtained by dividing up the
complete region (known as a domain) of the problem into small pieces (control volumes or elements), and then applying the equations
to each of these pieces in turn. In FDM for each small volume, the calculation assumes that the material properties are the same over the
complete volume. Consequently, for high accuracy the domain of calculation must be split into the highest number of cells possible, or
practicable. Commercial software packages usually apply smoothing algorithms to the results obtained, to remove the steps that occur
as a result of the small differences between adjacent control volumes. Thus the results are adjusted in a post-processing step to give
smooth contours. The FDM calculations are carried out at predetermined time steps on an iterative basis. Results can be stored at the
end of each time-step or after predetermined numbers of time-steps [42].

For FEM the materials properties used in the mathematical calculations are stored at the corners (nodes) of each element and
sometimes at other places along the edges of the elements, for greater accuracy. The solutions are then obtained using these values to
give a quantity (e.g., temperature) for these specific points (Gauss points) within the element. The positions of these points within the
element are determined by the type of integration applied, the initial coordinates of the nodes, and the shape of the element. Unlike the
FDM, the values of the variables used in the calculations are not considered as constant across the element, but are calculated by using
some interpolation method. Time is taken into account iteratively and stepwise, in a similar fashion to the FDM. FEM has been well
described in the literature [123].

It has been demonstrated that both FDM and FEM based programs can produce simulations of the modelling, the filling and so-
lidification processes, to the same order of accuracy. It seems that both numerical methods are equally preferred by researchers
studying filling and solidification modelling, as both FEM and FDM are capable of dealing with unstructured meshes. However, a
survey by Jolly et al. [124] showed that over 50% of the programs used were FEM based, which certainly indicates to some extent that
FEM is more popular, especially in the development phase. One major factor that has hindered the commercialisation of FEM packages
has been mesh generation. In FDM packages this has always been relatively simple, but automatic meshing for FEM codes was not
commercially available until 1995. Contrary to these findings are the facts that the most widely sold software packages used in the
foundry industry on a worldwide basis are FDM based. FEM has advantages over FDM when thin-walled castings are of concern such as
in investment casting or high pressure die-casting.

To obtain computed results from a casting model, dedicated or general purpose software can be used (for example MagmaSoft
[125], ProCast [126], NovaFlow [127], AnyCasting [128], Solid/Flow/OptiCast [129] or Flow-3D [130] for shaped castings; ANSYS-
CFX [131], ANSYS-FLUENT [132], Flow-3D [130] for fluid and heat flow phenomena; ANSYS [133], MARC [134]or ABAQUS [135]
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for thermal stress problems).

The thermal and fluid flow fields are calculated by FVM or FEM using commercial CFD software packages like CFX, Flow3D, Fluent
or dedicated programs like ALSIM? [136,137]. The effect of natural convection in the liquid metal is included through the Boussinesq
approximation and turbulent effects are included using the k-e model or similar approaches. The transient heat and fluid flow effects
during the start-up of DC casting have been modelled [138,139]. Thermo-mechanical aspects are usually modelled with commercial
FEM packages like MARC [134], ANSYS [133], or ABAQUS®® [135] although some of the dedicated shaped casting software also
include these phenomena.

Sometimes there are also combinations of two techniques, such as the cellular automaton and finite element (CAFE) method
proposed by Rappaz and his co-workers [140] (see also Section 2.4.1).

2.3.2. Meshless methods

The meshless or sometimes also named mesh free methods represent a class of numerical methods where an arbitrarily distributed
set of nodes, without any additional topological relations between them, is used as an alternative to finite element or finite volume
methods. The meshless method only requires a set of uniformly or non-uniformly distributed computational nodes inside the
computational domain. Such meshless methods represent a promising technique to avoid problems with polygonisation. Several
meshless methods are available, which are described elsewhere [141-143]. Smooth particle hydrodynamics is an example of one such
meshless method has been used successfully by researchers for modelling process across the casting spectrum from the primary casting
of foundry ingots to high pressure die casting where it successfully represented the breakup of metal streams into droplets and the
subsequent potential oxide entrainment which is extremely difficult for meshed methods to achieve in order to resolve the droplet sizes
[144].

2.4. Deterministic and stochastic models

In recent years studies on meso- and micro-modelling techniques in solidification science have increased rapidly. These studies
largely concentrated to improve the understanding on [145]:

e anisotropic properties of the solid-liquid interface, including the solid-liquid interface free energy
e dendritic solidification with emphasis on orientation selection

o effects of convection on microstructure formation

e solidification at a high volume fraction of solid and formation of (micro) pores and hot tears

Microscopic models of solidification have been developed to describe the mechanisms of nucleation and growth of the solidifying
phase. Beckermann and co-workers [146,147] coupled heat and mass flow equations with a microscopic model for equiaxed solidi-
fication. The temperature history as calculated in a macroscopic model is used as input for the microscopic model. Microstructural
features, as dendrite arm spacing, are then deduced from local solidification time or other scaling laws. Micro-macro models are used
to describe macrosegregation in DC ingots but have difficulty to model morphology changes such as the columnar-equiaxed transition.
Furthermore, micro-macro models are based upon a deterministic approach: the number of grains and the growth of grains is a unique
function of the thermal history and metal properties. The development of solidification microstructural models is discussed in two
recent reviews by Kurz, Fisher and Trivedi [148] and Kurz, Rappaz and Trivedi [149].

2.4.1. Cellular automaton models

Deterministic solidification models can only predict certain aspects of microstructure formation, because they cannot describe the
dynamic nature of the solid-liquid phase transformation. The stochastic nature of the solidification process causes different growth
morphologies and the variation in grain size [150]. Numerous models for the simulation of dendritic solidification with cellular
automaton-based methods (CA) have been published in the last two decades. A large variety of different concepts have been inves-
tigated, an important fraction of them with the intent to reduce the anisotropic influence of the frequently employed Cartesian grid
structure [151-154,145,155,156]. These techniques allow reproduction of the grain morphology at the meso-scale up to the scale of
the casting. An important distinction should be drawn between microstructure prediction as a post processing exercise and a real-time
microstructure-based constitutive behaviour, which potentially comes with a big computational penalty. Stochastic models offer a
promising route for linking models of different types of physics at different size scales.

The CA technique was coupled with FE heat flow equations (CAFE) to predict grain structures in castings [157]. Using CA in
combination with FD (CAFD) Jarvis et al. could predict the development of a 2D dendritic structure including a microsegregation
profile [158].

2.4.2. Phase-field modelling

In the development of models at the dendritic level significant progress has been made in particular by means of the application of
the phase-field (PF) method [159-163].

2 ALSIM is a casting-simulation software package developed by the Norwegian Institute for Energy Technology (IFE), Kjeller, Norway
3 ABAQUS is a trademark of Dassault Systems Inc., Providence, RI.
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A phase-field model (PF) is a mathematical model for solving interfacial problems. In this approach, the sharp boundary between
the phases is approximated with a diffuse interface by introducing a PF, a continuous variable, which is constant in the bulk of the
phases and varies across the thin boundary layer between them. The method does not require explicit tracking of the interfaces be-
tween the phases, which turns out to be, considering the numerical implementation, a huge advantage in comparison to sharp-interface
models [164]. The PF models are linked to thermodynamics through the free-energy functional, depending on the PF and other
relevant variables, e.g., temperature and solute concentration. Minimization of the free-energy functional yields a set of non-linear
partial differential equations governing the evolution of the interfaces between the phases and the transport of heat and mass.

Phase-field models have mainly been applied to solidification dynamics. Phase-field models are usually constructed in order to
reproduce a given interfacial dynamics. For instance, in solidification problems the front dynamics is given by a diffusion equation for
either concentration or temperature in the bulk and some boundary conditions at the interface (a local equilibrium condition and a
conservation law), which constitutes the sharp interface model.

Applying the phase-field technique the growth of a 3D dendritic could be simulated [165]. The method has been applied to a
variety of casting phenomena including solute driven isothermal dendritic growth in alloys and coarsening of liquid—solid mixtures in
the mushy zone. A recent review by Tourret et al. [166] compared phase field and two newer models, needle based (DNN) and en-
velope based (GEM) for dendrite growth. They concluded that the two new methods look promising and will help improve the pre-
dictive capabilities of mesoscopic models but there is further research to be carried out which if successful will help in extending their
use across wider time and length scales than phase field.

Wang and Li [167] concluded in 2010 that despite the huge potential of these PF methods they have yet to prove their value in
predicting defects and deformation. Li et al. [168] concluded that PF modelling was still largely qualitative in the prediction of mi-
crostructures. A novel Phase-field-crystal (PFC) methodology has recently been developed incorporating solid- liquid and gas phase
interactions to qualitatively demonstrate shrinkage in cast binary alloys has been by Wang et al. [169].

Atomistic modelling such as Molecular Dynamics (MD) is another interesting deterministic method that is growing in interest but
brings with it very high computation al penalties. Nevertheless with ever increasing computation power the results are starting to
become interesting. Fujinaga and Shibuta showed its application to nucleation from grain refiner in aluminium alloys showing how it
could demonstrate differences in the growth behaviour dependant on the angle of cavities on the surface of the nucleant [170].
Papanikolaou et al. have recently demonstrated the use of MD in quantitively predicting residual stresses in solidifying cast aluminium
[171].

Despite the research effort over the last two decades in these CA, PF and MD methods the authors believe that they still only
produce qualitative results and thus predicting actual locations of real defects in cast shapes is still some way off.

3. Modelling of casting defects

Defects common to both processes are dealt with in the next section after which the defects specific to the individual processes are
reviewed.

3.1. Defects common to both processes
3.1.1. Cold shuts and surface segregation

3.1.1.1. DC casting. During DC casting cold shuts occur by solidification of the meniscus, shrinkage and pull away of the solid away
from the mould. Figs. 4 and 5 show examples of cold shuts. [172]

The surface appears to consist of a rather coarse lapping pattern. [173]. Cold shuts can require extra scalping and can also cause hot
cracking. Often this cracking is on the rolling face, but it can also occur at the ingot corners. Cold shuts can either occur at the butt of
the ingot or over the full contour of the ingot.

Most possible causes for cold shuts are:

Fig. 4. Cold shuts near start of cast in transition zone [172].

14



M. Jolly and L. Katgerman Progress in Materials Science 123 (2022) 100824

Fig. 5. Cold shuts on ingot corner and edge [172].

e excessive use of mould lubricant
o too much cooling in the mould
e curl of the ingot butt at the start of the cast.

When excessive mould lubricant is the cause, the solution may be to minimise oil flow over the entire mould area. In addition cold
shuts are generally caused by too high cooling and/or by a too low casting speed. Raising the casting temperature and/or increasing the
casting speed in general should correct the problem. Too much butt curl at the start of a cast can be reduced by casting parameter
changes as starting temperature, ramps in water flow, pulsed water flow, CO2 dissolved in water, fibreglass strips applied to the mould
and starting block before the cast, etc. Also at the start of the casting increased ramping to the casting speed should eliminate cold shuts
at the butt.

Weckmann and Niessen [174,175] applied a steady-state numerical model and were able to calculate the mould heat transfer
coefficient. Formation of cold shuts and folds is controlled by the mould heat transfer, casting speed and refractory overhang. An
increased mould heat transfer coefficient facilitates the solidification front to extend deeper into the ingot resulting in larger cold folds.
From the calculated mould heat transfer coefficient a critical casting speed could be identified. If the actual casting speed is greater
than a critical speed, cold shuts will not be generated. Alternatively, the critical casting speed can be lowered, and cold shuts elim-
inated, if the mould temperature is increased, the heat-transfer coefficient in the mould is reduced, or the liquid metal superheat is
substantially increased.

Surface formation, segregation and exudation during DC casting is described by Bergmann [173] and Buxmann [176] resulting in a
typical banded surface structure (Fig. 6).

Mo [177] developed a mathematical model for the development of the segregated layer. The model takes into account the mushy
zone flow to the surface. This flow is affected by the periodic movement of the meniscus in the mould whereby the heat transfer
coefficient in the mould and the metallic pressure is changing. These phenomena and mechanisms were confirmed by Benum et al.
[178] (Fig. 7). Cold shuts or folding occurs when the meniscus solidifies due to too much heat flow in the mould. As the solid metal
shrinks away molten metal floods into the cavity. This process repeats until the temperature in the mould becomes hotter.

The 1D model was later extended into a 2D model for sheet ingots [179] and into a 2D for extrusion ingots [180].

These modelling calculations confirmed again that the metallostatic head is the driving force for exudation through the dendritic
network. From resulting fluid flow through this network the dynamic thickness of the exuded layer can be calculated. Measurements
from two different alloys, with rather small changes in composition, but with large variations on surface quality, compared well with
the modelling results [180].

3.1.1.2. Shape casting. Cold shuts, cold laps or weld lines are created in shape castings when two metal surfaces meet. They may both
be liquid or one may be solid but in both cases there is not enough energy to weld the two metal masses together [181]. Cao et al. [182]
have developed a solver that considers the solid fraction, velocity, and volume fraction of the metal phase. The solver predicts the
confluence of liquid metal fronts and the subsequent creation of cold shuts using the open source CFD code OpenFOAM.

3.1.2. Gas blows and pin holes

3.1.2.1. DC casting. Pin-holes or other types of subsurface porosity may not cause ingot cracking, but will require extra scalping. If this
porosity is not removed, it can cause slivers or blisters in the rolled products. These can be caused by excessive lubrication, or by
excessive steam at mould metal interface.

3.1.2.2. Shape casting. Identifying the mechanisms and modelling the occurrence of gas blows and pin holes defects in castings is

complex. In shape castings the provenance of the gases causing these defects are most likely to come from polymer binders in the resins
used to make sand moulds and cores (mould /metal reaction), burn off of polymers used in coatings or evaporation of water from
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Fig. 6. Typical zone structure of an AA3xxx alloy [178].

\-

% “"-T' )
NE NG e N\ \_Tliquidus

\
Tsolidus

Bitugation
2 L Thquidus
RGeS

Tsolidus

>+ ™ Tiiquidus
solidus

Fig. 7. Formation cycle of periodic segregation [178].
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coatings used on moulds and dies. To directly model these events would require a model of the chemical reactions and chemistry of the
constituents in each case and is not practicable. Bhone has attempted to categorise these defects in sand casting [183].

3.1.3. Casting dimensions and distortion

3.1.3.1. Shape casting. Prediction of distortion or shape is extremely important, as this can actually influence the thermal patterns in
the casting and hence the final microstructure or porosity. Modelling the gap formation between the casting and mould has been
achieved by a number of software packages (Fig. 8).

Modelling of shape change in aluminium castings has been demonstrated by a number of authors. A comprehensive review of the
thermomechanical behaviour and modelling of stress, distortion and hot tearing was been completed in 2007 by Bellet and Thomas
[185] and although all the examples are Fe based the methods can be applied to aluminium alloys. Residual stresses and distortion
have been caried out by a number of researchers for a number of casting processes [186-188] (Fig. 9) (Fig. 10).

3.1.3.2. DC casting. Before rolling of aluminium sheet ingots the rolling faces should be flat and parallel. Usually this is achieved by
scalping of the ingot. To minimise the scalping depth a nearly rectangular cross section of the cast ingot is required. By combining
experimental results with a dimensional analysis a model for the prediction of rolling face pull-in was developed [189]. With this
model the optimal mould shape for steady state conditions could be calculated. From these experiences a numerical model was
developed including calculations of the temperature, stress and strain fields [190]. From the model calculations an almost linear
dependency of the pull-in with casting speed could be explained.

Thermal gradients are generated during DC casting due to the difference in cooling rates at surface and centre of the ingot. The
surface cools rapidly by the direct contact from the water spray while the centre of the ingot is cooled more slowly. The strong thermal
gradients in the ingot may lead to distortion of the ingot shape (e.g. butt curl, butt swell, rolling face pull-in) and eventually may cause
hot tearing or cold cracking [7,53,191]. In round billets, normal stresses are mainly compressive at the surface and tensile in the centre
[53]. In sheet ingots (slabs) however, the stress state might be slightly more complicated depending on the width to thickness ratio.
General speaking, normal stresses appear to be compressive on the rolling face and tensile in the interior [192].

Butt swell (Fig. 11) refers to the thicker bottom of the ingot. Due to a lower casting speed and cooling via the bottom block the
lateral contraction is minimal and the ingot keeps the dimensions of the mould. Unfortunately it requires that the butt is removed
before further processing [193]. Butt curl (Fig. 11) occurs because the heat transfer is much higher during the start-up phase than
during the steady state phase of the casting. Due to the combined excessive cooling by the mould, the bottom block and the secondary
cooling, the butt strongly contracts and the ingot curls upwards. This causes several problems: the stability of the ingot on the bottom
block is decreased, the thermal contact with the bottom block is reduced and hot tears may form [53,193,194].

During the steady-state phase of the casting process, thermal contraction and solidification shrinkage cause a strong pull-in (up to
10%) of the rolling face. This may lead to a ‘bone-shaped’ ingot cross-section. This problem is solved by using a convex mould, which
leaves a rectangular ingot after casting.

Fig. 8. Development of air gap in 3D model of investment casting solidification [184].
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Fig. 9. Residual stresses in high pressure die cast A380 alloy casting at ejection — elasto-plastic model [187].

. -

(a) (b) ()

Fig. 10. Stress development in an investment casting using 2D finite element analysis: (a) liquid metal in shell; (b) start of solidification; and (c) end
of solidification [117].
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Pull-in

Butt swell

Fig. 11. View from the short side of the ingot showing distortions typical of DC cast ingots [6].

Drezet and Rappaz [191] developed comprehensive three-dimensional (3-D) mathematical model based upon the ABAQUS soft-
ware for the computation of the thermomechanical state of the solidifying strand during DC casting of rolling sheet ingots and during
subsequent cooling. Based upon a finite element formulation, the model determines the temperature distribution, the stresses, and the
associated deformations in the metal. The 3-D thermomechanical model has been validated using ingot distortion measurements and is
able to predict with accuracy the butt curl of the ingot during the starting phase and the transient and steady state rolling faces pull-in
as a function of the casting conditions (casting speed, ingot size, and mould shape).

3.1.4. Hot tearing/hot cracking

3.1.4.1. Shape casting. Propensity for hot tearing in shape casting has be inferred, as Fig. 12 illustrates, although this is only currently
possible by interpretation of the data. Models for hot tearing exist for DC casting but have yet to be incorporated into shape casting
simulations. Much research has been carried out in this area examples are given in [195-197] Shyam et al. [198] investigated a
number of defects including hot tearing in A319, A356 and A206 alloys using an integrated computational materials engineering
(ICME) approach to determine the performance of the alloys for a complex cylinder head casting. Sabau used a similar approach to
predict mechanical properties based on calculated or measured values of both microstructure and porosity defects [199]. Recently
Chen et al. [200] coupled a phase-field model and CFD to predict hot cracking. With the inclusion of the columnar to equiaxed
transition it was found with the associated pressure drop equiaxed grains have a great impact on the liquid feeding.

3.1.4.2. Hot tearing during DC-Casting. The mushy zone, where solidification takes place, can be divided into several parts. At the
coherency temperature solid grains start interacting and the viscosity increases sharply. The metal behaves as a slurry and can be
described by viscosity models [201]. The rigidity temperature marks the formation of the continuous network of solid grains. The
dendritic network can transfer stress [202] and as a result behaves as a solid.

DC casting cracks can be divided into hot tears or hot cracks occurring in the mushy zone above the solidus [203], and cold cracks
forming in the solid. Hot tears are frequently observed in the centre of the ingots/billets where high tensile stresses arise (Fig. 13) but
they can also appear at the surface. Surface cracks are hot cracks that are formed due to air gap formation [6]. Cold cracks in the fully
solidified material occur mainly in the high strength alloys (2xxx and 7xxx alloys) and are due to thermal stresses built up during
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Fig. 12. Representation of hot tearing in the MAGMAsoft code: (a) the isotherms on solidification; (b) the surface stress concentrations (lighter
area); and (c) a photo of the casting surface itself, taken by the foundry [117].

Fig. 13. Photograph showing hot tears in the centre of 200-mm radius Al-Cu billets [206].

casting and subsequent cooling to room temperature [53,204] Cold cracking will be discussed in Section 3.2.2.

Numerical simulation of thermal stresses during DC-casting have been applied to predict the occurrence of hot cracks [191,205], or
cold cracks [192].

The main factors for hot tearing are well understood [7]. Initially, liquid feeding becomes insufficient and micro-pores are formed.
The solidification shrinkage and thermal contraction will impose stresses and strains on the semi-solid network. Fracture occurs in the
liquid film surrounding the solid grains, when the stress exceeds the tensile strength of the material. The fracture surface is covered
with a liquid layer and sometimes solid bridges [205]. Finally the microstructural evolution and precipitation of secondary phases
during solidification will also effect the hot tearing susceptibility [207].

Hot tears often occur during the start-up phase of DC casting. Initially the cooling in the centre of the ingot is delayed, which results
in an overshoot of the pool depth before reaches steady state. Two methods are applied to prevent hot tears to initiate at the start-up
[208]:

e ramp the casting speed up to the desired speed
o raise the central section in the starting head [209,210]

M’hamdi et al. [63] investigated the effect of different initial casting speeds on the thermomechanical and hot tearing behaviour in
a DC-casting of an AA6060 alloy using a simplified visco-plastic equation [211]. The calculated visco-plastic strain rate corresponds
well with the measured hot tearing susceptibility. Applying Eq. (3), Suyitno et al. [62,212] calculated the effect of start-up practise on
the thermo-mechanical and hot tearing behaviour in a DC-casting 200-mm Al-4.5 wt% Cu alloy round billet. When the sump depth at
the centre of the billet becomes wider, the thermal gradient between the centre and surface of the billet will increase, which leads to
higher tensile stresses and strains. The slowest start-up mode produces moderate stresses and strains as well as the minimum sump
depth and mushy zone length, which results in a minimum hot cracking susceptibility.

Modelling of hot tearing during DC casting is accomplished in two steps. In the first step constitutive equations (see Section 3.1.4.2)
are used in the thermomechanical modelling to calculate stresses and strains [75,213]. In the second step the computed temperature
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and stress fields are used as input in a hot tearing criterion [205] (see also Section 3.1.4.2.1).

3.1.4.2.1. Hot tearing criteria. Over the years many hot tearing criteria have been proposed. These criteria can be classified into
two categories: mechanical and non-mechanical. The mechanical criteria are either based on critical stress, critical strain, or critical
strain rate. The non-mechanical criteria contain vulnerable temperature zone, phase diagram, and process parameters. Eskin et al.
[205] have reviewed these criteria in 2004 and their applicability. More recently new hot tearing criteria have been formulated, of
which most relevant are discussed below.

SKK criterion

Suyitno et al. [212] proposed a hot tearing criterion based on micro porosity formation. In this so called SKK criterion, several
phenomena are considered. When the coherency temperature is reached and a coherent dendritic network is formed the remaining
liquid becomes isolated and porosities may form at grain boundaries due to solidification shrinkage, thermal contraction, and low
permeability [6].

Three possible phenomena may occur in the last solidification stage.

e The liquid flow and shrinkage flow fully compensate for the solidification shrinkage and thermal contraction and no cavities are
formed

e Feeding possibilities are limited and the pores are formed

e When the pore size d exceeds a critical size a.;, hot tearing will occur.

The a.; is determined by using the modified Griffith criterion:

crit — 4y —
Acrit YI]m-Z (8)
7, is the surface energy of the liquid phase; E is the Young’s modulus of the semi-solid; o the tensile stress.
The hot tearing susceptibility (HTS) is defined as:
Hrs =2 ()
Aerit

When HTS > 1 hot tears may occur. The SKK criterion correctly predicts the effects of deformation rate, cooling rate, grain size,
casting speed, and casting recipe [212]. The SKK criterion was successfully applied to predict the compositional sensitivity of hot
tearing in grain-refined Al-Mg-Zn-Cu alloys using the measured load developments upon solidification [82]. However the prediction of
an increasing hot tearing tendency with a high value at the solidus temperature does not agree with casting practice. The SKK model
incorrectly assumes that all grains are surrounded by a liquid film. However, microstructural observations clearly indicate that grain
bridges are formed at the last stages of solidification. Bai et al. [214] improved this criterion by including the effect of solid bridging
and grain coalescence. Two additional parameters were hereby introduced into the criterion, including the fraction of grain boundaries
covered by liquid and a solid energy term (U;), representing the activation energy required for hot tear propagation along the grain
boundaries. The critical cavity size is now formulated as follows:

e = Altficn + Us(1 — fion)] — (10)

—

frep is derived in a similar way according to Wray’s treatment [66] as discussed in Section 1.5.3.1. This modified criterion responses
well to the change in the deformation rate, cooling rate, grain morphology and casting speed [214]. The evolution of critical stresses
obtained with the modified criterion is clearly different from the result from the original SKK criterion, which will lead to a decreased
hot tearing tendency close to the solidus, which is in agreement with the industrial practice.

Two-phase model

The Tearsim two-phase model was suggested by M"Hamdi et al. [215]. In this strain-based criterion, the initiation and propagation
of pores due to the lack of feeding at the last stage of solidification and the localization of visco-plastic deformation is regarded as the
main cause for hot tearing. The effective strain of the dendritic network is considered as the hot tearing indicator. Above the critical
strain, hot tears will form. The value of the critical strain depends on microstructure, number of pores, dendritic coalescence, dis-
tribution of liquid films, and the wetting conditions [215]. Tearsim has been successfully applied to predict hot tears under different
DC casting process parameters, including casting speed and its ramping rate, grain refinement, and kind of starting block [215].

3D Granular model

This model couples granular mechanics with the thermomechanical behaviour of solidifying alloys and consists of four separate
modules [216]:

e a solidification module to calculate the liquid-solid geometry at a given solid fraction

e a fluid flow module to calculate the liquid pressure drop

e a semi-solid deformation module for the rheological behaviour of the granular structure; a failure module for crack initiation and
propagation

The hot tearing criterion used in the granular model is an extension of the RDG criterion [217]. The granular model was suc-
cessfully applied to predict hot tearing observed during X-ray micro tomography [218]. The formation of hot tearing in grain
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boundaries is modelled including stochastic variations in grain morphology and DC casting process parameters [219].

3.1.4.2.2. Application of hot tearing criteria. Suyitno et al. [62,212] have systematically evaluated the process parameters sensi-
tivity of several commonly-used hot tearing criteria by implementing them into a thermomechanical model of DC casting. Most criteria
predict that a high casting speed leads to higher susceptibility to hot tearing in the centre of the round-shaped billet, in agreement with
casting practice. But these criteria do not include ramping of the casting speed during the start-up except the criteria proposed by
Rappaz et al. [217] and Suyitno et al. [212]. Only the SKK criterion responds correctly to all relevant casting parameters. Bai et al.
[214] modified the SKK criterion and the improved SKK criterion is in better agreement with DC casting practice. The effective
application of the SKK and modified SKK criterion is dependent on the availability of properties such as Young’s modulus of the mush,
the surface tension between the solid phase and liquid phase, the fraction of grain boundaries covered by liquid. These properties are
limited and need to be measured.

3.1.5. Porosity

During the last stage of casting porosity may occur in aluminium castings due to the shrinkage upon solidification. The presence of
porosities largely affects the mechanical properties of cast products. Rappaz [220] recently reviewed investigations in which solidi-
fication micro models were included.

3.1.5.1. Shape casting. Casting simulation initially started with the prediction of solidification shrinkage, since this was perceived as
being the most prevalent casting problem. Primary shrinkage is now well understood and it is probably one of the most accurately
predicted of all the defects found inconsideration of the local conditions of temperature and cooling rate. One such function, the
Niyama criterion, is used for short freezing range alloys and especially steels, and utilizes the relationship between the temperature
gradient, G, and the cooling rate, R:

Niyama criterion : G/(\/R) (1n

A plot is then made of the regions within the casting where the value of the criterion function chosen is greater or less than a specific
value which is dependent on the alloy system being cast (Fig. 14).

A review of some of these criteria functions has been written by Taylor et al., [221]. What is often valuable to the cast metals
engineer is to be able to predict the order of solidification of the various parts of the casting. This can be represented in many ways: as
isothermals, isochronals, or liquid/mush/solid, for example.

Representation of porosity has always led to an interesting debate. Some software packages represent the porosity as the probability
of porosity contours, others as discrete “holes” in the casting geometry. Some software packages can also show different levels of
porosity, depending on what quality level the operator dials in. Fig. 15 illustrates some of the ways in which porosity is represented.

Porosity in shape casting is often a combination of shrinkage porosity and hydrogen porosity. A number of researchers have
proposed models for predicting hydrogen porosity [222,223]. Gu and Luo [224] have developed a model that combines the effects of
shrinkage pressure and initial hydrogen content on porosity evolution and final porosity percentage which are then related to location-
specific microstructure in cast aluminium. A multiphase-field model was developed to simulate the evolution of both solid phase and
hydrogen pore during solidification in a binary Al-Cu alloy [225]. The driving forces for the solid-liquid and liquid-gas transitions are
the undercooling and pressure difference respectively. Results show that the presence of hydrogen pores substantially changes the
dendrite network.

3.1.5.2. DC casting. Lee et al. [226] developed a model to predict the formation of porosity during the DC casting of Al — Mg alloys.
The porosity model was incorporated as a post-processor to a commercial transient macro model of the three-dimensional heat transfer
and fluid flow. The porosity model not only predicts the percentage porosity, but also the size, shape and distribution of the pores. The
sensitivity of the model to process and alloy variations was evaluated, showing the importance of the cooling rate and hydrogen
concentration. An experimental study of the amount of porosity in laboratory scale (250 x 400 mm cross-section) DC cast ingots of Al
2, 4 and 6 wt% Mg was performed. The results from these experimental billets were used to validate the model as a function of the
location in the ingot and the initial hydrogen and magnesium content. The model correctly predicted the experimentally observed
trends, showing good correlation to the measured percentage porosity. M’Hamdi and Mo [227]extended an existing two-phase
mathematical model that addresses hot tearing formation in aluminium castings to include microporosity formation. An applica-
tion addressing the start-up phase of aluminium direct-chill casting reveals that thermally induced deformations increase the porosity
level.

3.1.6. Microstructure

3.1.6.1. Shape casting. The routine simulation and prediction of microstructure is fast becoming a reality [15]. Predictions of grain
size, growth, and orientation are being carried out at larger organizations and research establishments, but these are still not
commonplace in most shape casting companies. Modelling of grain structure in an ingot is now possible (Fig. 16). Individual dendrite
growth can also be modelled well now using either CA [158] or phase field techniques [159,165]. However, there is some way to go
before this can be carried out on a full-size casting, as the CPU required for discretization at that level would be enormous. Voller
[228,229] predicted that with the rates of improvement in hardware and software, it would still take until 2040 to be able to model
dendrite tips in a casting space envelope of 10 cm x 10 cm x 10 cm.
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Fig. 14. Plot of the Niyama criteria = 0.8 for that section of the casting [117].

3.1.6.2. DC casting. Microstructural modelling in DC casting is largely concentrated around the prediction of grain sizes and the effect
of grain refiners. Rappaz et al. [231] were the first to propose a multiscale diffusion model to numerically simulate equiaxed dendritic
solidification in castings accounting for grain morphology. Based on this approach Hakonsen et al. [232]developed a micro/macro
model for dendritic equiaxed grain nucleation and growth during DC casting of sheet ingots. Different nucleation laws, which all
relates the nucleation to the undercooling of the melt, were compared. The results of the micro model are the evolution of the solid
fraction until impingement of the grains, the distribution of the alloying elements, as well as the mean grain size versus position in the
ingot. The macro model for heat and fluid is coupled with the micro model by an iterative micro/macro time step scheme. This
coupling makes it possible to calculate the grain size distribution versus position in the ingot. The modelling results compared well
with measurements of secondary dendrite arm spacing and mean grain size in ingots with varying grain refiner additions. This
modelling approach was further extended by Bedel et al. [233] in which the coupling between nucleation and growth of the grains in
presence of liquid convection at the macroscopic scale was included.

To further improve the prediction of hot cracking an integrated 2D model of coupling phase-field model together with CFD cal-
culations was proposed [234]. In this approach columnar dendrites with different orientation angles, different grain sizes of equiaxed
grains, and columnar to equiaxed transition (CET) were simulated. The RDG model [217] was used to evaluate the hot tearing sus-
ceptibility (HTS) of these simulated microstructure features. The simulations have shown that the feeding pressure drop varies as a
function of grain orientation, while it remains constant in the RDG model. As a result equiaxed crystals with large grain sizes have a
higher HTS due to their large pressure drop as well as a narrow liquid channel.

3.2. Defects specific to DC cast ingots
3.2.1. Macrosegregation

3.2.1.1. Physics. The main mechanism behind macrosegregation is well understood: the relative movement of liquid and solid phases
[235,6,236], which can be caused by several effects:

e Buoyancy driven flow, which is caused by concentration (solutal convection) and thermal gradients (natural convection) in the
melt

o flow that fills the cavities formed by solidification shrinkage

o transport of the floating grains, which are formed at the beginning of solidification and are free to move
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Fig. 15. Selection of representations of solidification results: (a) and (b) show porosity the way that X-rays would, but in both 2D and 3D and for
two different quality levels in the same casting; (a) shows higher-quality level defects than (b); (c) solidification time contours (isochronals); (d)
shows porosity contours: blue is sound, white is a pore, and the other colours are probabilities that porosity will occur [117].

e flow driven by the deformation of the dendritic network due to thermal contractions or mechanical treatment of the billet outer
shell

Additionally, the macrosegregation evolution can also be affected by a range of factors including forced flow, induced by pouring,
mechanical or electromagnetic stirring, ultrasonic melt processing, vibration and rotation. In particular metal entry systems into the
mould can have a major influence on macrosegregation levels [237]. Buoyancy driven flows, like natural convection, largely depend
on the dimensions of the liquid sump”. High casting speeds and large ingots cross sections create deep sumps resulting in more
macrosegregation [238].

3.2.1.2. Model description. Macrosegregation models are single domain methods, based on either volume averaging technique
[147,146] or mixing theory [239]. These one-phase single domain or multiphase single domain models, originally formulated by

4 Natural convection can be characterised by either the dimensionless Grashof number, the ratio of inertial and viscous forces or the Rayleigh
number, the ratio of gravitational and viscous forces. Grashof and Rayleigh number both depend on the sump depth to the cubic power. Both
numbers are related according Ra= Pr. Gr in which Pr is the Prandtl number, the ratio of kinematic viscosity to the thermal diffusivity

24



M. Jolly and L. Katgerman Progress in Materials Science 123 (2022) 100824

Fig. 16. Grain structure prediction in an Al-Si alloy cast ingot [230].

Bennon and Incropera [239] and re-assessed by Prescott and Incropera [240], are implemented to predict macrosegregation during DC
casting of multicomponent alloys. A single domain model was applied to predict macrosegregation in DC cast Al-4.5 wt% Cu billets by
Flood et al. [32]. Assuming that the mushy zone consists of a rigid, permeable solid matrix moving at the casting speed, positive
segregation of copper was predicted at the centre of the billet. For the one-phase single domain model no interfacial transfer terms are
required in the equations. They contain only macroscopic variables, which facilitates the numerical solution. The more detailed
description in the multiphase models needs the inter-phase transfer terms to be known. For the application of a single domain model
the temperature, composition and velocity of each phase need to be known beforehand. The temperature field in a finite volume is the
same for the solid and liquid phase due to the large value of Lewis number”. But the compositions and velocities in the two phases have
to be determined at a micro scale.

In this case a micro model calculates the fractions of various phases, the temperature, and the liquid composition. A micro model in
the context of DC casting must include possible remelting, which can occur in two different ways:

e When the heat transfer coefficient changes dramatically (for example between the primary and secondary cooling, in the air gap)
e When solute-rich liquid is entrained in a region of low alloy concentration in the mushy zone

In order to model the relative movement between solid and liquid in a one-phase single domain macrosegregation model an inter-
phase drag model is required. This inter-phase drag depends on grain morphology, grain size, solid fraction, etc. The simplest rela-
tionship is the mushy fluid model [241], in which the velocities of solid and liquid phase are equal. However, this approach is too
simple, because even at very low solid fractions, there is always relative movement between equiaxed grains and the liquid phase. To
overcome this limitation, Ni and Incropera derived an expression to relate the solid velocity of free-floating dendrites to the liquid
velocity [242].

Another point arises when the solid fraction is large enough for small equiaxed grains to be packed together, which makes the
floating of equiaxed grains impossible while the interdendritic liquid phase can still flow inside the solid network. The rigid network
model, in which the solid velocity is prescribed and the interdendritic liquid flow is modelled by the Darcy law [239], can be employed
to describe the flow at this stage. The Darcy-type flow is mainly determined by the permeability within the porous network. Krane and
Incropera [243] confirmed the applicability of the Darcy law by a scaling analysis.

The extension of macrosegregation models to multicomponent alloys is an essential step to make the model applicable for industrial
applications [244-246]. Crucial for the extension is the description of the solidification path for a multicomponent alloy, i.e. a
microscopic model relating the specific enthalpy and local average solute concentration variations to the solid fraction, temperature,
and solute concentrations in the solid and liquid parts of the two-phase volume elements. Solving the set of equations for multi-
component alloys requires an easy and quick access to phase diagram data. This is achieved by indirect coupling with Thermo-Calc

5 The Lewis number represents the ratio of thermal diffusivity and diffusion coefficient
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[46] or similar software. The so-called mapping technique, has been implemented and successfully applied to describe Al-Mg-Si
solidification paths [247]. The information related to each forming solid phase, including its liquidus and partition coefficients, is
tabulated into a file, and a specific phase diagram module is provided to deduce equilibrium phase fractions and concentrations under
a given temperature/composition condition. Once the mapping file is obtained, only a simple interpolation procedure is needed during
the main calculation.

Models with different levels of complexity ranging from a linear approximation of the solute profile in the dendrite arms to fully
numerical solution of the diffusion equations with moving boundary, have been developed [246,147,248]. The solidification path of a
ternary alloy derived with the lever rule has been described in detail in Ref. [245]. The Gulliver-Scheil model formulation is given in
Ref. [249].

Numerical models that incorporate the macroscopic transports with microscopic relations for grain growth and solutal under-
cooling have also been established [37,250]. Partial verification of a finite-volume model for macrosegregation was carried out
Zaloznik et al. [251]. The accuracy of the solution for the flow field and the thermal convection was found to be satisfactory.

An important aspect in macrosegregation modelling is numerical dispersion and diffusion in the predicted macrosegregation
profiles. Venneker and Katgerman [252] discussed the numerical diffusion introduced by discretisation schemes and it was concluded
that the numerical diffusion could be avoided by aligning the mesh with the flow field. Later they tested different numerical schemes
[253] and determined that numerical predictions can be improved not only by decreasing the computational cell size, but also with the
correct choice of the discretisation scheme. Du et al. [254] concluded that the best solution to minimise numerical dispersion was to
employ a hybrid mesh combining structured and unstructured meshes.

A multi-physics DC casting models, based on the meshless approach, have been recently developed with the capability to model
macrosegregation [255]. The meshless model, used for industrial applications, has been verified with benchmark cases. The results
show a very good agreement with the classical finite volume method and the meshless local radial basis function collocation method.
The simulations are performed on uniform and non-uniform node arrangements and it is shown that the effect of non-uniformity of the
node distribution on the final segregation pattern is almost negligible [256].

Most modelling efforts are steady state calculations, and the transient effects like the start-up of DC casting are only recently
considered [257,258]. Transient modelling of grain structure and macrosegregation during DC casting was achieved with a cellular
automaton (CA)-finite element (FE) model, by which the macroscopic transport is coupled with microscopic relations for grain
growth. In the CAFE model, a two-dimensional (2D) axisymmetric description is used for cylindrical geometry, and a Lagrangian
representation is employed for both FE and CA calculations. The grain structure and macrosegregation including thermal and solutal
convection are studied [259].

3.2.1.3. Macrosegregation modelling results. A macrosegregation benchmark for binary alloys was carried by four different numerical
codes, employing different numerical methods (FVM and FEM) and various solution schemes. The predictions of the macrosegregation
were compared for a small (10 x 6 cm) ingot of Sn-10 wt%PDb alloys [260]. Considering the transport of free-floating grains, separate
and distinct mixture momentum equations were employed for a slurry and a rigid solid matrix by Vreeman et al. [261], and the
negative segregation was predicted at the centreline in DC cast Al-4.5 wt% Cu and Al-6.0 wt% Mg billets. A benchmark for the meshless
method was carried out by Hatic et al. [262]for a round ingot of a binary Al-4.5 wt%Cu alloy. Results were compared with FVM and
were in good agreement.

Using one-phase continuum mixture model, Zaloznik et al. [263] investigated the effects of the billet diameter, casting tempera-
ture, casting speed and mould cooling type on the final macrosegregation in DC cast Al-5.25 wt% Cu alloy billets. The model accounts
for the thermo-solutal convection and solidification shrinkage.

In Fig. 17 the radial Cu composition profile at the height of 500 mm predicted by Chen et al. [259] is compared with the steady state
one calculated by Vreeman et al. [264]in the non-grain-refined billet, in which the solid is assumed as rigid. Both profiles give an
overall tendency that the average composition increases toward the centreline, showing a negative segregation near the surface and a
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Fig. 17. Radial Cu composition profiles predicted by Chen et al. [259] at the height of 500 mm and calculated by Vreeman et al. [264].
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positive segregation near the centreline. However, the predicted profile shows a significantly lower composition near the centreline,
and an obvious composition fluctuation is observed near the centreline. As the main difference between the Chen et al. model [259]and
the model given by Vreeman et al. [264], the coupling of grain structure and macrosegregation may be responsible for this discrep-
ancy. Also, the predicted profile by Chen et al. [259]is smooth near the surface, while that calculated by Vreeman et al. [264|shows a
significant oscillation.

Eskin et al. [265] implemented a multicomponent continuum model and examined the contribution of each solute element to the
final segregation pattern in a DC cast Al-Cu-Mg alloy billet. The comparison of the calculated results with experimental values in
Fig. 18 shows that, although the qualitative agreement is found in terms of the general segregation pattern and the difference in Mg and
Cu segregation, the predicted negative centreline segregation is overestimated.

Many factors could contribute to this overestimation. However, a permeability model is believed to be an important contributor
due to the difficulties in measuring the permeability. To get a better agreement with the experimental results, the permeability
constant was increased to 5 x 10°1°. An alternative has been suggested by Vreeman et al. [266]; the flow in the range of very low solid
fraction is not modelled by the Darcy law but by a simple drag model.

Zaloznik and Sarler [267] showed that thermosolutal flow is an important factor determining the flow configuration in the liquid
part of the casting and thus the origin of macrosegregation patterns.

Computer simulations for the Al-5.25 wt% Cu direct-chill cast billet with the meshless numerical model calculated the effect of the
casting geometry on melt flow distribution, sump depth, temperature distribution, and macrosegregation [263]. The results show that
geometry has a substantial effect on the liquid velocity distribution. A typical macrosegregation pattern for the presented model is
positive in the centre and negative at the surface. The strength of the macrosegregation depends on the inlet geometry. The simulation
with the simplified inlet design has a less pronounced segregation than the ones performed on more realistic designs. The meshless
model is not able to predict the exact macrosegregation pattern in industrial castings, as the thermosolutal flow and the influence of the
inlet design are the only phenomena taken into account.

Mostly the simulations for sheet ingot are carried out in 2D. However sheet ingots have an asymmetric geometry in particular with
the inclusion of the inlet jet. To avoid this a full scale 3D sheet ingot model with two different inlets was applied by Pakanati et al.
[268,269]. A simplified three-phase multiscale solidification model accounting for solidification shrinkage, natural convection and
equiaxed grain growth and transport was used to conduct this study [270,271]. The 3D model shows that a different inlet flow ge-
ometry affects the grain settling and eventually results in a different macrosegregation pattern. The effect of the inlet geometry on
macrosegregation was also demonstrated by Zhang et al. [272].

Semi-quantitative agreement with the experimental data is achieved in macrosegregation calculations which consider both
buoyancy driven flows and shrinkage. Better descriptions of the permeability in the mushy zone, grain motion, and surface exudation
are needed to get a better agreement with experimental data.

3.2.2. Cold cracking during DC casting

The most serious casting defect during in DC-casting of high strength aluminium alloys is cold cracking (Fig. 19). Based on the
shape of the crack and the location in the ingot cold cracks are classified as either trouser or J-cracks (Fig. 20). Cold cracks are the result
of high thermal stresses in the solid metal and nucleate on defects such as an inclusion or a micro-cavity. Further investigations
revealed that the brittleness of the high strength heat treatable alloys (2xxx and 7xxx series) in the as-cast condition facilitates the
cracking and failure of the material [273].

The most efficient way of reducing thermal stresses in the ingots is to reduce the temperature gradients during the DC-casting
process [274]. Ingot wipers are designed to control cold cracking by removing coolant from the ingot surface and reducing the
temperature gradients below the wiper plane [275] (Fig. 21).

3.2.2.1. Modelling of cold cracking of DC ingots. It is not clear whether cold cracks are hot cracks that propagate or cavities reaching a
critical size in the presence of a tensile stress field [276]. Criteria developed on cold cracking can be classified in two groups:
experiment-based criteria [7], and computer simulation based criteria [277,278]. The disadvantage of experimentally derived criteria
is that many casting trials are required to obtain the optimum casting conditions. Computer simulation criteria are based on physical
concepts with the inclusion of fracture mechanics. With the right selection of the crack geometry, the critical crack size leading to ingot
failure can be calculated. Normal stress values can be obtained through thermo-mechanical simulation of the DC-casting process. Plane
strain fracture toughness (Kj.) values are required in as-cast condition and need to be established experimentally. Application of the as-
cast constitutive parameters, mechanical properties and plane strain fracture toughness (Kj.) values can lead to realistic simulation
results and eventually reliable critical crack sizes may be assessed [279]. Boender et al. [277] also studied the effect of wipers on the
eventual critical crack size and noticed that the cracking probability decreases due to the partial stress relief by the reduced cooling
below the wipers.

3.2.2.2. Thermo-mechanical model. Mathematical models for the simulation of the combined effects of fluid flow, heat flow and stress
generation have been developed since the late 80s [280,12]. In most cases thermal stresses are being calculated with FEM software
packages [53,281]. As an example we describe how the dedicated ALSIM5 model [137] is set-up for the computation of temperature
profile, stress and strain fields. Rectangular bilinear isoparametric elements with four nodes are used that become finer towards the
surface of the billet. As the bottom block moves downwards during casting, new elements are added to the geometry at the casting
speed, while mould, hot top and molten metal retain their initial position. Time-dependent thermal boundary conditions are applied to
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Fig. 18. Experimentally observed (a) and calculated (b) macrosegregation of Cu and Mg in a 200-mm round billet of a grain refined 2024
(Al-Cu-Mg) alloy cast at 120 mm/min [265].

Fig. 19. Cold crack in a 7xxx DC ingot.
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Fig. 20. Various type of cold cracks a) and b) trouser cracks c) J-crack [192].
account for filling time, air gap formation between the billet and the bottom block as well as at the billet surface [277]. As-cast thermo-
physical and thermo-mechanical properties are generated from the materials database JMatPro® [45] and partly measured experi-

mentally [68,282].
In ALSIM5, the metal is described as an isotropic elastic-visco-plastic material in which strains are generated by thermal
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Fig. 21. Schematic view of a wiper [275].

contraction. The total visco-plastic strain is treated as one quantity [136]. Furthermore, a hardening parameter is introduced which
accounts for the isotropic strain hardening of the material. In order to simulate the visco-plastic behaviour of the material, different
constitutive models are used that are valid over certain temperature ranges [279]. The mathematical formulation is based on the
classical small deformation theory, implying that the total strain may be divided into elastic, visco-plastic, and thermal parts. As a final
result ALSIM will calculate the residual stress and distribution during DC casting.

3.2.2.3. Cold cracking criteria. In addition to the FEM computations a criterion is required to be able to predict cold cracking. Lalpoor
etal. [283] applied fracture mechanics to determine the critical crack size for cold cracking. In this approach a penny shaped crack was
chosen for the centre and mid-radius of the billet. The critical crack size (radius of the “penny”) for brittle fracture corresponding to this
geometry is calculated as follows based on Griffith’s analysis [284]:

2
a=4 (K?’) 12)

At the surface of the billet, the surface breaking semi-circular (thumbnail) crack is chosen, for which the critical crack size is related
to the Kj. and nominal stress as follows [284]:

T K. 2
= 13
¢ (2 x 1‘13)2<a) (13)

This method is more qualitative as it does not actually predict cold cracking and furthermore requires fracture toughness values at
temperature for as-cast conditions. To overcome these limitations Li et al. [282] developed an alternative criterion. Under the
assumption that a cold crack is the release of stored elastic strain energy from the residual stresses, the following cracking index (CCI)
was proposed:

ccr =24 14)
6o
o7 is the first principal stress, 6 is a constant taken as 100 MPa, and ¢ is the ductility of the as-cast alloy.
Boender et al. [277] and Ludwig et al. [278] used the simulated maximum principal stress to assess the critical crack size that
results in catastrophic failure. Alternatively, Paramatmuni et al. [204] used a stress intensity factor, that was obtained from Tada’s
empirical equation [284]. Crack propagation occurs when the stress intensity factor reaches a certain value.

3.2.2.4. Modelling results. Drezet et al. [191] applied a thermo-mechanical model based upon the ABAQUS® software package [135]
to predict successfully butt curl, but swell ingot face pull-in as indicated before in Fig. 11.

The validation of the computed stresses is largely improved by the possibility to measure the residual stresses by neutron diffraction
studies. Residual strains can be measured rather deep into alloys such as aluminium and magnesium since these metals are relatively
transparent to neutrons. Drezet et al [285] measured as-cast residual stresses in AA6063 with neutron diffraction techniques. By
comparing the measured data with the computed results from the thermo-mechanical FE model it was found that the elimination of
strain hardening has a much larger influence on the residual stress predictions as compared to the elimination of the strain rate effects.
Therefore it can be concluded that the mechanical properties at low temperatures have a much larger influence on the residual stresses
than those at high temperatures. Drezet et al. [286] extended this approach for an AA7050 alloy. The thermo-mechanical FE model
again was able to reproduce the measured stresses and was also able to optimise the position of the wiper. The effect of a wiper on the
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Fig. 22. Effect of a wiper on the CCI of AA7050 [282].

cold crack tendency is given in Fig. 22. Similar tendencies were reported by Boender et al. [277] and Drezet and Pirling [286].

With regard to cold cracking, Li et al. [282] calculated that AA7050 and AA7085 have the highest cracking tendencies at 150C and
100C respectively. They also concluded that cold cracking tendencies differ from hot cracking susceptibilities.

Calculations by Lalpoor et al. [287] revealed that the centre and the water impingement zone are the most vulnerable locations of
the billet to cracking. Furthermore, with higher casting speeds or larger billet diameters the susceptible areas to cold cracking become
larger in the centre. Increased temperature gradients raise the stress level in the centre, which causes a higher cracking probability.

The cold cracking criterion was validated quantitatively for an AA7050 alloy [288]. Computer simulations were followed by
experimental DC-casting trials to check the critical crack sizes calculated by ALSIM5. Computer simulations were in good agreement
with the experimental observations. Microstructural investigations on non-cracked billets showed that the shrinkage cavities are
potential nucleation sites for cold cracking. Other defects such as hot cracks or inclusions may also reach a critical size and trigger
cracking. Subroto [289] studied the connection between hot tearing and cold cracking for AA7050. For an effective cold crack criterion
the dimension of a hot tear needs to be calculated. So far this is not straightforward.

3.3. Defects specific to shape casting

3.3.1. Macro-shrinkage, sink and draw

Shape castings do not generally do not solidify all at once but progressively as described by Chvorinov [119]. Any solidification
shrinkage that occurs is therefore not uniform. The definition of macro-shrinkage in this paper is the shrinkage which occurs in the top
surface of the casting relative to the direction of gravity which is not fed properly during its solidification. Macro-shrinkage has been
relatively easily modelled for more than the last 30 years and predictable since the 1940s. It is most often found at the tops of feeders
and will be designed in to enable it to be removed at the fettling stage. Issues arise if the design is not good and the shrinkage pipe
penetrates the surface of the component leaving a surface defect when the feeder is removed. Modelling the extent of the pipe therefore
become extremely important to obviate any requirement for post-casting weld repairs.

If castings are not fed properly, it is also possible to create surface sinks as the liquid metal contracts in the centre of the casting. If
the solid skin of the casting is thin, the internal stresses can be enough to pull in the surface, especially on larger surface areas. Sinks,
which may intuitively assumed to be on the top surface of a casing can in fact occur on any large flat surface associated with a slow
cooling region. Draws are shrinkage which occurs at corners as a result of the geometry causing a hot spot.

Bounds et al. [290] used Physica + software to demonstrate these defects could be modelled and were dependant largely on the
freezing range of the alloy cast. Esser et al. [291] describe a continuous multiscale model that will predict the combination of gravity
and fluid flow driven macro shrinkage, sinks and pipes as well as capillary controlled internal shrinkage porosity based on pore
nucleation and growth. Although this was validated on a steel alloy there is no reason to believe it would not work in aluminium alloys

3.3.2. Mould erosion defects and exogenous inclusions

Mould erosion defects and exogenous inclusions arise mainly when there is turbulence within the running system when using sand
moulds. To the authors’ knowledge there have been no models describing the physics of the process of sand erosion. Erosion of the
mould occurs if the combination of the turbulence and excess heating of the mould cause a breakdown of the sand binder to the extent
that that sand grains can be entrained into the liquid metal. This has be interpreted from the results of modelling the filling and the
temperature of the mould and developing an experimental criterion function to indicate a probability of occurrence. This has been
demonstrated for an Al-Si alloy by Sultan et al. [292] using Click-to-Cast® software.

6 https://solidthinking.com/product/inspire-cast/.
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3.3.3. Entrained bubbles and oxide films

The appearance of entrained bubbles and oxide films during shape casting has been well reported in the literature from the 1980s
onwards [293,203,294-300] and is a result of surface turbulence developed in the liquid metal as it moves through the running system
into the casting cavity. According to Runyoro et al. [301] entrainment occurs when the velocity of the liquid metal is above the critical
velocity, v, which is defined as:

Vo = 3.52q/Z (15)
p

where v is the surface tension and p is the density of the liquid metal. The critical velocity for surface turbulence for most engineering
alloys falls between 0.4 and 0.6 ms™!.

Entrained bubbles have been seen in a number of cases but are especially prevalent in high pressure die casting (Fig. 23).

In order to entrain a bubble or an oxide film the surface has to be travelling at a velocity above the critical value and then fold over.
There have been attempts to define when such entrainment events happen thus giving modellers the tools to embed into the standards
fluid flow algorithms. Initially this was attempted in 2D for example Oxide Film Entrainment Tracking (OFET, 2-D). [302] 3D models
were quickly developed as computational power increased. Most research have used some form of surface tracking using a FD/FV
method [303-307]. Prakash et al. [308] used Smooth Particle Hydrodynamics (SPH) to show oxide build up and movement in foundry
ingot production. A review by Reilly et al [309] describes the different mechanisms being investigated and divides them into two main
categories. Indiscrete methods such as Cumulative Entrained Free Surface Area [310], Vorticity Model (Magmasoft7), Cumulative
Scalar Technique, [311] (used by most CFD codes and SPH), Code Specific Air Entrainment Models, Dimensionless Number Criteria
using Weber number or Froude number [312] which have been used by Cuesta [313] and Isawa [314] and which Hsu further
developed by adding an additional term to the Froude number [315]. Discrete modelling is posed as highly challenging but with the
advantages that final defect locations could be identified. Most models use particles to represent oxide films but there has been little
validation of these methods. Positron Emission Particle Tracking (PEPT) has been used sparingly as the experiments are complex to
perform. [316]. Oxide films vary in size, shape and density and these facts make them difficult to model. Particle modelling methods
[317] usually allow the modelling of spheres which can be varied in size or density and this is not enough to accurately represent oxide
films.

To accurately represent entrapped bubbles it is necessary to use a multiphase model to simulate their entrainment, advection and
coalescence [318]. However, the computational overhead is massive compared with single phase flow models in general this has not
been a direction in which researcher have focussed their time. Kimatsuka and Kuroki [319] developed a method that looked at back
pressure in the casting cavity and permeability of sand moulds and compared with real time x-ray. Their assumptions were that there
was no gas flow in the cavity, the gas was ideal, there was no change of temperature, pressure or density for the gas and that the flow
through the sand mould was controlled by Darcy flow. Using these assumptions they were able to realistically model the entrapment of
gas in the turbulent filling an engine block casting. Majidi and Beckerman [320] have developed a model to predict the location and
rate of air entrainment as part of a standard mould filling simulation. The local air entrainment rate is calculated as a function of the
turbulent kinetic energy and the magnitude of the normal velocity gradient of the liquid metal at the liquid-air interface.

A number of software packages now include air entrainment as standard switches in their codes [321,322]. Such models have been
used to assess the impact of running systems designed on the final quality of castings produced [323]. However, Reilly et al. [309]

Fig. 23. SEM picture of bubbles and their trails in a die cast alloy — the largest bubble is about 0.5 mm diameter (Mehdi Divandari from [117]).

7 MAGMA GmbH.
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conclude that “development of quantitative defect modelling techniques is difficult and complex, but also of great industrial signif-
icance, and therefore further research is urgently required” and it would appear that this statement still largely holds true.

4. Remaining challenges

Over the last 4 decades, remarkable progress has been made in the modelling of casting processes. The development of casting
models is well reflected in the proceedings of the 15 Modelling of Casting, Welding and Advanced Solidification Processes (MCWASP)
conferences that have been held since 1980 [15].

Computer simulations have enabled a better understanding of the physical phenomena involved during solidification. Modelling
gives the opportunity to uncouple the physical processes. Furthermore, quantities that are difficult or impossible to measure exper-
imentally can be calculated using computer simulations for example flow patterns and recalescence. However, when it comes to
accurately predicting casting performance and in particular, the occurrence of defects like cracks, segregation, porosity and those
where fluid flow plays a large role there is certainly some way to go.

To come to fully predictive casting models some challenges remain:

e Coupling process physics

Casting is a highly coupled phenomenon at macro and micro level. Sophisticated software is required to couple these processes and
at the same time keep computing times realistic. Furthermore, most casting models are deterministic, where the real process is sto-
chastic, and this is difficult to account for. The assumptions of symmetry to reduce computing times should be carefully considered as
in most cases such symmetry mostly is not there in practise.

e Good process data for validation and process control/reproducibility

Validation and verification of casting models is essential to make them predictable. This requires good experimental process data. A
major problem remaining is that the quantification of metals flows during shape and in particular DC casting is almost non-existent.

e Thermo-physical data & boundary conditions

Among the adequate description of the process physics the inclusion of accurate boundary conditions and thermo-physical data is
paramount. In particular material data for metals and often mould materials throughout the casting process conditions is not readily
available. An international network might be required to set up dedicated experimental program to measure and to share the data.

e Chemistry and process physics models to enable prediction of the defect formation

To arrive at a fully predictive model for defect formation a comprehensive understanding of the defect physics is required.
Controlled and dedicated experiments need to be further developed to improve our current understanding.

e Evolution of the microstructure at high solid fraction is a major parameter for the prediction of defects such as porosity and hot
tearing. Modelling of microstructure formation based on cellular automata models or phase-field methods, correlated with in situ
observations, is necessary

o Integration of molecular dynamics, the phase-field method, cellular-automata and micro-macro modelling techniques will lead to
more realistic predictions of casting processes. Three-dimensional transient modelling and incorporation of fluid flow in these
models is essential.

e Faster computational algorithms and improved physical models for the calculation of multicomponent phase equilibria and
improved thermodynamic data banks are fundamental for any successful simulation

o Integrated Computational Materials Engineering (ICME) framework can be used as a tool to combine computations, design and
processing at the component level.
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Historical note

The authors first met 40 years ago at the 4™ International Conference on Rapid Quenching in 1981 in Sendai, Japan where indeed
they both listened to a lecture by Brian Cantor.
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