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ABSTRACT

Investment casting and directional solidification are commonly used technologies for manufacturing
alloy components for aerospace, automotive, and medical applications. Mechanical properties
of alloy casts are directly related to their final grain structures and composition, which, in turn,
depend on how the solidification process is conducted and controlled. When the casting
of solute-rich alloys is carried out under terrestrial conditions, chemical inhomogeneity
can significantly deteriorate the mechanical properties of final cast products. It involves

the solute segregation at the individual grains’ scale due to different solute solubility in the liquid
and solid phases and the macro-segregation at the whole cast’s scale. The latter results from
gravitational buoyancy forces, and local thermal and compositional gradients in the melt. These
undesired convection effects can be minimized by alloy casting in microgravity, but this
technology cannot be carried out on a fully commercial scale. However, it has been revealed
experimentally that solidifying alloy melts in the super-gravity conditions, attained by a proper
centrifugal acceleration of the cast, can significantly improve the final product’'s micro and macro-
structures. Its optimal realization requires, however, detailed knowledge of the impact of external
gravitational, centrifugal, and Coriolis forces on the transport processes occurring within
the solidifying cast.

In this context, the paper presents a comprehensive parametric analysis based on the advanced
numerical simulation and concerning the impact of the direction of cooling, gravity strength,
and orientation on the development of macro-segregation patterns and the tendency to form
freckles in solidifying binary alloy ingots.

The simulation model of equilibrium binary alloy solidification in the presence of gravitational
and centrifugal forces is developed and implemented as the in-house code. Identification

of different grain structures within the cast by tracking the envelope of columnar dendrite tips
on non-structural control-volume meshes is a main novelty of the model. It allows

the implementation of various transport models in the undercooled melt with equiaxed grains
and the columnar dendrite zone. The former is treated as the slurry of solid grains, and the latter
as the porous zone.

The obtained numerical predictions reveal the considerable impact of the external force strength
(gravitational and centrifugal ones) and the cooling direction on the grain structures and macro-
segregation pattern developed, and thus on the final cast’s quality.

KEYWORDS: centrifugal alloy casting; chemical inhomogeneity; thermo-solutal convection; multi-
scale numerical simulation; identification of different grain structures

1. INTRODUCTION

The cast molding is the commonly used manufacturing methods for metal alloy made machine
parts. Various technologies have been developed; like sand, pressure, continuous and centrifugal
casting. One of the most important issues related to these casting processes is the reduction
of flaws of the final cast’s shape, the presence of pores and voids, and the chemical heterogeneity
of the final product. The latter is caused by a different solute solubility in the solid and liquid
phases, convective movement of the molten alloy, shrinkage, and the grains’
sedimentation. During solidification, solute is ejected towards the liquid due to its lower solubility
in the solid phase than in the liquid one. This process is called micro-segregation. Spatial non-
uniformity of temperature and chemical composition causes thermo-solutal convection, which
is the main mechanism of flow in the molten alloy.
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It also transports the solute-enriched alloy from the neighborhood of the solid phase toward
the bulk liquid. This process is called macrosegregation. So, the thermo-solutal natural
convection is identified as the main cause of the chemical inhomogeneity in completely
solidified alloys. These micro- and macroscopic mass and heat transfer processes decide about
the ultimate grain structure, mechanical and thermal properties, and the final quality of the cast.
It is also commonly acknowledged that external forces can significantly change the casting
product’s properties and its quality; deteriorate or improve them depending on how
the solidification process is performed. The convection effects can be minimized by alloy
casting in microgravity, but this technology cannot be carried out on a fully commercial scale.
It has also been experimentally discovered that solidifying a metal alloy in the super-gravity
conditions, attained by the centrifugal acceleration of the cast, can significantly change
the final product's micro and macrostructures. Bataille et al. (1994) have scrutinized
experimentally the Pb-50wt.Sn alloy’s directional solidification with the constant high gravity level
(over 15 times higher than the terrestrial gravity) due to the centrifugation of the solidifying melt.
Through the cast's microstructure thorough examination, they revealed that the enhanced
buoyancy leads to decreasing the primary arm spacing, yielding grain microstructures similar
to the ones attainable in microgravity. Yang et al. (2018) have shown experimentally that
the macrosegregation in the centrifugal casting of AlI-Cu alloys becomes visibly strengthened
with the increasing gravity and the solute content. Zimmermann et al. (2019) have
investigated experimentally the effect of enhanced gravity on the Columnar to Equiaxed
Transition (CET) in the transparent model of alloy (Neopentylglycol-22.5%wt. —(D)Camphor),
and they have found a significant effect of high gravity accelerations on the time and locations
when the CET develops in the solidifying alloy.

From the above-mentioned and a few other literature items, involving experimental studies
of centrifugal casting techniques, it comes out that final grain structures and thermo-
mechanical properties of the cast are subject to many mold and processing factors, such as cast
dimensions, direction, and speed of rotation, solidification rate, composition of the molten alloy
and others. So, this specialized manufacturing technique could be tailored, to deliver a sound
quality product, by monitoring and optimizing these various process factors.
For this purpose, however, a full understanding and a detailed knowledge of multi-scale heat and
mass transfer processes are needed, including the role of external forces in the development
of chemical inhomogeneity in the centrifugal casting final product. Such comprehensive study
is, however, not possible only by means of cumbersome, expensive, and time-
consuming experiments; to greatly assist this cognitive endeavor advanced, reliable,
and computationally efficient computer simulations have been developed in the last few years.
Daloz et al. (2011) have investigated numerically centrifugal solidification of Al-Ti alloys.
The simplified 2D model of the equilibrium binary alloy solidification has been proposed, based
on the mixture approach. The presence of grain structures, i. e. the columnar dendrite
and equiaxed grain zones, has been accounted for with the coherency-point model. Based
on the analysis of the strength of terrestrial gravity, Coriolis, and centrifugal forces, only the latter
ones have been taken into account in the calculations. The simulation results have revealed
the presence of large undercooling in the range of 15 and 30K for the considered alloy,
but results have not been confirmed by experiments. Viardin et al. (2016) have developed the 2D
Phase-field model of the T-45%wt. Al directional solidification, to analyze convective effects
on the columnar mushy zone development in various hyper-gravity conditions. They have
shown that the enhanced gravity visibly influences the mushy zone appearance; the primary
arm spacing decreases, the growth of primary dendrite tips is inhibited, and the promotion growth
of tertiary arms is observed. The model is restricted to the directional solidification and takes into
account only the columnar mushy zone. Battaglioli et al. (2018) have presented the 2D
computer simulation model for predicting the influence of gravity variations on the evolution
of fluid flow, temperature, and grain structures developing during the directional solidification
of TiAl alloys on a centrifuge. The model is based on the discretization of a single set of transport
equations for the solid-liquid mixture, discretized on axisymmetric or planar structural control
volume meshes. The front tracking procedure is applied to trace the columnar dendrites zone,
where the porous medium model is exploited. The resulting numerical predictions for various
angular velocities and different lengths of the centrifuge arm show the augmented melt convection
with an increasing level of centrifugal acceleration and negligible impact of Coriolis forces
on the melt flow. However, in this research study, the solutal convection is omitted; the solute
macrosegregation is not taken into account, and the numerical model is restricted to only
structural control-volume meshes. Recently, Fernandez et al. (2020) analyzed numerically
thermo-solutal convection and aluminum macro-segregation in the TiAl alloy cylindrical
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sample during centrifugal casting, showing that the Coriolis acceleration completely changes
the liquid flow regime leading to 3D aluminum segregation picture. Their model, based
on the commonly used volume-averaging approach, involves heat and solute transport,

buoyancy and centrifugal forces and binary alloy solidification, but it is constrained
to the simplified equilibrium micro-segregation (i. e. the so-called lever rule model). Moreover,

different dendritic structures are not distinguished in the two-phase region, i. e. the whole mushy
zone is treated as the columnar one, where the Carman-Kozeny permeability model is used.
The above literature review shows that, despite continued efforts to develop advanced computer
simulation models for centrifugal casting technologies, much more needs to be done to frame
a reliable correlation between super-gravity forces and the resulting casting structure

and its chemical and mechanical properties. The cited research papers often provide different
conclusions concerning the impact of Coriolis forces and solutal convection on the development
of final cast structures. It is because heat and mass transport processes and binary alloy
solidification patterns are very prone to the mold and processing factors. Moreover, most
of the above-cited research papers involve simulations of the specific directional casting on simple
structural control-volume meshes, with the equilibrium micro-segregation model (i.e., the lever rule)
and neglecting or using the simplified approach (the so-called coherency-point model)
to distinguish different flow conditions in columnar and equiaxed dendrite zones. Having the above
in mind, the enhanced multi-scale computer simulation model for progressive solidification of binary
alloys has been developed and implemented as the in-house code by the authors of this paper.
The model involves micro- and macro-segregation; thermo-solutal convection caused
by the terrestrial gravity as well as by the centrifugal and Coriolis accelerations; the identification
of diverse dendritic regions forming within the mushy zone, i.e., the columnar and equiaxed ones,
where different flow resistance simulation is applied. For the latter, the advanced front tracking
procedure on 2D non-structural control-volume meshes has been developed, to track the interface
between the porous zone of stationary columnar dendrites and the slurry zone of the undercooled
melt with equiaxed grains (Seredynski and Banaszek, 2021). In the presented research, the model
is used for the comprehensive parametric study concerning the impact of gravity strength and
its orientation on the development of the solute macrosegregation pictures and the tendency
to form freckles in solidifying binary alloy casts. The role of increased gravity on the evolution
of such chemical inhomogeneity has not been studied in detail so far.

2. THEORETICAL AND COMPUTER SIMULATION MODELS

2.1. The mathematical model equations

The alloy solidification is a multi-scale process. It manifests with the formation of tiny solid grains,
which shapes are very complex, the dendrite-like, and heat and mass transfer phenomena occur
on both: the level of individual grains (the microscopic scale) and the level of the whole cast
(the macroscopic scale). The process starts on the cooled walls, where columnar dendrites form
and develop. The liquidus isotherm velocity restricts their growth rate towards the bulk under-
cooled liquid. At the tips of the columnar dendrites, the undercooling, which is the difference
between the liquidus temperature and the actual one, drives the growth of columnar dendrites.
Between the columnar dendrite zone and the liquidus isotherm, the undercooled melt
emerges, where the grains can nucleate and grow in the form of equiaxed dendrites. They are
transported freely with the convective currents and sedimentation across the liquid alloy.
Inthese two distinct grain morphologies, different melt flow conditions exist. The matrix
of columnar dendrites behaves as a porous medium, while the equiaxed grains immersed
in the undercooled liquid resemble a slurry medium. This causes the necessity
for the development of the simulation model capable to impose the proper transport models
in both mentioned regions, which extents are additionally time dependent. The domain
demarcation surface is coincident with the envelope of columnar dendrite tips, which moves across
the domain according to the growth of columnar dendrites. The presence of such complex and
multi-scale processes requires advanced model development, supplemented with a careful
derivation of the closure relations linking these different scale phenomena.

The mathematical model accounts for mass, momentum, energy, and solute conservation
equations in the whole solidifying cast. The local equilibrium process is assumed, where
the hydrodynamic forces between phases are balanced, the locally averaged temperature
is uniform at the scale of a single grain, and the steady-state solute transport across the phase
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boundary as assumed. The single set of the macroscopic balance equations for mass,
momentum, energy, and solute transport, based on the commonly used mixture model, take

V.-V=0 Eq. (1)

() V- (pVV)=V-(4VV)+V (1, fVV)+V (1, f.V,)

L )(V-V } Eq. (2)
o] ) i
+F, —(1-g, )Vp HgK'VV
a(ch)+ V.(peVT)=V (kVT)+%—V-(f,pLV,) Eq. (3)
(C) V.(pVC)=V-(DVC)
V-(£DV(C,-C))+V-(£.DV(C,-C)) Eq. (4)

V- [p(V-V)(¢,-C)]

where V, T, and C are the velocity vector, temperature, and solute concentration, respectively.
Parameters p, k, ¢, y, and D denote the density, thermal conductivity, specific heat capacity,
viscosity, and alloy solute diffusivity. Indices s and / refer to the solid and liquid phases. The
phase volumetric and mass fractions are g and f, respectively.

The fifth term, Fy, on the right-hand side of the momentum balance equation (Eq. 2), describes
the volumetric forces. They are given by

F, =—2,0,,, [ﬂ” (T-T, )+ B (C—Cpy )}{g—a)x(a)xrA)—2(a)xV)} Eq. (5)

The first and second terms in the square brackets refer to thermal and solutal buoyancy forces
described with the Boussinesq model. In the stationary system, they are multiplied by the gravity
acceleration vector and constitute the gravity force, Fq. The second and third terms in the curly
brackets (Eq. 5) refer to centrifugal, F, and Coriolis, Fc, forces.

2.2. The closure relations

The proposed system of transport equations (Eq. 1 - 4) is based on the mixture approach,
which means that the two-phase medium is treated as the pseudo-fluid with smoothly varying
properties, and the local thermal, compositional, and mechanical equilibrium occurs in the scale
of a single grain. The mixture concentration in the two-phase domain is the simple
average of phase-averaged concentrations in solid (s) and liquid (I) phases, namely C = fC, +
fsCs where C, and C; are average solute concentrations in liquid and solid, respectively. Due
to a high difference between solute diffusivities in the solid and liquid phases, the second
one is three orders of magnitude higher than the former one (see tab. 1), the complete mixing
in liquid and lack of solute transport is solid is assumed, reflecting the well-known Scheil
model. The local equilibrium is assumed on the phase interface, so the following relation
between solute concentration holds, k,C; = C,, where k, is the phase segregation coefficient
and Cs is the actual solute concentratlon at the mterface The solute diffusivity of the mixture
of solid and liquid phases is expressed by the relation D = fD#+fDs. Material properties
are presented in tab. 1.

The hydrodynamic interaction between molten alloy and porous structure is described
with the Kozeny-Carman relation (Eq. 2) under the assumption, that the microscale parameter,
namely the secondary dendrite arm spacing, A,, is constant, and the porous structure is isotropic

_&(e)

Eq. (6
80 & a. (6)
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The thermophysical properties for the selected Pb-48wt% Sn are listed in Table 1.

Table 1. Material properties of Pb- 48wt% Sn

Property Symbol Units Value
Density 0 kg/m® 9000
Specific heat c J/(kg K) 200
Thermal conductivity k W/(m K) 50
Latent heat of fusion L J/kg 5.355-10"
Liquid dynamic viscosity U Pas 1.0-10°
_I\/Io_lec_ular diffusion coefficient D, m2/s 1.0-10”
in liquid
Molecular diffusion coefficient in solid D; m°/s 1.0-10°
Liquid thermal expansion coefficient Bt 1/K 1.0-10
Liquid solutal expansion coefficient B 1/(wt%) 4.5-10°
Secondary dendrite arm spacing A2 gm 40
Melting point of Pb Tm °C 327.5
Eutectic composition Ce wt% 61.911
Equilibrium partition coefficient k, - 0.31
Liquidus slope m °C/(wt%) -2.334
Initial temperature To °C 215.85
Nominal concentration Co wit% 48.0
Heat transfer coefficient h W/(m?’K) 400
IAmbient temperature T, °C 25

2.3. Geometry if the 2D system is analyzed.

In reality, the volumetric forces acting on the liquid volume in the rotating frame are three-
dimensional. The considered system is 2D (Fig. 1), so some simplifications of the model were
necessary. The rectangular shape of the cavity is assumed (dark blue region in fig. 1), immersed
in the plane T, initially parallel to the y-z plane. The domain is first rotated around the x-axis
by angle a. It describes the relative location of the cooled wall where heat is extracted from
the system (denoted with a blue arrow, Q) to the direction of the resultant force. All other walls
are assumed adiabatic. Next, the considered domain is rotated around the line perpendicular
to the z-axis and crossing the centroid of the domain by the angle B, which prescribes
the declination of the system due to the gravity and centrifugal forces. The position of the new
plane of the domain, x-y’, is obtained with the composition of the two rotations.

Fig. 1: Schematic of the considered system, rotating around the axis z with the angular speed w
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2.4. The front tracking procedure

The crucial issue in numerical modeling of metal alloy solidification is the distinction
of the columnar dendrite zone and the zone of moving equiaxed grains immersed

in the undercooled melt. Evolving during the process within the two-phase region (called mushy
zone), they require different transport and flow resistance models. The matrix of columnar
dendrites is treated as Darcy’s porous medium, while the equiaxed grain zone is mimicked
as slurry. In the proposed numerical model, the special procedure for tracking the envelope
of columnar dendrite tips on a fixed control-volume mesh is used. In this approach, originated
by Browne and Hunt (2004) for the case of purely diffusive alloy solidification, the envelope
of columnar dendrite tips is represented by a series of linear segments connected with massless
markers. Each of the markers moves towards the bulk liquid, according to the determined local
undercooling and the assumed dendrite growth kinetics. The method has been further extended to
modeling columnar and equiaxed binary alloy solidification driven by natural thermal convection
(Banaszek and Browne, 2005) and thermo-solutal convection (Seredynski and Banaszek, 2010).
Seredynski and Banaszek (2021) have generalized the front tracking procedure to 2D unstructured
control-volume meshes and used it to analyze the role of different permeability laws and various
microstructure characteristic lengths on the numerically predicted solute macrosegregation
developing during solidification of Pb-Sn alloys in the terrestrial gravity conditions.
In the presented study, this advanced front tracking approach, coupled with the micro-
macroscopic description of heat, momentum and solute mass transport phenomena, driving
the binary alloy solidification, is used to address the issue of the role of increased gravity
accelerations on the development of chemical inhomogeneity in the solidifying cast.

The growth rate of dendrites is assumed to be independent of the acceleration level and is related
to the undercooling, AT,

V., =3.964-107 AT>* Eq. (7)

The transport equations include the mass, momentum, energy and solute transport at the
macroscale level, and microscale processes like the development of the microstructure are
accounted for with the closure relations. Based on the actual position of the front the function, I ,
referring to the normalized volume of the c.v. in the columnar dendrites zone (porous zone)
can be determined. It is equal to 0 in the bulk liquid and the slurry zone and 1 in the fully
porous zone. Along c.v. crossed by the front it smoothly changes between its bounding values.
Itisused in eq. 2 to switch on or switch off some source terms depending on the region

of the domain. The function is also used to calculate the actual values of phase velocities.

The following formulae are used

_ \Y
S+(1=7)(1-1)

\% =(1—17)V,; v, Eq. (8)

Details of the front tracking procedure can be found in e.g. (Seredynski and Banaszek, 2021).

2.5. Analysis of the acting volumetric forces

The role of the gravity acceleration vector and its orientation with respect to the cooling direction
requires more detailed discussion. Three levels of the gravity acceleration vector are accounted
for; the normal gravity acceleration, g, and two cases of the enhanced acceleration, 5 x g, and 15
x g, reflecting the centrifugal casting. The magnitude of the enhanced acceleration determines
the rotation angle 8, which can be determined with the formula

J = arctan M = arctan(mer ] Eq. (9)
| ¢

The second parameter investigated in this parametric study is the cooling direction. It is defined
as the angle between the cooling direction and the direction of the resulting force, F,, during
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rotation and is referred with a (Fig. 1). The force F, is a vector sum of the gravity force, Fy, acting
along the z-axis and the centrifugal force, F, acting along the rotating arm, r, (see Fig. 1)

F,=F, +F,. Eq. (10)

The following values of the angle a are taken into account: 0° (the force F, coincident to heat
transfer direction), 30°, 60°, 90°, 120°, 150° and 180° (the force F, opposite to heat transfer
direction).

Additional analysis of the impact of the Coriolis force is needed. In the considered 2D system
immersed in the x’-y’ plane the velocity of the molten alloy in the rotating system can be expressed
with two components, namely u and v, parallel to X’ and y’ directions respectively. The Coriolis
force (the last term in eq. 5) is acting outside of the plane x’-y’, so to account the impact of that
force in the considered 2D geometry, it is necessary to take the components of the Coriolis force
casted in the x’-y’ plane. However, for the highest enhanced gravity acceleration, 15 x g, and
assumed process parameters, w = 30 rad/s, ry, = 2.42 m, for assumed maximum molten alloy
velocity Viax = 0.1 m/s, the Coriolis force magnitude is comparable to the gravity force and 15
times lower than the resulting force. So, in the simplified analysis, neglecting the Coriolis force is
justified. However, in future the more complete analysis will be carried out accounting for the
Coriolis forces acting in the x’-y’ plane.

2.6. The computer simulation

The model equations were discretized on the general, triangular control volume mesh and
implemented in the framework of the in-house simulation code. The collocated grid approach was
adopted, the transient terms were discretized with the implicit Euler scheme, the Rhie and Chow
scheme was used to account for convective fluxes. The time step varied between 0.005s and
0.01s and the control volume grid density was equal to 1 mm.

The proposed simulation model was verified and validated for the terrestrial conditions on both:
mapped control-volume meshes (Seredynski and Banaszek, 2014) and general unstructured
triangular meshes (Seredynski and Banaszek, 2021).

3. NUMERICAL MODEL PREDICTIONS AND DISCUSSION

The impact of cooling direction and effective acceleration is presented for the nominal gravity
acceleration (Fig. 2) and two values of the enhanced gravity, in the centrifugal casting for 5 x g
conditions (Fig. 3) and 15 x g conditions (Fig. 4). In all cases the same solute scale is used. The
cooled wall is denoted with the blue arrow and the resulting force is presented with the red arrow.
The front demarcating the porous zone (on the side of the cooled wall) and the bulk liquid/slurry
zone is presented with a thick black line. The location of the eutectic reaction surface is given with
the dashed line.

For the considered alloy the solute buoyancy forces are opposite to thermal forces and the former
are dominant. It means that the solute-enriched liquid is lighter, so it is transferred upward, along
the cooled wall. In the same region, the liquid is colder, so the thermal convection is oriented
downwards. The tendency to formation of the nonuniform solute distribution in the molten alloy is
observed for angles starting from 60°, but for angles higher than 90° this effect is more pronounced
(Fig. 2-4). The layer of the enriched alloy is observed in the upper part of the domain and its width
increases with the increasing acceleration.

The shape of the front depends also on the cooling direction and resulting force. In the region,
where highly Sn enriched liquid appears, the growth is retarded. These regions are presented in
Fig. 2-4 in red or maroon color. This effect is visible for angles in the range 90° - 150° (Fig. 2 - 4),
where enriched liquid accumulates in the vicinity of the columnar grain region. Close to the highly
enriched region, the growth of columnar dendrites is the fastest (Fig. 2-4, angles 30° - 150°). It is
due to an increase in the undercooling at columnar dendrite tips related to the inflow of cold alloy
from the vicinity of the cooled wall only slightly enriched in Sn.

The structure of segregation channels also depends on the direction and the gravity acceleration
level. The A-segregation channels, oriented upwards, appear close to the cooled wall and are
more pronounced for low angles (30° - 90°) and enhanced gravity levels (Fig. 3 - 4). The V-
segregates oriented downwards, appear for all gravity accelerations. For centrifugal conditions
(Fig. 3 - 4), they appear for 120° degrees (5 x g) and for 150° degrees (15 x g). Formation of nearly
vertical segregation channels for high angles (150° and 180°) is related to accumulation of solute
close to the cooled wall. The width of the channels increase with acceleration.
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Fig. 2: Macrosegregation patterns after 150s of the process for various orientations of the cooling
direction to the gravity force, Fg, equal in this case to the resulting force, F,. The angle increment is
30°, starting from 0°

Fig. 3: Macrosegregation patterns after 150s of the process for various orientations of the cooling
direction to the resulting force, F, =5 x F,. The angle increment is 30°, starting from 0

Fig. 4: Macrosegregation patterns after 150s of the process for various orientations of the cooling
direction to the resulting force, F, =15 x Fy. The angle increment is 30°, starting from 0°
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