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INTRODUCTION

* Heat energy and species mass transfer, as well
as melt flow are basic transport phenomenain
solidification processes of various alloy ingots
and castings (called “ Solidification Transport
Phenomena (STP)”).

These phenomena, in turn, play acritical rolein
controlling the solidification behaviors,
structures and various defects formations, such
as macrosegregation and porosity etc.
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 In order to improve the qualities of the solidified
alloy ingots/materials or to develop new
materials processing methods, various
electromagnetic (EM) techniques have been
applied to materials solidification processes.

Such as: Using alternating EM inductors or

EM stirrers/brakes in continuous casting of Al
alloy/steel ingots for melt flow/meniscus shape
controls, or using an EM-inducted cold-crucible
technigue to obtain directionally solidified
v(T1Al)-base alloy ingots/materials (currently
studied in the authors' research group).
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* Insuch EM materials processing applications, the EM-induced
solidification heat/mass transfer, and especially the melt flow
behaviors can be highly enhanced (or suppressed in the case of
a static magnetic field applied), through the Lorentz forces and
Joule heats, and might be in a much more complex pattern.
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The Aim of This Presentation

Topresent: An efficient multifield-coupled modeling
method for the STP in alloy ingots/materials under an
arbitrary EM-field, jointly using two different Computer
Codes (One is FEM-Based/Commercial, another is FDM -based/Authors)).

The Main Tasks:

1) To further extend a previous continuum solidification-
model and the corresponding numerical solution

al gori tth(i ncluding an extended Direct-SIMPLE scheme for directly
solving the EM-/gravity-/solidification-shrinkage-driven and strongly pressure-

linked flow problems) t0 @ more general EM-ST P-case;

2) To propose an efficient technique for FEM—FDM data-
conversion,

3) Try to apply the modeling to EM-directional
solidification of Ti alloy castings/ingots.

HIT-MSE



A IR b K2

Blade-like Casting H Static Magnetic Field

MZON OZ—-4>
MZON @O@Z——-H>mMI

Bottom Cooler

Withdrawal Rod

Z
s X y

% ]
C
O
O
L
I
N
G
4
O
N
E

MZON ®OZ—-r000

HIT-MSE



I IRV Tk K 2%

Electromagnetic solidification model

« A Continuum Mode (based on Mixture Average
Theory) with the following assumptions:

1) the external forces involved in a solidifying system are gravity
and Lorentz force;

2) no poreswill occur, i.e. the geometric continuity, f, +f=1,
holds for any region in the casting/ingot domain;

3) the solid phase is macr oscopically static during solidification;

4) local ther modynamic equilibrium holds at the microscopic
solid-liquid interfaces

5) Newtonian and laminar liquid flow present;

6) the model alloy isa binary system.
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o Solidification heat energy transfer
d[(pcp),T1/ot + V(f p co V T) = V[L VT] + psh(ofot) + q,
where, the electromagnetically inducted Joule heat is given by
0,=JE = I o

o Solidification solute mass transfer
ApC)yfot + V(f p VC|) = V[D V(f p . C,) + DgV(fspsCo)] 3)
where:
A(pC),, /0t = (pCo)*of ot + DdfD(pLCo)*/0t + (p, C )of, /ot + f,0(p, C /ot (4)
O =00/(1+00¢), ¢=(DgT)/R)C-A, and 6 =Kk(1+ B)f/f 2

e L-Sphase-change characteristic function for a specific alloy

Liq — TLiq(CL*) (5)
HIT-MSE
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Solidification mass conservation:
opnlot ==V (i p V)

where, 0p, /ot ~ ps'df /ot + df Sps'/ot + p, Of, /ot + f,0p, /ot

Momentum transfer for bulk/interdendritic liquid flow:

o(f p V)lot + V[(f_p V)-V] = V[uV(f V)] - V(f_P) — (uf 7/K)V + Fg

For the present modeling, the body force term induced by external fields
Includes the gravity and Lorentz force:

Fe=f pg+F,

the Lorentz force acting on the moving liquid phase during solidification:

F, = of (E + VxB)xB = f,{ JoxB + o[(V-B)B — B2V/]}

HIT-MSE
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o Maxwell 5 equations
VXH =J+oD/ot (Law of Maxwell-Ampere) (11)
VXE =-0B/lot (EM-Induction Law of Faraday) (12)
VD =p, (Law of Gauss) (13)
VB=0 (Continuity of Magnetic Flux) (14)

o Constitutive equationsfor the involved EM-medium materials

D=¢E (Constitutive Relationship of Electric Properties) (15)

B=uH (Congtitutive Relationship of Magnetic Properties) (16)
J=o(E+f VxB) (Ohm Law for the Moving Metallic Melt) (17)
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Model Numerical Solution Strategy

o Electromagnetic Fields (B and J vector fields etc)
—— Solved by ANSYS 6.1 In a FEM-Scheme,

o Solidification Transport Phenomena
Equations (scaar T, fg, C,, P and vector V fields)

— Solved by a FDM-Scheme-based
Computer Simulation Code
(devel oped by the present authors)
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Numerical Solution Methods to the Equations
for Alloy Solidification Transport Processes

Main FDM M esh
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Numerical Solution Methods to the Equations for Alloy
Solidification Transport Processes

Coupling

Available for BOTH Single-Phase

L evel-rule model ! s ol _
\ and Eutectic Solidification Portions
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Figure 1 Solidification behaviors of a binary alloy of nominal composition Co<Csm and With g5 4 Revised temperature by the latent heat release 7*! (solid line) and the estimated
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different solid-back diffusion (SBD) extents (Thermodynamic equilibrium holds at ~ EHPe=iie oy =4 sages for 2 binary cutetic sysiem: @ = 0, T'°" s Ty(Co

the micro-scale S/L interface). (a) A portion of binary alloy phase diagram with the —®)fse > £ > 0. T (C > T*!" = Ty ©0 < R<fe(T>T T < Ty

(d)l SR2fe (T =T, T < Tg, it < Land (@1 >f > fie, T < T,

solidification paths of Cp, C; and Cs for different SBD; (b) The corresponding curves  £/*! = 1.

of solid fraction versus liquidus.

(From: Daming Xu and Qingchun Li, “ Numerical Method for Solution of

Available for ANY Solid Back-Diffusion || Srongy Couteainay adloy Soidficaion Problems’, Nurerical Hoa
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Numerical Solution Methods to the Equations for
Alloy Solidification Transport Processes

e Calculations of the Nonlinear and Strong Pressure—
Velocity (P-V) Coupling in a Solidification
Trangport Process of Alloy Casting/Ingot Takes
Most Portion (>90%) of the Entire Computational

Efforts for the STP Numerical Simulation:;

Therefore, it Isof Great Importance to Adopt a
Algorithm of High Computational Efficiency for a
Practical STP-Based Computer Simulation for the
Solidification Processes of Alloy Castings/Ingots.
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Solidification Transport Processes

Numerical Solution Methods to the Equations for Alloy |

SIMPLE Scheme widely used for Fluid
Transport Systems by Subas V. Patankar

Let P=P* + P, takeaninitia estimation: P°=P*

Calculate the approximate velosity: V,* & V. * based on
the up-to-date pressure P and Momentum Equations

!

Using V,*& V. *, V-correction egs. and mass-conserv. eq.
to calculate the approximate pressure: P and P*1= P + P

|

Using V,* , V., *, P&V-corr. egs. to calculate approxi. V:
V&V, 1 calculate other fields that influence P&V

If Pt
Vymtand V.,
converge

End of P-V coupling calculation

(From: SubasV. Patankar, Numerical Heat Transfer and Fluid Flow, McGraw-Hill,

1980)

Direct-SIMPLE Scheme by present Authors

(No Iteration Needed—C. EfficiencyTT{ Available both for P~V
Coupling in Pure Fluid Systems an oy Solidification Systems)

Let: ti+1 time's pressure=t' time's pressure + pressure changein

thetimeinterval Ati+l,i.e. Pl =P + AP+1 Q)

Let: ti+1 time's accurate V-field=an approximate V-field + the V-

corrections induced by the pressure change in time Ati*1; AP+1,

e V=V, * +V, ' and V"=V >+ V) 2)/(3)
i

Using t' time's pressure field: P and t' time’s V-field: V' and V.,

calculate the approxi. V-field: V,* and V,* from momentum egs.
!

Using the obtained t*1 time/’s T, fg and C, fields, and the approxi.

V-field: V, */V,*, solvethe algebraical eq. set for AP** whichis

derived from the mass conservation eg. and the V-correction egs.
}

Using V,*. V,*&AP* and the V-corr. egs., calculate the accurate
ti*1 time's pressure and velosity fieds: P+1&V i*1 from egs.(1)-(3).
|
End of P-V coupling calculation

(From: Daming Xu and Qingchun Li, “ Gravity- and Solidification-Shrinkage-lnduced
Liquid Flow in aHorizontally Solidified Alloy Ingot”, Numerical Heat Transfer, Part A,
1991, Vol.20, 203-221.)
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Flux parallel”
(Symmetrical)
boundary

“ Infinite surface”
(Infinite-equivalent
boundary)

b)

FEM -calculated results from ANSY S 6.1 (TiAl casting, CaO mould, under a harmonic EM-field of 20kHz and
with loads of 10kAt. The shaped casting has moved down for 40mm relative to the coils): a) meshed pattern for
the whole EM-directional solidification system (right-half, with the EM-boundary definitions); b) the local meshed
element grids around the casting; c) calculated distribution of the Az magnetic potential contours.
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FEM-EM Results—=FDM Format Conversion

a) A schematic FEM mesh pattern for a casting domain;
D) A schematic FDM mesh pattern for the same casting domain;
c) Overlap of a) and b)
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FEM-EM Results—FDM Format Conversion

Maximum boundary of a Method to judgeif a FDM node P lies
FEM element (dot lines) inside the FEM element ABCD.

Judgment:

IF [S (= Sapp +Spcp +Scep +Sasp) = Sapcel: THEN the FDM-
node Pisinside FEM-dement ADCB:; ELSE, thenodeP is
outsidethe FEM -element.
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Results—FDM Format Conversion
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grids for the FDM-STP simulation, d) Converted magnetic flux density vectors
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The comparison of the data between before and after

conversion (Joule Heat)
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The comparison of the data between before and after
conversion (Inducted current density)
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The physical properties used for the present computer modeling of solidification transport
phenomena of ¥ (TiAl)-Al%at. pseudo-binary alloy

Thermal conductivity: Ag(T)= A (T) =2.3x10?2 [W/mm-°C]
Solid specific heat:
[ 0.67832 — 6.4328x106-T + 2.5417 x1013.T3 | (25°C < T £660°C)
Cog(T) = 1 0.68286 + 1.3644x105.T , (660°C < T <882°C) [Jg-°C]
| 0.65193 + 1.0513x105.T , (882°C < T < 1490°C)
Liquid specific heat: cy (T,C)) =0.86074 , (1490°C < T < 2727°C) [Jg-°C]
Solid density of the alloy: ps(T,C)) =3.8x103 , [g/mm?]
Liquid density of the alloy:
p.(T,C)) =3.632x10° - 2.0x107(T - T ;) —9.32x10%(C_—-C) [9/mm?3]
Latent heat of fusion: h(Cy) = 435.4 [Jq]
Liquidus of the y(TiAl)-Al%eat. aloys:
T,io(Cpja) = 802.19745 + 23.01678-C, —0.20279-C 2 , (C_[54.86, 74.61at.%Al]) [°C]
Partition coefficient:
K(C_,5) = 69.24438-4.03153-C, +8.894x102-C, 2-8.70031x10*.C, 3+ 3.18595x10°.C 4
(C,<[54.86, 74.61at.9%0Al]) [-]
Liquid diffusion coefficient: D, ,,,(T°C) = 5x103 [mm?/s]
Solid diffusion coefficient:  Dg, (T°C) = 0.11-exp[-14504/(T+273.15)] [mm?/g]
Dynamic viscosity coefficient: u(T) = 3.5x103 [Pas] (= [N-s/m?] = [g/mm:-g])
[ 4.0x104f 30 , (f <0.7088)
Permeability coefficient: K =1 1.6318f 2715 | (0.7088<f <0.99999) [mm?]
[1.0x108 , (f,>0.99999)

Primary dendrite spacing: d, =1.4x101 [mm]
Secondary dendrite arm spacing: d, = 3.0x102 [mm]
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TiAl Casting, CaO Mould, 20kHz,10kAt, 10.03 s
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TiAl Casting, CaO Mould, 20kHz, 10kAt, 10.03 s
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L
T

Directional STP of ay(TiAl)-55at.%Al shaped casting under a harmonic EM-field: (a) FDM-converted/interpolated B vectors from ANSY S 6.1 FEM-results; (b) y-component of the B
field; (c) z-component of the B field; (d) Lorentz force vectors; (€) y-component of the Lorentz force; (f) z-component of the Lorentz force; (g) velocity vectors of the alloy melt; (h) relative
pressure contours of liquid phase; (i) contours of inducted Joule heat; (j) temperature contours; (k) contours of solid volume fraction; (1) liquid concentration contours for solute Al (at.%).
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Directional Solidification Transport Behaviors under Harmonic EM-
fields of Different Current Loads. y(TiAl)-55A1%at. , 20kHz
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Directional Solidification Transport Behaviors under Harmonic EM-
fields of Different Current Loads. y(TiAl)-55A1%at. , 20kHz
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1000At 2500At 10000At
Contours of Joule Heat at ~21.0 sec
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Directional Solidification Transport Behaviors under Harmonic EM-
fields of Different Current Loads. y(TiAl)-55A1%at. , 20kHz
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Directional Solidification Transport Behaviors under Harmonic EM-
fields of Different Current Loads. y(TiAl)-55A1%at. , 20kHz

45101
1493 \1500
\

1494

S

149

(I 494

1494 -/ /
. 1494
jo

1493

| 1493 |

&

N

| ]
147037410

1490

1485

e _/’/
1470 1410

L 1210 1210
_8T0_1010_ 10—

_1000At _2500At 10000At
Contoursof Temperatureat ~21.0 sec

T410_
1210

_S’I'Om——

1010

Temperature [°C]

Temperature [°C]
Temperature [°C]
Temperature [°C]

HIT-MSE



I IRV ol K 2%

Directional Solidification Transport Behaviors under Harmonic EM-
fields of Different Current Loads. y(TiAl)-55A1%at. , 20kHz
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Animation: V&fs Evolution in aBlade-like y(TiAl)-55at.%Al

Casting directionally Solidifying under Zero & aHarmonic EM-Field
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Solidification Transport Processes of a Blade-like Al-4.5%Cu Casting under
Transverse Static Magnetic Fields of different Load Strengths (in At)
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Comparisons of liquid flow and directional solidification behaviors of Al-4.5% Cu shaped
casting under static magnetic fieldsinducted by different current-turnsat t=21.0 sec: (a)
Velocity vector s of liquid phases; (b) Contours of relative pressurein theliquid; (c) Contours
of solid volume fraction; (d) Contours of temperature.
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Velocity vector s of liquid phases; (b) Contours of relative pressurein theliquid; (c) Contours
of solid volume fraction; (d) Contours of temperature.
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Velocity vector s of liquid phases; (b) Contours of relative pressurein theliquid; (c) Contours
of solid volume fraction; (d) Contours of temperature.
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Solidification Transport Processes of a Blade-like In718-4.85%Nb Casting
under Transverse Static Magnetic Fields of different Load Strengths (in At)
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I nfluences of transver se static magnetic strengths on theliquid flow behaviors and temperature
/concentration distributionsin directionally solidified In718 shaped castings at t=21.0 sec.: ()
Velocity vectors of liquid phases; (b) Contours of temperature; (¢) Contours of liquid
concentration, Nb%wit..
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Solidification Transport Processes of a Blade-like In718-4.85%Nb Casting
under Transverse Static Magnetic Fields of different Load Strengths (in At)
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I nfluences of transver se static magnetic strengths on theliquid flow behaviors and temperature
/concentration distributionsin directionally solidified In718 shaped castings at t=21.0 sec.: ()

Velocity vectorsof liquid phases; (b) Contours of temperature; (c) Contoursof liquid
concentration, Nb% wt..
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Solidification Transport Processes of a Blade-like In718-4.85%Nb Casting
under Transverse Static Magnetic Fields of different Load Strengths (in At)
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I nfluences of transver se static magnetic strengths on theliquid flow behaviors and temperature
/concentration distributionsin directionally solidified In718 shaped castings at t=21.0 sec.: ()
Velocity vectorsof liquid phases; (b) Contours of temperature; (c) Contoursof liquid
concentration, Nb% wt..
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Application on the Way to:

Directional Solidification of Cold
Crucible Titanum Alloy Strip | ngot
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Directional Solidification Apparatus of Cold Crucible Ti
Alloy Strip Ingot Currently Used in the Authors' Group
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A Simplified 2-D Configuration for Directional Solidification of Cold Crucible Ti Alloy Strip Ingot
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Schematic EM-Directional Solidification Configuration
for Continuum Model Revision
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Revised Continuum Model for EM-STP

Solidification heat energy transfer
A(pC) &+ W p e VT) + VA pc, T) + (fepCs T/ ez
= Kk, VT] + ph(dJA) + q,

Solidification solute mass transfer
A(PC) ! &+ WA p CLV) + VAT p C )+ (oLl

= Np D WI.C) + psDsUtsosCo)l

Solidification mass consearvation
dola +Wif p V) +\ ploz=0

Momentum transfer for bulk/interdendritic liquid flow
Af p V& +V(E p VIV] +V M p V) +V Al p V) cz
= V[,u V(fLV) _ V(fLP) + prLg _ (ﬂfLZ/K)V T prLg + |:L
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Schematic FEM and FDM Meshing for the Top and
Bottom Hump Regions
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Ansys FEM-Results Converted FDM Results
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Schematic Radiation Heat
Transfer between the Top
and Bottom Humps
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EM-Inducted Heating Processes in Top and Bottom | ngots (at x=12mm
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EM-Inducted Heating Processes in Top and Bottom | ngots (at x=12mm
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» The proposed modeling methods appear practical

and efficient In numerical computation (rhe each above
demonstrated sample usually takes 2-5 hours on a PC with a 1.6GHz-CPU)

The computational results show that the
solidification-shrinkage-driven interdendritic

liquid flow In mushy zone, though usually
smaller than the convection in bulk liquid region
by order(s), can not be easily suppressed by a
static magnetiC fleld applled (The inner force caused by

solidification-shrinkage might be much stronger than Lorentz force)
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Table! Initial and technological parameters for the present
example ssmulations with 3 different kinds of Alloys

Alloys IN718 base-4.85wt.% Nb Y(TiAl)-55at.% Al Al-4.5wt.% Cu

Pouring ) ) i
temperature, T 1450 °C 1500 °C 700 °C

Initial mold
temperature, T, 1500 °C 1550 °C 700 °C

Heating zone ) ) )
temperature, T, 1600°C 1600 °C 950 °C

Cooling zone . ) )
temperature, T 45°C 45°C 25°C

Bottom cooler . ) )
temperature, Tgc 45°C 45°C 25°C

Withdrawal
velocity, V, 0.15 mm/sec 0.15 mm/sec 0.15 mm/sec
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Configurations of Directionally Solidifying Blade-like Alloy Casting under a Harmonic

EM-Field at Different Withdrawal Positions —At Each Position, an Ansys EM-FEM
Analysis Made for EM-Field I nterpolations for the Continuous EM-Solidification Process
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Free Surface Tension:

Determining the free surface morphology
of alloy melt corporately with gravity/
L orentz force and the dynamic pressure
resulted from the melt flow.

(in a continuoudly changing state)

The Force Balanceon a Free
Surface of Alloy Méelt:

REIRS + AR EH. HES
+ W /% /) (Lorentz/)) = 0

EM -levitation
Melting

-

Slit
Segment

!

cible

Charge , _

e

Two types of Cold Cruci blé Pr 0CEeSSeS

ISa

Fully numerical description for a 3-D
free surface morphology of alloy melt
In a dynamically changing state

for the modelers in materials
metallurgy and solidification fields.
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“* Liquid Metal Flow with Heat Transfer in a Cold Crucible

Confined by a Free Surface and a Solidification Front”,
by T. TANAKA et al, ISJ International, 1991, v.31, pp.1416-1423.
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Configuration and mesh used Calculated contours Calculated fields of
for calculating the fields of of Joule heat and temperature and
velocity and temperature magnetic body force velocity inaMéelt
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