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Abstract

Solidification from the melt to near net shape is a commonly used manufacturing technique. The fluid flow patterns
in the melt affect the quality of the final product. By controlling the flow behavior, the final solidified material can be
suitably affected. Most of the magnetic field approaches to melt flow control rely on the application of a constant mag-
netic field. A constant magnetic field results in the Lorentz force which is used to damp and control the flow. However,
simultaneous application of a magnetic gradient results in the Kelvin force along with the Lorentz force. This can be
used for better control of the melt flow resulting in higher crystal quality. In the present work, a computational method
for the design of solidification of a conducting material is addressed. The control parameter in the design problem is the
time history of the imposed magnetic field. A steady, constant magnetic gradient is also maintained during the process.
The design problem is posed as an unconstrained optimization problem. The adjoint method for the inverse design of
continuum processes is adopted. Examples of designing the time history of the imposed magnetic field for the direc-

tional growth of various materials are presented to demonstrate the developed formulation.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Solidification from the melt is the most commonly
used means of manufacturing to near net shape for most
materials, especially metals and semi-conductors. The
quality of the final product implicitly depends on the
process of solidification. For example, during crystal
growth, heat flux fluctuations from the melt to the crys-
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tal produce a cycle of crystallization and remelting at the
interface. This cycle produces dislocations and other
microscopic defects in the crystal. Convective flow in
the melt leads to fluctuations in the solute concentration
in the crystal which results in the formation of residual
stresses in the cooled crystal [1, Chapter 14]. Controlling
the solidification process is therefore a means of control-
ling the quality/properties of the final product.

All metals and most semi-conductor melts have a rel-
atively high electrical conductivity and are subject to
electromagnetic forces when moving in a magnetic field.
This concept has been used to damp natural convection
in the melt through the application of constant magnetic
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Nomenclature

By initial magnetic field

b¢ body force

b(t) non-dimensional magnetic field
B magnetic field

c solute concentration in the fluid
Co reference concentration

Co specific heat of the fluid

C sensitivity solute concentration
¢ initial concentration in the melt
D solute diffusivity

e; unit vector in the ith direction
E induced electric field

F sensitivity temperature operator
F* adjoint temperature operator

g gravity constant

G sensitivity velocity operator

G* adjoint velocity operator

H sensitivity concentration operator
H* adjoint concentration operator
Ha Hartmann number

J sensitivity potential operator

J adjoint potential operator

J electric current density

k thermal conductivity of the melt
Ly latent heat of fusion

Le Lewis number

L characteristic length

M magnetization

m slope of the liquidus

n unit normal to the interface

Nsq number of space dimensions

p pressure

Pr Prandtl number

Ry ratio of thermal conductivities
R, ratio of thermal diffusivities
Rat thermal Rayleigh number

Rac solutal Rayleigh number

R Euclidean space of dimension d
S(b) cost functional

Ste Stefan number

t non-dimensional time

T initial temperature in the solid
T; initial temperature in the melt

To reference temperature

T temperature in the fluid

v velocity of the fluid

\ velocity of the solid-liquid interface
v sensitivity velocity

\'A sensitivity interface velocity

Greek symbols
o thermal diffusivity of the melt, the step
length in the optimization algorithm

1, Pc  coefficient of expansion, thermal and solutal

Y non-dimensional Kelvin force, the optimal
step size in the CGM

r boundary of the physical domain

yRar magnetic Rayleigh number

AT reference temperature drop

Ab perturbation to the magnetic field

Ac reference concentration drop

Dy directional derivative along Ab

d Ac

n adjoint potential

0; initial temperature of the melt

0r initial temperature of the solid

freezing temperature
non-dimensional temperature
sensitivity temperature
partition coefficient
permeability of free space
kinematic viscosity
adjoint concentration
adjoint pressure
sensitivity pressure
density of the melt
reference density

om  stress tensor, electrical conductivity
sensitivity of the stress tensor
electric potential
sensitivity potential
mass magnetic susceptibility
magnetic susceptibility
adjoint temperature
physical domain
adjoint velocity

SRSENRSMAZIIOANCE A QOO

fields. The application of magnetic fields is also known
to stabilize both flow and temperature oscillations in
the melt and thereby represents a promising opportunity
to obtain an improved crystal quality [2,3]. The effects of
a constant magnetic field on melt convection have been
previously investigated by several authors [4-7]. The
effects of a strong vertical magnetic field on convection

and segregation in the vertical Bridgeman crystal growth
process was considered by Ben Hadid et al. [6,7], while
Kim et al. [8] studied the effects of a magnetic field on
the horizontal Bridgeman growth. Recently, Gunzberger
et al. [9] estimated the optimal magnitude of the
constant magnetic field necessary for the suppression
of turbulent flow in the melt. Even though there is a
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therapeutic effect of the application of a constant mag-
netic field there are some disadvantages to its use during
solidification:

e A constant magnetic field suppresses thermo-solutal
flow, but the inter-dendritic flows and macro-segre-
gation patterns are not significantly affected by the
magnetic field [10].

e Any significant convection damping requires prohib-
itively large magnetic fields.

e The magnetic field must be oriented in a specific
direction relative to the bulk flow for the Lorentz
force to take effect.

To circumvent these problems, the use of different
types of magnetic fields on solidification were inves-
tigated. The effect of a Rotating Magnetic Field
(RMF) on crystal growth and solidification was inves-
tigated by Patzold et al. [11] and Roplekar and Dantzig
[12]. Galindo et al. [13] studied the effects of a rotating
as well as a travelling magnetic field on crystal growth
processes. The use of a RMF results in suppression of
convection but fluctuations in temperature and concen-
tration leading to striation patterns in the crystal still
persist. Recently, Evans et al. [14] demonstrated that
a magnetic gradient could be used to damp convection
in any material, conducting or non-conducting. A mag-
netic gradient subjects the fluid to the Lorentz and
Kelvin forces [15]. A suitable combination of these
forces can result in suppression of fluctuations along
with convection damping. In an earlier work [16], the
authors investigated the effect of magnetic gradients
on the quality of the crystal (pure material/dilute mix-
ture). A constant magnetic gradient superimposed on a
uniform magnetic field caused substantial reduction in
convection and resulted in a much better crystal. In
[17], the authors investigate the design of non-homo-
geneous magnetic fields to control the solidification
and crystal growth of non-conducting (e.g. biological)
materials. In the present work, the effect of the varia-
tion in the magnetic field superimposed on a constant
gradient on growth of a conducting material is investi-
gated. The time history of the magnetic field that needs
to be applied during growth to obtain a convection-
less (microgravity-like) environment in the melt is
estimated.

To the best of our knowledge, this is the first time
that (mathematical) control of solidification is affected
through the variation in magnetic fields. As stated ear-
lier, the time history of the magnetic field is the design
parameter that has to be estimated. Various solution
methods based on finite or infinite dimensional optimi-
zation techniques can be developed to calculate the
unknown design parameters. A particularly effective
method is the infinite-dimensional regularization
scheme. This method, which involves the formulation

of an appropriate continuum adjoint problem that al-
lows the analytical calculation of the exact gradient of
the objective function, is extensively used in the present
work. The sequencing of the various sections in this pa-
per is as follows. The equations governing the underly-
ing physics of the problem of interest are presented in
Section 2. The inverse solidification problem is posed
as a functional optimization problem and the adjoint
system of equations is derived in Section 3. In Section
4, the developed formulation is applied to various exam-
ples. Finally, in Section 5, a summary of the work and
some conclusions are provided.

2. The direct solidification problem

Let Q be a closed bounded region in R™¢, where ny is
the number of spatial dimensions, with a piece-wise
smooth boundary I'. The region is filled with an incom-
pressible, conducting fluid. At time ¢ =0, a part of the
boundary is cooled below the freezing temperature of
the fluid and solidification begins along that boundary.
Two-dimensional applications are considered in this pa-
per but the formulation presented is dimension-indepen-
dent. Let us denote the solid region by Q; and the liquid
region by . These regions share a common solid—
liquid interface boundary I'1. As seen in Fig. 1, the
region Q has a boundary I'; which consists of I'y (the
solid-liquid interface), I'y; (the mold wall on the liquid
side), I'y; (the bottom boundary of the liquid domain)
and I'y (the top boundary of the liquid domain). Simi-
larly Q¢ has boundary I's, which consists of I'y, I'ys,
I'ns and I'g.

An externally applied (spatially varying) magnetic
field acts on the whole domain Q. An assumption that
the induced magnetic field is very small compared to
the external magnetic field is made (the ratio of the in-
duced to the external field, the magnetic Prandtl num-
ber, is extremely small for semi-conductors and metals
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Fig. 1. Schematic of the directional solidification system. A
time-varying magnetic field B and a constant magnetic field

gradient 2 are applied in the z direction.
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[1]). The action of the magnetic field on the moving fluid
results in the generation of induced currents in the fluid
[18]. The electrical resistance of the material causes heat-
ing of the fluid element. This heating, called the Joule
heating is neglected after an order of magnitude analysis
reveals that this term is small compared to the other
terms in the energy equation. With the classical MHD
assumptions of non-relativistic flow and quasi-mag-
neto-statics, the electro-magnetic force on the system is
written as follows [19]:

fon =J x B+ (VB)M (1)

where J is the current density and M is the magnetiza-
tion given as

Ym om
M=’ Bx’mp 2
Hin (14 Zm) Hin @)

where y,, is the magnetic susceptibility of the material
and p, is the permeability of free space.

The time variation of the magnetic field is small
enough for the quasi-magneto-static assumption to be
valid. The current density J can be represented through
the extended form of Ohm’s law [1] as follows:

J=0.(E+vxB) (3)

where E is the induced electric field. Under the assump-
tion of small magnetic Prandtl number, E is restricted to
the form E = —V¢, where ¢ is the electric potential [20].
Following Tagawa et al. [21,22], the Boussinesq approx-
imation applied to the Kelvin term results in Eq. (1)
becoming

fom = 0e(=V¢ + v x B) x B+ ypogB(T — To) 4)
where y = y;e; with
/(Z, 1?«3’ j
N=E———— S
Hm& ©)

and y is the mass magnetic susceptibility of the material.
For diamagnetic fluids, the mass susceptibility is inde-
pendent of temperature but the form of the Kelvin force
in Eq. (4) arises from the density changes with tempera-
ture. As can be seen from Eq. (4), uniform magnetic field
damping depends on the action of the Lorentz force
which is proportional to the vector product of the flow
velocity and the field strength. It therefore has a decreas-
ing influence with decreasing flow velocity and so is
ill-fitted to the further damping of very weak flows. In
comparison to the Lorentz force, the Kelvin force is
independent of the fluid velocity and it can lead to sub-
stantial suppression of velocity with moderate magnetic
fields.

Remark 1. The Kelvin force can be controlled inde-
pendently in different ways. For example, by varying

the direction and/or magnitude of the magnetic field
or, by varying the magnitude of each of the compo-
nents of the gradient tensor. The independent control
of the external magnetic field and its gradient can be
achieved in Magnetic Resonance Imaging (MRI)
machines that require independently controllable mag-
netic fields and magnetic gradients [23] for reliable
imaging of human tissue. Rapid progress in MRI
imaging has resulted in the commercial production
of linear magnetic fields producing gradient coils
[24].

Based on Remark 1, in the context of solidification
and crystal growth control using magnetic fields, it is
possible to control the Kelvin force term in twelve inde-
pendent ways. But in the present work, the variation in
the Kelvin force is assumed to be only due to changes in
the magnetic field. That is, the magnetic gradients are
kept fixed and any variation in the Kelvin force is due
to corresponding changes to the magnetic field B(¢). Fur-
ther, since the aim of using a magnetic field is to control
the convection causing forces, the magnetic field from
now on is considered to be in the direction of buoyancy
i.e. B=Be. and VB = —e- For this case, we simply de-
note 7. as 7. Extensmn to different orientations of the
magnetic field and magnetic gradients is very straight-
forward. The applied field B(¢) is non-dimensionalized
with the initial field of magnitude By (unless is otherwise
stated), and the non-dimensionalized field is referred to
as b(t) =2 ([> The Kelvin force is therefore given as

vobpo(T — To)geg, where 7, is % and the applied mag-
netic field gradient % % is here taken as constant. In the
notation above, e, is the unit vector in the direction of
gravity, i.e. e, = —e..

For clarity of analysis and to understand the effect of
competing complex processes, the system is analyzed in
a non-dimensional form. The characteristic scales are
taken as L%/« for time and o/L for velocity. The di-
mensionless temperature is defined as 0 = (T — T,)/AT,
Similarly, the dimensionless concentration is taken as
¢ = (¢ — cp)/Ac. The electric potential ¢ is non-dimen-
sionalized with «By. Henceforth, ¢ refers to the non-
dimensionalized electric potential unless otherwise
stated.

The basic equations that govern the evolution of the
directionally solidifying system are given in Box I. In the
equations, R, and R, are the ratios of the thermal con-
ductivity and thermal diffusivity, respectively, of the
solid to the melt. The governing equations are given in
terms of the following dimensionless groups: Prandtl
number, (Pr=v/a), Lewis number (Le = /D), Stefan
number (Ste = (C,AT)/Ly), thermal Rayleigh number
(Rat = gprATL?/va), solutal Rayleigh number (Rac =

gBcAcL?/va), magnetic Rayleigh number (yRar,y =

s %) and Hartmann number (Ha = (5% )'2ByL).
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Box I. Direct problem to define v(x,t;b), 0(x, t; b),
o(x, t; b) and ¢(x, t; b)

e Melt region

V-v=0, (X,l) € Ql(l) X [OJmax}

)

€:+v VvV =—Vp+PrV’v—RarProe,
+ RarPryyb0,e, + RacPrce,
+Ha’Prb* [~V +v x 5] x eg,

(x,1) € Q;(2) X [0, Zmax]

%+v~Vc:Le*‘V2c, (x,£) € Q(£) X [0, tmax]
VZ¢ZV'(VX03)7 (X,t) EQ/(t) X [07tmax]
%-‘—VV(); =V20,, (x,1) € (1) X [0, tmax]
00, dc
- ’&70’ (x,8) € (L;(t) —T'1(2)) X [0, tmax]
v=0, Zﬁzo, (x,8) € I'y(t) X [0, tyax]

n

v=0,c=c¢;, 0=0,, x€Q,(t=0)

e Solid zone

% =R, V0, (x,1) € Q(t) X [0, trmax]
E)x:Hi*, X € Q(t=0)

a@% =0, (x,8) € (I's— ) X [0, tmax]
9.5' = 9s27 (X, t) S Fos X [Ovtmax]

e Interface

o0, 00, .
o e Ste™'vi-m,  (x,1) € I'1(#) X [0, tyax]
0= 00 + mc, (th) € Fl(t) X [07tmax]
dc

5, = Lelk=1)(c+o)v-n,

(X7t) € FI(Z) X [Ovtmax}

3. Definition of the inverse design solidification problem
3.1. Design objectives

In the conclusions in Chapter 5 in [1], Hurle et al.
comment on the ideal conditions for crystal growth.
They state the best results can be anticipated to come
from the combined use of microgravity and a magnetic
field, wherein the microgravity would reduce the steady
convective flows to a minimum with the magnetic field
damping any small fluctuations. The effect of the spa-
tially varying magnetic field is similar to this situation.

The Kelvin force causes a state of reduced gravity while
the Lorentz damps out small fluctuations. Keeping this
in view, the objective of the design procedure is to pro-
duce a growth that is purely diffusion-dominated. The
reduction of convection in the melt can be achieved by
applying the magnetic field in such a way so as to reduce
the convection causing buoyant forces. The definition of
the design solidification problem can now be stated as
follows:

With given magnetic field gradient %’3, find the time history
of the superimposed magnetic field b(t), such that the
directional solidification defined by the initial boundary
value problem (IBVP) in Box I proceeds with negligible
convection over the entire time domain.

3.2. Controlled solidification of pure materials
and dilute alloys: analytical design solution

In this subsection, an analytical expression for the
time history of the imposed magnetic field is determined.
Convection, in the case of a pure material or a dilute al-
loy, is due to the thermal gradients that occur during the
solidification. At any time instant, the net body force
acting on a fluid volume in the melt region is the sum
of the thermal buoyant force, the Kelvin force and the
Lorentz force. But the Lorentz force implicitly depends
on the velocity of the fluid volume. At the beginning
of the growth, when the whole melt is in a quiescent
state, only the first two of the afore mentioned three
body forces act on the fluid volume.

by = _RGTHOJ (X7 t)eg + RaTPryob(),(x, t)eg (6)

If yob is chosen to be equal to 1, then both the terms
on the right-hand side of the above equation become
equal and cancel to zero. In other words, if the field is
chosen such that

_ ;{BO%

o =10 =10 (7)

Yo

then because of the absence of any convection causing
forces, the growth at early times would be diffusion-
dominated. This would ensure that there is no (signifi-
cant) Lorentz force acting on the fluid volume. In other
words, initially the effect of Lorentz force is negligible
because of the stagnant fluid, but at later times the proper
choice of 7y, enforces negligible convection, and hence
zero Lorentz force. Therefore, given the magnitude of
the applied magnetic gradient %‘f, the optimal value of
the imposed magnetic field is By = % In this case, b(7)
remains constant through out the éfowth. In general,
time varying b(¢) can be achieved by varying the power
(current) input to the magnetic coils [1,23].
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3.3. Controlled solidification of binary alloys:
a functional optimization framework

In this subsection, the solidification of a conducting
mixture in the general case is considered. Electromag-
netic as well as solutal and thermal induced convection
is dominant during the solidification process. The non-
dimensional governing equations are given in Box I.
To achieve a diffusion-based growth, the combined mag-
netic field and magnetic field gradient must be chosen in
such a way so as to negate the effects of the thermal and
convective buoyancy. With the particular assumptions
of constant magnetic gradient introduced earlier, the
objective is restated in terms of b(¢) € L,[0, tnax] In
particular, we are looking for an optimal solution
b(t) € L]0, tmax) such that

S(l_’) < S(b) Vb(t) € LZ[Oa tmax] (8)

where

5(0) = 3 N D)

L) (2;%[0.fmax])

[ fimex
*—/ / v(x, ;D) - v(x,t;0)dQdt 9)
2Jo Jaw

with the melt velocity v(x, ¢; b) defined from the solution
of the problem in Box I with the magnetic field b(¢) as a
function parameter and with a given superimposed mag-
netic gradient, & <. In the following discussion, we will use
(f8) 1 (@ x[0.me]) ©F SIMPY (f; g) to denote the dot prod-
uct of any (scalar or vector) functions f and g in
L2(Ql X [0, tmax])'

The main difficulty with the above optimization
problem is the calculation of the gradient S’(b(¢)) of
the cost functional in L[0, f,.«]. Introducing the direc-
tional derivative Da,S(b) = (S'(b), Ab)Lm ., of S,
and using the definition of the cost functional, we can
write the following:

DnpS(b) = (S/(b)va)Lz[(),tmx]
= (v(x,1;0), V(x,1; b, Ab))Lz(Q,x[O,tmax]) (10)

where the sensitivity velocity field V(x, b, Ab) =
Dppv(X, t; b), the  sensitivity temperature field
O(x, t; b, Ab) = Dpp0(X, t; b), sensitivity concentration
field C(x, t; b, Ab) = Dapc(X, t; b) and sensitivity poten-
tial field @(x, t; b, Ab) = Dap(X, t; b) are defined as the
linear Ab parts of O(x, t; b), v(x, t; b), c(x, t; b) and ¢
(x, t; b), respectively, calculated at b:

0(x, 1;b + 3b) = 0(x,£;b) + O(x, 1; b, Ab) + O(||Ab||7)
V(X,t;b+ Ab) = v(x,£;b) + V(x,£;5,Ab) + O(||Ab])
(X, t;b + Ab) = c(x,£;b) + C(x, ; b, Ab) + O(||Ab]|7,)
d(x,1;b + Ab) = p(x,1;b) + B(x,1;b, Ab) + O(||Ab||7)

As is clear from Eq. (10), the calculation of the gra-
dient S’(b) requires the evaluation of the adjoint to the

sensitivity of the velocity operator. The definition of
the sensitivity problem is addressed next followed by
the derivation of the corresponding adjoint operators.

3.3.1. Governing equations for the sensitivity problem
Taking the directional derivatives of the governing
equations of Box I in the direction of Ab and calculated
at the direct fields O(x, t; b), c(x,t;b), ¢(x, t;b) and
v(X, t; b) corresponding to the imposed field b(¢) results
in a linear sensitivity solidification problem that can be
used to evaluate the fields O(x, t; b, Ab), C(x, t; b, Ab),
@(x, t; b, Ab) and V(x, t; b, Ab). This sensitivity problem
is summarized in Box II, where X(x,t; b, Ab) and
I(x, t; b, Ab) are used to denote the directional deriva-
tives (sensitivities) of stress a(x, #; b) and pressure

p(x, t; b), respectively.

Remark 2. It is important to notice that the domain of
definition () of the governing equations in the melt as
given in Box I is itself time varying, and also depends on
the control parameter b(¢). In deriving the sensitivity
equations of Box II, the governing equations of Box I
are linearized (with respect to b(¢)) by considering the
contribution of the sensitivity with respect to b(¢) of
the front velocity (and thus of the domain) only in the
Stefan temperature condition and the concentration
condition at the interface. It has been verified with
extensive numerical testing [17], that the system of
equations in Box II indeed represents the evolution of
the sensitivity fields governing the solidification process.
Sensitivity calculations based on the direct analysis
for two nearby magnetic fields (b(¢) and b(z) + Ab(2))
also revealed that the sensitivity V; of the front velocity
ve was negligible compared to other sensitivity varia-
bles.

3.3.2. Adjoint equations

The derivation of the adjoint operators is given in
this subsection. The calculation of the gradient of the
objective function requires the appropriate evaluation
of the adjoint operators to the sensitivity operators.
The adjoint temperature is represented as y while w, &
and 5 represent the adjoint velocity, adjoint concen-
tration and adjoint electric potential, respectively. The
sensitivity operators for the thermal, fluid flow, concen-
tration and electric potential problems are denoted by F,
G, H and J. The adjoint operators F*, G*, H*, J* are
defined from the following Lagrange identities:

( W, @)Lﬂ(Q[XOtde]) - (‘// F@)L,(Q,x[o fmax]) = =0
(Go V) (2% [0,tmax]) (o, GV)Lz(Q[X[OJmax]) =0
(H*¢, C)L2 (2% [0,tmax]) = (¢ HC)L7 (X [0itmax]) — 0
U P) @0 = (1 3P0 x(0 ) = O
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Consider first the concentration operator H*. We
start with

(&,HC) = (é,%—f+v-vc+v-vc—Le-‘VZC) =0
(11)

Following the derivations given in [17], the above equa-
tion can be written as

(5,%—?+v.vc+v.vc—Le-lvzc>

— (C7 —% —v-Vé —Le’lvzg’) +(&,V-Ve)
—Le” ' ((VC - CVE ),

=0 (12)

Box II. Sensitivity problem to define V(x, t; b, Ab),
O(x, t; b, Ab), C(x, t; b, Ab) and P(x, t; b, Ab)

e Melt region

V-V=0, (X7t) EQI(I) X [Ovtmax]
ov

—4+V-Vv+v-VV
ot

=—V-X—RarPr(l —y,b)Oe, +Ra PrCe,
+ RarPrAby,0e, + Ha* Prb* |~V & +V x 5] X 5
+2Ha*PrbAb[—V ¢ +v X ep] X eg,
(x,1) € () X [0, tmax]
Z=—HI+Pr[VV+(VV)], (x,1) € Q(£) X [0, frua]

aC
—+v-VC+V-Ve=Le 'V2C,

ot
(x,2) € () X [0, max]
00 5
a—t+v -VO+V-VO0=V"0, (x,t) € Q(t) x[0, tmax]
V2O =V-(Vxes), (x,£)€Q(t)x[0,lmax
00, oC
67— 75—0, (x,t)e(l"l() F] [0 tmdx]
V=0, aa_¢:07 (X7t) EFl(t) X [Ovtmax]

V=0,C=0,0=0, =0 xcQ,(t=0)
e Interface

00, 00, 1
R 99 ety
K on on Ste"Vi-m,

(x,2) € T'1(2) X [0, tmax]
O =mC, (x,t) € I't(t) x [0, tmax)
oC

=Le(k—1)(c+9)Vr-n+ Le(k —1)Cv¢ - n
n

where the notation ( =/ b s f . ndIds is intro-
duced for any vector functlon f. By adding and subtract-
ing (C, - e,) from the above equation, the following is

derived:

o¢

—(C,w-e,) —Le”' (EVC —CV¢Em), =0 (13)

V~V6—Le’1V2§+w~eg) +(&,V-Ve)

The adjoint concentration operator is then defined as
follows:
o¢

H*éz—a—t—v-ch—Le’IVZé—i-areg:O (14)

We enforce &(x, t; b) to be the solution of the adjoint
equation defined by Eq. (14) with zero flux & on all
boundaries of I'y except the interface I'y, where the fol-

lowing equation is applied:

& g—f
o C
:iLe(kfl)(c+5)Vf4n+Le(kfl)Cvf~n (15)

C

where & on I'y was written using the expression given in
Box II Neglectlng the sensitivity of the front velocity
(see Remark 2) leads to the following boundary condi-
tion for the adjoint concentration:

0

a—ﬁ: ELe(k— 1)vf-n (16)
Using the adjoint concentration operator in Eq. (14)
along with Eq. (16), the following coupling criterion
for the concentration and velocity fields is obtained from
Eq. (13):

(&, V-Ve) = (C,m-e) (17)
A similar procedure is followed for the adjoint tempera-
ture operator % *. Beginning with
(y,FO) = (w,%—?+v.v9+v4v97v2@>

=0 (18)

and following steps similar to the derivation of the con-
centration operator (see [17]) gives

0
(lﬁ,a—?+v~V@+V-V0—V2@)

or
+ (VO - 6eVy,n),
=0 (19)
where we have used the initial conditions for @ and the
zero flux boundary conditions of ® on (I} — I'y). Fur-

ther, boundary conditions of zero flux for the adjoint
temperature in (I'y — I'7) is used in the above derivation.

:<@, W gy v2¢)+<w,V-v9)
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A final condition on the adjoint temperature field was
also introduced in the derivation of Eq. (19) as follows:

V(X tmax; b) = 0, X € Q)(tmax) (20)

Let us add and subtract (@, (I — yob)w - e,) from the
above equation to derive the following:

(@,—%—V-Vlﬁ V3 + (1 —yob)w-eg)

+ W, V-V0) + (VO — 0Vy,n),,

—(0,(1 =pb)w-e,) =0 (21)
The adjoint temperature operator is defined as
F*wz—%—v.w—vwﬂl —ppb)w-e, =0 (22)
The boundary conditions are zero flux % =0, on all

parts of I'| except the interface I'y where the following
equation is satisfied:

oy 06 (00 4
where aa—f at the left side of the freezing front was

expressed above using the sensitivity of the Stefan con-
dition given in Box II. The temperature boundary
conditions in the solid region for the direct problem
are independent of the control parameter. That is, the
thermal boundary conditions remain the same for
growth under b(z) as well as b(t) + Ab(¢). This results
in homogeneous boundary conditions for the sensitivity
solid temperature, leading to a trivial solution for the so-
lid sensitivity temperature evolution. This together with
neglecting Vy (Remark 2) gives us a condition of zero
flux for the adjoint temperature on the interface bound-
ary. Using Egs. (21)—(23) leads to the following coupling
criterion for the temperature and velocity fields:

Y, V-V0) = (0,(1 —yb)w - e) (24)
The electric potential operator J* is derived as follows:
(ané) = (7/7V2¢7v'(v><e3)) =0 (25)

Applying Green’s theorem to Eq. (25) and applying the
zero flux boundary conditions for the sensitivity poten-
tial and forcing a zero flux condition on the boundary
for the adjoint potential gives

(@, V1) = (V,V - (n x e)) =0 (26)
We now add and subtract (@, b’V - (w X eg)) to Eq. (26)
(@, V1 — b’V - (0 % e5)) + (D, 5°V - (0 X ep))
—(V,V-(nxep)=0 (27)
The adjoint electric potential is defined as
Ip=Vh—bV-(oxe) =0 (28)

The derivation results in the following coupling criterion
for the electric potential and velocity fields:

(@,0°V - (w0 x e3)) = (V,V - (1 x ep)) (29)
The velocity operator G* is derived below:
(0,GV) = (w,aa—\t]+V~Vv+v~VV—V-2
+RarPr(1—1y,b)Oe, — Ra.PrCe,
— RatPry,AbOe, — Ha* Prb* [~V & +V x €] X e

—2Ha’PrbAb[—V ¢ +v x ep] x eB)
—0 (30)

Sampath and Zabaras [20] have derived a similar
equation related to magneto-convection. After some
simple but tedious algebra Eq. (30) becomes

0
(V,—a%)—vaerVvT—Vn—PVVzw

— Ha*Prb*[ez(o - e5) — w]) + (o, (1 = pob)RarPrOe,)

— (w, Ra.PrCe, + Ha’Prb* [~V @ + V x ej] X e3)

— (@, HPPrb*V - (0 % e3)) — (o, RapPry,Able,)

— (0, 2Ha* PrbAb[—V ¢ + v x ep] x e5) = 0 (31)
where 7 is the adjoint pressure. The adjoint velocity is
constrained such that V-w =0 in Q(¢) X [0, t.x] and
(X, tmax) = 0 in Q(fyax). Using the coupling equations
derived for the concentration, temperature and electric

potential operators (Egs. (17), (24), (29)), Eq. (31) can
be simplified into the following form:

ot
+ RarPryV0 — Ra PréVe — Ha?PrV - (i x eg)

<V,faﬂfv~Vw+w4VvaanPrV2w

— Ha*Prb*[es(w - e5) — w]) — (w, RarPry,Able,)
— (@, 2Ha* PrbAb[—V ¢ + v x 5] x e5) = 0 (32)

Adding and subtracting (V, RatPrv) to Eq. (32) gives

aﬁ
ot
+ RarPryVO — RarPrv — Ra.PréVe

V,———v-Vo+o- VW —Vr-PVo

— Ha*Prb’[es(w - e5) — o] — Ha*PrV - (1 ¥ ep)

+ (V,RarPrv) — (o, RarPry,Able,)
— (@, 2Ha* PrbAb[—V ¢ + v x 5] x e5) = 0 (33)

The adjoint velocity operator is defined as

Gow= —%—C:—V~Vw+w~VvT—Vn—PrV2w
+ RatPryyVO — RayPrv — Ra .PréN e
— Ha*Prb*[ez(o - e5) — @] — Ha*PrV - (i ¥ ep)

=0 (34)
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By forcing w(x, t; b) to satisfy Eq. (34) along with no-
slip boundary conditions at the boundaries, Eq. (30) re-
duces to

(w, —RarPry,AbOe, — 2Ha* PrbAb[—V ¢ + v x ez] X e3)
+ (V,RarPrv) =0 (35)

The adjoint system of equations is summarized in Box

III. Using Egs. (10) and (35), one can finally obtain
the following relation:

DAhS(b) = (S'(b), Ab)@[o_zmi.x] = (V, V)L2(Q,><[0,tmax])
Hd?
= | w,Aby,0e, + 2R—bAb[—V¢ +vxep xep
ar

The gradient of the cost function can therefore be writ-
ten in terms of the adjoint velocity field as follows:

so)= [ {yooweg)

+ QRH"Z boo- (—V+v x e5) % eB)} o (36)

ar

This is a compact analytical solution for the gradient of
the cost functional in terms of the adjoint velocity in the
melt. This result will be used next within a conjugate
gradient optimization framework to obtain the desired
design solution for b(¢) that leads to convection-less
solidification growth.

3.4. Numerical implementation

After having obtained an analytical expression for
the exact gradient, any of the standard functional min-
imization techniques can be used for solving the above
defined optimization problem in Eq. (9). Here, the
non-linear conjugate gradient method (CGM) in L, is
used to minimize the cost functional S(b(¢)). This meth-
od constructs a sequence OB, b5 . to approach
the optimum solution b(¢). The solution of the direct,
adjoint and sensitivity problem is realized numerically
using the classical SUPG/PSPG method. A deforming
finite element formulation to explicitly track the solid—
liquid interface is used in the present work. Each mesh
(solid/melt) is deformed according to the motion of the
freezing interface. Sampath et al. [25] provide details of
various computational issues and solution methods that
are applied to solve the optimization problem. The en-
tire system of direct, sensitivity and adjoint equations
are implemented using an object oriented approach.
The interested reader can find details of the implemen-
tation and the application of object-oriented techniques
applied to adjoint-based inverse design problems in
[25,26].

Box III. Adjoint problem to define w(x, t; b), Y(x, t; b),
¢(x, 1; b) and n(x, 1; b)

0
_F?_vvw+wva+vn—Hv2w

+ RatPryyNVO — RacPréVe

— Ha’Pri*[es(w - eg) — o] — Ha*PrV - (i x ep)

—RatPrv=0, (X,t)€ Q(t) x [0, tmax]
V-o=0, (x,t)€ Q(t) x [0, tmax]

0¢

—E—WVC—Le"Isz—O—w-eg:O,

(x,1) € Q/(t) X [0, tax]
ST T ()¢, =0,
(X, t) S 'Ql(t) X [07tmax]

Vi — bV - (wxep)=0, (x,1) € Q(t) X [0, tnax]

oy oe

a— s a = 07 (X,t) S (F](t) — F[(l)) X [O7tmax]
=0 a—’170 (x,8) € T')(t) X [0, tmax]

o=V, on — Y X, ! s bmax

0

a—f =0, (x,1) €I X0,

0¢

3 ELe(k — 1)vi-m, (X,1) € I't X [0, fyax)
n

w(x, tmax) 6(7(, tmax) = 07 !P(X7 [max) = 0>

-0,
”(X7 tmax) = 07 X € Q/(tmax)

4. Examples
4.1. Pure materialldilute alloy

In this example, the horizontal Bridgeman growth of
Antimony doped Germanium is considered. The ampule
is 10 cm long and 5 cm wide. The ampule is made of
pyrolytic boron nitride (PBN) with a thickness of
1 mm. The furnace closely envelops the crucible. A seed
of thickness 5 mm is initially placed on the left side of
the configuration and the ampule is filled with charge.
The furnace maintains a temperature gradient of 10 K/
cm (~25 K/in) in the melt zone and a higher gradient
of 30 K/cm (~75 K/in) in the solid zone. The tempera-
ture profile increases along the length of the ampule un-
til 40 K superheat is reached after which a constant
temperature is maintained. To maintain the stoichiome-
try of the crystal, arsenic gas at a predetermined pressure
is maintained over the free surface of the melt. The ther-
mophysical properties are taken from Adoranto et al.
[27] and Oreper et al. [4]. The ampule properties were
taken from Barvinschi et al. [28]. A simplified radiation
model relating the non-dimensional thermal gradient at
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the melt interface and the non-dimensional global tem-
perature is used:

oM (T - 1) (37)
where L is the characteristic length scale of the system
and

L Dumpie

1 + K ampule
3
45ampule0-6T0

This gives us Neumann boundary conditions for the
horizontal bottom wall and the free surface. The crystal
is slowly pulled to the left. Directional solidification
takes place and a single crystal is produced. To bring
out the advantages of using a magnetic gradient on the
growth of single crystals a fairly large pulling rate of
about 10 cm/h was chosen.

First the horizontal Bridgeman growth of Antimony
doped Germanium under standard conditions (normal
earth gravity, no magnetic field) was simulated. At early
times, the thermal gradients in the originally quiescent
melt cause surface tension gradients on the free surface
as well as density gradients in the bulk liquid. This leads
to combined buoyancy and thermocapillary convection
in the fluid. The fluid velocities are maximum at the
top free surface in regions close to the moving solid—

liquid interface. Continuity of the fluid flow slowly leads
to counter-clockwise circulation of the melt filling the
entire cavity (Fig. 2). As the solidification process pro-
ceeds further, the solid-liquid interface starts to curve,
with more solid volume formed at the bottom compared
to the top part of the cavity.

The bottom part manages to keep up with the mov-
ing imposed thermal gradients at the melt-ampule inter-
face but the aggressive flow towards the interface from
the hotter melt causes the front to move very slowly at
the top. This trend continues and can be clearly seen
in Fig. 3.

The initially flat interface gradually becomes very
skewed. In crystal growth a more or less planar interface
is desired. This can be achieved either by increasing the
thermal gradient or by reducing the pulling rate. Both
these measures have major economic consequences.
The streamline contours in Fig. 2 clearly show that once
the flow pattern has developed (by ¢#=0.7) it remains
steady. Notice also that there is a stratification of the
isotherms in the middle region of the melt. This would
result in the fluctuation of the temperature on the inter-
face and cause the formation of defects and striations.

The isopleths have an almost identical structure to
the flow pattern. Initially a high concentration spot is
formed at the left top of the melt domain. This is then
forced down by the thermocapillary induced convection.

TEMPERATURE

Fig. 2. Calculated contours of streamlines, concentration and temperature at times 2 and 4 for the horizontal Bridgeman growth of

SbGe.
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Fig. 3. Solid-liquid interface position with time for the
reference SbGe growth with a pulling speed ~10 cm/h.
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Fig. 4. Calculated history of the solid-liquid interface concen-
tration for the reference problem.

Interestingly, the flow carries the rejected solute down to
the bottom of the melt, then across the bottom wall, up
the other wall and right back to the interface. In the
meantime, the concentration of the solute in the ‘flow
stream’ gradually reduces due to diffusion. This periodic
recycling of the dopant at the interface causes a fluctua-
tion in the dopant concentration on the interface and
hence on the solid. This phenomenon can be seen in
the time history of the concentration at the interface
given in Fig. 4. The concentration excess in front of
the interface forms until about = 1 after which it is re-
moved by the strong flow patterns. The flow recirculates
the solute back to the interface as seen by the fluctua-
tions in the concentration profile with time. Note that
these fluctuations become further apart and weaker as
time progresses. This is because along with convection
the solute is also diffused slowly into the middle rela-
tively quiet zone in the melt.

The crystal growth of GeSb in the horizontal Bridg-
eman growth configuration at higher crystal pulling
rates led to a wavy interface and cyclic fluctuations in

the temperature and concentration of the solute at the
solid-melt interface. Calculations were carried out for
crystal growth under the action of a uniformly imposed
magnetic field gradient (B%) of about 1.6 T>/cm. The
mean magnetic field resulted in Ha = 60. This corre-
sponds to the optimal magnetic field as computed in Sec-
tion 3.2 superimposed on a given magnetic gradient.
Note that these magnetic field conditions correspond
to y=0.95. This (sub-optimal) value instead of y =1
was selected here for presentation reasons only in order
to allow better visualization of the very weak melt flow
results. A weak roll develops at about = 0.015 in the
upper left corner of the melt domain. At about the same
time, there is a weak flow towards the right at the bot-
tom right of the melt domain. Both these flow patterns
develop until about 1 = 0.05. After this, the two patterns
begin to interact and the recirculating cell shrinks to
form an elongated ellipse near the solidifying interface.
This roll fully develops to its maximum strength of 0.6
(compared to the 17.9 in the reference case) by about
t =0.2. Thereafter the flow pattern is almost steady.
This is clearly seen in the streamline contours given in
Fig. 5. The isotherms are nearly parallel to the interface
all through the simulation and they closely follow the
movement of the externally imposed temperature gradi-
ent. This suggests that the heat transfer is nearly conduc-
tion-based, with minute local convection effects. The
interface growth speed follows the pulling speed. Fig. 6
shows the interface profile with time. Note the signifi-
cant difference between the interface profiles in the two
cases in Figs. 3 and 6. Initially, the melt-crystal interface
is planar in both cases. In the reference case, with
increasing time, the surface tension induced back flow
at the top of the melt causes the interface growth velo-
city at the top surface to become extremely small. The
planar front quickly deteriorates. With the application
of the magnetic field superimposed on a magnetic gradi-
ent, the interface stays planar with uniform temperature
distribution all along the interface. The impact of the
application of a magnetic field on the growing front is
seen in Fig. 7. The standard deviations of the curvature
(deviation from a planar interface) of the preceding two
cases (an applied magnetic field gradient and reference
case) are plotted as a function of time. Note the signifi-
cant differences in the standard deviation of the interface
for the two cases. Fig. 8 shows the interface concen-
tration profile with time. The concentration is mainly
diffusion-based with nearly uniform concentration all
throughout the growth run. It must be noted that the
concentration on the interface increases very slowly al-
beit uniformly due to the accumulation of the solute in
front of the interface. The slow moving melt could still
produce long time-period, low amplitude oscillations in
the concentration at the interface (due to recirculation),
but this was not observed during the entire growth
run.
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Fig. 5. Calculated contours of streamlines, concentration and temperature at times 2 and 4 for the horizontal Bridgeman growth of

SbGe under the action of a magnetic gradient.
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Fig. 6. Solid-liquid interface position with time for SbGe
growth with an applied magnetic gradient at a pulling speed
~10 cm/h.

4.2. Binary alloy

In this example, solidification of a binary alloy in a
rectangular cavity of dimensions 2 cm X 2 cm is consid-
ered. The physical properties of the system are given
as  Pr=0.007, Rar=200000.0, Rac=10000.0,
Le =1000.0, Ste=0.034, R, =0.4358, R, =0.4358
and m = —0.001. The mass magnetic susceptibility of
the melt is y =7.6x 1075, The initial temperature of

M L B B RN
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Fig. 7. Deviation of the interface from a planar growth with
time.

the melt was 40 °C above the melting point of the fluid.
The left wall is maintained at 40 °C below the freezing
temperature for the duration of the simulation. The
growth was simulated for a dimensionless time of 0.2.
The melt computational domain consisted of 1200 quad-
rilateral elements and 1271 nodes, while the solid com-
putational domain consisted of 800 quadrilateral
elements and 861 nodes. The total simulation consisting
of the direct, sensitivity and adjoint problems took
around 3.0 h on a Pentium-4 processor based PC.
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Fig. 8. Calculated history of the solid-liquid interface concen-
tration under the influence of a magnetic gradient.

4.2.1. Definition of the inverse design problem
The inverse design problem to be examined here is as
follows:

Find the magnetic field b(t) superimposed upon a constant
magnetic gradient (%—f = ¢, given) such that convection less
growth leading to a vertical interface growth is achieved
during the complete growth.

The time domain [0, t,.«] is taken with f,,x =0.2.
This is chosen because beyond this time, the temperature
of the melt reaches a temperature close to the freezing
temperature and the velocity in the melt region is negli-
gible. Therefore, the end condition difficulty associated
with the adjoint method will not be important [20]. An
initial guess of b(r) = -8 is used to start the CGM
iterations. The magnetic field is here non-dimensional-
ized using a reference field B.r corresponding to
Ha = 60. The constant magnetic field gradient is then
defined as B ¥ = 1.6 T?/cm.

Within each CGM iteration, the direct, adjoint and
sensitivity problems are solved using the algorithm men-
tioned earlier. The spatial and temporal discretization
remain the same for all three problems. The total num-
ber of time steps involved in the solution of each of the
direct, sensitivity and adjoint problems is 401. The total
computational time for each CGM iteration including
the solution of the three subproblems was about 3.0 h.
This included considerable time spent on reading/writ-
ing data as the adjoint and the sensitivity problems re-
quire the direct problem solution at each time step of
their solution. The convergence of the CGM is shown
in Fig. 9. The computations were stopped after the cost
functional reached a specified error tolerance of
5% 107*. The temporal variation of the optimal external
magnetic field to be applied is given in Fig. 10.

4.2.2. Validation of the inverse design solution
In order to see how close the desired objectives were
met a comparison of the optimal solution with a refer-

—_
=)

Cost functional

D W B N ] X O

—

M B R AN
2 3 4 5 6 7
CG iterations
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Fig. 9. Cost functional vs. CGM iteration.
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Fig. 10. Plot of optimal magnetic field.

ence case was made. The reference case involved running
the direct problem for no applied magnetic field whereas
the optimal solution involved running the direct prob-
lem with the magnetic field obtained from the converged
CGM optimization scheme (Fig. 10).

To evaluate whether the desired flat interface is ob-
tained the interface positions and shapes for the refer-
ence case and the optimal case are shown in Fig. 11.
The optimal magnetic field ensures a perfectly planar
growth front. To evaluate whether the desired convec-
tion-less growth is achieved, isotherms of the reference
case as well as the optimal solution are plotted in Fig.
12. Under the action of the optimal magnetic field the
isotherms are parallel to the moving front at all times
during the growth simulation. The substantial suppres-
sion of velocity in the melt is brought out by the stream-
line contours shown in Fig. 13. The maximum strength
of the vorticity reduced from 1.8 to about 0.025.
The maximum strength of the velocity reduced from
Umax = 45.82 to about vy, =0.15. As a consequence
of a planar interface and diffusion-dominated growth,
the concentration evolution is not affected by convection
and is diffusion-based. A comparison of the isochors of
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the two above mentioned cases is provided in Fig. 14. the length of the interface under the action of the mag-
Compare the uniform distribution of the solute along netic gradient to the isochors for the reference case. The
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Fig. 14. Comparison of isochors.

solute is uniformly distributed along the length of the
interface. This results in a homogeneous distribution
of the solute in the solid. The application of the optimal
magnetic field along with the superimposed magnetic
gradient produces a combination of Lorentz and Kelvin
forces which indeed causes a substantial reduction of
melt flow thus leading to nearly diffusion-based solidifi-
cation conditions.

5. Conclusions and suggestions

A systematic continuum formulation using the adjoint
method was proposed for the design of solidification pro-
cesses. The objective was the control of the externally ap-
plied magnetic field such that the solidification of the
material proceeds in a convection-less environment. An
inverse design problem was defined and the exact gradi-
ent of the cost functional was obtained using the solution
of an adjoint system of equations. The conjugate gradient
method in L, was used to solve for the optimal magnetic
field. The application of the optimal calculated magnetic
field along with a superimposed magnetic gradient re-
sulted in a uniform growth of the interface and suppres-
sion of temperature and concentration fluctuations in
the solid. It has been shown that, through proper applica-
tion of a magnetic field (and gradient(s)) a state of earth-
based reduced gravity growth, resulting in better quality
of crystals can be achieved.

The feasibility of the control of solidification through
the application of magnetic fields and superimposed
magnetic gradients was demonstrated by the examples
in Section 4. It is emphasized that the control parameter
in this work is only the magnitude of the magnetic field.
The present methodology can be further extended to the
design of the orientation as well as the magnitude of the
magnetic fields. This can be applied to the quality con-
trol of various conducting materials in different manu-
facturing applications like crystal growth and metal

casting. Furthermore, real time feedback control of crys-
tal growth and solidification processes is also a very
promising issue.
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