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Abstract

An integrated macro/micro model is developed for simulating the microstructure evolution during solidification processes of Ti—6Al-4V alloy
in a cold crucible under electromagnetic field, which combines the 3-D finite difference method (FDM) at the macroscale with a 2-D cellular
automaton (CA) model at the microscale. Based on the FDM solution of momentum, thermal transport and Maxwell equations, the macro model is
used to simulate the fluid flow and heat transfer throughout the casting under electromagnetic field. The micro model is used to predict the nucleation
and growth of grains for the vertical central plane. Validity of the model is confirmed by comparison between the result from calculation and it
from direct measurement. Numerical simulations are performed to investigate the influences of coil current, duration and heat transfer coefficient
at the casting/crucible interface on fluid flow and microstructure formation. Calculated results reveal that the growth of coarser columnar structure
is promoted for a longer duration. The variation of coil current has a minor effect on the formation of microstructure. Increasing the heat transfer
coefficient generates a coarser cast structure. The main action of electromagnetic field is that a small vortex in the upper part rotates in opposite

direction to the buoyancy convection. The underlying mechanisms responsible for those physical phenomena are discussed.
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1. Introduction

It is well known that titanium and its alloys may be used
as hydrogen storage media because of their high affinity on
hydrogen. It was not until recently that hydrogen, when used
correctly, can be recognized as a beneficial element because of
its influences on the modification of microstructures, such as
microstructure refinement, and the consequent enhancement of
mechanical properties [1]. Therefore, thermohydrogen process-
ing with hydrogen acting as a temporary element has attracted a
great deal of interest for refining the microstructure of titanium
alloys. And the best known alloy, which has been widely used
and studied, is Ti-6A1-4V [1,2].

As numerous experimental investigations on thermohydro-
gen processing to Ti—-6Al—4V alloy have been published [3,4],
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it can be found that if the hydride TiHj is used as the source of
hydrogen, the hydrogenation process usually is executed in the
cold crucible under electromagnetic field, since this technique
offers many varieties of application such as melting and casting
of active metals with high melting points. Therefore, before the
underlying mechanisms of microstructure refinement by hydro-
gen treatment are explored, grain structure solidified in the cold
crucible under electromagnetic field should be studied first.

Although experimental studies can be carried out to investi-
gate possible mechanisms for microstructure formation, it is still
difficult to use those experiments to explain the results in the
real castings, because of the opaqueness of the alloy melt. How-
ever, the numerical methods, such as deterministic and cellular
automaton (CA) models [5], offer the possibility to “visualize”
all the details.

For the prediction of microstructure formation, deterministic
models have been first proposed. However, the structural features
such as grain morphology and size cannot be depicted graphi-
cally by them [6]. Therefore, the stochastic method, such as CA
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Nomenclature

B magnetic flux density

B; radial component of B

B, By, B; components of Bin X, Y and Z direction, respec-
tively

p specific heat

Co initial alloy composition

D, liquid diffusion coefficient

. fs volume fraction

F Lorentz force

Fy, Fy, F; components of Lorentz force in X, ¥ and Z
direction, respectively

g gravitational acceleration

himax, himin heat transfer coefficient at the casting/crucible
interface

H, height of the coil

1 coil current

Jo electric current density

Jex Jey, Jez X, y and z components of Jo

k partition coefficient of phase diagram

K permeability of liquid in porous medium
L volumetric latent heat

m liquidus slope of phase diagram

n nuclei density

Nmax maximum nuclei density
N number of coil turns
P pressure

QOinduction joule heat per unit volume
Teell growth length of dendrite tip

o radius of the coil

p distance of a point to the z-axis

t time

T temperature

Tp pouring temperature

Tref reference temperature

AT undercooling

AT, constitutional undercooling

ATmax mean nucleation undercooling of the Gaussian
distribution

AT, standard deviation of the Gaussian distribution

u,vand w X, Y and Z components of U

U velocity vector

Viip(AT.) growth velocity of dendrite tip

Axcenn  cell size

AxppMm  size of finite difference mesh

20 half height of the coil

%p distance of a point to the central x—y plane

Greek symbols

Bt thermal expansion coefficient

r Gibbs-Thomson coefficient

e magnetic permeability

0 angle between radial magnetic flux density and
X-axis

A thermal conductivity
n viscosity

0 density

o

electrical conductivity

technique, is introduced to simulate the microstructure evolu-
tion during the course of solidification. Although great efforts
and progress have been made to model microstructure evolution
with CA models over the last decade [5-9], we can find:

(1) The microstructure formation and electromagnetically
driven flow in the cold crucible have been studied as sep-
arate subjects in many literatures. However, it is useful
to note that until now there has not been an integrated
computational methodology to quantify the effects of elec-
tromagnetically induced flow on microstructure in the cold
crucible. Furthermore, investigation of solidification behav-
ior under electromagnetic field is of prime importance as this
may provide the framework for further study of hydrogena-
tion characteristics and the microstructure modification of
Ti—6Al-4V by hydrogen treatment.

(2) It is well known that operation parameters, such as
coil current, duration and heat transfer coefficient at the
casting/crucible interface, have significant effects on the
microstructure formation during solidification. However,
there are few studies about the influences of these param-
eters. And the parametric study is very necessary for our
fundamental understanding of fluid flow and microstruc-
ture evolution under electromagnetically assisted condition
in a cold crucible.

Therefore, in the present study, an integrated macro/micro
model is presented which is based on the coupling of the 3-
D FDM method for macroscopic modeling of fluid flow and
heat transfer phenomena and the 2-D CA model for simulat-
ing microstructure evolution of Ti-6Al-4V in the cold crucible.
An important relationship between the melt temperature and the
coil current is constructed based on the experimentally mea-
sured cooling curve. This model is verified by comparing the
numerical prediction with experimental observation. Effects of
operation parameters, such as coil current, duration and heat
transfer coefficient on the fluid flow and microstructure evolution
are investigated in detail.

2. Macroscopic model

Simulation of the solidification of Ti—-6Al-4V alloy in the
cold crucible under electromagnetic field is considered in a
three-dimensional domain and modeled by solving the gov-
erning equations of continuity and momentum for fluid flow,
the thermal balance equation for heat transfer and the Maxwell
equation for electrodynamics. In derivation of these equations,
the following simplifying assumptions are made.



S.P. Wu et al. / Journal of Alloys and Compounds 456 (2008) 85-95 87

(1) No interaction for the coupling between the electromag-
netic field and the melt shape is considered. The shape of
the molten alloy is simply input to match the experimental
result.

(2) Nucleation sites are stationary and do not move with the
melt.

(3) All thermophysical properties are assumed to be constant.

Based on these hypotheses, the continuity and momentum
equations (Cartesian coordinate system) for the steady and
incompressible thermal flow are given as [10,11]:

V(pU) =0 (D
ou — oP %

p— +pVulU)=——+V(uVu)+ —u + Fx 2
ot ox K
8v+ VU) aP+V(V)+” + F. 3)
— w) =—— v)+ —v

Por T°P ay T k'
W vl = -2 L vuvw + &
- wl) = —— w)+ —w

P ot P 0z ’ K

— pg[BT(T — Tiep)] + F “4)

The last terms in the right hand side of Egs. (2)—(4) are com-
ponents of Lorentz force F in X, Y and Z directions, respectively.

Fy = Jesz - Jesz (©)
Fy = Je; By — Jex B, (6)
FZ = JexBy - JeyBx (7)

The current density Je(Jex, Jey, Jez) is generated by the
induced electric field and the movement of materials under the
externally imposed magnetic field and can be calculated by solv-
ing the Maxwell equation [11]:

Je:o[—<AX;DM)V(UxB)+UxB 8)

For some solidification problem, in order to simplify the
method and allow reasonable computation time, in this paper,
components of the magnetic flux density B in different directions
are calculated by semi-empirical equations [12]:

N [* ¢l 1

B:=4 2
e =0 2120 fir 4y + (zp — 2
2 2 2
rs—rs—(zp—2z
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@ oo 270 f(ry 1+ (2 — 20’
72+ 12+ (zp — 20)?
x |1.46 x P +1.677|dr (10)
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B, = B; x cos0 (11)
By = B; x sin6 (12)

Heat transfer model is [12]:

g + V(TU) _ LV(VT) + E% + Qinduction (13)
ot 0Cp cp Ot PCp

where Qinduction 18 joule heat per unit volume. Details about its
calculation are given in Ref. [12].

In the Cartesian coordinate, a FDM formulation is chosen
to solve these equations. The calculation procedure is the fol-
lowing. First of all, the distributions of magnetic flux density
for each coil current are estimated by Eqs. (9)-(12). Secondly,
momentum and continuity equations are solved by the solu-
tion algorithm volume of fluid (SOLA-VOF) technique. Thirdly,
based on the distributions of the magnetic field and the flow field,
the current density can be calculated by Eq. (8). Finally, Lorentz
force induced by the magnetic field is determined by solving
Eqgs. (5)—(7). This procedure is repeated within each time-step.

Here one point should be stressed. As the severity of segre-
gation is dependent on the partition coefficient of the element,
there is little segregation of aluminum (ka;=1.167) and vana-
dium (ky=0.84). It indicates that during the solidification
of Ti—6Al-4V alloy, the solutal convection, induced by the
concentration gradient due to the rejection of solute into the
interdendritic liquid, may not play a significant role. Thus, the
solutal buoyancy term is not considered in the momentum equa-
tion.

3. Microscopic model

For the simulation of grain nucleation and growth, a micro-
scopic model has been developed by Rappaz et al. [6],
characterized as the thermal undercooling and a power law can
be reasonably used for the calculations of nucleation and growth,
respectively. In this study, their idea has been adopted without
any modifications.

3.1. Nucleation model

A Gaussian distribution is given:

dn Nmax
= X
dAT) ~ VanaT, P

(14)

(AT — ATpax)?
2AT?2

3.2. Growth model

Once nucleation has occurred, a rule for tip growth must be
applied. Here, the Vi;,(AT;) relationship is described by a power
law, which fits the KGT (Kurz—Giovanola—Trivedi) model [13]:

Viip(ATe) = 5.85 x 1079(AT,)? (15)

Then, the growth length of the dendrite tip is given by:

t
%m0=AvaEWHW‘ (16)
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Fig. 1. Schematic diagram of the cold crucible.

4. Experimental technique

The schematic representation of the whole geometry of cold crucible is
shown in Fig. 1, where all dimensions are in millimeters. The cold crucible is
made of copper with 30 mm in internal diameter, 70 mm in external diameter,
and 150 mm in height and a four-turn water cooled copper coil with 12 mm in
diameter is located around it. This cylindrically straight crucible has eight pieces
of vertical slits periodically arranged along the circumferential direction.

For a typical cold crucible casting procedure, the cylindrical Ti-6Al1-4V
charge with 30 mm in diameter is first placed at a certain position in the crucible
where the influence of an induction coil is active. Then the furnace chamber
is filled with argon with slight overpressure compared to atmospheric pressure.
The power is gradually increased until the charge melts with the formation of
a meniscus. After holding the melt for a period of time, as the steady state is
reached, the power is decreased at a certain rate. When the melt has completely
solidified, the pressure is released and the crucible arrangement taken down to
remove the casting.

5. Relationship between the temperature and the coil
current

From the above description, we can see that, at the first step,
the alloy is heated and melted due to the transmission of the
power until a certain superheat is achieved. As the calculation
of the heating process of Ti-6Al-4V alloy is not included in
this paper, for the following simulation, a reasonable approxi-
mation should be given to estimate the melt temperature at the
beginning of solidification. Therefore, an attempt is made to pro-
vide a relationship between the temperature and the coil current.
For that purpose, by varying the coil current, temperature mea-
surement was made within the melt during solidification using
one W-3Re/W-25Re thermocouple that was installed along the
casting axis at the fixed vertical position of 75 mm measured
from the base of the raw material (point 1, see Fig. 1).

As shown in Fig. 2, the relationship between the temperature
and the coil current is constructed on the basis of the experi-
mentally measured cooling curve (Fig. 2(a)) through the use of
regression-correlation analysis:

T, = —0.00045 x 1% + 1.77448 x I — 103.2 (17)
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Fig. 2. Relationship between the measured temperature and the coil current: (a)
experimental data; (b) regression correlation.

Here one point should be stressed that although this relationship
can only be applied to point 1 in theory, to circumvent the lack
of the complete analysis of heating process, for the following
calculation, it is assumed that at the beginning of solidification,
the whole melt has a uniform temperature, which can be spec-
ified using Eq. (17). While this assumption may not be strictly
correct, it is the best approximation available at this time.

6. Results and discussion

The present mathematical model is applied to simulate the
microstructure evolution during solidification of Ti—-6Al-4V

Table 1
Thermo-physical data used in the simulation

Ti—6Al-4V Copper
N(Wm™ K1) 14.1 398
cp kg 'K 930 465
p (kgm™3) 4430 8930
L(m™3) 1580 x 10°
Ti/Tret (°C) 1635
T, (°C) 1522
Tm (°C) 1670
w(m?s™h) 4x107°
Br (K1) 2% 1074
o MSm™!) 0.688
e (Hm™1) 12.6 x 1077
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Fig. 3. Shape of the molten melt: (a) experimental result and (b) shape functions for numerical calculation.

Table 2

Parameters used in the simulation

Properties Value
Dy (m?s~1) 5x107°
Tmax (M™3) 3% 10°
AT, (°C) 0.5
ATmax (°C) 1

Axeent (M) 1 x 107
Axppm (m) 1x1073

alloy under the electromagnetic field in the cold crucible.
The physical properties of Ti-6A1-4V and copper crucible are
included in Table 1 [14]. Other parameters used for simulation
are listed in Table 2. Boundary types and heat transfer coef-
ficients are given in Table 3 [15]. Here, the value of hipgax i
assumed constant 1000 W/(m2K) and four different values of
himin, 20, 100, 400 and 800 W/(mzK), are selected to investigate

Table 3
Boundary types and heat transfer coefficients

Expression

On = hrA(Tgas — Tinetal)

Metal top and argon gas
(type A)
hea = 1.05 x & x [(Tgas + 273)2 +
(Tmetal + 273)2][(Tgas + 273) +
(Tmetal + 273)]

Metal and solid shell OB = Ametal(Tshell — Tmetal)

(type B)
Solid shell and crucible Oc = hic(Terucible — Tmetal)
interface (type C) hrC = hconduc[ion + (1 - fl)hmdialion

heconduction = himin + fl(himax — himin)
hradiation = 0.4 X & X [(Terucible + 273)2
+ (Tinetal + 273)2][(Tcrucible +273)

+ (Tmetal + 273)]

£=10.72 himax = 1000 Wm=2K~!

the influence of the rate of heat extraction on the evolution of
microstructure.

6.1. Validation of the present model

To evaluate the validity of the proposed model, the numeri-
cal prediction is compared with the experimental measurement.
To correspond to the production conditions, the mathematical
modeling is performed with the coil current 2015 A and dura-
tion 300 s meaning that the coil current is kept constant during
this period of time and soon decreased to zero as solidifica-
tion progresses. The heat transfer coefficient hip;, is taken as
20 W/(m2K).

As the shape of the molten Ti—-6Al-4V alloy in the cold
crucible is assumed constant during solidification, the exper-
imentally obtained morphologies of solidification front and
meniscus (indicated as dashed lines, Fig. 3(a)) are input to
the model. The corresponding shape functions are presented in
Fig. 3(b).

The validation of the present model investigates the
microstructure of Ti-6Al-4V alloy. Fig. 4 gives the compar-
ison of experimentally observed and numerically predicted
microstructures. It can be seen that the simulation is in rea-
sonable agreement with the experimental observation, although

Fig. 4. Comparison between: (a) experimentally observed and (b) numerically
predicted microstructure.
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Fig. 5. Calculated streamline and the extent of mushy zone at 5s for: (a) 2015 A; (b) 1893 A and (c) 1862 A.
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Fig. 6. Distributions of buoyancy and Lorentz forces for various coil currents at 5 s: (a) buoyancy force and (b) Lorentz force.
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Fig. 7. Simulated microstructures of Ti—-6Al-4V alloy for various coil currents with hipi, 20 W/(m2K): (a) 2015 A; (b) 1893 A and (c) 1862 A.

there is an over-prediction of the mean grain size. Notwithstand-
ing this discrepancy, the validity of the developed model can still
be confirmed.

6.2. Effect of coil current

To investigate the effect of coil current, we perform numerical
simulations by selecting three currents: 2015, 1893 and 1862 A.
And for each coil current, the duration is 5 s, after which the coil
current is soon decreased to zero.

Fig. 5 compares the streamline and the size of mushy zone at
solidification time 5s for various coil currents. As we know,
convection can be the result of two body forces within the
bulk liquid. First, convection can be created by gravity asso-
ciated with a temperature gradient. Second, external force such
as electromagnetic force (Lorentz force) can also induce sig-
nificant fluid flow. Since the electromagnetically driven flow
may counteract the basic buoyancy flow in the melt, in view
of Fig. 5, it is observed that the molten metal in the melt
pool flows in two cells. The first one, basic buoyant flow,
is characterized by a downward melt flow along the vertical
crucible wall and a corresponding upward flow in the mid-
dle of the casting. The second one caused by Lorentz force,
opposite to the thermal convection, flows from the meniscus
top down and returns through the free melt surface. In addi-
tion, it can be found that the size of second cell located in
the upper part of the melt is usually small, which can be
explained by the competing effects of the two body forces.
Fig. 6 gives the distributions of buoyancy and Lorentz forces for

various coil currents at 5s. As the Lorentz force (y/F7 + F?)

is not sufficiently large compared with the buoyancy force
(pglBT(T — Trer)]), the effects of thermal buoyancy outweigh
the effects of electromagnetic force, suppressing the formation
of a large counter-clockwise rotating flow in the upper part of
the melt.

Although the overall flow patterns appear in the three cases
similarly, there is a change in the magnitude of the maximum
flow velocity. The strength of fluid flow is increased as a larger
coil current is selected. This can be explained from two aspects.
Firstly, as the coil current / and the Lorentz force F are indi-
rectly related through the magnetic flux density B, an increase
in I results in the increase in B indicating an increase of F, and
therefore, the fluid flow in the bulk liquid is reinforced. Sec-
ondly, increasing the coil current is equalized to increasing the
melt superheat (by means of Eq. (17), superheats are found to
be 13, 8 and 5 °C for coil currents of 2015, 1893 and 1862 A,

respectively), which may produce a stronger thermal convection
in the liquid pool.

However, it is worth noting that decreasing the coil current
from 2015 to 1862 A does not affect the size of mushy zone
greatly. As the temperature distribution has a direct influence
on the formation of microstructure in solidifying melts, it can
be predicted that the obtained microstructure may not be sig-
nificantly affected by changing the coil current. This can be
confirmed by examination of the following two figures.

Figs. 7 and 8 show the predicted microstructures of
Ti—6Al-4V alloy and the mean grain sizes obtained for differ-
ent coil currents, respectively. A prominent feature is the fact
that the simulated microstructure is nearly independent of the
coil current. This is somewhat surprising when one considers
that increasing the coil current serves to increase the melt initial
temperature. Thus, one might expect the coarser microstructure
is formed with a larger superheat. Since increasing the coil cur-
rent may increase the strength of fluid flow, which may overcome
the higher thermal load imposed by the higher superheat, nulli-
fying the effect of superheat, it is not surprising to see that the
microstructure is little affected.

6.3. Effect of duration

In order to quantify the effects of duration on microstructure
formation, four cases have been designed presenting the different
combinations of coil current and duration, as shown in Fig. 9.

Figs. 10 and 11 show the evolutions of microstructure at var-
ious solidification times and the mean grain sizes for different

100

9B

92| o

Mean grain size (um)

84}

80 1 1 1 (]
1840 1880 1920 1960 2000 2040

Coil current (A)

Fig. 8. Dependence of mean grain size on the coil current.
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Stage ==

Coil current (A)
>
w

>
Duration (s)

Case 1==> 2015A X 2s
Case 2= 2015A X 4s
Case 3—» 2015A X 6s
Case 4= 2015A X 8s

B C
1810A X 10s 1790A X 10s
1810A X 20s 1790A X 20s
1810A X 60s 1790A X 60s

1810A X 100s 1790A X 100s

Fig. 9. Different combinations of the coil current and duration.

cases, respectively. In view of the results, it is clear that the
growth of coarser columnar grain is promoted with increasing
the duration. For the explanation, efforts have gone into under-
standing the competition between the growth of columnar and
equiaxed grains.

Firstly, during stage A, the columnar grain grows slowly and
no nucleation of equiaxed grain occurs. This is mainly attributed

to the fact that as the initial superheat (13 °C) is not fully dis-
sipated, the remaining superheat leads to a significant delay of
the microstructure formation. And the degree of the postpone-
ment of solidification increases with increasing the duration.
Secondly, during stage B, with decreasing the coil current from
2015 to 1810 A, constitutional undercooling (T, —TL=1°C,
Eq. (17)) is soon built up in the melt and its intensity is suf-

Stage A: 2s Stage B : 2s+10s

Stage A :4s Stage B : 4s+20s

Stage A : 6s

Stage A:8s Stage B : 8s+100s

Stage C : 8s+100s+10s

Stage C: 130s

Fig. 10. Simulated microstructures of Ti—-6Al-4V alloy at various solidification times for different cases with hipyin 20 W/(m2K): (a) case 1; (b) case 2; (c) case 3

and (d) case 4.



S.P. Wu et al. / Journal of Alloys and Compounds 456 (2008) 85-95 93

100
0
96 |- o
€
=
N %2 0
w
£ 0
o
o
- 88F
o
o
=
84
80
0 1 2 3 4
Case
Fig. 11. Variation of mean grain size for different cases.

ficient to allow the nucleation of equiaxed grains over a short
period of time due to a small nucleation undercooling selected
(ATmax =1°C, see Table 2). Despite the fact that an amount of
nuclei are present in the melt during this stage, the constitu-
tional undercooling is still too low to allow equiaxed growth.
Thus, since a larger temperature gradient exists ahead of the
columnar front due to the heat loss at the edge of the casting,
only columnar growth is possible and the increase of its length
runs parallel to the increase of duration. Thirdly, during stage C,
with further decreasing the coil current from 1810 to 1790 A, the
average liquid temperature decreases, corresponding to a lower
value. At this time the undercooled region widens and consti-
tutional undercooling (4 °C) increases, and then, the equiaxed
grains may develop from the nuclei present in the melt. Their
growth soon hinders the columnar growth building the central

@, (0);

equiaxed zone. It can be found that during this stage, for cases 3
and 4, the time required for the complete microstructure forma-
tion is shorter compared to the pre-determined duration. That is
to say, further increase in duration beyond the value of 24 s may
not have apparent influence on the microstructure formation.

It becomes obvious that the duration plays a significant role
in the course of solidification, especially during stages A and
B. In fact, the generation of joule heat is responsible for this
phenomenon. The contour lines of joule heat generated during
the casting process are shown in Fig. 12. The larger the coil
current, the more the joule heat generated. It is also expected that
more joule heat is produced during solidification for the longer
duration. As the joule heat can be considered as the resistance for
the heat transfer from the casting to the crucible, the cooling rate
during solidification is inversely proportional to the amount of
generated joule heat and the length of duration. Thus, different
durations find expression in the fineness of the structure: with a
longer duration, the microstructure becomes coarser.

6.4. Effect of heat transfer coefficient

To characterize the heat transfer coefficient hiy;, effect,
we perform numerical simulations by selecting four hipyjp:
20, 100, 400 and 800 W/(mZK). With the same coil current
2015 A and duration 5 s, Figs. 13 and 14 present the predicted
microstructures of Ti—-6Al-4V alloy for different hiy,;, and the
corresponding mean grain sizes, respectively. From the data
shown in the above two pictures, the following information can
be extracted: a coarser microstructure is easily formed for the
case of a larger heat transfer coefficient. This is mainly attributed
to the fact that as the rate of heat extraction to the crucible is
higher with a larger hipy, the temperature gradient increases in
the casting, which reduces the size of the undercooled region,

©!

JI(s-cm?)

Fig. 12. Contour lines of joule heat generated for various coil currents: (a) 2015 A; (b) 1810 A and (c) 1790 A.

Fig. 13. Simulated microstructures of Ti—-6A1-4V alloy for various heat transfer coefficients (W/m2K): (a) 20; (b) 100; (c) 400 and (d) 800.
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Fig. 14. Dependence of mean grain size on the heat transfer coefficient.

and then reducing the probability of sufficient nucleation of
equiaxed grains. Therefore, the development of the coarser
columnar region is favored at the expense of the finer equiaxed
zone, generating a coarser cast structure.

This phenomenon can be further explained by studying the
thermal profiles within the casting (from point A to B, see Fig. 1)
during solidification. As shown in Fig. 15, the establishment of a
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Fig. 15. Temperature distribution profiles in the casting (from point A to B, see
Fig. 1) calculated for various heat transfer coefficients at different times. On the
x-axis, zero represents the interface between the casting and the crucible: (a) 5s
and (b) 10s.

steeper temperature gradient is encouraged by increasing hipip,
which may induce a higher cooling rate meaning that there is less
time for equiaxed grains to nucleate and grow. Consequently, as
the coarser columnar growth is promoted, the mean grain size
increases with the heat transfer coefficient.

As the heat transfer coefficient is a parameter which is depen-
dent on the existing conditions, such as interfacial conditions,
properties of both casting material and mould material, pro-
cessing variables, varying the heat transfer coefficient should
be linked with all the above factors: it is not possible to alter the
heat transfer coefficient independently in the real process. How-
ever, the model in the present study assumes that the heat transfer
coefficient and other parameters are decoupled, since an “ideal”
model incorporating all physical phenomena in a fully coupled
manner may be complex and not be industrially viable. Despite
this limitation, the simulation still provides useful insight into
the sensitivity of the microstructure to variations in the heat
transfer coefficient.

7. Conclusions

An integrated macro/micro model has been developed for
simulating microstructure formation of Ti-6A1-4V alloy in the
cold crucible under electromagnetic field. The mathematical
formulations consist of the continuity and momentum equa-
tions for fluid flow, the thermal balance equation for heat
transfer and the Maxwell equations for electrodynamics, in
combination with the CA representation of the evolution of
microstructure.

Effects of operation parameters, such as coil current, duration
and heat transfer coefficient, on the fluid flow and microstructure
evolution of Ti-6A1-4V alloy are studied. Some characteristics
can be summarized as follows:

(1) Two kinds of recirculation flow exist in the melt. They make
a collision slightly in the upper part of the casting. With
buoyancy force overwhelming the electromagnetic force,
the vortex induced by Lorentz force is small.

(2) With a longer duration, the characteristic feature of the
microstructure is the appearance of coarser columnar grain
in the casting. However, varying the coil current has a minor
influence on the microstructure formation. Mean grain size
is highly dependent on the duration and less dependent on
the coil current.

(3) The coarser columnar solidification is more likely to occur
with a higher value of heat transfer coefficient that is a
dominating factor in determining the grain size.

The validation with the experimental measurement gener-
ates some confidence that the present numerical model enables
the reasonable predictions of fluid flow, heat transfer and
microstructure formation in the cold crucible under electromag-
netic field. Therefore, the model is a suggestion or guideline to
the future research in microstructural modification during the
hydrogenation process.
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