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Abstract: A phasefield method for simulation of dendritic growth in binary alloys with complicate solution models

was studied. The free energy densities of solid and liquid used to construct the free energy of a solidification system

in the phase field model were derived from the Calphad thermodynamic modeling of phase diagram. The dendritic

growth of TrAl alloy with a quasrsub regular solution model was simulated in both an isothermal and a nomr

isothermal regime. In the isothermal one, different initial solute compositions and melt temperatures were chosen.

And in the nomrisothermal one, release of latent heat during solidification was considered. Realistic growth patterns

of dendrite are derived. Both the initial compositions and melt temperatures affect isothermal dendritic morphology

and solute distributions much, especially the latter. Release of latent heat will cause a less developed structure of

dendrite and a lower interfacial composition.
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1 INTRODUCTION

The formation of complex microstructures
during solidification of metals and alloys have fas-
cinated researchers in materials science and related
areas for so many years, especially the formation
of dendritic structures. In many commercial al-
loys, microstructural features that determine the
mechanical integrity of a cast ingot, such as solute
segregation, grain size and porosity, all depend
critically on the morphologies and velocities of in-
dividual or arrays of growing dendrites. Recently
phase-field method has been widely used to simu-
late the formation of solidification morphology dur-
ing the dendritic growth because of its benefit of
avoiding the explicit boundary tracking needed to
solve the classical sharp interface model. The
phase-field model is consistent with the laws of ir-
reversible thermodynamics, and its parameters can
be related to thermodynamic material properties.
The first model for alloy solidification was pro-
posed by Wheeler et al''l widely called WBM mod-
el. The WBM model has been the most widely

used in ideal solutions of binary alloys'*™

corre
sponding to the simple lens-type phase diagrams.
Recently, Kim et al'” proposed a new phase-field
model for binary alloys, named KKS model, which
is equivalent to the WBM model, but has a differ-

ent definition of the free energy density for the in-

terfacial region'”. Presently, the KKS model has
been widely used to simulate the dendritic growth
in dilute solutions of alloys'® corresponding to the
linear phase diagrams. However, most of alloys
have variously non-linear phase diagrams, and
their solidification characters depend on them much.
So, it is necessary to construct the phase field model
for simulating dendritic growth of a special alloy,
which is associated with its phase diagram closely.

In this paper, dendritic growth was simulated
for TrAl alloy with complicated solution model

named quastsub regular solution'”

using the
phase-field method, and the liquid-solid transition
of L ~ B was chosen. A phase-field model was
adopted, of which free energy densities of solid and
liquid were derived from a Calphad thermodynamic
modeling of the phase diagram, based on compre
hensive consideration of WBM model and KKS
model similar in Ref. [ 10]. Isothermal dendritic
growth was firstly studied in melts with different
initial solute compositions and temperatures, both
of which affected the driving force of isothermal
phase transition. Then effects of latent heat release
on norrisothermal dendritic growth were investigated.

2 PHASE FIELD MODEL

The basic derivation of the phase-field model
can be found in Ref.[ 10]. The main equations of
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this model can be written as @
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F is the Gibbs free energy for a solidifica-
tion system, V is the volume of the system, f (¢,
® T) is the free energy density, ¢ is the solute
composition, ®is the phase field, T is the temper-
ature, €is the gradient energy coefficient, M, M.,
Ma and My are phasefield parameters shown be-
low, g(® = ¢(1- 9 andp( 9= F(10- 15%+
6% ) are chosen, here %= 0 represents liquid and @
= 1 represents solid, Gk, G¥, G, Gh, Gi, Gi,
G4 and G are thermodynamic data of T+ Al alloy,
and V. is the molar volume. Eqns. (5) and (6)
were derived from the Calphad thermodynamic
modeling of phase diagram in Ref. [ 10] and can be
used to yield the liquidus and solidus lines in phase
diagram of TrAl alloy by the common tangent con-
struction shown in Fig. I as in another paper''" of
ours.

The phase-field mobility and diffusion mobilr
ty are given according to Ref.[ 10] as

Me= (1= ¢)M%+ cu'

and
M. = %;{p(@ww [1- pc9l Dl

The asymptotic analysis can deduce the rela
tionships between the phasefield parameters and

. . S
thermodynamic data, written as Wa = 3 € =

&’
B\ Ty
A _ DTy
60, & and Me = 66 LA’

can be obtained for Wi and M% .

and similar expressions

3 NUMERCIAL ISSUE

T he phase-field equations were solved by finite
difference method. The time derivatives were de-
scretized by a first order finite difference approxi-
mation and the space derivatives by a second order
finite difference approximation in a uniform grid
system. In order to guarantee the numerical stabil-
ity, the uniform space step Ax should be lower
than interface thickness & In present phasefield
formulation, the interface thickness was treated as

0 1 - A i
040 044 048 0.52 0.56 0.60
(A%

Fig. 1 Curves of free energy densities of
solid and liquid for TrAl alloy at fixed
temperature and their common tangent line( a)

and part of phase diagram of TrAl alloy(b)

an input parameter and 6= (3~ 4.5) Ax could be
2

taken. And the time step should satisfy Ar <'5A5L .
L

A square computational domain of 1000Ax X
1 000Ax was used in the present simulations and
the uniform space step Ax was fixed as a constant
of 3% 10" ° em. Initially the whole computational
region was filled with uniform supersaturated
melt, i.e. ¢= co. The phase field was set to be liq-
uid everywhere, except for a small nucleation re-
gion seeded at the origin. The solidification pro-
ceeds from the nucleation region. Neumann bound-
ary conditions for phase field and composition field
were imposed.

T he introductions of anisotropy and stochastic
noise were two important matters to derive the re-
alistic dendritic morphology. Normally anisotropy
of interface was introduced by putting the gradient
energy coefficient €as follows:

e= @ 1+ Yeos(kD)l (14)
where YV is the strength of anisotropy, k£ is the

and 0 =

number of
090y
0¥ ox! -

mode anisotropy,

tan”' Stochastic noise could be intro-
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duced through

2 — 2 ol «
o 5 | 16¢( 9] xw (15)
where Xis the noise intensity and @is the random

number ranging from — 1 to 1.

The thermophysical data of TrAl alloy are
shown in Table 1. Other parameters were taken as
follows: Lri= 1892 J/em®’, Lai= 1064.6 J/cm’,
Tw= 1933 K, Gi=3.45%x10"° J/em®, du= 1.902
x 1077 J/em®, Bri= 0.387 em/sK, Bu= 0.441 cm/
sK, ¥=0.04, k= 4, X= 0.4(The parameters with
“* 7 are estimated like in Ref.[1]).

Table 1 Thermodynamic data of TrAl alloy'” *

G/ Gs/ Giil Gi/
(J'molfl) (J'molfl) (J'molfl) (J'molfl)
40.0631 7~
0 129 396.7 0 0
G/ Gil G/ Gl
(Jemol™) (Jemol™) (Jemol™") (J*mol)
41.11378 T ~ 6.6598 7T ~ 7.288 7T ~
112570 - 7950.8 628.0 141 460
D/ Ds/ e Vil
(em®>* s ') (em®*s™ ") (em® * mol™ ")
2.8¢76 3e”9 0.648 4 23.4
4 N(W Col (] L/

(grem™) em™ = T mol e Tl (Jrgh)

3.8 0.23 33.732

4 RESULTS AND DISCUSSION

4.1 Isothermal dendritic growth

The simulation was firstly conducted in an iso-
thermal regime, and different initial compositions
of 45% A1 and 43% Al(mole fraction) and same ini-
tial melt temperature of 1 780 K were chosen. Fig.
2 shows a sequence of four different time slices ob-
tained from a simulation with an initial composition
of 45% Al(mole fraction). The composition field is
shown. Solute segregation and realistic growth
patterns of dendrite are derived. The spine of the
primary talk with a low composition and buildup
of solute in the liquid ahead of the solid-liquid in-
terface can be seen clearly. The tip-tip competition
growth and coalescence between adjacent arms can
be observed. The necked root of side arm is also
seen. The final length of primary arms in Fig. 2 af-
ter a solidification time of 4. 11 ms is about 28. 8
Hm. Fig. 3 shows the simulation results at four dif-
ferent time slices when the initial composition is
43% Al( mole fraction). A more developed and fi-
ner structure of isothermal dendrite than Fig. 2 is
derived. This difference is because the reduction of

initial Al composition will increase the solute su-
persaturation'”' which is the driving force of iso-
thermal phase transition, then increase the growth
speed of isothermal dendrite. The final length of
primary arms after a solidification time of 3. 75 Hm
in Fig. 3 is about 29. 18 HPm. Then the simulation
with an initial composition of 45% Al( mole frac
tion) and melt temperature of 1 765 K is conduc
ted. An extremely developed and fine structure of
dendrite is derived from this simulation shown in
Fig. 4, which is because reducing of initial melt
temperature will increase the degree of undercoo-
ling and spur the fast growth of crystal. The final
length of primary arms after a solidification time in

Fig. 4 is about 29. 51 Hm.

4.2 Normrisothermal dendritic growth

T he effect of latent heat released during solidi
fication on dendritic structures was neglected in
many previous studies until recently Loginova et
al studied the latent heat s effect on dendritic
growth of NrCu alloy by coupling the thermal
transport equation considering the release of latent
heat into phase-field equations. Herein, a similar
way was applied. Since the thermal diffusivity of
the alloy is usually hundred times larger than the
solute diffusivity, the mesh size for thermal calcu-
lation is taken to be 10 times larger than that for
phase-field calculation here like in Ref. [ 8]. The
latent heat generation in a thermal calculation ele
ment was calculated from the change in the total
phase-field values inside a thermal element. Then
the thermal transport equation can be written as

or _ A g, L5y .09
=@ VT o S>u o (14)
where Qis density, Ais thermal conductivity, C,

is specific heat and L is latent heat of fusion and A
represents the area ratio of phasefield grid to the
thermal one.

Fig. 5 shows the sequence of four different
time slices from the simulation with an initial com-
position of 43% Al( mole fraction) and melt tem-
perature 1 780 K considering the release of latent
heat. Compared with Fig. 3, Fig.5 shows several
differences: less length of primary arms, the less
developed structure of non-isothermal dendrite and
the larger spacing of interdendritic liquid pockets.
The final length of primary arm after a solidifica-
tion time of 3.75 ms is about 20. 1 Hm.

Fig. 6 shows the temperature field correspond-
ing to the upper part of final solute distribution in
Fig.5. This figure is generated by a color
strengthening software to distinguish the color in a
small range of RGB value. The tips are the coldest
parts of the dendrite due to the large curvature
here. The maximum of the temperature during the
crystal growth varies with space and time. The
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Fig. 2 Sequence of four times slices shown by composition field for isothermal growth with
initial composition of 45% Al( mole fraction) at melt temperature of 1780 K
(a) —1.59%x 107 % s; (b) —2.52x 1077 s; (¢) —3.73%x107 % s; (d) —4.11x10"* s

0.418 0512 0.606 0.7

Fig. 3 Sequence of four times slices shown by composition field for isothermal growth with

initial composition of 43% Al( mole fraction) at melt temperature of 1 780 K
(a) —1.32x 107 % s; (b) —2.31x 10" % s; (¢) —3.19% 10" * s; (d) —3.75% 107 s
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0.43 0527  0.624 0.72

Fig. 4 Sequence of four times slices shown by composition field for isothermal growth with

initial composition of 45% Al( mole fraction) at melt temperature of 1 765 K
(a) —6.65% 107 % s; (b) —1.23x 10" * s; (¢) —2.41x 107 % s; (d) —3.00% 10°* s

0411 = 0.501 0591 0.681

Fig. 5 Sequence of four times slices shown by composition field for nonisothermal growth with

initial composition of 43% Al(mole fraction) at melt temperature of 1780 K
(a) —1.04x10 % s; (b) —1.99%x 10" s; (¢) —2.82x10 " s; (d) —3.75x107° s
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location of the hottest point generally appears near
one of the tips of those sidebranches which grow
towards each other and form a closed liquid pock-
et. Fig.7 shows the maximum of the system tem-
perature as a function of time. The local peaks oc
cur when two or more sidebranches growing to-
wards each other merge and stop growing and con-
sequently produce latent heat. These results of
simulation are similar to the study for non-
isothermal growth of NiCu alloy'” .

II7HIH¥
1781.22

B 1780.61

1 780.00

Fig. 6 Temperature field corresponding to
upper part of final solute distribution in Fig. 5

1782.196

1781.830

1780.732
1780.366
1780.000 L = ; —1
0 0.75 1.50 225 3.00 375
Time/ms

Fig. 7 Maximum of system temperature vs time

4.3 Solute distribution

Two lines can be made through a tip of den-
drite to investigate the solute distribution at the
solid-liquid interface: one goes through the prima-
ry arm(y axis in Fig. 8), the other is perpendicular
to the primary arm(x axis in Fig. 8). Figs. 9~ 12
show the composition profiles along these two lines
under different conditions of growth. From the fig-
ures marked (a) in Figs. 9 712, the spatial fluctua-
tions of the composition in the solid can be seen be-
cause of the effect of noise. The spine of the pri-
mary arm has a low composition. During isother-
mal solidification, smaller initial composition or
lower initial melt temperature will make the inter-
facial solid composition closer to the initial compo-
sition ¢o and the interfacial liquid composition farer
away from the value of co/ke. In addition, the re-
lease of latent heat will increase the melt tempera-
ture and make the operating point in the phase dia-

gram move to the left’”, which will reduce the
composition at the solid-liquid interface certainly.
During isothermal growth, the differences of sol-
ute diffusive layer, which can be approximated as
& ~D./V , where D. is the diffusion coefficient and
V is the growth speed, can be attributed to the

'

Fig. 8 Schematic diagram of one tip of
dendrite with two line x and y across
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Fig. 9 Composition profields along line y( a)
and line x (b) derived from isothermal growth
simulation of dendrite with initial Al composition of
0.45 at melt temperature of 1780 K
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Fig. 10 Composition profields along line-y(a) and line-x (b) derived from isothermal growth
simulation of dendrite with initial Al composition of 0. 43 at melt temperature of 1780 K
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Fig. 11 Composition profields along line-y(a) and linex(b) derived from isothermal growth
simulation of dendrite with initial Al composition of 0. 45 at melt temperature of 1765 K
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Fig. 12 Composition profields along line-y(a) and linex(b) derived from non-isothermal growth

simulation of dendrite with initial Al composition of 0. 43 at melt temperature of 1780 K
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difference of driving force of phase transition that
causes the different growth speed. During non-iso-
thermal growth, a large length of diffusive layer
appears due to the thermal transport. From figures
marked (b) in Figs. 9 = 12, the solute profiles
across the solids are U-shaped. Smaller initial sol-
ute composition or lower initial melt temperature
will cause a smaller span in the cross direction of
U-shape which means a fine structures in isother-
mal growth. The release of latent heat will also
cause a small span relative to isothermal solidifica-
tion.

S CONCLUSIONS

1) The dendritic growths of TrAl alloy with a
complicated solution model were simulated under
different solidification conditions. The introduction
of the solid and liquid free energy densities from
the Calphad thermodynamic modeling of the phase
diagram into the phase-field model may shed a light
to a more wide simulation of various alloys.

2) During isothermal solidification, the reduc
tion of initial solute composition will cause devel
oped and fine structures of dendrite because of the
increase of solute supersaturation; and reduction of
initial melt temperature will lead to more developed
and finer structures of dendrite due to the increase
of degree of undercooling. During non-isothermal
solidification considering the release of latent heat,
the less the length of primary arms, the less devel-
oped structure of nomrisothermal dendrite and the
larger spacing of interdendritic liquid pockets are.

3) Solute distributions during isothermal
growth show that the increase of driving force of
phase transition by reducing of initial solute com-
position or melt temperature will make the interfa-
cial solid composition close to the initial composi-
tion ¢o and the interfacial liquid composition far a-
way from the value of co/ k.. The release of latent
heat will reduce the composition at the solid-liquid
interface due to the increase of the melt tempera-
ture which makes the operating point in the phase

diagram move to the left.
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