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A non-isothermal phase-field model is used to simulate the rapid solidification of highly undercooled alloy melts.

The influence of undercooling on the solidification process is studied. It is indicated that with the increase of under-

cooling, the dendrite morphology changes from poorly developed dendrite, via the well-developed dendrite containing

secondary and ternary arms, to the compact diamond-shaped grain. With increasing undercooling, the tip radius

changes in the following rule: decrease — increase — decrease while the growth velocity increases constantly, which is

consistent with the results predicted by the Boettinger—Coriell-Trivedi model. The thermal, solutal and kinetic under-

cooling contributions under different initial undercooling are also determined. It is shown that when the undercooling

is increased beyond a certain value, the thermal undercooling contribution exceeds the solutal contribution and the

dendrite growth transits from solutal diffusion controlled to thermal diffusion controlled one.
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1. Introduction

High undercooling technique plays an important
role in modern theoretical research of solidification.
Rapid solidification of highly undercooled melts devi-
ates severely from equilibrium thermodynamics, which
makes the nucleation mechanism, the mode of crystal
growth and the material properties change dramati-

cally.

In addition to a great deal of experimental re-
search, several theoretical models describing the crys-
tal growth in undercooled melts have been pro-
posed. Lipton, Glicksman and Kurz['l built the crys-
tal growth model (LGK model) at low undercoolings.
Lipton, Kurz and Trivedil? extended this model to
the rapid solidification of deeply undercooled melts re-
garding the solute trapping effect (LKT model). Boet-
tinger, Coriell and Trivedi® took the interface kinetic
effect into account and put forward the most per-
fect model so far for crystal growth in undercooled
melts (BCT model). Despite the above achievements,

there are still many limitations in the experimental

and theoretical researches. For example, the largest
undercooling that can be obtained is limited by the
capability of experimental equipments and a lot of as-
sumptions must be introduced in the derivation of the
theoretical models. Therefore, it is a natural choice to
have recourse to numerical computations.

Due to the ability to produce realistic dendrite
morphologies, phase-field method has been widely
used to model the phase transformations and the ac-
companying microstructure evolution in recent years.
But its application to modelling the solidification of
metallic materials has been so far mostly limited to
non-isothermal solidification of pure metals or isother-

47 In order to

mal solidification of binary alloys.|
model the rapid solidification of highly undercooled
alloy melts, however, it is essential to adopt the non-
isothermal phase-field model because thermal diffu-
sion is an important factor influencing the crystal
growth.

In this paper, we use a non-isothermal phase-
field model to study the influence of undercooling on

dendrite morphologies with the realistic physical pa-
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rameters adopted. In addition, the dendrite tip ra-
dius, the growth velocity and the solutal, the thermal,
the kinetic undercooling contributions at different ini-
tial undercoolings are determined from the simulation.
The results are compared with that given by the BCT

model and good agreement is obtained.

2.Computational procedure

2.1. Phase-field model

The phase-field model is based on the following

entropy functional(®!:

s=[stes.) = 5 IVellan, )

where s is the entropy density that depends on inter-
nal energy e, phase field variable ¢ and concentration
c. The second term in the integrand is a gradient cor-
rection to s. To ensure a positive entropy production,
the governing equation for the phase field can be writ-

ten as

0S
s (2)

The evolution of the other two variables, e and ¢, is

¢ = M,

given by the conservation laws and the irreversible

thermodynamics linear laws as

é=-V- (Mcv‘;—‘j>, (3)
é=-V- (Mev‘;—“:>, (4)

in which My, M., M. are positive constants. Eval-
uating the functional derivatives yields the following

governing differential equations:

B =MV (V) — (1= QA — e, (5)
Oc
5=~V ["DeVe+ M (H” — HP)V
+ M. - (6, T)VT], (6)
oT o 2 (]- 7 C)LA + CLB
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where H4, H? and ¥(¢,T) are defined as

1 1

1A= PO (- 72 ) + W40, ®)
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In the above equations, P(¢) should be 0 in solid
and 1 in liquid. Here it is chosen to have the form
P(¢) = ¢*>(6¢2 — 15¢ + 10). Dy is the thermal dif-
fusivity and Cp is the specific heat. LB and T8
are the latent heat per unit volume and the melting
temperature of the pure component A and B. W45
is the well height. The solute diffusivity is defined as
D. = D, P(¢) + Ds(1 — P(¢)), D1, and Dg being the
diffusivities in the liquid and in the solid respectively.
M, depends upon c and ¢ as M, = %nc(l —¢)D,,
where v,;, is the molar volume and R is the gas con-
stant. The model parameters My, £, W depend on
the physical properties of the alloy components.!®!

2.2. Computational issues

2.1 is
used to study the solidification of highly undercooled

The phase-field model developed in Sec.

Ni5oCusp (at.%) alloy. The physical data is summa-
rized in Table 1, in which ¢ and n are surface tension
and interface kinetic coefficient respectively. Equa-
tions (5)—(7) have been considered two dimensional
under fluxless boundary conditions ¢, = ¢, =T, =0
at the domain’s walls. The equations are discretized
using a finite difference scheme. Then, an explicit
scheme is employed to advance the phase field and
concentration equations. The temperature equation
is solved by an alternating direction implicit (ADI)
The solv-

ability of the phase field and concentration equations

scheme, which is unconditionally stable.

requires the time step At to be subject to a Courant
type stability condition of the form: At < Az?/5D,
where D = Dy, or D = Mye?, and Az is the spacial
step which is chosen equal to the interface thickness
5, =1x10"%cm.

Due to the quite different length scales involved in
the solidification process, the computational domain is
divided into two parts: an inner region for the phase
and concentration fields, and an outer region, where
only the temperature equation is solved. The inner
region is fixed 25umx25um. But the outer region is
changeable. The smaller the undercooling, the bigger
is the outer region in order to keep the boundary walls

at the initial temperature constantly.
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Table 1. Material parameters for the Ni-Cu alloy.[9710]
parameter | Tm/K L/ J.em™3 Dy /cm?s™! Dg/ecm?s™! Dp/ecm?s™! o/ Jem™2 75/cms 'K™! Cp /J.em 3K™!
Ni 1728 2350
NisoCuso 3.33x1075  3.33x107° 0.11 3.84x107° 140 4.878
Cu 1538 1728

3. Results and discussion

3.1. Dendrite morphologies at different under-

coolings

Figure 1 shows the dendrite pattern evolution
at different undercoolings. At lower undercooling
(Fig.1(a)), the secondary arms are not well devel-
oped. With increasing undercooling (Fig.1(b)), the
secondary arms on the two primary stalks compete
with each other, and some of them advance into the
undercooled liquid, obtaining more growth space and
driving force. The ternary arms are also formed. A
well-developed dendrite is obtained after a longer so-

lidification time. As the undercooling is increased near

the hypercooling (L/Cp) (Fig.1(c)), which is about
428K for NisoCusg, the dendrite pattern changes
greatly. The primary trunk and the arms of vari-
ous orders become very thick. More importantly, the
ternary arms are on longer perpendicular to the sec-
ondary arms, but tend to grow in the direction of heat
flow, which is normal to the outline of the dendrite

surface.[11]

As the undercooling is beyond the hyper-
cooling (Fig.1(d), (e)), the crystal becomes compact
grain rather than fractal dendrite. It acquires a dia-
mond like shape with a number of cells on its surface.
The interface perturbations are now referred to as cells
but not as secondary arms because they do not grow
in the preferred crystallographic direction which is or-

thogonal to the axis of the primary trunk, whereas

t=0.5us t=0.95us t=0.25us t=0.45us
(a) AT=200K (b) AT=300K
t=0.175us t=0.325us

(c) AT=400K

(d) AT=450K

t=0.12us

(e) AT=500K

Fig.1. Morphology evolution at different undercoolings.
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they grow with axes parallel to the heat flow direc-
tions. The reason for this phenomenon is that at high
undercooling solute trapping takes place and solidi-
fication is dominantly controlled by heat extraction.
The temperature gradient along the heat flow direc-
tion is so high that the anisotropy of the crystal is
suppressed severely.

Grujicic et all'? have modelled the rapid solid-
ification of a binary alloy at high cooling rates and
obtained a similar conclusion with regard to the influ-

ence of cooling rate on dendrite morphology.

3.2. Concentration and temperature distribu-

tion

Because of the large undercoolings adopted in this
work, the solute trapping occurs in most of the cases.
The plots of the concentration profiles are nearly unin-
telligible. Only two representative plots are presented
here (Fig.2), which correspond to the right-hand pic-
tures in Fig.1(b, e). It is noted that the concentration
range at an undercooling of 500K is much narrower
than that at an undercooling of 300K because of the

(a) AT=200K (b) AT=300K

larger growth rate and the severer solute trapping ef-
fect.

From the temperature profiles (Fig.3) which cor-
respond to the right-hand pictures in Fig.1(a,b,c,e),
it can be seen that the larger the undercooling, the
shorter the heat diffusion layer and the higher the
temperature gradient. It can also be observed that
the highest temperatures are generally related with
pockets of liquid which are being cut off from the rest

of the liquid.

(a) AT=300K (b) AT=500K

Fig.2. Concentration profiles at different undercoolings.

(C) AT=400K

(d) AT=500K

Fig.3. Temperature profiles at different undercoolings.

3.3. Quantitative analysis

The tip radius R and growth velocity V are two
important parameters in crystal growth . They are
determined from the calculated phase field using the
method of Wheeler.['3] The evolution of both R and
V under different conditions is tracked to ensure that
a steady state has been achieved and when this is the
case, values of R and V for the simulation are cal-
culated by averaging over about 10* time steps. The
behaviours of R and V as functions of AT are shown in
Figs.4 and 5 respectively. With increasing undercool-
ing, the tip radius changes in the following manner:
decrease — increase — decrease, while the growth ve-

locity increases monotonically.

According to BCT model, the total undercooling

at the dendrite tip consists of four contributions:
AT = ATy + AT, + ATy + AT, (11)

where ATy, AT,., ATy, AT, are the thermal undercool-
ing, the solutal undercooling, the interfacial kinetic
undercooling and the curvature undercooling, respec-

tively. They can be expressed as follows:

AT, =T — T, AT.=mcy—m'c},
\% 2r
AT ==, AT ==
m R

where T*—dendrite tip temperature, T..—far-field
temperature, co—nominal composition of the alloy,
m—equilibrium liquidus slope, m*—growth-velocity-

dependent nonequilibrium liquidus slope, c¢j—solute
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(Cu) concentration of the liquid at the dendrite tip,
pu—interface kinetic coefficient, I'—Gibbs—Thomson
parameter.

In the present work, AT;, AT,., ATy at different
undercoolings are determined from the simulation re-
sults directly and are shown in Fig.6. Because AT is
much smaller than other terms, it is omitted here.

At low total undercooling, the solutal undercool-
ing is greater than the thermal undercooling, and the
dendrite growth is mainly controlled by the solute dif-
fusion. In this region, the dendrite tip radius decreases
with the total undercooling so as to satisfy the require-
ment of solute diffusion. As the undercooling contin-
ues to increase, the solutal undercooling reaches its
maximum and begins to drop, but the thermal un-
dercooling rises quickly and exceeds the solutal un-
dercooling. This indicates the transition from solutal
diffusion to thermal diffusion controlled growth, which
makes the tip radius begin to increase. As the under-
cooling increases further, the interface kinetic effect
becomes strong and goes beyond the solutal contri-
bution. The various undercooling contributions com-
prehensively make the tip radius decrease again. It
is noted that the thermal undercooling is much larger
than other contributions, which is responsible for the
compact growth patterns at undercoolings over 400K
in Fig.1(d,e).

Li et all* have solved the BCT model analyti-
cally for the alloy NisoCusg, obtaining the values of R,
V, ATy, AT., ATy, AT.. The details can be found in
Ref.[14]. Comparison between the numerical results in
this work with the BCT analytical results in Ref.[14]
shows that they agree qualitatively with each other.

3501
300

250

R/nm

200

150

100

0 100 200 300 400 500
AT/K

Fig.4. Dentrite tip radius vs. undercooling.
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Fig.6. Undercooling contribution vs. total undercooling.

4. Conclusion

The crystal growth into undercooled alloy melts
is studied through non-isothermal phase-field simu-
lation. With increasing undercooling, the dendrite
morphology changes from poorly developed dendrite,
via the well-developed dendrite containing secondary
and ternary arms, to the compact diamond-shaped
grain. The tip radius, the growth rate and the solutal,
thermal, kinetic undercooling contributions are deter-
mined directly from the simulation results. The ten-
dency of change of these parameters with initial under-
coolings is consistent with that predicted by the BCT
model. It is shown that the dendrite growth transits
from solutal diffusion controlled to thermal diffusion

controlled growth as the undercooling increases.
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