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Abstract: The influence of undercooling and noise magnitude on dendritic sidebranching during crystal growth was investigated

by simulation of a phase field model which incorporates thermal noise. It is shown that, the sidebranching is not influenced with

inclusion of the nonconserved noise, therefore, in order to save the computational costs it is often neglected; while conserved noise

drives the morphological instability and is dominant origin of sidebranching. The dependence of temperature field on magnitude of

thermal noise is apparent, when F', gets an appropriate value, noise can induce sidebranching but not influence the dendritic tip

operating state. In the small undercooled melt, the thermal diffusion layer collected around the dendrite is thick, which suppresses

the growth of its sidebranching and makes the dendrite take on the morphology of no sidebranching, but when the undercooling is

great, the thermal diffusion layer is thin, which is advantageous to the growth of the sidebranching and the dendrite presents the

morphology of the developed sidebranching.
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1 INTRODUCTION

Dendrites are intricate patterns that make up the mi
crostructure of many important commercial alloys' ', They
develop a complex shape due to the emission of secondary
branches behind the growing tips of primary branches.
This side-branching mechanism requires some continuous
source of noise at the tip. Therefore, thermal noise, orig-
inating from microscopic scale fluctuations inherent in
bulk matter, is the most natural and quantifiable candi-
date to consider! > *'. Barber et al'* studied the evolution
of time-dependent deformations of the needle crystal (I
vantsov) solution of the two-dimensional symmetric model
of solidification in the limit of small Péclet number within
a WKB approximation. The amplitude of a localized wave

14 . .
, where z is the dis

packet grows exponentially as z
tance measured from the tip along the symmetry axis of the
dendrite. Brener and Temkin!”' considered anisotropic
needle crystals in three dimensions and concluded that ex-
perimentally observed sidebranching could be explained by
considering noise of a thermal origin. The growth of the
sidebranching amplitude was found to behave exponential-

ly as a function of z”°, which is faster than z"* depen-

dence obtained in the axisymmetric case!®. The side
branching wavelength was found to be a function of z"°,
obtained in  the
axisymmetric case. Recently, many studies on side

very  similar  to  that

branching with a phase-field model have been carried

71 They obtained good quantitative agreement be-

out
tween the computed sidebranching amplitude as a function
of distance to the tip and the prediction of the linear WKB
theory for anisotropic crystals in two dimensions'”> "', In
this paper, dendritic sidebranching during crystal growth
is investigated by simulation of a phase field model which
incorporates thermal noise of microscopic origin. Some
key problems in modeling and numerical computation of
this kind of advanced microstructure simulation method
are solved, the dendrite growth behavior under the differ-
ent conditions are finely described, and mechanism of the
dendrite growth in the undercooled melt is discussed.

2 MATHEMATICAL MODEL AND NUMERICAL
ISSUES

Methods to incorporate thermal noise in the phase
field model have been developed by Karma and Rap-
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pell . Although some previous phase-field simulations
have obtained dendritic sidebranchings that resemble those

U274 those sidebranchings are

observed in experiments
generated by either numerical noise or by randomly driv-
ing the tip. In the model of Karma and Rapple, thermal
noise is incorporated in a thermodynamically consistent
manner using the Langevid formalism. The nonconserved
noise and conserved noise are added to the phase equation
and the energy conservation equation respectively in the

following manner:

Tn)o,b=[ o- N 1- #)](1- ¥)+
V[ W (n) V| +

m;yam I V¢|2W(n)%?%(:$))' +0(r,t) (1)

¢
%l;: D Vu+ -;a‘%%— Veq(r, t) (2

The dimensionless temperature u is defined as ( T-

Tw)/(L/c,), where Ty, L and ¢, are the melting tem-
perature, latent and specific heat at constant pressure,
respectively. D is the thermal diffusivity, A is coupling
constant, both T and W are functions of the interfacial
normal 7 in order to account for anisotropic surface ener-
gy and kinetics, respectively:

48, (0.9)%+ (0,9)°

U n)= n)l 1+

1- 38 | vol? (3)
W(n)= Wo(l- 3g) *
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138 | veld (4)

0 and ¢ stand for the thermal noise vector, obeying
Gaussian distribution with variances respectively:

O(r,t)0(rF, t))=2Fe8ud(r-r) &t- 1)

(3)
lgm(r, 1) qu(r, t) )=
2
2Dky CLTz Gnn O( 17— r/) &(t- t/) (6)

where ky is the Boltzmann constant and 6 is the delta
function. Using W, as a length scale and Ty as a time
scale, all dimensional variables are cast into their dimen-
sionless form as r/ qu r, t/ T t, DT/ W%QD, 1L,
() qT/ Wy - q, the dimensionless variance of the

thermal noise vector are then given by

O(r, t)0(r, t))=

2F 68 d(r—r) &(t- 1) (7)
lgm(r, 1) qu(r, t) )=
2DF, &nS(r— ) 81— t) (8)
where F, is the magnitude of the thermal noise defined
as
. kpTiic, _ kxTiic,| dol?
“TOLPWS L*dg | Wo
@I ’
= F&xcp WO (9)

The phase field Eqn. (1) is solved using Euler algo-
rithm, while ADI algorithm is applied for the heat Eqn.

(2). The space step is selected as Ax KWy, the time
2

Ax

S for keep~

ing stable under time-step iterations. In order to save the

step is specified in such a way that Ar <

computational cost, the computation region is extended
according to the increasing dendritic scale.

For an initial nucleus of the radius r; when
X2+ y2 < b= 1, w= 0; when x2+ y2> rl, $=
- 1, u= = A. Where x and y are the coordinate axes,
u is dimensionless temperature.

The Zero-Neumann boundary conditions for ¢ and u
are imposed at the boundaries of the computational do-
main' " .

All phase-field parameters are given in Table 1.

Table 1 Computational parameters
used in simulation

Ax Ay At D A do/ Wo &

0.04 0.04 0.008 4 6.359 0.139 0.05

3 NUMERICAL RESULTS AND DISCUSSION

3.1 Dendrite morphology and temperature field
with no noise

Without consideration of noise, the morphology of
no-sidebranching is obtained by reducing Wy gradually to
eliminate numerical error, so that it can be compared with
the dendrite morphology where noise was introduced. Fig.
1 (a) shows the morphological interfaces plotted every
5 000 iterations at different growth time. From the figure,
it can be found that the dendrite keeps smooth all the time
during the course of development and no sidebranching
appears. The corresponding temperature field of dendritic
pattern 1 shown in Fig. 1(a) is presented in Fig. 1(b) .
From the figure, we can see that the higher temperature of
solid fall gradually to the initial temperature of liquid by
the thermal diffusion layer. The temperature gradient be-
tween dendritic tips is bigger, while the roots is the
smallest.

3.2 Effect of undercooling on equiaxed dendritic
growth pattern

The undercooling has great effects on both dendritic
nucleation and growth. The lower the undercooling, the
smaller the nucleation rate, that is, in the same volume
melt, each nucleus possesses more free space to grow. On
the other hand, with the decrease of undercooling, the
growth velocity slows down, and dendrite needs more time
to grow. It is on the assumption that thermal magnitude is
constant ( F,= 2x 10" %). Fig.2(a) shows the equiaxed
dendrite without sidebranching obtained by the simulation
of dimensionless temperature u= 0. 2 and growth time ¢
= 60 h. Fig. 2(c¢) presents the equiaxed dendrite with
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the developed sidebranching under high dimensionless
undercooling of u= 0. 65 and growth time t= 15 h. The
corresponding temperature distributions near equiaxed
dendrite shown in Figs. 2(a) and ( c¢) are presented in
Figs. 2(b) and (d) respectively. From the figures, it can

than that of the high undercooling. The latent heat given
out during the equiaxed dendrite growing releases through
the thermal diffusion layer, the thermal diffusion length is
D1/ V.. Because the growth velocity under low under

cooling is slower than that of high undercooling, so the

be found that under the low undercooling, the themmal dif- thermal  diffusion  length under low  undercool
fusion layer surrounding the equiaxed dendrite is thicker ing melt is longer than that of high undercook
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Fig. 1 Dendritic pattern interface plotted every 5 000 iterations( no noise, A= 0.65) (a) and
temperature field at time of dendritic pattern 1 growth in Fig. 1(a) (b)
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Fig. 2 Dendritic pattern and temperature field
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a) —Dendritic pattern corresponding to A= 0.2, F,= 2x 10" %
b) —Temperature field corresponding to A= 0.2, F,= 2x 10" 4
¢) —Dendritic pattern corresponding to A= 0.65, F,= 2x 10"
d) —Temperature field corresponding to A= 0. 65, F,= 2x10™*
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ing melt, which makes the equiaxed dendrite surrounded
by thicker thermal diffusion layer. Thermal diffusion layer
baffles the release of latent heat and restricts the perturba-
tion of interface, as a result, side-branches are sup-
pressed, so the equiaxed dendrite takes on the morphology
of no sidebranching. Moreover under high undercooling,
thin thermal diffusion layer facilitates the release of latent
heat and promotes the development of sidebranching,
therefore, the equiaxed dendrite presents the morphology
of highly developed sidebranching.

3.3 Effect of magnitude of thermal noise on side-
braching

The influence of thermal amplitude value on the sim-
ulation results is obvious. Fig. 3(¢) shows the tempera
ture field of dendrite growth at some time with noise am-
plitude F,= 10" *. From the figure, it can be found that
the inclusion of thermal noise does not change the law of
temperature field distribution, but makes temperature
field fluctuate randomly and the highest temperature is be-
yond O and the lowest is under initial undercooling, which
disagrees with the actual law of temperature field distribu-
tion. With the increase of the noise level F,, the fluctua-
tions of temperature field enhance. The curves 1 and 2
shown in Fig. 3(a) represent dendrite patterns of no noise
and F,= 10" * at time t= 20 h respectively. From the
figures, we can see that with the noise included, durative
fluctuations are formed near the interface, and side
branches appear behind the dendrite tip from several
wavelength, but the phase fields of dendritic tip in two
cases superpose, which indicates that the noise enhances
the emergence of sidebranching, but it doesn t influence
the steady state of the dendrite tip. As shown in Fig. 3
(b), the dendritic tip of pattern 1 with no noise and the
dendritic tip of pattern 2 with F,= 10™ * at time ¢= 20 h
don't superpose, and the vertical branch velocity outgrows
the horizontal branch velocity, which indicates that great
noise will disturb the steady state. Therefore, the value of

F, must be tried again and again.

3.4 Effect of conserved noise and nonconserved
noise on sidebranching

On the assumption that noise level F, is assigned to
a constant, simulation is carried out with both noises
( conserved noise ¢ and nonconserved noise ) and only
the conserved noise q. The result shows that sidebranch-
ing characteristics are identical in the two cases at the
same iterative times, which indicates that the conserved
noise which is the main origin of the sidebranching can
make dendritic sides unstable and while the nonconserved
noises contribute little to the sidebranching. This can be

Fig. 3 Dendritic pattern and temperature field

(a) —Dendritic pattern with no noise and F,= 10~ 4

(b) —Dendritic pattern with no noise and F,= 10” 3;
(¢) —Temperature field of dendritic growth with F,= 10" *

explained as follows: when growth velocity is small, the
conserved noise drives long-wavelength interface fluctua-
tions that become amplified to a macroscopic scale by the
morphological instability on the sides of dendrites'” .
Contrarily, the nonconserved noise drives short-wave
length fluctuations that are damped and do not affect side-
branching' ” . Consequently, the nonconserved noise is
ignored in actual computations, the random numbers per

site at each time step will be reduced from 3 to 2. In this
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way, computational costs will be saved and computational
efficiency will be improved, but the simulation results are

not influenced.

4 CONCLUSIONS

1) In the phase-field simulation of dendritic side-
branching, different undercooling and magnitude of ther
mal noise lead to different dendrite sidebranching behav-
iors.

2) When the undercooling is small, the thick ther
mal diffusion layer is collected around the equiaxed den-
dritic, which suppresses the growth of its sidebranching
and makes the equiaxed dendritic take on the morphology
of no sidebranching.

3) In the great undercooled melt, the thermal diffu-
sion layer is thin, which is advantageous to the growth of
the sidebranching and the equiaxed dendritic presents the
morphology of the developed sidebranching.

4) The conserved noise drives the morphological in-
stability on the sides of dendrites and is dominant origin of
sidebranching.

5) The sidebranching is unaffected with inclusion of
the nonconserved noise, so it can be negligible from the
point of view of computational saving for long simulation
runs.

6) The magnitude of thermal noise influences temr
perature field obviously, when appropriate value is as-
signed to F,, noise can enhance the emergence of side-

branching but not influence the tip operating state.
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