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Abstract. Phase-field model coupled with flow field is solved by the adaptive finite element method.
The simulation results show that the forced flow can induce side-branches though there is no thermal
noise. When the flow velocity is low, the symmetry of dendrite morphology is slightly influenced by
forced flow. With the increase of flow velocity, the symmetry of dendrite morphology is collapsed
completely.

Introduction

Dendrite is a form of most casts and microstructure during solidification. The dendrite growth is a
complex physical process, and it is influenced by transportation of heat, mass and momentum[1]. In
recent years, phase field model provides a very convenient and effective method for study of dendrite
growth([2,3,4]. It is a good tool to simulate the evolution mechanism of the complex interface during
the process of solidification. However, the adaptive finite element method based on non-uniform grid
is more efficient and less amount of calculation than the method based on uniform grid when solving
phase-field model[5]. Therefore, the adaptive finite element algorithm [6] and the functional library
AFEPack[7] are employed to solve phase-field model in this paper. The dendritic growth of nickel is
simulated quantitatively, and the effect of flow forced flow on dendrite morphology is investigated.

Simulation Model

Phase-field model. The equations of phase-field model should be transformed into the corresponding
week forms before employing the adaptive finite element method, and the trial functions g(x, y) and
h(x,y) are introduced. According to Green's theorem and the formula integration by parts, the
phase-field model coupled with flow and the form of thermal noise are given by:
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The dimensionless temperature u =(T —T,)/ (Tm 1)), where T,, is the melting temperature, and

T, is the initial temperature of system. Dimensionless supercooling degree S =C,(T,,~T,)/L, ,
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where C, is specific heat at constant pressure, and L, is the latent heat. The interfacial migration

coefficient m= uoT, / (kL,), where # denotes interface migration rate, O represents interface
energy . The anisotropic factor 7(6) =1+ ycos[M (8)]. In Eq. (3), F (@) is given by:
F(@:{O 0<0.7 @
o ¢=20.7
The conservation equations of mass and momentum. The conservation equations of mass and
momentum are given by:
F(@)V-V =0 (5)

F(¢)a—+F(¢)(V-V)V =—VV-F(p)Vp (6)
t Re

Where P is pressure, and Re denotes Reynolds number.

The mass and momentum equations are solved numerically by using the fractional-step projection
algorithm[8]. To guarantee unconditional stability and avoid any restriction on the time step, the
advection term (V -V)V in Eq.(6) is replaced by its skew-symmetric for (V-V)V +1/2(V-V)V , and the
advection—diffusion step is given by:

Where 1" stands for intermediate velocity value, and V**' denotes divergence-free velocity field.

The computational properties of nickel

The materials properties of phase-field model are shown in Table 1.
Table 1 The computational properties of nickel

Parameters Values Parameters Values
T (K) 1728 S 0.65
L ,(J-em™) 2350 2] 0
C(J-K'an’) 5.42 € 0.002
xK(cm®-s™) 0.155 M 4
MemK'-s™) 285 Ax=Ay 0.04
o(J-cm™) 37x10° 7 0.05
I(cm) 2 1x10™ At 6.0x10™°

Initial condition and boundary condition

An initial nuclear of the radius rO can be defined as:
{¢=0 u=0 V,=0 V,=0 p=0 x+y’<p

7
p=1 u=-1 V,=0 V,=U, p=0 xX’+y’>r] )

Where V.,V are the flow velocities along X and Y respectively. Supercooled melt enters the

domain from the top boundary with a uniform velocity UO and exits from the bottom boundary. The
Zero-Neumann boundary conditions are imposed at the boundaries of the computational domain for
phase field and thermal field, while the mass and momentum equations are employed no-slip
boundary conditions.

Results and Discussion

Fig.1(a) and Fig.1(b) show the dendrite morphology and temperature field distribution at ; — g500A¢ -
The thermal noise strength is f =0. The coefficient of viscosity is y =0.005443(m’s™"), and the initial
velocity is Updy/ k¥ =0.003. It can be seen that, the side-branches appear in upstream region without

thermal noise, and the side-branches in upstream region are more developed than they are in
downstream region, as shown in Fig.1(a). In downstream region, temperature gradient and the actual
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undercooling are low due to forced flow, thus the growth of the dendrite gradually is restrained. In
addition, thermal diffusion layer becomes thicker in downstream region, which prevents the release of
the latent heat, as shown in Fig.1(b). Therefore, disturbance of interface is restrained, and fewer

sides-branches appear in downstream region.
(@)

Fig.1 The phase-field dendrite morphology and corresponding temperature field distribution with
flow at t = 6500A¢

Fig. 2 The flow field and thermal distribution under different flow velocities at # = 6900A¢ , where
(a)(d)U0=0.068%10-3; (b)(e) U0=0.0025 ; (c)(f) U0=0.0026 ; (d)(g) U0=0.0036

The effect of forced flow on the growth velocities of upstream, normal and downstream dendrites
is apparent. Fig.2 shows the dendrite shape at growth time of r = 6500A¢, where the initial flow
velocities are U0=0, 0.0011, 0.0025, 0.0026 and 0.0036 respectively. It can be found that, when the
flow velocity is less than 0.0026, the influence of forced flow on dendrite morphology is trivial, and
the dendrite growth is mainly controlled by thermal diffusion. With the increase of flow velocity, the
dendrite growth is controlled by the convection gradually.

Fig.3 shows the magnification of grids with dendritic growth corresponding to Fig.2 (a). It can be
found that, the grids are refined near the solid-liquid interface and the grids are coarsened far away
from the interface. So, number of nodes is reduced and the computational efficiency is improved
when the adaptive finite ele hod i d to solve the phase-field model.

Fig. 3 The rﬁagnification of grids with dendritic growth

Conclusion

Although there is no thermal noise, side-branches can be induced by the effect of forced flow on
dendritic growth. Side-branches in upstream region are more developed than they are in downstream
region. When the flow velocity is low, the effect of forced flow on the dendrite morphology is trivial,
but the symmetry of dendrite shape is collapsed obviously with increasing of the flow velocity. When



Advanced Materials Research Vols. 926-930 221

the adaptive finite element method is adopted to solve the phase-field model, the computational
efficiency is improved greatly.
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