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Abstract: The influence of supercooled melt forced lamina flow on microsegregation was investigated. The concentration
distribution at solid—liquid boundary of binary alloy Ni—Cu was simulated using phase field model coupled with flow field. The
microsegregation, concentration maximum value, boundary thickness of concentration near upstream dendrite and normal to flow
dendrite, and downstream dendrite were studied quantitatively in the case of forced lamia flow. The simulation results show that
solute field and flow field interact complexly. Compared with melt without flow, in front of upstream dendrite tip, the concentration
boundary thickness is the lowest and the concentration maximum value is the smallest for melt with flow. However, in front of
downstream dendrite tip, the results are just the opposite. The zone of poor Cu in upstream dendrite where is the most severely
microsegregation and shrinkage cavity is wider and the concentration is lower for melt with flow than that without flow.
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1 Introduction

Casting performance is influenced by the
solidification microstructure of alloys [1]. Decrease in
shrinkage cavity is one of the hot spots at present [2, 3].
There is no doubt that convection happens in the
supercooled melt during solidification [4, 5]. Phase field
method based on Ginzburg—Landau theory has been used
by domestic and foreign scholars to research
solidification microstructure under the effect of
convection [6—8]. Great achievements are obtained on
pure material to alloy [9-11], isothermal to
non-isothermal [12—14], supercooled melt without flow
to that with flow [15—18] and so on [19-21]. However,
these studies focused on qualitative study of
non-symmetrical ~ dendritic =~ morphology. Some
researchers referred to solute distribution asymmetry and
solute rejection phenomenon, but they did not relate to
the concentration boundary layer thickness features in

front of upstream dendrite, normal to flow dendrite and
downstream dendrite in detail. Maximal concentration
values in front of 3 directions of dendrite were also not
contrasted [2, 11, 12, 17].

Taking binary alloy Ni—0.408Cu for an example,
solidification microstructure under the effect of
supercooled melt forced lamina flow during
non-isothermal and uniform crystal phase transition is
studied by phase field method. The method is based on
sola-phase field model (S-PFM) idea of pure material
and coupled with solute field control equation [22]. Flow
control equations are solved by algorithm Sola method
[23]. In this study, the effect of supercooled melt forced
lamina flow wunder concentration boundary layer
thickness and max concentration values in front of
3-direction dendrite (upstream dendrite, normal to flow
dendrite and downstream dendrite) were studied
quantitatively in detail. The microsegregation formation
mechanisms during alloy solidification were investigated
by computer simulation method.
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2 Mathematical model

The flow equations were solved numerically using
algorithm Sola method and the position of freeze
dendrite was fixed. Detailed process can be found in
Ref. [22]. Supercooled melt forced lamina flow has an
effect not only on temperature field but also on solute
field. So, a 2D mathematical model was made by
coupled solute field control equation of binary alloy with
phase field equations of pure material for melt with flow
filed. The 2D mathematical model is shown as:
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where Egs. (1), (2) and (3) are the phase field control
equation, energy conservation equation of pure material
which is coupled with melt flow and solute field control
equation, respectively. Equations.(4) and (5) are
conservation equations of mass and momentum of
viscous incompressible flow, respectively. Phase-field
variable @=1 and @=0 refer to solid phase and bulk
liquid, and the number of @=0—1 refer to solid—liquid
interface. ¢, A, J and ¢, are the solute concentration,

coupling constant, interface thickness and specific heat

capacity, respectively; Dr and D, are the thermal
diffusivity and solute diffusivity, respectively; 7}, o and
L superscripted or subscripted with A and B are the
melting temperature, interface energy and crystallization
latent heat of A and B, respectively; T, R, v, p and v are
the temperature (K), gas constant, volume of one mole
(m’/mol), density (kg/m’) and kinematic viscosity
coefficient (m%/s), respectively. h(g=¢(10—154+64) is
a construct function, which monotonely increases with
increasing ¢ from 0 to 1; g(d=¢#(1—¢)* is a double-well
potential function; w(f) is a parameter referring to
interface thickness; Supercooled melt flow velocity u=
uitvj. Pa(¢, T) and Py(¢, T) in Eq.(3) are calculated as:
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3 Numerical issues

Program is made in C language on VC++6.0
platform. The initial dendrite is 1 sphericity (radius=R),
which is fixed in the centre of simulation zone. The
initial pressure and degree of supercooling are p and AT,
respectively. The initial condition is shown as:

X4y <R p=1,AT=0,u=0,v=0,p=0
x> +y2>R* $p=0,AT =205K,u=13m/s,v=0, p=0

(7
The Zero—Nuemnna adiabatic boundary condition
is used. Phase field variable ¢, temperature T and solute
concentration ¢ on the normal direction of solid—liquid

interface n are expressed as:

6—¢:0, 6—T=O, 2=O ®)
on on on

Double staggered grid is used. ¢ and p are placed on
one piece of grid and u is on another piece of grid, # and
v are placed on north and east boundaries, respectively.

Phase field control equation is solved by the explicit
difference method. V(w(6)2V¢) in Eq.(1) is expanded
as:

V(w(0)*V$) =w;V[ag (n)V ¢] -

0 2 ' 6¢ a|: 2 ' 6¢:|
—| wya,(n)a;(n)— |+—| wya,(n)a,(n)— 9
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where ay(n) is the anisotropic parameter; ay(@)=1+
ecos 40 where ¢ is the anisotropy strength of the surface
energy and 6 is the angle between interfacial and x-axis.
The difference of temperature equation between couples
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with flow and without flow is (1-¢)uVT , which is

expanded as:
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in this study. The material parameters and practical
calculation parameters are listed in Table 1.

4 Results and discussion

(10)

The mole fraction of Cu is 0.408 in Ni—Cu alloy is

solute. Binary alloy Ni—0.408Cu is simulation material

Figures 1(a), (b) and (c) show the binary alloy phase
field, temperature filed and solute filed when
supercooled melt flow velocity is 0 at =34200At,

Table 1 Material parameters of Ni—0.408Cu and practical calculation parameters

respectively. When the melt flow velocity is 1.3 m/s,

Material Tw/K Li(Jem™) Vo/(em>mol ™) ¢/(107°Jem®)  pllem’K s Ax, Ay/em
Ni 1728 2350 7.0 3.75 0.33 >
2.4x10
Cu 1358 1728 7.8 2.8 0.36
Material dlem At/s Dy(cm's ") D/(ems ™) AT/K e 0}
Ni-0.408Cu 4.5x107° 1.1x107* 1x107° 1x107° 20.5 0.06  0.001
¢ T/K
0.937 1574.36
0.875 1574.33
0.812 157431
0.750 157428
0.687 1574.26
0.625 1574.24
0.562 1574.21
o 0.500 1574.19
0.437 o2 157417
0.375 1574.14
0312 1574.12
| 0.250 1574.09
§ 0.187 1574.07
0.125 1574.05
0.062 1574.02
c ¢
04610 0937
0.4558 8 0375
0.4506 812
0.4454 750
04402 0.687
0.4351 0.625
0.4299 0.562
0.4247 0.500
04195 0437
0.4143 0.375
0.4092 0312
0.4040 0.250
0.3988 0.187
0.3036 0.125
0.3884 0,062
TIK c
1574.36 04610
1574.33 == 04558
1574.31 = 04506
1574.28 0.4454
1574.26 0.4402
1574.24 0.4351
1574.21 4 0.4299
137419 = 04247
d 1574.17 0.4195
1574.14 y
1574.12 t,'j";f
1574.09 | 04040
1574.07 oiaded
1574.05 o
9 0.3936
1574.02 e

Fig. 1 Phase filed (a, b), temperature field (b, e) and solute-flow field (c, f) at u=0 (a, b, ¢) and 1.3 m/s (d, e, f) at =34200A¢
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phase field, temperature filed and solute-flow filed are
shown in Figs. 1(d), (e) and (f). Arrow direction and
length represent the melt particles flow direction and
flow velocity value, respectively. The longer the arrow
line is and the wider the arrow width is, the higher the
melt flow velocity is, and vice versa. By comparing
Fig. 1(a) with Fig. 1(d), Fig. 1(b) with Fig. 1(e) and
Fig. 1(c) with Fig. 1(f), it can be found that symmetry
morphology, temperature filed and solute filed about
vertical axis of concentration distribution are changed by
melt flow. What is more, melt is flowing around fixed
dendrite. Flow velocity becomes higher at upper and
lower boundaries. This is because the cross-section width
of melt flow becomes smaller, but the melt inflow
velocity is invariant. The area of low temperature zone in
upstream dendrite arm increases because of severe
thermal convection. In all, there is an interaction between
melt flow state and dendrite growth process.

Cu atoms enrich and the concentration increases
between two adjacent dendrites because of solute
redistribution, as shown in regions 4, and B, in Fig. 1(c).
For melt with flow, as shown in Fig. 1(f), Cu enrichment
reduces (region A;) at upstream dendrite because strong
convection takes Cu atoms away. So, corresponding
liquidus temperature does not decrease very much and it
relieves the shrinkage cavity trend. However, Cu
enrichment increases sharply at downstream dendrite
(region B;) and its molar fraction increases from 0.458 to
0.461 for melt without flow (region Bjy). Cu is
precipitated from solid phase and comes from upstream
with melt flow, and the convection strength is very weak.
At downstream dendrite, liquidus temperature reduces
sharply and there (region B)) is the last freeze zone, and
shrinkage cavity appears in region B, easily. If there is
eutectic phase transition during solidification, eutectic
structure appears when solute concentration equals
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eutectic concentration. But there is no eutectic structure
because there is no eutectic phase transition during the
solidification of Cu—Ni alloy.

The thickness of concentration boundary layer and
the max value of concentration in front of dendrite are
studied by analyzing concentration distribution along
[100] direction to research the effect of supercooling
temperature on microsegregation.

Figure 2 shows the concentration distribution along
[100] direction at =34200A¢t with the melt inflow
velocity of 1.3 m/s. Curves 1, 2 and 3 show the Cu
concentration distributions for melt with flow from
dendrite centre and along directions of upstream dendrite,
normal to flow dendrite and downstream dendrite at
t=34200At, respectively. Curve 0 shows Cu
concentration distribution at the same solidification time
for melt without flow. J;, d, and J; are the thickness
values of concentration boundary layer in front of
upstream dendrite, normal to flow dendrite and
downstream dendrite, respectively. Cj, , C[, and
CE3 are the maximal concentrations in front of upstream
dendrite, normal to flow dendrite and downstream
dendrite, respectively. Cg,, Cy, and Cg; are the Cu
concentrations in the centre of upstream dendrite, normal
to flow dendrite and downstream dendrite primary
dendrite arm, respectively. dp, C;, and Cg, are the
thickness values of concentration boundary layer in front
of dendrite, the max concentration in front of dendrite tip
and Cu concentration in the centre of dendrite for melt
without flow, respectively.

4.1 Effect of melt forced lamina flow on thickness of
concentration boundary layer

Figure 2 indicates that forced lamina flow can affect

the thickness of dendrite tip concentration boundary

layer. Figure 3 shows the relationship of concentration

05 5
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39.0
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Fig. 2 Concentration distribution at /=34200A¢ for melt with flow velocity #=1.3 m/s
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Fig. 3 Relationship of concentration boundary thickness in front of dendrite tip on supercooled melt in different flow directions

boundary thickness in front of the dendrite tip. There is a
thickness of concentration boundary layer and in which
only mass transfers in liquid—solid interface for melt
with flow. What is more, mass transfer in the whole
system is caused not only by diffusion but also by
convection. At upstream dendrite, Cu atoms precipitated
from solid phase do not enrich easily because of severe
convection and diffusion. So, the thickness of
concentration boundary layer for melt with flow is
thinner than that without flow, namely, J;<d.
Convection is strong in upstream side normal to flow
dendrite, which is the same as that in the upstream of the
dendrite. But in the downstream side normal to flow
dendrite, convection is weak because of asylum of
dendrite arm, and Cu is diffused away hardly. The two
factors cause that the thickness of concentration
boundary layer in front of normal to flow dendrite tip is
thicker than that without flow, namely, d,>d,. In the
downstream side of dendrite, convection is weaker than
everywhere of the asylum of dendrite arm. Cu is
precipitated not only from solid phase but also from the
upstream of dendrite and cumulates here. So the
thickness of concentration boundary layer is thicker here
than that in front of normal to flow dendrite tip, namely,
03>0,. In all, the thickness relationship of concentration
boundary layer in front of dendrite tip in 3 directions for
melt with and without flow is shown as

01<8¢<0,<03 (11)

4.2 Effect of melt forced lamina flow on maximal
value of concentration in front of dendrite tip

Melt forced lamina flow has an effect on the
maximal Cu concentration in front of dendrite tip. The
same as previous analysis, the strongest convection
happens in front of upstream dendrite tip. Cu precipitated
from solid phase diffuses away easily and cannot hinder
concentration. As a result, the concentration of Cu is
lower for melt with flow than without flow. As shown in
Fig. 2, there is ¢/, >¢;,. Convection is strong in the
upstream side of normal to flow dendrite but weak in the
downstream side. So, Cu atoms accumulate and their

maximal concentration is higher than that without flow,
as shown in Fig. 2. The relationship is ¢, > ¢, . In the
downstream side of dendrite, Cu hardly diffuses away
because convection is weak. What is more, Cu atoms
from dendritic upside with melt flow accumulate there.
So, Cu enriches seriously, and the concentration is the
highest, namely, c¢;;>c¢;, . In all, the maximal
concentration relationship in front of dendrite tip in 3
directions for melt with flow and without flow is shown
as:

* * * *
CL3 > Cy > € > €Ly (12)

43 Effect of melt
microsegregation
Figure 1(c) shows that there is microsegregation

within dendrite arms. Poor Cu domain occurs in the axis

forced lamina flow on

center of primary dendrite arm which is caused by the
dendrite tip curvature radius. By comparing Fig. 1(c)
with Fig. 1(f), microsegregation exists with new features
for melt with flow. Figure 4 shows that in 2D simulation,
the length and half width of poor Cu domain are /yand wy
in primary dendrite arm for melt without flow. For melt
with flow, the length and half width of poor Cu domain
are /; and w; in the upstream dendrite, respectively, and

c

g i 0.4610
Without flow 0.4558
' 0.4506
0.4454
0.4402
0.4351
0.4299
0.4247
0.4195
0.4143
0.4092
0.4040
0.3988
0.3936
0.3884

Fig. 4 Comparison of microsegregation between melt without
flow and with flow
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[>lo, wi>wg (13)

It is shown that the area of poor Cu domain
increases in upstream dendrite for melt with flow.
Because the thickness of concentration boundary layer is
thinner, the concentration gradient is larger and the
maximal concentration in front of upstream tip is smaller
for melt with flow. Those factors are propitious to
constitutional supercooling. As a result, the upstream
dendrite growth velocity and curvature radius increase.
So, the area of poor Cu domain increases.

2) For the melt with flow, after solidification speed
becomes stable, Cu concentration is different in the axis
center of 3-direction primary dendrite arms, as shown in
Fig. 2. Cu concentration in the axis center of upstream
dendrite is lower for melt with flow than that without
flow, namely, cg, < cgo. However, Cu concentration in
axis center of downstream dendrite (023) and normal to
flow dendrite (cgz) is higher for melt with flow than
without flow. Flow state fluctuate is caused by dendritic
morphology growth, and c;3 fluctuate is caused by
flow state. But the relationship cg; >cgy >cgo  still
exists. This is because the local equilibrium state of
concentration in solid and liquid phase always exists.
The ratio of concentration in solid phase side (cg) and
liquid phase side ( ci ) around the interface is
corresponded to the solute equilibrium partition
coefficient K, whether the solute accumulation is high or
low.

5

Ky=% (14)
L

that is

cs = Koy (15)

Combining Egs. (12) and (15) obtains
e3> €5y > €0 > €5 (16)

The simulation results are coupled with theoretical
analysis results based on the solidification theory.

The plasticity, toughness and tensile properties of
the alloy degrade because of microsegregation. In order
to eliminate microsegregation, one of the easiest ways is
homogenization for a long time to cast alloy at lower
temperature than the solidus temperature.

5 Conclusions

1) Supercooled melt forced lamina flow can affect
the thickness of concentration boundary layer and the
max concentration in front of dendrite tip, the

. . * * * *
relationships are 0,<09<d,<ds and cy3 > ¢, >Cp g >Cp s
respectively.

2) Because of melt flow, solute enrichment is

weakened at upstream dendrite. But in downstream
dendrite, enrichment is severe and the risk of shrinkage
cavity occurrence increases.

3) Microsegregation is complex in primary dendrite
arm for melt with flow. The concentration follows the
relationship of cg3 > gy > cgp > ;. 2D simulation
results show that the area of poor Cu domain is lager
inside of upstream dendrite. Homogenization should be
done after solidification at temperature lower than the
solidus temperature to eliminate microsegregation.
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