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Abstract: Finite difference method was used to calculate the macroscopic transportation phenomena( including tempera-

ture and concentration fields) of AF7% Si( mass fraction) alloy. On the basis of the results, coupled with local area magnr

fication, the nucleation and growth of primary o phase of AF7% Si were simulated. Relating the growth process of o

phase of AF7% Si alloy in space with structures of a sample section, the morphology and precipitating process of primary

a phase of AF7% Si alloy was simulated. The results are in good agreement with those obtained experimentally.
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1 INTRODUCTION

The microstructure control during metal mould is
a long-term research work, the previousresearch was
Since 1980 s,

the computer simulation method was used to study

based on the try-and-error method!'".

the formation of solidification microstructure and dis-
tortion structure. The computer-trial production may
display dynamically the whole process of formation of
solidification microstructure , or may predict the
macro porous defects , and may optimize the process
parameters through the approaches of numerical simu-
lation cooperated with physical simulation .

In this paper, the authors established the model
of 3D equal dendrite growth of primary aAl of Ak
7% Si correlating with the structure of the section . Tt
simulated the nucleation and growth processes of prr
mary Al in 3D space through establishing the
macro-micro coupled mathematical model ™ *' in
which the heat, mass transportation in macroscope ,
nucleation and growth of crystal in microscope as well
as the morphology of crystal of a section were inte
grated. A model connected microstructure formation
and growth with macroscopic transportation ( mass,
momentum, energy, etc) is presented to complete
the micro-macro scope uniform. The method is local

4 coupled with the finite difference

area magnification
method. The crucial areas were selected to be mesh
with finer size when being micro-simulation, while
the temperature and concentration fields belong to the

macro scope still were applied to the whole casting.

@®  Received date: 2002 ~ 09 ~ 06; Accepted date: 2002 ~ 12 ~ 15

The method alleviates dramatically the contradiction
between micro-simulation and great calculating capac
ity, and really reflects on the macro-micro mechanism
of solidification .

2 EASTABLISHMENT OF MATHEMATIC MODEL

The model coupled the temperature, concentra-
tion fields in macroscope with the nucleation, growth
model in microscope through mapping technology!”!
and taking the local area magnification method .

2.1 Coupled model in solidification process

During the solidification of binary alloys, there
occur the transportation of energy , mass, momen-
tum. On the basis of volume average method pro-
posed by Beckermann and Wang'®, the follow ing as-
sumptions were made:

1) Solid phase velocity is zero;

2) The heat balance can be achieved instantly on
calculated cell;

3) There is local thermodynamic balance at the
interface of solid-liquid;

4) Liquid phase solutes diffuse fully in a calculat-
ed cell.

At the same time, macro-transport model liquid
is assumed to be impressible liquid. The physical prop-
erties of material in solid or liquid is independent of
temperature. The approach is the Boussique approxi
matation, that is to say, except the gravity, there is
no other force to make the liquid flow'”. The ther
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mophysical parameters of AF7% Si are listed in T able
1

Dominated equation are described as follows:
Mixture mass conservation is

SORRE VT (4R0)= -3 (R9) (1)

Liquid momentum conservation is
Ov
@A El+ AAv1* Vo=

-9 Vp + V'( GO VU1)+
Ve[ BANC( Vo) + Ao VA+ Vo) ]+

nZ(ep)- @AKo 2pge

[BI'( T - Tre[')T‘l' B(‘( Ci— Cref) c] (2)
Liquid mass conservation is

Oc
A 514_ ?Rv1* Vo=

de,
Ve( %AD Ve - CP 8Ct +

(e ) 2(p) (3)

Solid mass conservation is

0.0 552 (o >| Lo o BB (0
Mixture energy conservation is
LA, gL, . op
v %f+ %0) vl ep el
(Hi- HyZ(ep) (5

where  H( %) is the liquid( solid) volume fraction,
A( ) is the density of liquid (solid) phase, v is ve
locity of fluid, p is pressure, T is temperature, T} is
the viscosity of liquid, K is the permeability in the
mushy zone, Br is coefficient of thermal expansion,
B¢ is coefficient of solute expansion, ci( c,) is concen
tration of liquid( solid ) phase, Dy ( Ds) is diffusivity
of liquid (solid) phase, H|(H) is the enthalpy of
liquid (solid) phase, ¢ is time, g is the acceleration
of gravity, T . is reference temperature, and c,ef is
reference concentration.

When liquid becomes solid, the solid parts will
release latent heat. So the release of latent heat should
be added to Eqn. (5). The equation of latent heat is

di, 0%
FPRRRFY (6)

where L is latent heat .
The solid fraction in the liquid will change when
liquid becomes solid, the equation can be dealt with as

follow: %+ 9= 1.
1, T> T,
T- T,
@= m“ T.<T KT (7)
0, T< T,

T1 and T, represent the temperature of liquid
and solid phases respectively on the phase chart. It is
assumed that the solid and liquid compositions on the
solid-liquid interface are in equilibrium. When the so-
lidification on solid-liquid interface occurs, the solute
partition between liquid and solid can be expressed as
follows:

ce = ket (8)
where k is the partition coefficient, c: and c| are
interface equilibrium concentrations in solid and liquid
phases, respectively.

Through Eqns. (1) 7(8), the results of tempera-
ture and concentration field can be obtained.

2.2 Micro dynamic model
2.2.1

During the cooling process, the local area magni-

Nucleation model

fication method was adopted to simulate the formation
and evolvement of initiak Al phase . the macro differ-
ent cells were meshed with equal size, then the re-
sults of temperature and concentration field achieved
through mapping technology were given to the cell, fi-
nally, the nucleation and growth of cells were calcu-
lated.

To describe the heterogeneous nucleation!® in
the bulk liquid, the continuous nucleation model was
adopted in which a Gaussian distribution of nuclei was
considered. The nuclei density increase (d,) was

Table 1  Thermophysical parameters of AF7% Si alloy
Diffusion Specific T hermal e Diffusion T hermal
o o Specific heat .. ..
coefficient heat of conductivity ¢ Tiquid coefficicent conductivity
of solid solid in liquid /(] 1 j(IIUIlzv 1 of liquid in solid
/(m*es™ ) [(Jokg” K™Y /(Wem™ 'eK™ ) (J*ke ) /(m%es™ ) /[(Wem™ '*K™ 1)
107" 665. 8 154.7 1 000 3% 10”7 167.8
Densi Solidus iquidus Latent he:
Pmlt};/ Solidus Liguius atent ﬁelat/ Partition coefficient  Initial solute/ %
(kgem”) temperature/ K temperature/ K (Jokg™ )
2 665 850 891 3 719 446 0.117 7
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induced by increase in the undercooling d( AT) ac
cording to the following Gaussian distribution:

L [ 1 AT = ATy’
JETATOJ‘O expl = (T AT, d(AT) (9)

AT N is the
mean nucleation undercooling, and 7, is themaxi

where AT, is the standard deviation,

mum density of nuclei. The parameters of nucleation

are listed in T able 2.

Table 2 Parameters of nucleation in bulk liquid
AT N/ K AT o/ K 2

N ax/ M~

273.5 273.1 2.5x% 10%

2.2.2 Growth model

The relationship between the growth velocity v
{AT(t)} and the local undercooling AT (t) can be
expressed as' ')

v{AT(t)}= kAT (t)*+ kaAT (1)’ (10)
where k= 2.9%x 10" *m/(s*k?) and ko= 1. 49 X
10" ®m/ (s°k’), for AF7% Si alloy, respectively. o
Al is face-centered cubic, its preferential direction is
{100) which is in accord with coordinates.

3 MORPHOLOGY AND PRECIPITATING PROCESS
OF o Al ON SECTION

It is very difficult to observe growth process of
crystal """ in space during experiment for the opaci-
ty of melt metal. The paper connects the precipitating
process of crystals in space (shown in Fig. 1) with

structures on a section to simulate the formation of
[15]

microstructure

Fig. 1 Schematic of initial oAl dendrite

3.1 Calculation of point of intersection between
dendrite axis and sections

Supposing that the centre of Al dendrites lies

on the origin O of 3-D right angle coordinates, and

the initial dendrites grow along with the direction of
X, v, z, then randomly section the dendrites. The
point of intersection between the section with coordi-
nates are P, (), R, as shown in Fig. 2, OP= x,,
0Q= yo, OR= zg, then the plane equation is

o e ey (11)

X0 Yo 20

z

z!

Fig. 2 Relative location of new and old coordinates

Turning Eqn. (11) into standard equation, it
can be obtained:

Ax+ By+ Cz+ D=0 (12)
where A = yozo, B= x0z0, C= x0y0, D=
- X0Y0Z0

If vector is not equal to zero, v={m, n, p},
then the bee line equation of dendrite axis which par-
allel to the vector v and overpass point Mo( a, b, c)
can be written as

X=a_ y= b: - c (13)
m n p

The point of intersection between the dendrite
axis and section must satisfy Eqns. (11), (12). Or
dering that the specific value of Eqn. (13) is ¢, then
it can be obtained:

x= a+ ml, y= b+ nt, z= c+ pt (14)
Derivation of Eqns. (13), (14) yields

(Am+ Bn+ Cp)t+ (Aa+ Bb+ Cc+ D)=0
if Am+ Bn+ Cp 70, then
Aa+ Bb+ Ce+ D
Am+ Bn+ Cp (13)

Puting ¢ into Eqn. ( 14), the point of coordinate
between dendrite axis and the section can be ob-

t= —

tained.

3.2 Coordinate transformation

There are nine angles between the old coordi
nates and the new one (seen Table 3) in the case that
the origin of the new 3D right angle coordinates lies
in the plane T and the line between the origin of the
old coordinates and the new ones are perpendicular to
plane T and the axis z* of the new coordinate is along
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with the direction of 00’ (seen Fig. 2).

Table 3 Angle between new and
old coordinates

Old axis
New axis
0X oY 0z
0'x’ al By vy
oY V) B, ¥
07 a3 B; Y3

Supposing that origin 0" of the new coordinate
is point ( @o, bo, co) on the old one, then it can be
obtained:

ao= dcos 3, bo= dcos B3, co= dcos Y3 (16)

The equation of transformation between the new
coordinates and the old one is as follows:

/

x = (x— ao)cosU+ (y— bo)cosBi+ (z— co)cos ¥
y/: (x— ag)costy+ (y- bo)oong+ (z— co)cos ¥
2= (x— ao)cost+ (y— bo)cosBs+ (z— co)cos V3
(17)
where (x, s z ) is the point of the old coordinate,

(x', y', z')is the point of the new coordinate .

If the value of coordinate of the point of intersec
tion( x, y, z) between the dendrite axis of the old
coordinate and the section is known, the value of co-
ordinate (x', ¥, z') in the new coordinate can be
calculated. For the points of intersection between the
axis of dendrite axis and the section are on the same
plane T, that is to say, on the new coordinate 2 = 0,
so after the coordinate is transformed by Eqn. (17),

the point of intersection is (x/, y/ , 0). The essence
of the transformation above-mentioned is to turn the
3-D coordinate of the point of intersection into the 2-
D coordinate on the plane z' = 0. If we draw on the
plane, then the real morphology of primary Al on a
section can be obtained on the plane.

4 RESULTS AND VALIDATION

The sample was prepared as follows: the AF7%
Si alloy was put into the melting furnace, holded for
30 min, then coolled down at 0. 6 C/s, when the
temperature reached 585 C, sample was chilled into
water. The samples were polished. Fig. 3 shows the
process of nucleation, growth, dendrite arm coarsen-
ing of initial acAl.

Fig. 3(a) infers that the nucleation of the initial
phase and growth process of initial dendrite arm,
Fig. 3(b) indicates the growth process of second den-
drite arm, and Figs. 3(¢), (d) mean that the second
dendrite arms are coarsening. Fig. 4 shows the struc
ture of a section through the chilling method when
the temperature declines to 585 C which is higher
than eutectic temperature 577 C. The shape of the
sectional structure is round, oval, rosettelike, which
is consistent with the structure in Fig. 3. It can be
imaginable that the shape of the dendrite in space
should be the same as what is described in Fig. 1, in
which the different sections will generate different
shapes of structure as Fig. 4. Therefore the method
we have adopted can reflect really the formation pro-
cess of Al on a section.
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Fig.3 Simulated precipitating process of & Al dendrites on a section
(a) —10s; (b) —40s; (¢) —50s; (d) —83 s
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Fig. 4 Morphology of a Al dendrites on section

S CONCLUTIONS

1) The macro transportation process is simulated
during solidification of AF7% Si alloy, including tem-
perature and concentration field, etc. The results
show that temperature and concentration fieds of Ak
7% Si alloy can be obtained by the simulation.

2) The macro-transportation phenomenon is con-
nected with micro nucleation and growth process to
simulate the microstructure of a section of initial
phase. The results simulated are in good agreement
with the experimental results.
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