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Abstract: A self adjusting model was presented on the basis of the effect of temperature gradient on eutectic growth and

a curved solid/ liquid interface. Finite differential method was adopted to solve the model. The average lamellar spacing of

the AFALsFe eutectic alloy and the content fields ahead of the solidifying interface under different growth rates were calcu

lated. Directional solidification experiments were carried out in order to prove the modification of the modeling. The ex-

perimental results are in relatively good agreement with the calculations.
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1 INTRODUCTION

Eutectic spacing is an important parameter
which reflects the feature of eutectic microstructure.
Study on eutectic solidification theory places mainly
on the selection mechanism of eutectic spacing and
morphology transition. In 1966 Jackson and Hunt!"!
initially established a comparatively perfect growth
theoretical models(J-H model) for normal eutectic al-
loy and presented selection mechanism for lamellar
and rod eutectic spacing and transition condition for
microstructural Subsequently  re-
searchers made a further perfection and correction on

morphology.

this model, making it apply to wider circumstances.
These theoretical models make it possible for people
to simulate eutectic growth processes.

Up to now, the numerical simulations of alloy
microstructures have been made great progress'® .
As for eutectic alloys, the numerical simulations in-
clude two sides: one is the microstructural morpholo-

[

gy simulation'® and the other is the eutectic spac

71 The normal eutectic simulation has been great

ing
successful. However, abnormal eutectic simulation is
still not desirable. Although there are much research
results, theoretically abnormal eutectic models still
need to be further improved. Studies on the relation-
ship between eutectic spacing and temperature gradi
ent are rare. Lamellar spacing is only related to
growth rate R, not to temperature gradient G in the
classical eutectic growth theory. For normal eutectic
the effect of temperature gradient is little and can be

ignored in most cases. However, the effect of tem-
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perature gradient on abnormal eutectic is obvious.
Experiments show that average lamellar spacing Ahas
a fixed relationship with temperature gradient G for a
given alloy. Eutectic growth model can be described

by[ 8]

X¥R=Af(G) (1)
where A is a coefficient related to alloy composi-
tions.

Theoretical calculation indicates that J-H model
applies only to normal eutectic alloy. Magnin and
Kurz et all”' made a modification to this model. For
abnormal eutectic alloy, an operating point factor, @,
was introduced. The effect of temperature gradient
on undercooling should be considered due to a curved
solid/ liquid interface. However, all these models are
based on stable solute diffusion equation and can t re-
flect the changing process of lamellar spacing with
time. Furthermore, analytical methods are employed
to solve the diffusion equation. Boundary conditions
are also simplified in order to get a simple solution,
regarding the interface composition as eutectic con-
centration, which has an obvious deviation from case
especially when the growth rate is high. Moreover,
density differences among eutectic phases are not tak-
en into account. To settle the defects of models
above, a solute transfer equation related to time is de-
veloped in this article and numerical method is used to
simulate the relationship between average lamellar
spacing and temperature gradient when growth is in
stable state. There is no necessity to simplify bound-
ary conditions because of adopting a numerical
method. So it agrees better with fact. At the same
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time density factor is introduced to correct the density
difference among eutectic phases.

2 EXPERIMENTAL

Eutectic AF2% Fe (mass fraction) alloy was pre-
pared from pure aluminum and iron. Melting was car-
ried out in a graphite crucible by using a resistance
heated furnace. Alloy was cast and oxidized film was
subsequently removed. Specimens with d10 mm X
100 mm were solidified in corundum tube in a direc
tional solidification furnace under different tempera
ture gradient and variable growth rates. The temper-
ature gradient in the experiment was 9. 8 K/ mm.

The lamellar spacings were measured on metallo-
graphs'” of longitudinal section of the specimen,
about 10 mm behind the quenched interface to ensure
being in the steady state region. The average spacing
was obtained from measurement ( over 100 lamellar
spacings) in various representative areas of the speci-
men. These measurements were carried out perpen-
dicular to the general direction of the lamellae in very
carefully selected regions where the lamellar is more
or less kept constant over some areas within the
grains. But these regions are not limited to those
where the lamellae are strictly parallel since the latter
are not representative of the overall microstructure.
The measurements are listed in Table 2. Fitting the
relationship between average experimental lamellar
spacing Aand growth rate R an experiential formula
is obtained:

XOR= 1479 Um*> /s (2)
3 ESTABLISHMENT OF MATH MODEL

3.1 Content field controlling equation and corre
sponding boundary conditions

Fig. 1 shows a growing schematic diagram at a

given growth rate for lamellar a( Al) and AlsFe phase

in eutectic AFA3Fe alloy. Ais the average simulative

lamellar spacing. Considering the periodicity of eute
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Fig. 1 Simplified lamellar interface morphology
for AFAlzFe eutectic alloy

ctic microstructure and the symmetry of content field
in a spacing, N2 is a calculated object. Rectangular
coordinate is established whose origin is three phase
junction, growth direction is along y axis.

Hypotheses are made in order to simplify calcula
tion before setting up mathematical model:

1) In the course of calculating content field,
suppose that interface be curved, that is to say, the
effect of interface curvature on content field is neg
lected. But when calculating the undercooling, solid/
liquid interface is regarded as curved surface. Not on-
ly the effect of curvature, but also the effect of tem-
perature gradient on undercooling should be taken in-
to account.

Such hypotheses are reasonable. The exact solu-
tion to content field can not be obtained because the
real interface shape is unknown. However, under
general growth rate Peclet(p= M/2D) is very small
and the amplitude of interface is much less than diffu-
sion distance. Therefore, real interface shape can't
affect the solution to diffusion equation.

Although the exact interface shape is not
known, it should satisfy at least following require-
ments:

To a(Al):

(dy/dx)1,_ o= tan 64

(dy/dx) 1, 5= 0

¥l s~ G

yliz0=0

To AlsFe phase:

(dy/dx) [ <= 0= — tan GAISFP,

(dy/dx)l -5, ,=0

,\131"(-,
(- =-§
Y1g= S,\131<'e Al Fe
yl x= 0= 0
Four conditions can determine four unknowns.
. . 3
So the interface equation can be assumed as y= ax

+ bx’+ cx+ d and undetermined coefficients can be
used to determine a, b, ¢ and d. y is

Satan O (2+ 1)( X/ Sq)3= (3 9+ 2)
(X/Sq)*+ ( X/Sa)] (o phase)
Sarretan Oappel (29 1) (= M/ Sapee) =
(39+ 2)(= X/Sapre)’+ (- X/ Sanre) ]
(AlsFe phase)

(3)

2) Liquid volume is limitless. The change of liq-
uid content in the infinite distance ahead of interface
is neglected during calculation.

3) The diffusion of solute in solid is ignored.

Ordering w= w (x, y) to be the solute content
at any point of liquid in front of interface, the content
field controlling equation is
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at: DI ax2+ ay2 +R ay (4)

The variation range of independent variable in
this model is — SAlsFe x <Sg and O <y< + oo

Lamellar spacing A= A(t) varies with time. Intro-
ducing dimensionless rectangular coordinates X and
Y, ordering X = x/ A Y= y/ A and substituting
them into above-mentioned equation gives
2 2
H %Lf: %{1‘%+ g_;%+ N %u; (5)
Obviously, the variation range of X and Y is —

S aLre/ 2 X § o/ 2 and 0SY< + 00, respectively.
Corresponding boundary conditions are

1) Periodicity
To arbitrary X having

w(X+1) =w(X) (6)
2) Symmetry

%?:0 (X= = fayrel2, X=fd2) (7)
3) Far field condition

w( Y + 0= wyg (8)

4) Local equilibrium condition
neglecting solute diffusion in solid, the conserva-
tion of solute at the interface requires

_D %ﬂ; vo= R(wm— w5) (9)

Considering the relationship of content in liquid
with that in solid, the densities of eutectic phases are
different, so the expression above can be written by

v.R

- ng,im ( 1 _ku) (a phase)
dJw
— =) varre R
Y [y AJ;; (1—wA13Fe,im)(1_‘kA13Fe)

(Al;Fe phase)
(10)

Note that w q imand w alre, imare the real content

at interface, not the eutectic content w g regarded by
Jackson or Magnin et al.

3.2 Undercooling calculation
After calculating the content field ahead of inter
face, the undercooling AT; of each eutectic phase can

be derived:

AT ;= AT; o+ ATi o+ AT \ (11)
1) Solute content AT, .
AT; o= mi(WE w; im) (12)
2) Curvature undercooling AT .
2y
dx?
AT, .= Ty KX )= - Fil I EEE (13)
1+ dX

3) Kinetic undercooling AT
To normal eutectic the kinetic undercooling can
be ignored. To abnormal eutectic, one of the eutectic

phases is faceted phase which has a larger kinetic un-
dercooling. But kinetic undercooling does not have
obvious effect on eutectic growth in general condi
tions. Therefore it can be still ignored '’
4) Effect of temperature gradient G on undercooling

If temperature gradient G exists at interface it
certainly leads to the change of undercooling. For
simplification, suppose that G be constant and its di-
rection be perpendicular to interface. Because of the
small depth of interface depression, the undercooling
variation AT; ¢ resulting from G can be approxi
mately expressed by

AT ¢= GY(X) (14)

After deriving AT;.c, ATi ., AT ¢ the average
undercooling AT'; of phase i can be calculated:

ATL-: ATi,c"' ATL",.+ ATL',(] (15)
w here A?i,(,: mi}L in (wep— wi, i) dX,
i Jo

Ali,,: Fi KLX): 2 F,'Sinei/( %1) ’

AT ¢= G Y(X)= G(- &/2+ X;tan0/24)

Note that § is unknown and should be tried to
solve. Constraining the undercooling in the center of
phase i equal to average undercooling of phase i gives
the § expressions:

6(1: [_ ma(wE_ W q, inl)(X:fa/z)_
4Tqtan 0/ ( Xa)— A Ta = A Tq -
GXatan 0/24]/[2/ G+ 24To/( ¥ )7
(16)
Sai,pe= [ = maLre( wE— 10 ALFe i) (X= f aLFe/
2) = 4Ty retan Oapre/ ( X are) =
AT aFe, = AT aLFe, =
G X ayretan Oaire/ 241/[2/ G+ ( Karre)’]
(17)
Having § expression AT q and A?M}Fe can be given.
So average undercooling AT of eutectic phas-
es are obtained: .
— | mal AT arpet marre AT o
AT = (18)

| mal + mappe

3.3 Lamellar spacing selection

Undercooling AT and lamellar spacing A require

AT = K]R)\+ Kz/)\ (19)

The spacing is determined by undercooling. For
normal eutectic alloy in steady growth, the spacing
should make the undercooling minimum at a given
growth rate. But for abnormal eutectic, steady spac
ing departures from extremum theorem. T herefore,
the spacing must be corrected, introducing operating
point factor ®. Experiments show that the value of ¢
is independent of growth rate under general growth
rate. Abnormal eutectic average spacing N s

= PA, (20)
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Differentiating Eqn. ( 19) and ordering dAT/d A
= 0 as well as combining Eqn. (20) finally get spac
ing selection formula

MT= ( ¥+ 1)K, (21)

Eqn. (21) only shows the spacing selection law
in steady growth state. For unstable growth, the
spacing and undercooling are uncertain to satisfy the
relationship above. It is assumed in the paper that
undercooling and spacing still satisfy Eqn. (21). With
the help of the assumption the solidification mi
crostructure parameters in stable growth state are
worked out. In a given solidification condition of A
and R, using Eqns. (3) 7(10) the content field ahead
of interface is calculated; using Eqns. (11) 7( 18) the
undercooling is calculated and finally using Eqn. (21)
spacing at this moment is worked out. Serving the
calculated results as the initial conditions of the next
time, the spacing and undercooling are calculated.
The process is self-adjustment of A with time. The
calculation is over when the relative error of under
cooling( or spacing) between the last and next time is
less than the given precision( for example, 10 7).

4 SIMULATION RESULTS AND ANALYSES

4.1 Comparison of calculated spacings with experi-
mental results of Al2%Fe eutectic alloy

The relationship between Aand R in eutectic AF
2% Fe alloy is calculated and the calculations are also
compared with experimental results. The physical
properties of AF2% Fe eutectic alloy are listed in
Table 1. The results of calculations are listed in T able
2.

It is shown in Table 2 that not only the experi
mental spacings but the calculation results all decrease
with the increase in growth rate. The departures are
relatively large when the growth rate is

Table 1 Physical parameters of
AF2% Fe eutectic alloy

Symbol Value Reference
wE 2.0 [12]
mq - 2.8 [ 13]

M AL Fe 41.7 [13]
wo, o 0.052 [ 12]

W0, ALFe 52.1 [12]

Pu 2.5 v
Payre 3.7 [ 14]
fa 0.94 4

S ayFe 0.06 vl

Iy 0.11 [12]
FAlsFa 0.16 [12]
0a 65 [12]
Oanre 30 [12]
D 925.5 [12]
¢ 5.0 [12]

Table 2 Comparison of experimental lamellar
spacings of AF% 2Fe eutectic alloy with
calculated ones under different growth
rates at temperature gradient of 9. 8 K/ mm

Growth rate/ Spacing/ Hm
(e ) Experimental Calculated
3.41 15.24 15.95
4.33 12. 40 14.19
9.03 9.49 9. 86
25.00 6. 00 5.93
31.67 5.79 5.27
40. 28 5.06 4. 68
66. 45 3.79 3. 64

low, but small error occurs at high growth rate. The
large departures at low growth rates are related main-
ly to the simplified interface in the paper. The real
solid/ liquid interface of abnormal eutectics is more
complex than that assumed by the paper. It can be
concluded that the assumed interface is more different
from the real interface at low growth rate and little
different at high growth rate. The agreement be
tween the results is acceptable. The relationship of
calculation with experimental spacings satisfies

XR= 881 Hm?/s (22)

4.2 Distribution of content ahead of solidifying in-
terface
Fig. 2 shows the calculated distribution of con-

tent ahead of solid/liquid interface. The growth
1.2
8 a
&> @
L (Al
28 08! AlFe @
E s"_',é 0.00244
E € 04 300566 0.01053
SF Z0.02186 0.01863]
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Normalized interface position, X
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0.05919

Normalized distance
from interface, ¥

0.4
0.134 36

‘ : 0.209 53
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Normalized interface position, X

Fig. 2 Content field ahead of solidifying

interface of AF2% Fe eutectic
(8] —R= 10 Umfsz (b} —R= 100 Bmys



Vol.13  Ne 4

Numerical modelling of microstructure forming process for AFAlzFe alloy . 853 -

rates are 10 Pm/s and 100 Pm/s, respectively.
Fig. 2 only gives the content isolines in a half width of
lamellar spacing due to the symmetry of content. It
shows that the degree of solute affluence( a(Al)) or
scarcity ( AlsFe) is slight when the growth rate is
low, but that is heavy when the growth rate is high.
Besides, the degree in the center of phases is the
heaviest. With the increase in distance from phase
center the solute content gradually declines. In the
growth direction, with the increase in distance from
interface the solute content also decreases. Solute af-
fluence or scarcity only exists in short range ( about a
lamellar spacing). The solute in liquid is still welk
distributed beyond the distance.

4. 3 Effect of temperature gradient G on lamellar
spacing
Table 3 lists the calculated spacing values at dif-
ferent growth rates when G is 0 K/ mm. Compared
with Table 2, it reveals that the effect of G variation
on lamellar spacing is small. So the effect of tempera-
ture gradient can be ignored. However, the effect of
G is remarkable when the growth rate is very low( R
< 0.1 Hm/s). It can be found in Fig. 3 that tempera
ture gradient, G, has a notable effect on lamellar
spacing, A It indicates that the nomrisothermal phe-
nomenon of interface is serious and the effect of tem-
perature gradient on eutectic growth must be taken
into account.
At the same time, the calculation reveals that
the operating point factor ®is no longer a constant
& 140

)
S

[
(=

[o.2]
o

=
(=]

Interlamellar spacing, 4 /u

N
(=1

0 5 10 15 20
Temperature gradient, G/(K-mm ')

Fig.3 Effect of temperature gradient
on lamellar spacing( R= 0. 05Hm/s)

Table 3 Calculation of inter-lamellar spacings
under different erowth rates( G= 0 K/ mm)

Growth rate, R/(Hmes™ ")

Calculated spacing, N Hm

3.41 16. 07
4.33 14. 26
9.33 9.87
25.00 5.93

but the function of growth rate R. As shown in Fig.
4, @ declines with the decrease in growth rate under
the same temperature gradient. At this moment the

relationship of X’ R= constant is no longer tenable.

n— (=10 K/mm
o— (=0 K/mm

Operating point factor, ¢
(98]

I

0 1 2 3 4 5
Growth rate, R/(umes™1)

Fig. 4 Effect of growth rate on operating
point factor

S CONCLUSIONS

Based on the effect of temperature gradient on
eutectic growth and a curved interface, a self-adjust-
ing model with time is established. The calculated
and experimental lamellar spacings of AF2% Fe eutec
tic alloy are compared. Following results can be
drawn:

1) Average lamellar spacing decreases with the
increase in growth rate. Furthermore, both the ex-
perimental and calculated results are in good agree-
ment. The relationships between lamellar spacing and
R are

X *R= 1479 Um™> /s

XR= 881 Um’/s, respectively

2) The calculated content field shows that con-
tent isolines is symmetrically distributed with parabo-
la shape on the whole. The farther the distance from
interface, the slighter the solute affluence or scarcity
is; and the higher the growth rate is, the more serr
ous the solute affluence or scarcity is. Solute unifor-
mity in liquid only exists in a very short range. Be
yond this range solute distribution is also uniform.

3) When the growth rate is higher the effect of
temperature gradient on lamellar spacing is smaller,
which can be ignored. But when the growth rate is
very low interface is no longer isothermal. Here tem-
perature gradient has a remarkable effect on spacing
and must be considered. In the meantime, the oper-
ating point factor ®is no more a constant, but varies
with growth rate. So the relationship of X'R= con-
stant is untenable.

i —a(Al) or AlsFe phase
R —6Growth rate, Hm/s
A—Average simulative lamellar spacing, HPm
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S; —Half width of phase i, Pm - 1 g - 1 g i
— P = i a) = i e
A—Average experimental lamellar spacing, Hm II:ZI n]_[)3sm (n%f) IL:ZI (nJT)3sm (n3Y anee)
fi —Volume fraction of phase i, f;= 285, JA ‘
Ay —Extremum lamellar spacing, Hm K _2M ['ysin By FAHF“'SIH eAle“’
2

@ —Density of phase i, g/cm’
P—Average density, P= f o+ f aLreParre, g/ cm’
v; —Density factor of phase i, v,= pﬁ)

w g —THutectic content( mass fraction), %
w i, im —Solute content of liquidus phase i at interface
. (mass fraction), %

w i, i —Average content in liquidus phase ¢ at inter
face (mass fraction), %
w s —Solute content of solid phase( mass fraction), %
Ty —Eutectic temperature, K
H= X/D
N= NR/D
m; —Liquidus slope of phase i, K/%
M —Average liquidus slope of phase i,
— I md mayp.
M= , K/'%
| mal + M ALFe
G — hermal gradient, K/ mm
® —Operating point factor, $= 2§/ ( X;tan6))
D —Diffusivity coefficient of iron in liquid aluminum,
Um?/ s
ki —Distribution coefficient of phase i
[; —6Gibbs Thompson coefficient of phase i, Hm*K
f —Contact angle of phase i at three phase junction,
(%)
K(x ) —Curvature at any point of interface
K( X ) —Average curvature of phase i at interface
AT ; —6Growth undercooling of phase i, K
AT; —Average growth undercooling of phase i, K
AT, . —Solute undercooling of phase i, K
AT; . —Average solute undercooling of phase ¢, K
AT;, . —€Curvature undercooling of phase i, K
AT';, . —Average curvature undercooling of phase i, K
AT ; « —Kinetic undercooling, K
AT ¢ —Undercooling from thermal gradient, K
AT ¢ —Average undercooling from thermal gradi-
. ent, K
AT —Average undercooling of eutectic phases, K
§ —Depression depth in center of phase ¢, Hm
Ki= (MCi, o/ D)(P/f f nre), Kes/Hm?
Wi 0= va( WE— W0, o)+ VALFe( W0 ALFe~ WE), %
w o, ; —Solid solubility of phase ¢ in the other phase

(mass fraction), %

-+
I mal fa' maipef alpe

x, y —Rectangular coordinates, Pm

a, b, ¢, d —Arbitrary constants

X,

Y —Dimensionless rectangular coordinates
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