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Abstract: The solidified microstructure of immiscible alloys strongly depends on the nucleation, diffusional

growth, especially the coalescence of the second phase droplets in the miscibility gap. A numerical model based on

the discrete multr particle approach was developed to simulate the nucleation and coalescence mode of the second

phase droplets during the earth-based processing of immiscible alloys (in this case, the effect of gravity cannot be

neglected) . The cooling rate is the major factor influencing the coalescence mode. Under the super-rapid or rapid so-

lidification condition (> 10* K/s), Brownian collision is the dominant coalescence mode. M arangoni collision be-

comes the dominant mode under the sub-rapid solidification condition (> 10> K/s). In the conventional slow cooling

scope( 10" K/s), Stokes collision becomes the dominant coalescence mode, correspondingly, leading to a serious

phase segregation.
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1 INTRODUCTION

The production of uniform, homogeneous
micro-composites from materials having different
densities, such as immiscible systems is desirable
for many applications, for example, as engineering
and electronic materials and self-lubricating bear-
ings'"'. The solidified microstructure of immiscible
alloys strongly depends on the nucleation, diffu-
sional growth, collision and coalescence of the sec
ond phase droplets. There have been several at-
tempts to model at least part of the microstructure
evolution in the miscibility gap. Rogers and Da-
vis'? treated the collision and coalescence statistics
of droplets. Uebber et al'” analyzed the undercoo-
ling and nucleation problem of Zn-Pb alloy.
Alkemper et al'? also analyzed the microstructure
evolution under the concurrent action of nuclea
tion, growth and Stokes settlement for a system of
constant temperature and constant supersatura-
tion, under the condition of constant thermophysi-
cal properties, constant supersaturation specified.
Zhao et al””’' made much work in this field. In the
early time, they established a numerical model
based on variational thermophysical properties and
supersaturation during a real continuously cooling
process, but neglected the influence of collision be-
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tween droplets. In recent years, they took the col-
lision coarsening process into consideration in their

k¥ But these studies were all based on the

wor
density dynamic approach.

T he solidified microstructure of immiscible al-
loys strongly depends on processes such as the nu-
cleation, diffusional growth, especially the coales-
cence due to collisions between the second phase
droplets in the miscibility gap. In our previous

"' a numerical model based on the density

studies''
dynamic approach was developed to simulate the
phase separating process of immiscible alloys only
during rapid cooling process. In the present paper,
a new numerical model based on the discrete multr
particle approach'" will be developed to simulate
the phase separating process of immiscible alloys
under different cooling conditions. The model con-
siders not only the concurrent action of nucleation,
diffusion growth and Ostwald ripening of the sec
ond phase droplets, but also Brownian collision,
M arangoni collision and Stokes collision between
them. In particular, taking AFIn system as the
studied object, this paper explores the effect of the
cooling rate on the coalescence mode of the second
phase droplets during the earth-based solidification
process. In this case, Stokes collision of the sec
ond phase can not be neglected.
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2 FORMULATION OF MODEL

2.1 Nucleation

Generally, the homogeneous nucleation of the
second phase droplets in the liquid metallic matrix
can be predicted with the classical nucleation theo-
ryl ',

Iww = NOUZexp[— AGS/ (kvT)] (1
where N = (x4 Q+ x5%)"', 0= 4n?°, I'=
6D/} Z= [AG/(3TkTn2)]"?, AG.= 1670/
(3AG7). In these equations, Qi, O and xa, xp are
the atomic volumes and the mole fractions of com-
ponents A and B; n. is the number of atoms in a
droplet with critical radius R* (= 20 AG,); Ois the
interfacial tension between the two liquids; AG. is
the gain of the free energy per unit volume; D is
the diffusion coefficient of the solute element; MAis
the average jump distance of a solute atom; ki is
Boltzmann's constant; T is absolute temperature
and AG. is the energy barrier for nucleation.

2.2 Diffusional growth and Ostwald ripening of
second phase droplets

When the second phase droplets move very slow-

ly, namely when the Peclet number Pe(= Ur/D) < 1

(where U is the moving rate of the droplet, D is

the diffusion coefficient of solute), the diffusional

growth rate can be expressed as'"’

_ .dL_ Cm(t)— C'I(rq t) _L
B(T; 4) = de Y es(t)— ei(r, t) r {28}
ci(r, t) = cw(t)exp(/r) (2b)

where c¢n(t) and cs(t) are the mean concentra

tions of solute in the matrix liquid and the drop-
lets; r is the droplet radius; ci(r, t) is the equilib-
rium concentration of solute at the curving inter
phase boundary, which can be calculated according
to Gibbs-Thomson relation; a = (20 )/ (kT ) is
the capillary length and c~(¢) is the equilibrium
composition at a flat interface boundary at moment
t; 4 is the average atom volume.

When Pe> 1, the growth rate can be ex-
pressed as''"

v(r, t) = g‘i:

2 [mcatt) = ar. ,:)IQ n
N3 es(t)- afr, )l 2 1+ 1

I/

2
172 -1/2
I & r

(3)

Nand M are the viscosities of the matrix

where
and droplet phases, respectively. The droplet s
moving rate U depends on its Stokes moving rate
(Us) and Marangoni motion rate (Uwn) .

2¢(P- P)(ns+ 1),?

Us= ""3nons 31 ()
2k VT -l d9y /dT 11

Uy = (2k+ K )(20+ 31) {4h)

where ., 12 is the interfacial tension between the

two liquids; % and & are the thermal conductivities
of the matrix and droplet phases, respectively.

Eqns. (2) and (3) also describe Ostwald ripe-
ning phenomenon. For the droplets with a bigger
radius, cu(2) > ca(r, t) =v(r, t)> 0, thus they
will grow up. But for the droplets with a smaller
radius, cu(2) < ca(r, t) =v(r, t)< 0, thus they
will shrink. This kind of phenomenon is generally
called as Ostwald ripening.

2.3 Motion ( Stokes and Marangoni) collision

The collision between droplets with different
radius may occur due to their different moving
rates. Here we consider one dimensional heat-
transfer problem, as shown in Fig. 1, in which the
temperature gradient and the gravity are in the op-
posite direction. In this case, the real moving rate

of a droplet is the difference of Us and Uw.

Copper substrate

Fig.1 Schematic diagram for

unidirectional solidification
(L is the thickness of sample,
h is the interfacial heat-transferring coefficient)

A fixed control volume with random droplets
(not overlapping) is considered. These droplets
are divided into different size classes according to
their radius. The collision rate per unit volume be-
tween class j and k can be dealt with stochastic col-
lection equation'” :

Jix = ninkT(rf+ ri)? | Ui = Uil Ey (5)
where nj, rj, U and ni, ri, U represent the
drop number, the average radius and the moving
rate of class £ and j at moment ¢, respectively. Ej
is the collision efficiency, a factor describing the
collision probability between class £ and j. Note
that Ejx = 1 when the droplets move on straight
paths. The number change of class j ( An;) due to
collisions within ¢ ¢+ dt period can be expressed

as
']2" DJii = D (6)

k= j j

Anj =

2.4 Brownian collision

Here the quick coagulation dynamics is used to
describe Brow nian collision betw een droplets' . If
assuming all of the collisions to happen between
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two droplets, the formed droplets due to Brownian
collision between droplets within ¢~ ¢+ di period
can be expressed as

An= Noe* (d/D/(1+ di/T (7)
where T is named as coagulation time (T =
3 (4KsTNo)) , No is the total number of drop-
lets at moment ¢t. Here we assume that all of the
formed droplets within ¢ ~ ¢+ d¢ period due to

Brownian collision have the same radius (ﬁrﬁwe,
rue is the average radius of all droplets at ¢ mo-
ment) .

3 CALCULATION PROCEDURE

During the simulation process, the average

cooling rate T and the average temperature gradi-
ent VT should be obtained firstly. Here we con-
sider the simple one-dimensional heat-transfer situ-
ation shown in Fig. 1, which often appears in gun
method, splat-cooling technique and copper mould
rapid solidification, etc. Here we use the formulas

T=2000L" "7 and vT= (T,— Tcu)/2L presented

in Ref. 161 to oredict T and VT. T, is the pou-
ring temperature (K) and T c. is the temperature of
Cu substrate (supposed as 293 K).

The calculation proceeds as follows. Assume
that the initial homogeneous AlIn melt is uniform-

ly cooled down with the corresponding T and VT
from the pouring temperature T, at a time step Af.
At the beginning of each time step, the supersatu-
ration, the mean concentration of solute in the ma-
the diffusional
growth and the collision between droplets are cal-

trix liquid, the nucleation rate,

culated successively. It is assumed that the original
radius of the nuclei is the critical radius R, which
is reasonable because the droplets may nucleate
with a certain size spectrum around the critical ra-
dius. When the temperature drops down to the
monotectic temperature 7w (912 K), the calcula
tion is terminated.

4 RESULTS AND DISCUSSION

AG of AFIn immiscible system can be predic
ted with the following equation''”:
AG = RT [xsln(xs)+ (1- x8) °

ln(l— xB)]+ AHOxB(l— xB)+
xs(1- xp) ;‘,Bi(T) c(1- x8)" (8

where AH = 22566 )/ mol, Bo(T)= - 2.094 8T,
Bi(T)=2129.2, B2(T)=12416.9, Bs(T)=
1128.7, Ba(T)= 269.95. The interfacial tension
comes from the fitted experimental values in Ref.
[ 18].

AL 2(T) = 0.508(1- T/1112)"7 (9)

The diffusion coefficient (c¢m?®/s) of indium in

aluminum melt changes with temperature'” :

Du(T) = 4.587 x 10°°T> (10)

4.1 Nucleation and supersaturation

Fig. 2 shows the changing trend of the nuclea-
tion undercooling of L2 phase (indium) with the in-
dium content under various cooling rates condr
tions. It is obvious that the undercooling for nucle-
ation decreases with rising indium content and de-
creases down to near zero at the critical composi
tion of 35% In( mole fraction). Compared with liq-
uid-solid nucleation, the needed undercoolings for
liquid-liquid nucleation are smaller because that the
interfacial tension of liquid-liquid interfaces is al-
ways much smaller than that of solid-liquid inter
faces. It also can be found from Fig. 2 that the un-
dercooling for nucleation increases with increasing
cooling rate. This kind of relationship is dependent
on the nucleation dynamics in which the occurrence
of the nucleation needs a certain incubation time.
It is obvious that a higher cooling rate leads to a
longer incubation time, thus leads to a higher un-
dercooling.
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Fig.2 Relationship between undercooling
degree and indium content

Fig. 3 shows the changing trend of the nuclea-
tion rate and the supersaturation during the cooling
process. The transverse axis is the relative time,
namely the ratio of the moment ¢ to the total cool
ing time ( the time period for solidification from the
pouring temperature to the eutectic temperature) .
It clearly demonstrates that, with cooling through
the miscibility gap, the supersaturation continu-
ously increases until it reaches a critical value so
that nucleation starts and reaches its maximum in a
short time. After that the supersaturation decrea-
ses due to the nucleation and the growth of the
droplets. The nucleation rate is primarily depend-
ent on the supersaturation. A higher cooling rate
leads to a higher supersaturation, correspondingly
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leads to a higher nucleation rate.
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Fig. 3 Evolution of nucleation rate and
supersaturation (AlF30% In( mass fraction))

4.2 Coalescence mode
During the cooling process, the second phase
droplets grow by diffusion, accompanied with the
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coarsening process due to the coalescence caused by
Brownian collision, Marangoni and Stokes collir
sion. For a given concentration, which collision is
the dominant coalescence mode depends on the

cooling rate (T), as shown in Fig. 4.
In Fig. 4, when the sample thicknesses (L)
are 0. 15, 1.0, 6.0 and 20 mm, the corresponding

T are in the order of 10*(rapid solidification condi
tion), 10’ and 10° ( sub-rapid solidification condi-
tion), and 10" K/s ( conventional slow solidifica-
tion condition), respectively. It can be easily
found from Fig. 4(a) that, the DB curve overlaps
with the DM SB curve, which indicates that Brown-
ian collision is the dominant coalescence mode un-
der the superrapid or rapid solidification condi-
tion. Marangoni collision just has a weak effect on
the coarsening of the second phase droplets and
Stokes collision can be neglected. As shown in
Figs. 4(b) and (c¢), the DM curve is the nearest
curve to the DMSB curve (Fig. 4(b)) or overlaps
with the DMSB curve (Fig.4(c)), which indicates

that Marangoni collision becomes the dominant
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Fig. 4 Effect of sample thickness( cooling rate) on coalescence mode of

second phase droplets( AF30% In( mass fraction))

(D, B, M, S are the abbreviations of diffusional growth, Brownian collision, Marangoni collision and Stokes collision, respectively.

For example, DM means that the calculation only considers the diffusional growth and Marangoni collision.

It should be noted that the DM SB curve represents the real coarsening process of the second phase)
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coalescence mode instead of Brownian collision un-
der the sub-rapid solidification condition. In this
case, Brownian collision has a weak effect, even
can be neglected. Stokes collision only has a slight
or no effect on the coarsening of the second phase
droplets. With further decreasing the cooling rate,
as shown in Fig. 4(d), Stokes collision becomes
the dominant coalescence mode instead of Ma-
rangoni collision. In this case, Brownian collision
can be neglected, but Marangoni collision still has
an important effect especially at the earlier stage of
the cooling process. It can be easily predicted that
the action degree of Stokes collision will become
more and more serious with the drop of the cooling
rate, which is the major reason why a structure
with a serious gravity segregation even a layered
structure presents under the conventional slow so-
lidification condition.

The calculated results in Figs. 4(b) 7(d) also
indicate that, even eliminating Stokes motion of
the second phase droplets, Marangoni motion still
exists and also leads to coarsening and phase segre-
gation. So it can be easily understood why a struc
ture with a serious segregation still exists in these
early experiments made in space microgravity con-
dition' "',

Actually, the general earth-based processes
have a low cooling rate, so the essential factor
leading to different coalescence mode is the Stokes
moving rate ( Us)
(Uwm) of droplets. It can be found from the com-

and Marangoni moving rate

parison between Us and Uw, as shown in Figs. 5( a)
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and (b), when the cooling rate is high, in this
case, Un >Us, so U= | Uu—- Us!| is mainly de
pendent on Uw, consequently the coarse is mainly
caused by the Marangoni coalescence; but when
the cooling rate is as low as the conventional
foundry condition, in this case, Uun <Us, so U=
| Un— Usl is mainly dependent on Us, consequent-
ly the coarse is mainly caused by the Stokes coales-
cence, this is why the DMS curve goes up above

the DM curve in Fig. 4(d).
5 CONCLUSIONS

1) A numerical model has been developed to
simulate the coalescence mode and size evolution of
the second phase droplets during the earth-based
processing of immiscible alloys. The model consid-
ers not only the concurrent action of the nucleation
and diffusion growth of the second phase droplets,
but also Brownian collision, Marangoni and Stokes
collision between them. In particular, the study
explores the effect of the cooling rate on the coa
lescence mode and the nucleation of the second
phase droplets.

2) The undercooling for the nucleation of the
liquid indium phase decreases with rising indium
content and will decrease down to near zero at the
critical composition. In addition, with the increase
of the cooling rate, the needed undercooling in-
creases. A higher cooling rate leads to a higher
maximum of the supersaturation, correspondingly
leads to a higher nucleation rate.
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Fig. 5 Comparison between Stokes rate Us and M arangoni rate Un of second

phase droplets under different cooling condition for AF30% In
(a) —Uw and Us; (b) —1 Un- Usl
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3) The cooling rate is the major factor influ-
encing the coalescence mode. Under the super
rapid or rapid solidification condition(> 10" K/s),
is the

mode; Marangoni collision becomes the dominant

Brownian collision dominant coalescence

mode instead of Brownian collision under the sub-
rapid solidification condition (> 10° K/s); when
the cooling rate decreases down into the conven-
tional slow cooling scope( 10" K/s), Stokes colli-
sion becomes the dominant mode instead of Ma-
rangoni collision.
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