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[ Abstract] A numerical model was developed to describe the coarsening of the second phase droplets under the common

action of nucleation, diffusional growth and Brownian collision between minority phase droplets during rapidly cooling a

hypermonotectic alloy through its miscibility gap. The simulated results show that Brownian motion is an important factor

influencing the coarsening process. A faster cooling rate leads the supersaturation of the matrix liquid and the nucleation

rate to grow up to a higher level, but leads to a smaller droplet radius and a higher number density. This model is used to

predict the microstructural evolution of melt-spun AF30% In ribbon. The model reflects the real physical processes well

and is expected to be applicable to other immiscible alloys or other preparing processes.
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1 INTRODUCTION

The phase diagrams of immiscible alloys are
characterized by the presence of a miscibility gap —a
region in which two liquid phases co-exist in equilibri-
um, as depicted in Fig. 1. If such a homogeneous,
single phase liquid is cooled into the miscibility gap, it
will decompose into two liquids (L1 and L2). Gener
ally, the liquid-liquid decomposition starts with nucle-
ation of the minority phase in the form of droplets.
These droplets grow by diffusion of solute in the ma-
trix. They can also settle or float due to the action of
gravity ( Stokes motion), also can migrate due to a
temperature or concentration gradient ( Morangoni
motion). The solidified microstructure strongly de-
pends on all these processes. There have been several
attempts to model at least parts of the microstructure
evolution in the miscibility gap. Rogers and Davis' ',
Markworth and Gelles'? treated the collision and co-
agulation statistics of droplets. Fredriksson and his
co-workers!»*' Ahlborn et al'®! and Uebber et al'®
have analyzed the microstructure evolution of Zn-Bi,
AFPDb and ZirPb, respectively. Ratke et al'”! also an-
alyzed the problem under the common action of nucle-
ation, growth and Stokes settlement for a system of
constant temperature and constant supersaturation,
by assuming that the allov was instantaneously cooled
to a temperature just above the monotectic reaction
and then calculating the phase separation kinetics un-
der the condition of constant thermophysical proper

ties, constant supersaturation specified. Zhao'® es
tablished a numerical model based on variational ther
mophysical properties and supersaturation during a re-
al continuously cooling process, but he also neglected
the influence of collision between droplets.
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Fig. 1 Schematic phase diagram of
immiscible system

Research in the last decades showed that a fine
dispersion of minority phase particles in a hypermono-
tectic alloy can be obtained by rapidly quenching or
cooling the melt through the miscibility gap!®™ ',
The applied methods include gun method, melt spin-
ning, planar flow casting as well as a modified planar
flow casting method etc. In these cases, the liquid
liquid decomposition takes place while the tempera-
ture continuously decreases. The thermophysical
properties, supersaturation as well as the nucleation

rate of minority phase droplets change accordingly. In
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this paper, we will develop a numerical model to sim-
ulate the microstructure evolution allowing all ther
mophysical properties, supersaturation to vary with
temperature and thus with time. This model consid-
diffusional
growth and Brownian collision between minority
phase droplets, neglecting Stokes sedimentation or
Marangoni motion because the

ers the common action of nucleation,

minority phase
droplets are very fine and their staying time in the
miscibility gap is as short as 10” *~ 10™ *s. The mod-
el will be used to predict the microstructure evolution
of melt spun AFIn immiscible alloys.

2 FORMULATION OF MODEL

2.1 Nucleation

Generally, classical nucleation theory can be used
to predict the nucleation of the minority phase
droplets in the liquid metallic matrix''*. The homo-
geneous nucleation rate is given by

Ihwom= NOTZexp(—- AG./ kgT) (1)
where N= (xx %+ x5 Q)" U 0= 4n%3, T'=
6D/ N Z= ( AGJ3TkgTn?)"?, AG.= 1610/

(3AGY). In these equations, NNV is the number densi-
ty of atoms per volume. €, € are the atomic vol-
umes of A and B components. x,, xp are the mole
fraction of component A and B. n. is the number of
(= 29

0 is the interfacial tension between the two

atoms in a droplet with critical radius R"
AGy) .
liquids. AGy is the gain in free energy per volume on
nucleation. Dy, is the diffusion coefficient of In ele-
ment. Ais the average jump distance of a solute atom
due to diffusion. kg is Boltzmann’ s constant. 7T is
absolute temperature and AG. is the energy barrier
for nucleation.

2.2 Diffusion controlled growth of droplets

The droplets in a supersaturated matrix will
grow or shrink by diffusional transport of solute in
the matrix. The growth or shrinkage rate can be ex-

pressed as!®!

_dR Cu(t)= Cy(R. t) 1
v(R 1) = 4, = Pwieat)Z Cu(R. 1) R
(2)
where C(t) and Cg(t) are the mean field concen

tration of solute B in the matrix liquid and in the
droplets; Ci( R, t) is the concentration of solute B in
the matrix at the interphase boundary and R is the
droplet radius. We assume that the interface of a
growing droplet is always in local equilibrium and its
composition shall depend on droplet radius according
to the Gibbs T homson relation:

Ci(R,t)= Co(t)exp(a/R) (3)
20Qy kgT is the capillary length and
C »( t) is the equilibrium composition at a flat inter

where 0, =

face boundary at time ¢. € is the average atom vol-
ume in the droplet. It can be found from Eqn. 2 that,
if Cu(t)> Ci(R,t), v(R,t)> 0, it implies that
the droplets with the radius R continuously grow; if
Cu(t)< Ci(R,t), v(R,t)< 0, it implies that the
droplets with the radius R continuously diminish. In
other words, this equation also reflects the Ostwald

ripening process of droplets.

2.3 Population dynamics
The growth behavior of a polydispersed system
of droplets can be described by defining a droplet ra-
dius distribution function f (R, ¢t). Then f (R, t)dR
is the number of droplets with radius in the range of
R and R+ dR per unit volume. If we consider the
common action of the nucleation, the diffusional
growth and the collisions between droplets, the dis-
tribution function then obeys a continuity equation of
the follow ing form'®!.
Of (R, 1) Ol
0t = OR lg-x

'R
FeRoop e | [ wORy R (R OF (R ) -

- (R

2 oo
IkB;I dR, - L W(R,R1)f(R,t)f (R, t)dR,
(4)

in which

Ri+ R3= R’

In the right of this equation, the first, the sec
ond and the third terms describe the creation of
droplets with radius of R due to the nucleation, the
collisions between
W (R, Rz) is the so-called

integrated collision volume measured in units of cubic

diffusional growth and the

droplets, respectively.

metres per second. For Brownian collision between
droplets, W (R, R2)= 8R1kgT/3TR, in which Tis
the kinetic viscosity of the matrix liquid phase.

The mean concentration C,,( ¢) in the matrix
liquid changes with time. According to solute conser
vation, we can obtain

Co= Ht)Co(t)+ [1- Ht)]Cu(t)=>

Cu(t)=[Co— Ht)Ce(t)]/[1- H1t)] (5)
where () is the time-dependent volume fraction
of the minority phase. It can be expressed as

wi)= 2a Ry (R 0)aR (6)

The droplet distribution function during liquid
liquid decomposition is determined via a solution to

Eqgns. (1), (2) and (4).

2.4 Temperature evolution

The single roller melt spinning rapid solidifica-
tion can be simplified as a one-dimensional (in the dr
rection normal to the wheel substrate surface), two
phase (solid and liquid), heat transfer problem (i.
e., a Stefen problem) that has changing conditions at
the moving boundary (as illustrated in Fig.2). A fir
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nite difference model, neglecting the convective heat
transfer, was set up to describe this kind of one di-
mensional heat transfer:

ar _ 12, I azl Q
ot ~ Cp Ox kK Ox * Cp (7)
e iy
Air
U(T)
Solid-liquid .
intertace Ribiben

R

Substrate wheel

Fig. 2 Diagram of physical model for
substrate rapid solidification

w here
heat (J*m"~ TeK” 1) of alloy. K is the thermal con-
ductivity (Wem™ K™ ). The appropriate equation,
expressed in finite difference form to give the change

Q is a heat source term. ¢, is the specific

in temperature of the jth element, is thus

6Tj = G-

1| eK||ar|, K| 21|, 0" _a

eyl Ox 1 Ox * ¢ | Ox? * o * ¢, & (8)
where the superscript * represents the solidifica

tion front. The subscript ¢ represents the interface
including melt/ substrate interface and melt/ air inter-
face. The boundary conditions are as follows:

0" liciw = UM/ & Q' i = 0 (9)

qi |,-:,-l =

‘ het(T;— Ty) At melt/ substrate interface,
0 At melt/ air interface )

qi |,' #. =0 (10)

K| K=ks k| o
5x j=j* 26)6 8x A *

In these equations, h.s is the effective heat
transfer coefficient at melt/ substrate interface (W *

m~ 2K ).

the air temperature, respectively. The growth rate U
[13]

T, and T, is the wheel temperature and

can be written as

U(AT) =
Dy AH (T = Tzl
| 1- exp| - RTT, (12)
where R is the gas constant. AH; is the molar en-

thalpy of fusion and T is the liquidus of Al. D, is
the diffusion coefficient of Al element in the liquid. «
is the effective molecular jump distance.

3 SIMULATED RESULTS OF AF30%In AND
DISCUSSION

The calculation proceeded as follows: We firstly

simulate the temperature evolution in the ribbon,
therefore obtain the staying time # of the melt in the
miscibility gap and the corresponding average cooling
rate T at different positions. Then we assume that
the initially homogeneous hypermonotectic alloy melt
is uniformly cooled down from the coexisting temper
ature T, with the corresponding cooling rate T until
the time increases up to ¢ at a time step di. At the
beginning of each time step, the supersaturation ( C,,
(t)- Cw(t)) and the mean concentration of solute
in the matrix liquid and the nucleation rate of the mr
nority phase, the numbers of the droplets as well as
the average droplet radius are calculated. It is as
sumed that the original radius of the nucleus is the
critical radius R~ .

The phase diagram and the thermodynamical da-
ta come from Ref. [ 14]. The interfacial tension,
O.122( T ), comes from the fitted experimental values
in Ref. [ 15]:

Oi2(T) = 0.508(1- T/1112)"7 (13)

The diffusion coefficient of In, Dy,, in the ma

2

trix liquid is estimated as 3.9 x 10" °m?*s™ ' at mono-

tectic temperature. It is related to temperature as fol-
[16],

Du(T)= DoT? (14)

Dy is a constant that can be determined from the

lows

diffusion coefficient at the monotectic temperature.

3.1 Temperature evolution

Fig.3 shows the temperature evolution in a
100 Bm thick AF30% In ribbon and the corresponding
average cooling rate of different positions as well as
the staying time of the melt in the miscibility gap.
Due to the release of the latent heat, the temperature
gradient before the solidification front declines even a
flat temperature distribution occurs in the later stage
of the solidification process. With increasing distance
from the chilled surface, the staying time of the melt
increases, while the average cooling rate decreases.

3.2 Microstructure evolution at constant cooling
rate

We now consider the situation of cooling a hy-
permonotectic alloy melt ( AF30% In) continuously
through the miscibility gap with three processes run-
ning concurrently: nucleation, diffusional growth or
shrinkage and Brow nian collision. Fig. 4 shows evolu-
tion of the supersaturation of solute in the matrix liq-
uid and the homogeneous nucleation rate of the mi-
nority phase at a cooling rate of 2.43 % 10*K/s (in
the middle part of the ribbon with 100Hm in thick-
ness) . The applied average cooling rate and the stay-
ing time come from Fig. 3(b). Fig.4 clearly demon-
strates that, with cooling through the miscibility gap,
the supersaturation continuously increases until it
reaches a critical amount such that nucleation starts.



- 196 - Trans. Nonferrous Met. Soc. China

Apr. 2002

Ejection temperature T,=1150 K
960 by =3%10° W 2K !

B —¢ = 308 us, Nucleate
@—; =376 s, Fa=0.1
A—=512ps, Ts=0.3
Yt =639 s, Fs=0.5
Q== =978 s, Fs=1.0

82 +—1t =980 ps
[i] 20 40 60 80 100
Thickness of ribbon/pm

4/(10* K-571)

0 20 40 60 80 100
Thickness of ribbon/um

Fig.3 Temperature evolution in 100 Bm thick AF30% In ribbon (a) and corresponding average

cooling rate ( 0) and staying time (¢) in miscibility gap through thickness (x) (b)
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Fig. 4 Supersaturation of solute ( C,,— C ) in matrix

liquid and nucleation rate ( /hom) of minority phase
against time (1) at cooling rate of 2. 43 x 10*K/s

Then the supersaturation does not directly decrease
but increases further for a short time before it reaches
a maximum value. This effect is the result of the
common action of two opposing processes: nucleation
and diffusional growth decrease the supersaturation
and the continuous decrease of the temperature in-
creases it in as much as the binodal line varies with
temperature ( see the phase diagram in Fig. 1). Let
AC= C,(t)—- Cp(t) be a measure of the supersatu-
ration, then Eqn. (5) can be changed into:

AAC  dCedT dé_1_
dt =7 4T dr T dr 1- o €pm Cm) -

_¢ dCsdrT
1- ¢ dT di

Considering that the volume fraction of the mi

(15)

nority phase is very low, especially during the period
of nucleation, and dCp/ d¢ is also small even when the

temperature is close to the monotectic reaction, we
can obtain the following Eqn. (16) inserting ¢(t)=
4R Y n(1)/3 ((R) is the average droplet radius,

n (t) is the number density of droplets) into
Eqn. (15):

dAC . dCedT @(R y2

de — dT di¢ 3

d<R?

|<R>%‘;+ 3n(1) 57| (Co= Cu) (16)

During the early period of the liquidliquid de-
composition, the supersaturation of solute in the ma-
trix liquid increases because both the nucleation rate /
and the number density of droplets n are too small.
So the supersaturation is primarily dependent on the
first term in the right side of Eqn. (16). Therefore
the supersaturation rises with decreasing tempera-
ture. The enhancement of the supersaturation leads to
a rapid increase of the nucleation rate and therefore
the number density of droplets increase rapidly.
When the nucleation rate, also the number density of
droplets increases up to a maximum value, the rise of
the second term in the right hand of Eqn. (16) leads
the supersaturation to decrease. At the same time,
the diffusional growth of the minority phase droplets
also leads to the decrease of the supersaturation.

The number density of droplets is shown in
Fig. 5 together with the average droplet radius. In
the early stage of the cooling process, the number
density of droplets increases continuously with in-
At this time, although
Brownian collision betw een droplets also brings on the

creasing nucleation rate.

drop of the number density, compared with the effect
of nucleation rate, its effect is slightly so that the
number density increases. But when the number den-
sity increases up to a maximum value, the newly nu-
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cleated droplets can not offset the decrease of the
droplet number due to strong Brownian collision be
tween droplets, so as shown in Fig. 5, the number
density decreases with time. The rise of mean droplet
radius is the result of common action of two process
es: the diffusional growth and Brownian collision be-
tween droplets. In the early stage of the cooling pro-
cess, due to the slightly Brownian collision, so the
diffusional growth is the primary factor leading to the
rise of mean droplet radius. But in the later stage of
the cooling process, Brownian collision becomes
stronger. Therefore the rise of mean droplet radius is
the result of common action of the diffusional growth
and Brownian collision between droplets.

Fig. 6 shows the evolution of the normalized ra
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Fig. 5 Droplet number density and average
radius against time in middle part of

100 Mm thick AF30% In ribbon

3 Position: z =50 pm
dT/de=2.43%10* K/s
. =290 ps
z
~
A
[
Y
[
¥

150 200 250 300 350 400
R/nm

50 100

Fig. 6 Evolution of radius distribution of droplets
in middle part of 100 Bm thick AF30% In ribbon

dius distribution of droplets during the cooling pro-
cess. It can be found that all of the curves are not
symmetrical due to the diffusional growth and Brown-
ian collision between droplets. With time proceeded,
the radius distribution curve moves from the left (low
droplet radius) to the right (high droplet radius) and
the width of the radius distribution increases.

3.3 Influence of cooling rate on microstructure
evolution

Because the cooling rate is different at different
height of the ribbon, so the real aim is to find the mr
crostructure evolution through the thickness of hyper
monotectic AFIn ribbons. In the following discus-
sion, we define a dimensionless time 0= ¢/¢ . 0= 1
denotes that the liquidliquid decomposition process
finishes. Fig. 7 shows the influence of cooling rate on
the nucleation rates and the supersaturations of solute
in the matrix liquid when a 100 Hm thick AF30% In
ribbon is cooled through the miscibility gap. In the
downside of the ribbon (x= 10Hm), a faster cooling
rate about 4.02 X 10*K/s leads the supersaturation
and also the nucleation rate to increase up to a higher
level. With increasing distance from the chilled sur-
face, for example, in the middle part (x = 50 Hm)
and the upside (x = 90Hm) of the ribbon, the
reached supersaturation and nucleation rate decrease
because of the lower cooling rates there. The faster
the cooling rate, the higher the nucleation rate and
the shorter the incubation time of nucleation. Besides
this expected effect, the shape of all curves of the su-
persaturation and also that of all curves of nucleation
rate are very similar.
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Fig. 7

minority phase and supersaturation of solute

Influence of cooling rate on nucleation rate of
(Cu— C o) in matrix liquid

Fig. 8 shows evolutions of average droplet radius
under different cooling rates. We can find from it
that, a faster cooling rate leads to a smaller average
droplet radius. It is because that a faster cooling rate
shortens the time for the diffusional growth and
Brownian collision between droplets.

Because there exists a continuous change of the
cooling rate through the thickness of the ribbons pre-
pared with melting spinning process or strips with
other rapid quenching processes, undoubtedly, a con-
tinuous change of the average droplet radius is in-

evitable. For a 100HMm thick AF30% In ribbon the

evolution of the average droplet radius, together with
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of the selected ribbon is shown in Fig. 10. The evolu-
300+ tion of the measured average droplet radius through
z =90 pm, dT/de=1.59%10° K/s the thickness is shown in Fig. 9. The difference be
i tween the experimental results and the simulated ones
200k is slight in the downside of the ribbon but rises with
£ increasing distance from the chilled surface. It is
& 150 maybe because the bigger droplets in the upside of the

lr =50 pm, dT/d:e
100=2.34 X 10° K/s

z =10 pm,

S01 dT/de=4.02x10° K/s

i i L i

0.2 0.4 0.6 0.8 1.0

Fig. 8 Evolution of average droplet radius
with time at various cooling rates

the number density of droplets through the thickness
is shown in Fig. 9. It is obvious that, with increasing
distance from the chilled surface ( with decreasing
cooling rate), the average droplet radius increases due
to a longer time for the diffusional growth and Brow-
nian collision between droplets. But the number den-
sity decreases due to a decreasing nucleation rate and a

longer time for Brownian collision

—Simulated results
®—Experimental results

=

Number density/10'* m~?

2 9

Fig. 9 Evolution of average radius ( R) and
number density of droplets through
100 Bm thick AF30% In ribbon

4 EXPERIMENTAL RESULTS

An AF30% In alloy charge of approximately 30 g
made up of 99.99% pure aluminum and indium are
induction melted in quartz crucible under a dynamic
argon atmosphere, held for 300s at 1 150K and eject-
ed with an argon overpressure of 80kPa through a
12 mm diameter nozzle onto the outer surface of a pol-
ished copper wheel rotating with a tangential speed in
the range 10~ 40m/s. The ribbons are typical 40~
200 Pm in thickness, 7~ 9mm in width. A ribbon
about 100 Pm in thickness is selected to test whether
the model has a certain predictive capabilities. A typr
cal back-scattered electron images of the cross section

ribbon induce gravitation coagulation. In addition,
the pushing action of the solidification front also caus-
es the situation. Although there exist some differ-
ences between the simulated results and the experi
mental ones, the general trend is correct and the a
greement is satisfactory in view of the influence of
many complex factors.

Chilled surface

Thickness direction

—
=t

Free surface

Fig. 10 Typical back-scattered electron images of
cross section of selected 100 Hm thick

AF30% In ribbon
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Although our model has some predictive capabili-
ties in a certain degree, we are convinced that a fur
ther improvement of the model could not be made un-
less the motion of droplets, effects of convective dif-
fusion on the growth, collision and coagulation of
droplets caused by Stockes motion and Morangni mi-
gration, pushing action of the solidification front etc,
are taken into consideration. At the same time, the
effect of the motion of droplets on the concentration
and temperature field is also considered. In addition,
the accurate thermophysical properties of the alloys
investigated are necessary.

S CONCLUSION

A numerical model has been developed to de
scribe the microstructural evolution under the com-
mon action of nucleation, diffusional growth of the
minority phase droplets as well as Brownian collision
between them during rapid cooling a hypermonotectic
alloy through the miscibility gap. At a constant cool
ing rate, the number density of droplets increases
continuously because of the increasing nucleation
rate. But when the number density increases up to a
maximum value, the newly nucleated droplets can not
offset the decrease of the droplet number due to
Brownian collision between droplets, the number
density decreases with time. The rise of mean droplet
radius is the result of common action of diffusional
growth and Brownian collision between droplets. It
continuously increases with time. The calculated re-
sults show that a faster cooling rate leads the super
saturation of solute in the matrix liquid and also the
nucleation rate of the minority phase to increase up to
a higher level, but leads to a smaller droplet radius.
For ribbons, with increasing distance from the chilled
surface, the cooling rate decreases and the mean
droplet radius increases. The comparison between the
calculated results and the experimental ones shows
that the model is feasible for predicting the coarsening
of the second phase during rapidly cooling an immisci-
ble alloy through its miscibility gap.
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