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Abstract

Dendritic growth in Al-45% Ge hypoeutectic alloy has been investigated during free fall in a 3 m drop tube. Calculations

indicate that the undercooling obtained for the falling Al-45% Ge droplets ranges from 13K to 201 K. The maximum undercooling attains

0.27Ty. With the increase of undercooling, the primary ( Al) phase undergoes a “columnar dendrite to equiaxed dendrite” structural tran-

sition. According to the current rapid dendritic growth theory, the growth of primary (Al) phase is always controlled by solute diffusion.
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Dendrite is the most popular morphology in the
solidification of materials. Rapid dendritic growth in
undercooled liquid melt is an important subject in the
field of materials physics[1~3] . In the recent decades,
some theoretical models have been set up to describe
the dendritic growth'*~®. The Lipton-Kurz-Trivedi/
Bottinger-Coriell-Trivedi ( LKT/BCT) model is the
most successful theory for rapid dendritic growth!’).
However, it is necessary to investigate the morpholo-
gy transition characteristics and the corresponding
mechanism of rapid dendritic growth.

Containerless processing technique is an efficient
method to achieve high undercooling in liquid alloy
melts, including various levitation techniques and
drop tube technique, etc. (8] In particular, drop tube
is unique to combine containerless state, microgravity
with rapid cooling. It is expected to achieve large un-
dercooling and rapid crystal growth in drop tube pro-
cessing[g' 10],

The object of this work is to study the thermal
history, the microstructure transition and the den-
dritic growth kinetics of Al-45% Ge hypoeutectic al-
loy .

1 Experimental procedure

The master alloy with a mass of about 0.5 g was
prepared from pure Al (99.99%) and pure Ge

dendritic growth, undercooling, containerless processing, Al-Ge alloy.

(99.999% ) in an arc-melting furnace under argon at-
mosphere. The sample was placed in a 16 mm X 150
mm quartz tube with a 0.3 mm orifice at its bot-
tom. The quartz tube was then installed at the top of
a 3 m drop tube. After being evacuated to 2. 0 X
1073 Pa, the drop tube was backfilled with a mixture
of He and Ar to 1 atm" . The sample was inductively
melted and overheated by 200 K, and then, the melt
was ejected through the orifice and dispersed into
many fine droplets by exerting a high pressure gas
flow of Ar into the quartz tube. The temperature was
monitored by an NQO6/11C3. 4V250 infrared py-
rometer during melting.

The solidified droplets were sieved into several
they were
mounted, sectioned, polished, and etched with 10%
NaOH alcohol solution. The microstructures were an-

groups according to their sizes. Then,

alyzed by an S2700 scanning electron microscope.
2 Results and discussions

The phase diagram of the Al-Ge binary eutectic
alloy system is shown in Fig.1. The equilibrium eu-
tectic composition is Al-51. 6wt% Ge. The eutectic
transition L—>(Al) + (Ge) occurs at 693. 16 K for the
composition range of 5.2~99.6% Ge. The location
of Al-45% Ge hypoeutectic alloy and the maximum
undercooling achieved in the experiments are given in
Fig.1.
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Fig. 1. Phase diagram of the Al-Ge binary system.

2.1 Morphological transition of primary (Al) phase

The size of droplets obtained in the drop tube
ranges from 100 pm to 1000 pym in diameter, whose
microstructures are shown in Fig.2. Droplets larger

than 550 pm in diameter show coarse columnar den-
drites distributed in the eutectic matrix and the maxi-
mum length of dendrites attains 240 um, as presented
in Fig.2 (a). With the reduction of droplet diame-
ter, primary (Al) dendrites are refined. When the
droplet diameter { D) is smaller than 200 um, the mi-
crostructure is characterized by equiaxed primary
(Al) dendrites dispersed in the eutectic matrix, as il-
lustrated in Fig. 2 (b). Apparently, with the de-
crease in droplet size, a “columnar dendrite to e-
quiaxed dendrite” morphological transition occurs to
primary (Al) phase. This is due to the increase in
undercooling and cooling rate with the decrease in
droplet size. High undercooling tends to increase nu-
cleation rate and enhance dendrite fragmentation dur-
ing intense recalescense. Meanwhile, rapid cooling
weakens the coarsening of primary ( Al) dendrites
during processing in the drop tube.

Fig. 2. Microstructures of Al-45% Ge droplets with different sizes.

2.2 Calculations of undercooling and cooling rate

During free fall of the small droplets with diame-
ters of micrometer order, it is difficult to measure and
record their temperature. Fortunately, the thermal
history of the small droplets!!!]
combining the Newtonian heat transfer model
(415 15 this mod-
el, the droplet is assumed to keep the spherical shape
during free fall and the heat is mainly transferred by

can be calculated by
[12,13]

and the classical nucleation theory

radiation and convection, neglecting thermal convec-
tion inside the droplet. The relationship between nu-
cleation temperature Ty and droplet diameter D is
described by two functions ¢ and ¥

‘I,(TNs D) _
TN . ATZ e ln(p(’FNs D) (1)
d7(TN’D):

& D’KvAT* T}
dT, 2
\P(TN,D)( —?) (BTL—Ty) + e +2e(Ty— TYIAT T},
(2)
Here,
16m03, T (D)
(T, D) = —SLZLLZ—‘ (3)
3kdeAH
12k,
Kk = 2 (4)
pdeD

where AT is the undercooling attained before nucle-
ation, Ky the
(10 m *s™'), Tp the temperature of droplet, T
the liquidus temperature, T, the gas temperature in
drop tube, & the thermal radiation coefficient, kg the
Boltzmann constant, k, the thermal convection coeffi-

nucleation kinetic parameter

cient of gas, og the liquid-solid interfacial energy,
pp the density of droplet, Cp the specific heat of lig-
uid, AH the heat of fusion. Parameters used in calcu-
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lations are listed in Table 1.

On the basis of Egs. (1)~ (4), the relationships
of functions ¥( Ty, D)/ TnAT? and In @( Ty, D)
to nucleation temperature Ty are calculated, as
shown in Fig.3. The nucleation temperatures of the
droplets with various sizes can be determined from the
intersections. Furthermore, the corresponding under-
coolings are available. The undercooling as a function
of droplet size is given in Fig.4. It is obvious that the
undercooling is enhanced when droplet size decreases.
For droplets of 1000 ~ 100 pm in diameter, the un-
dercooling covers a range of 13~201 K, and the max-
imum undercooling attains 0.27 T..
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Fig. 3. Function In®(Tn, D) and ¥( Ty, D)/ TnAT? versus

nucleation temperature.

200+ <—|D=100 um
AT,...=201 K
150
g 100}
~
<
50 }
or 100~1000 pm ;
] A A A A 'l
0 200 400 600 800 1000
D (pm)
Fig. 4. Undercooling as a function of droplet diameter.

2.3 Kinetics of rapid dendrite growth

So far, the LKT/BCT dendritic growth theory
has been proven to be the most successful model for
describing the kinetics of rapid
growth[4~6]. In order to reveal the growth mecha-
nism of primary (Al) phase in the Al-45% Ge alloy,
the interrelationships of the dendritic growth velocity

dendritic

V, the dendrite tip radius R, the partial undercool-
ing ATp (including thermal undercooling AT,, solu-
tal undercooling AT,., curvature undercooling AT,
and kinetic undercooling AT)) with the bulk under-
cooling AT are calculated respectively on the basis of
this model. The results are shown in Figs. 5 and 6,
respectively. From Fig. 5, it can be seen that with
the increase of undercooling, the dendritic growth ve-
locity increases whereas the dendrite tip radius de-
creases. The dendritic growth velocity and the den-
drite tip radius are 21 mm/s and 0.032 um respective-
ly at the maximum undercooling 201 K. Fig. 6
demonstrates that the solutal undercooling always
plays a main role, indicating that the growth of pri-
mary (Al) phase is constantly controlled by solute
diffusion.
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Fig. 5. Dendritic growth velocity and dendrite tip radius versus

undercooling.
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ing AT .

Partial undercooling AT p as a function of bulk undercool-

[16,17]

Table 1. The thermophysical parameters used in calculations

Parameter Value
Eutectic equilibrium temperature (K) 693.16
Superheating (K) 200
To be continued
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Continued

Parameter Value
Thermal radiation coefficient 0.22
Specific heat of the melt (J-mol 1K™ 1) 30.82
Heat of fusion (J>mol 1) 16588
Length of the eutectic line (wt% Ge) 94.4
Solute diffusion coefficient (m?-s~ 1) 2.19%x 10" 7exp( - 36332/RT)
Liquid-solid interface energy (J-m™ %) 0.31
Gibbs-Thomson coefficient for (Al) (K-m) 2.43%x10°7
Capillarity constant of (Ge) phase (m*wt%) 2.41x1077
Equilibrium partition coefficient of (Al) phase 0.1
Equilibrium partition coefficient of (Ge) phase 0.008
Gas density in drop tube (kg-m™3) 1.249
Gas viscosity in drop tube (Pa-s) 44.77
Thermal conductivity (W-m™ K bH 126.3
Gas temperature (K) 298

3 Conclusions

(1) Al-45% Ge hypoeutectic alloy is rapidly so-
lidified during containerless processing in a drop tube.
The calculated undercooling of the droplets ranges
from 13 K to 201 K, and the maximum undercooling
attains 0.27 Ty.

(2) With the increase of undercooling, a
“columnar dendrite to equiaxed” structural transition
occurs to primary (Al) phase.

(3) The calculated growth velocity of primary
(Al) phase in Al-45% Ge alloy is 21 mm/s at the
maximum undercooling. The growth of primary (Al)
phase is always controlled by solute diffusion.
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