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Undercooling, liquid separation and solidification
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Large undercooling can induce not only various solidification pathways, but also a
precursor reaction, or liquid separation. This paper deals with the latter effect of
undercooling using examples of the Cu-Co system which has a flattened liquidus. Bulk
Cu-Co alloys (about 7 mm in diameter) at compositions ranging from 10 to 100 wt % Co
were highly undercooled using a fluxing technique. Except for compositions above 90 wt %
Co, liguid separation was directly observed as undercooling exceeded a critical value
depending on the composition. It was also confirmed by a microstructural transition from
dendrites to droplets above the critical undercooling. Finally, calculations of the metastable
miscibility boundary were made to analyze the experimental results. © 7999 Kluwer
Academic Publishers

1. Introduction of special interest because of their potential high per-
Liquid-phase separation can occur within eithesta  formance and metastable liquid MG. The first report
ble or metastablemiscibility gap (MG). The former of liquid-phase separation for the former two systems
features an equilibrium phase diagram, while the latcame from Nakagawa [10] who noticed a discontinu-
ter lies beneath the liquidus curve. During the past fewous change in the magnetic susceptibilities. Since the
decades much research [1, 2] has been carried out @amples were described to be obviously oxidized dur-
the stable immiscible alloys on earth, and in space aig heating and quenching [10], the possibility cannot
well. It means that not only experimental attempts werebe precluded that the liquid separation was initiated
made to produce aligned fibrous or particle dispersedby oxygen impurities. This effect of oxygen has been
composites, but also theoretical studies were involvederified in other Cu-based alloys [11]. Moreover, the
on liquid phase nucleation, growth, coarsening and coearlier paper is limited to relatively low undercooling
agulation mechanisms. However, the second type ofiear the critical point of the MG. Recently, Munitz
miscibility gap, namely phase separation in an underand Abbaschian [12—14] utilized drop tube, electron
cooled liquid, has not yet received widespread attenbeam melting, and electromagnetic levitation with sub-
tion, perhaps because of some difficulties in preciselysequent splat cooling to study the effects of undercool-
determining the subliquidus MG. ing and cooling rate on the microstructure of Cu-Co
The tendency for the metastable liquid demixing caralloys. A metastable MG was proposed in light of both
often be judged by an appearance of the phase bounthe composition analysis on quenched discs and sample
ary, in particular the slope and curvature of the liquidus release temperatures from the levitation coil. However,
Equilibrium phase diagrams containing a smoothlyin the drop tube experiments, no spherical samples were
sloping liquidus are likely candidates for occurrenceobtained [12]. For the latter two methods, there is elec-
of metastable liquid separation. Submerged liquid MGtron beam or electromagnetic stirring in melts, giving
exists in a number of metallic alloys, besides classicatise to swirled droplets [13, 14]. Also itis difficult to un-
glasses. The droplet-shaped microstructures in Al-Belerstand that no droplet-like structure could be identi-
[3] and Ag-Pb [4] alloys processed by laser surfacefied in some compositions. For instance, only dendritic
remelting and drop tube respectively were interpretedtructure was produced for the Cu-50 wt% Co alloy,
to have resulted from the metastable MG. Recently in @&ven if it was undercooled far below their proposed
metallic glass forming system of multi-components [5], MG [13, 14]. A more recent paper by Yamauetial
liguid-phase decomposition was observed in a deeply15] reported some different results based on thermal
undercooled state, which could lead to the formation ofanalysis. They determined a separation temperature for
nanocrystals. CusoCos which was 30 K less than that of Nakagawa
Several Cu-based binary alloys such as Cu-Co [6][10]. Moreover Yamauchi claimed that the upper layer
Cu-Fe [7], Cu-Cr [8] and Cu-Nb [9], have long been was Co-rich, while the lower part was Cu-rich. This
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separation tendency is in contrast to the observationfor WDS (wavelength dispersive spectroscopy) quanti-
of Nakagawa. Interpretations for the conflicting infor- tative analysis.

mation were not available. Another point to note is that

the metastable liquid separation was also indicated in

the microstructure of melt-spun Cu-Co ribbons [16]3_ Results and discussion

where the undercooling was promoted by a high cooling3_1 . Metastable liquid separation

rate. The total mass loss of a processed sample was less

Whether metastable melt separation can come Nthan 0.7%, and the microprobe analysis shows that lit-

bei_ng depends mai_nly on the level _Of undercooli_ng f_ortle has changed in the bulk compositions for specimens.
a given system. As is well known, high undercooling in

d b hieved b . f mel . Fig. 1 illustrates the measured cooling profiles of three

ror;}s gan he' ?}C 'EVE y ?Ivilr.'e.g/ 3 melt processmg:u_m wt % Co samples and one Cu-90 wt% Co sam-
methods which are basically divided into two typ_es.ple with different undercoolings. All the curves show
containerless [17] and fluxing [18]. The former in-

: . o relatively low cooling rates of 50 to 70 K/s before solid
cludes electromagnetic or electrostatic levitation, dro y g

b 4 atomizati In the first the levitati Fucleation, but they differ in the undercooling behav-
ube and atomization. in the nrst case the levitation, . o liquidus temperaturd, , can be determined
force, especially in an electromagnetic field, usually

. ) . ; rom the first thermal arrest on the curve (a) of a sam-
gives rise to strong perturbations in molten drops an

kes th  liquid ion hardlv d le with very small undercooling. The measuréd
makes the occurrence of liquid separation hardly eg jyentical to value on the equilibrium phase diagram
tectable. In fluxing techniques, the melt is isolated from 20], which verifies the present temperature calibra-
the solid co_ntainer and cleaned by an appropriate sl on.’ For curve (b), the melt was smoothly undercooled
glass. Studies show that comparably large _undercqo 30 K below theT, and then led to a recalescence
ings of bulksa_mples, for example, hypercooling [1.9] 'ndporresponding to the growth of primary Co dendrites.
co_mpletely m_|s<:|ble Co-Pd aIon;_, have been claime Also for all cases, after further cooling, the peritectic
using _the flu>§|ng metho'd. In addmon, the samples Caransformation can be seen B (at about 1385 K).
be quite stationary dur|.ng cooling, Wh'Ch may afford At still deeper undercooling, additional anomalies ap-
new opportunities for directly measuring liquid phase

) . . b ear prior to the major recalescence, as marketdy
separation prior to solid phasg growth. The ObJeCt'Ve.o n Fig. 1c. This unusual phenomenon neither emerged
this study is to employ a fluxing technique to investi-

¢ d lina. liquid i 4 solidificati at small undercooling, nor arose from the flux agent
gate undercooliing, liquid separation and Solidificaliony¢ ey the glass transition temperature is lower than
of Cu-Co alloys in the following aspects: experimen-

Id o dth q . deli f1h 800 K. The anomalous point was observed in a wide
tal determination and thermodynamic modeling of t erange of compositions from 10 to 80 wt% Co, when

metqstable MG, microstructural s_electlon upon ur_lc_ierfheywere highly undercooled. However the Cu-90 wt %
cooling, and effects of undercooling and composition

dronlet ; Co alloy (Fig. 1d) exhibited a continuous cooling pro-
on droplet coarsening. file without any temperature inflection prior to solid
nucleation, even if it was undercooled more than curve
(c). The reason is that the 90 wt% Co composition is
2. Experimental located in the area of single Co phase. Therefore, it can

High purity copper shots (99.9999%) and cobalt piece?e mfe_rred that the anomalous be_haV|or in Fig. 1c can
(99.998%), together with about 0.3 g flux agents (abe attributed to a precursor reaction, namely a phase
Duran glass) were inserted into anp@g crucible for

in situalloying and denucleating Cu-Co samples. Each
sample had a mass of 1.3 g. The crucible was placed in
a RF (radio frequency) coil. Under an ultrahigh vacuum 1700
(pressure< 1.3 x 107° Pa), the sample was preheated i
to 1300 K for 15 min to dehydrate the flux and evapo-
rate other surface impurities. It was observed that there
was a definite relation between thevacuotreatment
and the attainment of major undercoolings. After the
in vacuotreatment, the chamber was back-filled with
He-6%H, gas (purity better than 5N) to 78 kPa. And
then the sample was subjected to a number of succes& i
sive heating-cooling cycles. In order to avoid electro- 1400 |
magnetic effect, the RF power was switched off when
the melt started to cool. At least three samples were
run for a given composition. A single color pyrometer
(Mikron, model 190 with aresolution of 0.1 K) was used
for temperature measurement. Temperatures were cal Time —>

ibrated with the peritectic solidification at 1385 K and

the liquidus temperature. By repeated microsectionfigqre 1 Measured cooling curves for three Cu-70 wt% Co samples:

. ) little AT, (b) AT =130 K and (C)AT =245 K, and one Cu-90 wt %

ing of the epoxy-mounted samples, the largest drople((ﬁo sample (d)AT =310 K. Tp, Ty, Ts, and Tr are peritectic, solid
diameter was measured with optical microscopy. Th&cleation, liquid separation, and maximum recalescence temperature,
samples were also examined using electron microprobespectively.
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separation in the sufficiently undercooled melts. TheTABLE | Average compositions of droplet and matrix for seven
first angular point on the cooling curve prior to recales-Cu-30 wt% Co samples

cence onset is referred to hereafteifgsthe tempera-
ture atwhich separation into two liquid phases L1 (moreundercooling

Atomic percent cobalt

Co content) and L2 (more Cu content) begins. Note that T(K) Droplet Matrix
two types ofTg arrests were observed: convex arrest

. . o 116 72.9 30.3

like Fig. 1c for compositions from 70 to 80 wt% Co, ;34 720 10.0

and concave one for compositions below 70 wt% Co4go 79.0 10.2

Therefore, whether the liquid separation is endotheri9s 81.2 275

mic or exothermic cannot be determined by the shap@&25 828 12.4

of the Ts arrest alone (Differential Thermal Analysis 23° gg'g g'g

is needed). It may be also caused by a wetting behav-
ior change with different compositions during liquid
separation. However, the arrest shape is not a critical

concern in this investigation, rather than determinatior}emperature was taken as the actual solidification tem-

of theTs point is important. After separation ag,_the . perature, probably leading to an overestimate of the
system was able to be further undercooled until a soli .
atter. After separation of a homogeneous melTgt

Phuecrlgit;;n;g?npﬁgaﬁuruéig’jr? dsehr?:\é)vgltler:j':blgic}vi. tﬁ: )(/?Lﬁri the compositions of the two liquids would be expected
q ﬁo follow the limits of the miscibility boundary during

. "alurg ow cooling. As such, it should be possible to construct

Ts is strongly dependent upon the alloy composmon,the metastable MG postmortem by virtue of measured

while theTy is a weak function of composition despite " e
. ; . ; i compositions and solidification temperature. However,
an increase in the maximum undercooling achievable

. ; difficulties arises in precisely determining the matrix
with the .C.O content. Th? weak relation betwé’@rand composition. Taking examples of seven Cu-30 wt%
composition has a bearing upon the near-horizontal a

p- . . ..
pearance of the liquidus in this system. The durationCo specimens, Table | lists the average composition of

: : droplets and matrices given by WDS, and undercool-
time fromTs to Ty, termedAt, plays an important role . .

) o ing. The concentration data represent the assessed re-
in the growth of liquid droplets.

By plotting the measurets of twelve different com- sults of several measurements. Superimposed on Fig. 2,

positions on the phase diagram [20], the metastablctehe content points of well-defined droplets almost fall

o L . pon the miscibility boundary (small squares in Fig. 2),
:!sqw?esrglr?felz”:%/ giounzdaéy T:%Smbifigois%zlfgﬁ gcﬁnfj\lljvhile the matrix data (small triangles) appreciably di-
Prese 9. 2. by P X 1y verge from the dome. This suggests, with a view to set-

MG which was derived from composition analysis on%Ing up a metastable MG, tha_t the composition analysis
should focus on the well-defined droplets (see follow-

the quenched samples [14], however the present domlﬁg section about microstructure), instead of the matrix.

Is depressed about 40 K. In Ref. [14], the drop releaserhis is because the Co content in a solidified matrix is
not uniform.

Weight Percent Cobalt

20 40 60 80 100 3.2. Microstructural selection
1800 — T T T T T T The amount of liquid undercooling T is recognized
as an essential parameter in determining the final so-
lidified microstructures. AT increased, all samples
examined at compositions ranging from 10 to 80 wt %
Co yielded two types of microstructures: dendritic, or
droplet-shaped morphology. This composition range
for separation is broader than that of a recent paper [13]
where no liquid separation was observed for the Cu-50
and 80 wt % Co alloys. It means that deeper undercool-
ing can be accessed in fluxing method than other tech-
1400 I nigues for the Cu-Co system, owing to the avoidance

g T / of external field stirring. The microstructural transition
% Curie H:H\\/
N - !

1700}
1600}

15001

Temperature [K]

can be elucidated by two Cu-50 wt% Co samples in
- : : : Fig. 3. At undercooling less than 80 K, the liquid was
20 40 60 80 100  gjtyated in a “liquidt solid” region of the phase dia-
Cu Atomic Percent Cobalt Co gram, so that solidification commenced inanormal way
with the growth of primary-Co dendrites (dark phase
Figure 2 The phase diagram of Cu-Co [20] from liquid to 1300 K. Super- jn Fig. 3a). The Cu phase (bright) was formed through

posed on this diagram are: direct measurements of liquid separation (CiT'he peritectic reaction. The whole sample was full of
cles), calculated metastable miscibility dome (thin solid line), and droplet ’

(squares) and matrix (triangles) compositions of seven Cu-30 wt % Cot_hls,dend”tlc morphO!Ogy' Once undercooled be@v .
samples solidified at various undercoolin@gyrie is the magnetic trans- ||qU|.d'phase Sep?-ratlon happened and thus resulted in
formation temperature. a microstructure in the form of droplets for one phase

1300
0
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Cu-rich droplets (bright) resulting from a secondary
separation could be discerned inside the large Co-rich
droplet, whereas the primary Cu-rich liquid was fur-
ther decomposed into relatively small Co droplets. Phe-
nomenon of multiphase separation has been well docu-
mented in glasses [21], but it has been rarely observed
in stable metallic immiscibles. Since liquid metals pos-
sess a low viscosity and high diffusion coefficient, less
time is needed to adjust the composition of the primary
phases. However within a metastable MG of salient
non-equilibrium features, the viscosity rises and diffu-
sion coefficient declines with enhancing undercooling.
In this case, complete diffusion was absent and multi-
phase separation in liquid became more likely to occur,
especially for the alloys from 30 to 60 wt % Co.
Another factor influencing the final structure is a pos-
sible remixing owing to recalescence. Its maximum
temperaturelg (see Fig. 1) was found to be depen-
dent on the content of Co. The droplet-shaped structure
could be completely retained in the Cu-rich alloys, since
the Tr was lower than the miscibility gaps; while for
the Co-rich alloys the growth of Co dendrites in large
quantities during recalescence causedTié go be-
yond theTs, the system would be possibly in a miscible
state again. However, it is noted that the temperature
descended from th&s to Ts within two seconds esti-
mated from Fig. 1. It implies that a massive remixing
might be kinetically difficult during this short period,
thus keeping the droplet-shaped microstructures.
Once separated, the two liquids have different under-
coolings with regard to their respective liquidus tem-
perature. On the basis of Fig. 2, one can determine the
amount of undercooling of Co-rich liquid L1 is larger
than that of Cu-rich liquid L2, regardless of the absolute
or reduced undercooling. As a result, L1 could solid-
ify first according to the nucleation thermodynamics,
whether or not it acted as droplet phase. Evidence for
this solidification sequence is provided by micrographs
in Fig. 4. For the Cu-30 wt % Co alloy, some dendrites
within the matrix appeared to grow from the periph-
) ery of Co-rich droplets which had already solidified,
600 pm . g as seen in Fig. 4a. For the Cu-60 wt% Co alloy there
i was a clearly opposite trend as displayed in Fig. 4b:
Figure 3 Microstructure transition from dendrites to droplets in the inward growth of Co _dgr)dri'Fes within Cu_r!Ch droplets
Cu-50 wt % Co alloy with the increase of undercooling: 44 = 20 K, was preceded by SOIIdIflcatl.on ofthe matrlx_. However,
no separation; and (B} T =260 K, indicating liquid separation. inview of the thermal behavior, only one major recales-
cence event was detected, as shown in Fig. 1c, which
means solidification (forming-Co phase) of L1 and
L2 proceeded in a very quick succession. Since the two

throughout a n_1atrix of another phase. Fig. _3b iIIustratgaﬁquidS were highly undercooled in one system, growth
the separated interface between a large primary Co-richf one was prone to stimulate another.

droplet (left) and Cu-rich matrix for a Cu-50 wt% Co

sample undercooled by 260 K. It was also observed

that the big Co-rich droplet was suspended almost at

the center of the sample, which is in contrast to the Co3.3. Effects of undercooling and

rich phase located at the bottom [10] or top [15]. This composition on droplet size

discrepancy may be due to the different sample diamSince the system still remained a complete liquid during
eters ranging from 4 to 22 mm among these studies. ithe periodAt between the separatidi and solidifica-

is known that the fluid flow velocity of a simple natu- tion Ty, the liquid droplets could grow and move rela-
ral convection roll is dependent on the Grashof num-+ive to the matrix and to each other. This incurs coars-
ber, which is in turn proportional to the cubic of the ening and coagulation of droplets, thus eventuating in
sample size. Furthermore, microstructures with multi-a size distribution of the particles in solidified sam-
phase separation could notably be distinguished. Tinples. Fig. 5 can serve to demonstrate the coarsening and
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Figure 5 Coagulation of droplets in a Cu-30 wt% Co sampleT(=
210 K) which exhibits three different spherical regions.
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Figure 4 Hints of solidification sequence: (a) Co-rich droplets solidified I
first in the Cu-30 wt % Co alloy, and (b) Cu-rich droplets froze after the o P
matrix for the Cu-60 wt % Co alloy. 3 ° %
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coagulation of liquid droplets. This figure shows a Cu- Undercooling AT [K]

30wt % Co sample undercooled by 210K. Itis seenthat

the |arge droplets could grow by absorbing smaller Onegigure 6 Rglationship _between the undercooling and biggest ob-

via a transfer of matter. Furthermore, some drop|ets<:erved radiusy, of Co-rich droplets for the Cu-30 wt % Co alloy.

collided with each other so that they may mutually lose

surface energy by joining to form a single one. This mi-

crograph highlights the main coalescence mechanismship between the,, and AT for the Cu-30 wt% Co

in liquid-liquid mixtures. The solidified sample con- alloy. Clearly, the droplet radius increases wilit,

tained three regions of different droplet radius: aboutecause the higher undercooling is, the longer the in-

40 um, 300um, and 1 mm (the biggest one in this sec-terval At from Ts to Ty is, namely a longer coarsening

tion), asillustrated in Fig. 5. The largest droplet radiustime. However, theAT-r, relationship can be further

observabler,,, could be chosen as a parameter to quandivided into three regimes. Note that there was no sepa-

tify the extent of coarsening [22]. Thg, was found rationforAT less than 104 K for the Cu-30 wt % alloy.

in this study to be governed by both undercooling andVhenAT was between 104 and 170 K, the droplets ex-

composition which are discussed as follows. hibited a slow growth which can be fitted into a power
Large undercooling usually leads to the refinement ofaw (r, o« AtY/2). WhenAT varied from 170 to 200 K,

microstructures, while an opposite tendency occurs irthe droplets were increasingly stirred due to various

liquid immiscible alloys. Fig. 6 depicts this coarsening forces such as Marangoni and Stokes motions and thus

tendency with undercooling T, namely the relation- coalesced. A coalescence event in turn induces another
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Figure 7 Maximum droplet radius observabitg, as a function of Co content. Solid and empty circles stand for Co-rich and Cu-rich droplets,
respectively. Inset micrographs from the left to right correspond to a highly undercooled Cu-15, 40 and 70 wt % Co sample, separately.

coalescence, giving rise to a linear growth, ¢« At).  Co contentis below 55 wt %, the Co-rich L1 appears as
For AT larger than 200 K, the radiug, radius tended droplet phase (solid circles); while above 55 wt% Co,
to a saturation value =~ constant). As observed in L1 takes over the matrix function and the Cu-rich L2
fluid systems, the transition fromt'/3 at early times s turned into droplet phase (empty circles). It is under-
to 5t! at late times was interpreted as a consequence attandable that the minority liquid-phase takes the form
hydrodynamic effects [23], or coalescence [24]. of droplets so as to diminish the interfacial energy in
Fig. 7 exposes a significant impact of compositionthe system.
on the largest droplet radiug,. The data in this figure
correspond to specimens of the highest undercooling
attainable for each composition. Here one can reacB.4. Calculations of the metastable MG
the following results: Firstly, the radius, is less than Recently, computer simulations [26] of phase decom-
50 .m for the alloys at compositions below 20 or aboveposition for the Cu-Co system have been performed
70 wt% Co. Itis shown in the inset micrographs that aon the basis of the Onsager diffusion equation, in or-
Cu-15wt % Co specimen undercooled by 255 K formedder to build a metastable binodal line. As described in
with uniformly dispersed Co-rich spheres§ um in  Ref. [26], the consolute point of the calculated binodal
radius) throughout the Cu matrix, and a Cu-70 wt % Cotouches the liquidus, indicating the critical undercool-
sample AT =228 K) abounded with fine Cu-rich par- ing for liquid decomposition approaches zero. Unfor-
ticles. This means that dispersed microstructures cafnately, the actual Cu-Co system does not fall into this
be obtained on both sides of the metastable MG. Howsimulated picture, since the transformation sequence is
ever, for the stable immiscible alloys, fine droplets havethat the stable solid phase is always solidified first from
been observed only on one side [1]. Secondly, the liga@ homogeneous liquid undercooled slightly. Perepezko
uid droplets were coarsened seriously when the volf27] has examined the thermodynamic conditions of
ume fraction of the minority component, is higher =~ metastable miscibility in terms of the relation for the
than 20%. This critical volume fraction is consistent slope of the liquidus for binary alloys, and formulated
with Walter’s results [25] on silicate glass and stablean equation to estimate the critical undercoolng;:
immiscible alloys. It follows that the volume fraction
of the minority component plays a vital part in liquid AT. - Bt RT/2 [_dl} )
droplet coagulation. As a consequence, an eminently ¢ 2RTL dXa Jx, —05
large droplet of up to 2.5 mm in radius was found,
as shown in the middle micrograph of Fig. 7 for a where subscripts A and B correspond to component
Cu-40 wt% Co sample undercooled by 245 K. InsideCu and Co respectively; is the heat of fusionkg =
this biggest Co-rich droplet, the small bright spheresl.55 x 10* J/mol (Material properties required in this
(Cu-rich) resulted from multiphase separation. Thirdly,paper were taken from Ref. [28]R is the gas constant,
a functional change of phases occurred near the con¥. is the consolute temperature of miscibility dome,
position corresponding to the critical point. When theandx is the atomic fraction. According to Equation 1,
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the calculatedAT; being about 50 K is not deviated Acknowledgements
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gies of mixing can be expressed as [29]:

AGL = Q(L)xaxXs + RT(XaInXa + XgInXxg) (2)
1.

whereQ2(L), Tma andTg denote the interaction param-
eter, melting point of Cu and Co, respectively. Thermo-
dynamic evaluations of the equilibrium Cu-Co phase ,
diagram have been made by Hasebe and Nishizawa
[30]. They put forward a high positive value of in- 3.
teraction parameter in the systef(L) =1.75R Tng
andQ(S) = 2.0RTg. That is to say, the interaction pa-
rameter may accrue as the temperature goes down. Faj
simplicity, in this paper2(L) was treated as a function
of temperaturdl in the range offp (1385) to 1700 K, 6.
and a constant beyond thisrange in our calculation.
Thus(L) can be modified as:

© ®

QL) =[2—-1.05x 103 x (T — Tp)] xRTmz  (3)

The AG_ was calculated according to Equation 2. Thel0.
curves of the energy versus composition clearly demont®

strated aregion of demixing over a certain undercooling ,
level. Accordingly, the calculated metastable binodal;3
was obtained through drawing a common tangent on

the two negative humps of energy curves. With the ex14-

ception of a few points, for example, for Cu-40 wt %
Co, the modeling (thin solid line in Fig. 2) agrees well
with measurements (empty circles).

4. Conclusions
A substantial degree of undercooling up to 330 K has

that the liquid undercoolability is limited by the liquid

separation and Curie temperature in this system. For the.

first time, the metastable liquid MG has been directly
established in a composition range from 10 to 80 wt %1
Co. There is good agreement between the calculateg),
and measured metastable liquid MG.

By correlating the separation temperature and soz3.
lidification temperature with resulting microstruc-
tures, the morphology development has been definetf"
clearly. Upon solidification of the separated liquid
after deep undercooling, droplet-shaped morphologiess,
were formed for all alloys containing 10 to 80 wt % Co,
though different droplet distributions were exhibited.
For a given composition, the largest droplet radius
increases with undercooling. Enhancing undercooling
alsoresulted inthe growth kinetics transition of dropletsy7.
from a slow growth to fast growth and to saturation 2s.
stage. More strikingly, the droplet size is influenced by
the alloy composition. Uniformly dispersed microstruc- 2°
tures were obtained on both sides of the metastable ligg,
uid MG; while the droplet size distribution for the al-
loys between 30 to 65 wt % Co contained a steep jump

16.

17.
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