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Foreword

The rapid solidification of materials leads to new and often unique non-
equilibrium microstructures that can give rise to significant changes in prop-
erties. Because of the excellent potential for improved properties, there is
a very active interest and ongoing research thrust in the area of rapidly
solidified materials. Much of the initial work has been concerned with the
technology for producing rapidly solidified powder, ribbon, or surface-modified
bulk materials. 1In parallel with this, there has also been extensive, related
work on the characterization of the non-equilibrium microstructures and the
effect of processing variables on these structures. As with any emerging
technology, the early focus tends to be on processing and characterization
per se; however, as the technology matures, one can anticipate a greater em-
phasis on more-basic materials science aspects of the processing principles
and the structure-property relationships. We believe that the area of rapidly
solidified materials has reached the state of maturity where it is appropriate
and timely to bring to the community at large the proceedings of a symposium
aimed primarily at the fundamental aspects of rapidly solidified materials.

The symposium "Chemisty and Physics of Rapidly Solidified Materials" was
held as part of the Fall Meeting of The Metallurgical Society of AIME in Octo-
ber, 1982, in St. Louis, Missouri. The symposium was sponsored jointly by the
Chemistry and Physics of Metals Committee of TMS, the Corrosion and Environ-
mental Effects Committee of TMS, and the Phase Transformation Activity of ASM.
This volume contains the prodeedings of that symposium. Emphasis was placed
on thermodynamics, kinetics, and properties of rapidly solidified materials,
as well as certain related areas of processing technology. Section I deals
with thermodynamics and kinetics. The papers presented included investigations
involving special experimental techniques as well as ones concerned with the
development of new theoretical models. Section II contains papers on physical
and chemical properties. These treat electronic, magnetic, corrosion, and
mechanical properties. Section III contains pertinent papers on characteri-
zation and processing, which treat these topics from a fundamental viewpoint,
and contain results that complement the earlier sections. The selection of
papers in all sections include current research along with overviews on impor-
tant subject matter.

We are grateful to the authors for their efforts and contributions to this
symposium. We wish to thank The Metallurgical Society of AIME for supporting
this symposium, and for making possible the publication of the proceedimgs.

The Organizing Committee

B.J. Berkowitz
Exxon Research and Engineering
Florham Park, New Jersey 07932

R.0. Scattergood
North Carolina State University
Raleigh, North Carolina 27607
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RAPID SOLIDIFICATION OF HIGHLY UNDERCOOLED ALLOY DROPLETS

M.G. Chu Y. Shiohara M.C. Flemings

Materials Processing Center
Massachusetts Institute of Technology
Cambridge, Massachusetts

USA

Lbetract

Experimental work is described on undercooling and structure of tin-
lead droplets emulsified in 0il. The droplets, predominantly in the size
ragge of 10-20um, were cooled at rates ranging from about 0.04 ©K/sec to
10° °K/sec. The higher cooling rates were obtained by a newly developed
technique of quenching the emulsified droplets in a cold liquid. Measured
undercoolings (at the lower cooling rates) ranged up to about 100 °c. struc-
tures obtained depended strongly on undercooling, cooling rate before nucle-
ation, droplet size, alloy composition and the rate of heat extraction
after nucleation.

Introduction

As the solidification rate increases, the dendrite arm spacing is re-
duced, supersaturation of the primary phase can occur, and metastable phases
including metallic glasses can be formed. 1In each case, the liquid before
nucleation or in front of the growing solid front must be substantially
undercooled.

Controlled studies of highly undercooled metals and alloys (as in liquid
emulsifications) are directly applicable to understanding rapid solidifi-
cation. Moreover, it appears possible that new practical techniques for
high undercooling and rapid solidification might be developed based on
liquid emulsification, i.e., atomization in a liquid rather than in a gas or
vacuum.

In this work, high undercooling was generated by the emulsification
method developed by Perepezko and his co-workers. Emphasis is on the micro-

structures of solidified Sn-Pb alloy droplets with high undercoolings, cooled
at different rates.

Experimental

The preparation of emulsified tin-lead droplets has been described else



where(1l). TIn the case of experiments conducted at relatively low cooling
rates, the emulsions were next transferred to sealed aluminum pans and
placed within the DSC. The samples in these experiments typically consisted
of 2mg of alloy droplets and 15m{ oil. They were heated and cooled in the
DSC at rates of 2.5, 5, 10, 20, 40, and 80 °C/min.

To cool the droplets more rapidly, the rapid quenching apparatus illus-
trated in Figure 1 was developed. Samples of emulsified tin-lead alloy
were first placed within a heated shock tube. The samples were then reheat-
ed until the metal droplets were molten and then ejected into a uniformly
agitated, cool fluid. The fluid used was a solution of CCly in oil, held
at several temperatures (50, 25, -4, and -25 °C). The emulsified metal
was rapidly discharged into the stirred cold fluid by gas pressure entering
through the valve shown. The emulsification was typically at 50 °C above
its 'liquidus when ejected. Emulsifications used in these latter experi-
ments were usually those for which undercoolings had previously been
measured in the DSC. Actual undercoolings obtained at the more rapid rates
were presumably higher.

Result

Undercooling Measurements. Undercoolings achieved depended to a con-
siderable extent on the initial composition of the liquid. Figure 2 shows
typical DSC results for different initial compositions at 10 °C/min heating
and cooling rates. The thermal heating curve shows two endothermic peaks
due to melting. The first peak indicates the melting of eutectic phase.

The second peak corresponds to the melting of the primary tin or lead-rich
phase. During cooling, one nucleation temperature was recorded for com-
positions containing less than 20wt%Pb. For compositions containing more
than 25wt%Pb, two nucleation temperatures were recorded. The shaded area in
the figure related to the latent heat of fusion for the alloy emulsione.

Temperature (*C)

Thermo couple
(2) Sn-4-8wt %Pb

(B) Sn=17.5wt%Pb
E 30 mcal
QL -
| heating
| (c) Sn=32wt%Pd (10°C/min)
| cooling
| |
e ‘ (d) Sn-aSwt#aPb
Cold liquid
 — L_W
— U { L |
300 %00 500 50

Temperature (*K)
Fig. 1. Schematic diagram of the

experimental apparatus for rapid
quenching emulsified droplets.

Fig. 2. DSC thermograms of four
different Sn-Pb alloys.



These nucleation temperatures are plotted on the phase diagram of
Figure 3. The surface coating on each droplet in this experiment was
produced by air oxidation. Results obtained are in good agreement with
results obtained by Perepezko et al. (2) for similarly prepared samples.
The oxide film acts as a strong heterogeneous catalyst for the lead rich
primary phase, so even in the case of hypo-eutectic compositions above
20wtZ%Pb, the lead-rich phase nucleates first. Only at the T, temperature
does the tin-rich phase nucleate grow. For compositions less than 20wt%Pb,
the nucleation temperatures are almost parallel to the liquidus line; the
phase nucleating is the tin-rich primary phase.

The phases forming at T, and Tj at different compositions were deduced
in several ways. One way was by interrupted thermal cycles for 45wtZ%Pb
alloy emulsion (Fig. 4). After remelting the emulsion, it was cooled at
10 °c/min cooling rate to the temperature below the first nucleation tem-
perature and then reheated again at 10 °C/min. This heating curve shows
only one peak due to melting of primary phase. This result indicates that at
T;, temperature, the primary lead-rich phase nucleates and solidifies and
at T, temperature, the tin-rich phase nucleates and solidifies. A second
method of determining the phases that form at different temperatures is
by the structural studies described later in this paper.
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T T T 1 | ' T ; T —
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I L ] s |
T 300 400 500
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Fig. 4. DSC thermogram for
Sn-45wt%Pb. On thermal cycling,

Fig. 3. Composition dependence when the sample is heated from

of nucleation temperatures for
Sn—Pb alloy droplets observed
in DSC measurement with
10 "C/min cooling rate.

room temperature, a peak is seen at
Tg indicating presence of two phase.
When the sample is heated from above
Ty but below Tp, a peak is observed
only well above Tg, indicating only
one solid phase formed at the
nucleation temperature T,.



The effect on undercooling of
cooling rate before nucleation could
be measured in the DSC at relatively
low cooling rates (Figure 5). As the
cooling rate increased within this
range, the amount of undercooling
did as well. The increase of under-
cooling is in a stroner function than
that predicted by J.P. Hirth (3).
This result suggests that at very
rapid quenching rates of this emul-
sion such as these, quite high under-
coolings might be obtained.

Microstructure Studies

Figure 6 shows the cross-
sectional microstructures of droplets
taken by a SEM (Scanning Electron
Microscope). The droplets shown
are from samples used after DSC
measurements at 10 °C/min cooling
rate to room temperature (Fig. 3).

In these pictures, the dark gray
phase is tin-rich, the white phase
is lead-rich.

Samples below 20wt7ZPb show a
tin-rich matrix with a lead rich
phase distributed uniformly. Samples
from 20wt%Pb to almost 45wt7Pb
show a light, lead-rich two phase
region surrounded by a darker tin-
rich two phase region. Samples
containing larger amounts of Pb
show again a largely uniform two
phase structure, this time with a
lead-rich matrix.

Figure 7 shows the cross-
sectional microstructures of the
droplets (Sn-25wtZPb) which were
cooled at the different cooling
rate before nucleation (5, 10, 20,
40, and 80 °C/min). These cooling
rates were automatically controlled
to the room temperature in the DSC.
The fraction of the primary Pb rich
phase decreases with increasing the
cooling rate. The small lead-rich
second phase in the large tin-rich
phase becomes finer with increasing
the cooling rate.

When these same Sn-25wt7Pb
droplets were rapidly solidified
in cold liquid (using the apparatus
of Figure 1), very different micro-
structures were obtained, Fig. 8.

Cooling rate (*C/min)
S 10

1 1
" T T T =
o I j
L ]
100(—
o f
= |
- -
g1
3 b
g o= ]
§ 0f— _ =" 5n-175%P |
-
/
L . 1
[ 7 1
[ e i
s 4
o Sn-280%Pb - !
r _;/ﬂ)
0 "/’
oo 005 o1 05 10 50
Cooling rate (*C/sec)
Tig. 5. Effect of cooling rate in

the DSC on undercooling of pure Sn
and two Sn-Pb alloys.
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Fig. 6. Microstructures of droplet
of seven Sn-Pb alloys solidified in
the DSC at 10 °C/min.



There is no lead-rich two phase
region; the structure consists

of small lead-rich precipitates uni-
formly distributed in a Sn-rich
matrix, much like low wt%Pb alloys
solidified at lower cooling rates.
Perepezko has obtained a similar
structure in the eutectic alloy
composition at low cooling rates

by achieving higher undercooling at
these low cooling rates than those
usually obtained in this work.

A series of experiments were
next done on Sn-5wt7Pb alloy quenched
into a medium whose temperature was
varied from +50 °C to -25 °C. Lowering
the temperature of the quench medium
resulted in a finer distribution
of the lead-rich phase, and always,
less of it, Fig. 9. When, finally,
the Sn-5wt7Pb was quenched in fluid
at -25 ©°C and special precautions
were taken to keep the particle
below room temperature until metal-
lography was performed, a '"feature-
less" microstructure was obtained
when examined at 1000X, Fig. 10.

After an extended period at room
temperature, however, significant
lead-rich phase precipitates from
the supersaturated Sn matrix, Fig. 11.

10°cmn

wum‘ i .

Fig. 7. Microstructures of
droplets of Sn-25wt7%Pb alloy
solidified in the DSC cooling
rate of 5-80 °C/min.

The development of the morpho-
logy of the two-phase regions in
samples of higher composition solidi-
fied at low cooling rates was eluci-
dated with a series of experiments on
Sn-45wtZ%Pb alloy. When rapidly
cooled, (by quenching into the CClg/
0il (%) bath at 25 °C), the resulting
structure was fine dendritic, Fig. 12a.
Next, droplets of the alloy were
slowly cooled to just before the first
nucleation temperature, T;, and
rapidly quenched. The resulting
structure, Fig. 12b was similar, but
somewhat coarser. Lastly, when the
alloy was slowly cooled (10 °C per

minute) through complete solidi- Fig. 8. Microstructures of
fication, the light lead rich phase droplets of Sn-29wt%ZPb alloy
coarsened into the agglomerate solidified by rapid quenching
structure in Fig. 12c (similar to the in a solution of CCl, and oil
one in Fig. 6e). at -30 °c. s
Discussion

Much more work must be done to provide a complete and quantitative
description of solidification of undercooled alloy such as Sn-Pb alloys



discussed herein. However, structures obtained in this work are compatible
with the quantitative description of solidification behavior given below;
analytic work is now in progress and will be described in latter paper.

Fig. 9. Microstructures of drop- Fig. 10. The same droplets shown
lets of Sn-5wt%Pb alloy rapidly in Fig. 9, after one month at
quenched in a bath at -25 96, room temperature, note the sub-

stantial precipitation of lead-
rich phase.

c d

Fig. 11. Microstructures of droplets of Sn-5wtZPb alloy superheated
50 °C and rapidly quenched in bath at temperature: (a) 50 Og
() 25° (e) -4°Cc (d) =25 °c.



Fig. 12. Microstructures of Sn-45wt7ZPb alloy droplets.
(a) Rapidly quenched (b) Slowly cooled to just below s
and quenched (c) Slowly cooled to room temperature.

When droplets with compositions less than about 20wtZ%Pb cool to the
nucleation temperature (Tp, Fig. 3), nucleate, and supersaturated Sn-rich
thermal dendrites then grow in a "diffusionless' fashion until the "T,"
temperature is reached, where liquid and solid free energies are equal.

As recalescence continues above Ty, solidification can no longer be
partitionless, and local pockets of Pb-rich interdendritic liquid must then
develop. Eventually, a maximum recalescence temperature, TR, is reached,
where heat generation from recalescence is balanced by local rate of heat
extraction into the surrounding cooler emulsifying medium. Thereafter,
cooling rate of the undercooled droplets becomes very high -- readily
exceeding 105 ©°C/s even without supplemental quenching into a cold fluid.
This high local rate of heat extraction results from heat flow from each
droplet to the surrounding emulsifying medium which has cooled to the
nucleation temperature Tp.

During cooling, solidification of the droplets continues at sufficient-
1y low cooling rates and a second phase (Pb-rich) can form, although we have
not yet observed this on the DSC. The second phase can also, of course,
precipitate during subsequent cooling to room temperature or holding at
room temperature.

Increasing the rate of heat extraction by increasing the cooling rate
in the DSC, or by quenching the recalescing emulsification, reduces the
time available for coarsening and would therefore be expected to reduce
the size of second phase particles precipitating from the melt.

Alloys containing large amounts of Pb (e.g. Sn-90wtZPb, Fig. 6g)
appear to solidify much as described for Sn-rich alloys. The resulting
structure has small Sn-rich particles uniformly distributed in a Pb rich
matrix after the relatively slow solidification, and this is presumably
largely if not completely from solid state precipitation.

At lower Pb contents, down to about 25wt% or so of Pb, we must dis-
tinguish between slow and fast rates of heat extraction to describe the
genesis of the solidification structures observed. Consider first Sn-45
wtZPb solidified at rapid rates of heat extraction (e.g. quenched in



CCl,/0il bath). Pb rich dendrites form not greatly below T4 and grow,

first with some recalescence and then during cooling to T,. At T, Sno-

rich phase nucleates (with some recalescence), and subsequent solidification
occurs as in alloys below about 20wt%Pb for Sn-rich alloys. The amount of
Pb rich precipitate in the final Sn-rich part of the structure depends on
rates of heat extraction (as does the amount of Sn-rich precipitate in the
Pb-rich dendrites).

At slower rates of heat extraction, solidification of this Sn—-45wt¥%Pb
alloy occurs much as it does at more rapid rates, except the primary
dendrite Pb~rich dendrites have much more time to ripen and agglomerate, as
shown in Fig. 12c. There is also, of course, greater amounts of precipi-
tation and coarser precipitates with the Sn and Pb rich phases.
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THE FORMATION OF COARSE INTERMETALLICS IN

RAPIDLY SOLIDIFIED Al-Co ALLOYS

R. K. Garrett, Jr., T. H. Sanders, Jr.

School of Materials Engineering
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USA

This paper presents a phenomenological mechanism to describe the
morphology of intermetallic phases in rapidly solidified Aluminum-
Cobalt alloys.
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