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[Abstract] By using the method of molten glass denucleating combined with superheating cycling, solidification behavior

of the bulk undercooled N1 31. 44% Pb monotectic alloy melts was systematically investigated. The results indicated that

the undercooled monotectic alloy solidifies in form of dendrite essentially during the stage of rapid solidification and after

recalescence, the residual melts between the dendrites solidify in the equilibrium mode. Within the achieved undercooling

range, the solidification structures are classified into three categories. When the undercooling is less than 50K, the struc

tures are composed of coarse dendrites and interdendritic lead phase. With the undercooling increasing into the range of 70

~ 232K, the dendrite clusters are refined and fine lead particles separate out from the supersaturated primary dendrite

arms because of solute trapping. When the undercooling exceeds 242K, the granular grains form and fine lead particles

homogeneously distribute in the whole sample. Based on the observation of the solidification structures and the calculated

results with BCT model, it is found that the granulation mechanism of the granular grains is owing to the primary dendrite

disintegration and recrystallization.
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1 INTRODUCTION

The solidification of the undercooled alloy melts
has been the subjects of extensive study for over 30 a.
As an important way to study modern solidification
theories, high undercooling technique has become one
of focus in materials science and engineering field' '
The interest in the microstructure evolution and phase
selection of the undercooled melts has been height-
ened in recent years, largely due to the technical and
scientific interest in rapid solidification processing.
Up to now, the solidification behavior of the under
cooled melts has been well studied in different systems

[2,3] [4,5]

including eutectic' ', peritectic' "', metallic com-

pound'® and solid solution'”® alloys. Compared with
other alloy systems, the solidification behavior of the
undercooled monotectic® '
studied further and recently, the monotectic alloys

have become important engineering materials due to

alloys has never been

their unique potential applications, which include

bearing materials, catalysts, permanent magnets and
fine particle superconductors and so on''!, so the
structural evolution and phase selection of undercooled
monotectic alloys should be studied systematically, it
was therefore decided to study the effect of undercool-
ing on the structures and analyze the solidification be-
havior of undercooled monotectic alloys.

For the NrPb system, some important thermo-
dynamic parameters have been measured by means of

experiments and a lot of undercooling studies have
been conducted in many kinds of Ni base alloys, so
the Nr31. 44% Pb alloy was considered to be an ideal
monotectic alloy in this undercooling experiment.
The present article describes the results of an experi-
mental investigation of the solidification behavior of
the undercooled Nr31.44% Pb monotectic alloy
melts.

2 EXPERIMENTAL

The alloy used in this experiment is Nr31. 44%
Pb monotectic alloy. Prior to melting, the surfaces of
the metal charges were cleaned mechanically by
grinding off the surface oxide layer and chemically by
etching in HCI solution diluted by alcohol. The ex-
periments were performed in a high-frequency induc
tiorr heating furnace. Firstly, borosilicate glass purifi-
er was put into a cleaned quartz glass tube and then
heated into liquid. Then the nickel and lead charges
with purities higher than 99. 99% were dropped into
the bottom of the tube, and melted in-situ to obtain
an alloy with a composition of Nr31. 44% Pb. Several
superheating cycles were conducted till undercooling
of the alloy melt became stable, and subsequently the
nucleation of the melt was stimulated at the predeter-
mined undercooling.

The cooling curves of the melts were measured
by an infrared pyrometer, which was calibrated with
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a standard PtRh30-PtRh60 thermocouple, and pos-
sesses a relative accuracy of 5K, and a response time
less than 1ms.

Each sample had a mass of 8~ 10g and a diame-
ter of 8~ 12mm, and was sectioned through the nu-
cleation spot, then polished, and etched with 5% Fe
Cls aqueous solution. The structure observation was
carried out with a Neophot-1 optical microscope.

3 RESULTS

3.1 Cooling curve

Fig. 1 shows the typical cooling curve of the un-
dercooled Nr31. 44% Pb monotectic alloy. When the
melts was cooled to the nucleation temperature T ,,
the sample nucleated quickly and grew, then the solid
phase released the latent heat and the sample temper-
ature rose to TR, that is so-called recalescence. After
recalescence, the sample cooled down slowly. Within
the achieved undercooling range, there is only one re-
calescence in all of cooling curves. The notation, T ,,,
stands for the monotectic reaction temperature.

‘Temperature/ K

o3

Time/s

Fig.1 Typical cooling curve of
undercooled Nr31. 44% Pb monotectic alloy

3.2 Solidification structures under different under-
coolings

A high undercooling up to 286 K was achieved in
the Nr31.44% Pb monotectic alloy. Within the
achieved undercooling range, the solidification struc
tures are classified three categories. When the under
cooling is less than 50K, the structures are composed
of common coarse dendrites and interdendritic lead
phase (Fig. 2(a) and (b)). Within the undercooling
range of 70 to 232K, the dendrites are refined, fine
lead particles can be found in dendrite arms and with
the increase of undercooling, the lead particles dis
tributes more and more homogeneously (Fig. 2(c) ~
(f)). When the undercooling exceeded 242K, the
granular grains form, Fig.2(g) shows the dendrite
substructure appears in this kind of grain. Fig. 2( h)
shows fine lead particles homogeneously distribute in

the whole sample undercooled up to 286 K.
4 DISCUSSION

4.1 Analysis of cooling curve

The cooling curve of monotectic resembles that
of the undercooled single-phase alloy and there is only
one recalescence in the achieved undercooling range,
so we conclude that during the stage of rapid solidifi
cation, the melts have been in the single-phase a( N1i)
metastable zone, the a(Ni) dendrites form firstly,
and after recalescence the residual melts solidify in the
equilibrium mode with liquid separation and monotec
tic reaction.

4.2 Solidification behavior of undercooled mono-
tectic alloy

When the undercooling was less than 50K, in
theory, the melts solidify by monotectic reaction
firstly, however, in view of the final structures, it’s
obvious that the undercooled melts solidified in the
form of dendrites during the stage of rapid solidifica-
tion and formed the dendrites skeleton. After recales-
cence, the residual melts solidified with common li
uid separation and monotectic reaction, that is, L
Li+ Loand L ~ o+ L>. The process of monotectic
reaction resembles divorced eutectic, namely, the
a(Ni) phase grew by means of primary a dendrites,
formed divorced monotectic. At the eutectic tempera-
ture (597K), the second liquid phase ( L) solidified
~ a+ (Pb), so the final so-
lidification microstructures were composed of common
a dendrites and interdendritic lead phase.

Within the undercooling range of 70 to 232K,
the initial nucleation temperature of the melts is far
below the monotectic temperature (1615K). Ac

into eutectic, that is, L

cording to the equilibrium solidification theory, the
melts should solidify by monotectic reaction firstly.
However, the solidification structures far from equi-
librium were similar to the dendrite structures of the
undercooled single-phase alloy, so we conclude that
the solidification behavior is same with that of small
undercooling.

Under middle undercooling, with the increase of
undercooling, the driving force of solid/ liquid phase
transition and the dendrite tip growth velocity in-
crease quickly, and the solute trapping becomes more
and more serious, so that the supersaturated a den-
drites formed. During the following cooling process,
lead particles separated out from the primary den-
drites. Comparing the structures in this undercooling
range with that of 50K, the fine lead particles can be
observed obviously in the dendrite arms and the pri-
mary dendrite spacing was more smaller.

When the undercooling exceeds a critical value,
the solidification structures after rapid solidification
should be the supersaturated dendrites plus a little liqu-
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termined by the evolution of primary dendrites with
the undercooling of the melts. The dendrite growth
behavior during the stage of rapid solidification can be
described by BCT model '?!, the initial undercooling
at the dendrite tip consists of four contributions, see

Fig.5
AT = AT+ AT + AT+ AT (1)
where AT, AT., AT .and AT\ are thermal under-

cooling, constitutional undercooling, curvature un-
dercooling and kinetic undercooling, respectively.
The expression for each kind of undercooling can be
found in Ref.[ 12].

The solute (lead) concentration of the liquid and
solid at the dendrite tip, €1 and Cs, can be written

as

Ci = Co/[1- (1= k)Iv(P)] (2)
Cs = kCo/[1- (1- k)Iv(P.)] (3)
where Cy is the nominal composition of the alloy,

Iv(P.) is Ivantsov function of solute Peclet number
P., and k is nomrequilibrium solute partition coeffi
cient that can be used to evaluate the level of solute

trapping[ Bl

kot (ay/D)w
= I+ (a/D)wv (4)
where ko, D, and qo are equilibrium solute parti-

tion coefficient, solute diffusivity, and characteristic
length of solute diffusion in the liquid alloy, respec
tively; v is the denrite growth velocity.

Here we assume Nt31.44% Pb alloy as ideal
melt, the solid/ liquid phase transition velocity, Q-
(s, under different undercoolings can be written
agl 14

A._ Ci — CO AOm | 3
- = JT * L)
Ou=0s= 370 - )l 1+ aQul ©°
) ) (3)
AQun= (1= Cs) AQxi+ Cs AQp, (6)
where AQni and AQpy, are the volume change rate

of pure nickel and lead, respectively. Using the fore-
going equations and the thermodynamical parameters
of the Nr31. 44% Pb monotectic alloy listed in T able
1, the norrequilibrium solute partition coefficient,
the dendrite tip growth velocity, the solid/liquid
phase transition velocity and the undercooling contri-
butions at different initial undercoolings of the melts
can be calculated (Figs. 3~ 5).

When the undercooling exceeded the critical val-
ue, 242K, the thermal undercooling has been much
higher than the constitutional undercooling in front of
the dendrite tip. Thermal diffusion controlled the
dendrite growth process predominantly and the kinet-
ic undercooling increased strikingly.

From Eq. (5), it’s known that ( Q1— Qs) o<y’
and v < T", here b is a constant''” to be indepen-
dent of undercooling. Therefore, when the under
cooling exceeded 242K, the solid/ liquid phase transr
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tion velocity increases rapidly. Comparing ( Q1 -

(Qs) under the undercooling of 55K with that of
242K, the latter improves eight orders of magnitude
(Fig.5), which will lead to inner stress increase
sharply because of the unbalanced shrinkage of solid
phase, and led to a complete disintegration, formed
the dendrite fragments as shown in Fig. 2(g). The e
mission of the sound heard in the experiment is a con~
sequence of the stress relaxation through the deforma
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Table 1 _Thermodynamic parameters of Ni31. 44% Pb monotectic alloy' ™!
Parameter Value Parameter Value
Heat of fusion AH/(Jem™ %) 2.055 x 10° Solute diffusivity D/ ( m?es™ 1) 6.0x107°
Specific heat C,/(J*m”~ K 6.362 x 10° Partition coefficient kg 0. 053
Interfacial tension O/ (J*m~ 2) 0. 240 Diffusion length @/ m 3.5x10° 1°
Liquidus slope m /K™ '(mole fraction, %) - 2.887 Liquidus temperature T 1/ K 1615
Sound speed in liquid v o/ (me*s” h 2000 S/ L volume change of nickel AQ ni/ % 4.5
Thermal diffusivity a/ (m2es” " 3.0x10~° S/ L volume change of lead AQp1/ % 3.5

tion of the dendrites. On the other hand, considering
the rapid increase of dendrite growth velocity from

0.2751m/s to 45.9480m/ s, the dendrite defects in-

crease strikingly! 'l

The dendrite disintegration will
give rise to an increase in system surface energy,
which combined with the strain energy, drives the
dendrite fragments to merge into final granular struc
tures. Some of them merged during the high temper-

The

boundaries migrate and grow so quickly that it’ s even

ature stage and formed the granular grains.

possible to form the twins in final solidification struc-
ture. It’s well known that the migration at high tem-
perature could be a recrystallization process, thus the
granulation mechanism of the granular grains should
be due to dendrite disintegration and the subsequent
recrystallization, resembling the second kind of gran-
ular grains formed in the undercooled single-phase al-

loys! 41

S CONCLUSIONS

1) With glass purification and superheating cy-
cling, bulk Nr31.44% Pb monotectic alloy was un-
dercooled up to 286 K. The undercooled Nt31. 44%
Pb monotectic alloy solidifies in the form of dendrites
essentially during the stage of rapid solidification and
after recalescence, the residual melts between the
dendrites solidify in the equilibrium mode.

2) Within the achieved undercooling range, the
solidification structures of Nr31.44% Pb monotectic
alloy are classified three categories. When the under-
cooling is less than 50K, the structures consist of
common coarse dendrites and interdendritic lead
phase. Within the undercooling range of 70~ 232K,
the primary dendrite spacing is smaller and fine lead
particles separate out from the primary supersaturated
dendrites. When the undercooling exceeds 242 K, the
granular grains form.

3) The granulation mechanism of the granular
grains is due to the dendrite disintegration owing to
the extremely high stress of the uneven contraction
during solidification, and the migration of the bound-
ary at high temperature.
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