e 4

e s Science
ELSEVIER Press

Available online at www.sciencedirect.com
“*.° ScienceDirect

Trans. Nonferrous Met. Soc. China 21(2011) 65-71

Transactions of
Nonferrous Metals
Society of China

wWww.inmsc.cn

Effect of melt convection on primary dendrite arm spacing in
directionally solidified Pb-26%Bi1 hypo-peritectic alloys
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Abstract: Primary dendrite arm spacing (PDAS) of a phase in directionally solidified Pb-26%Bi (mass fraction) hypo-peritectic
alloys was measured by considering the effect of melt convection in cylindrical samples with different diameters. The experimental
results show the measured PDAS increases with increasing diameter of the sample. At the growth velocity of 5 pm/s, its value
changes from 161.5 um for the sample with 1.8 mm in diameter to 240.4 um for the sample with 7 mm in diameter. The strong melt
convection in large diameter samples causes a high bulk alloy composition and a high concentration gradient in peritectic f phase,
resulting in a larger PDAS. Simultaneously, the high concentration gradient could effectively promote the peritectic transformation,

enhancing the dissolution of the thin a dendrite.
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1 Introduction

Peritectic solidification has attracted more attention
in experimental and theoretical studies[1], since many
technologically important materials are peritectic, such
as Sn-Cd[2-3], Sn-Sb[4], Pb-Bi[5-6], Zn-Cu[7-8],
Zn-Ag[9], high temperature intermetallic Ti-Al[10] and
Ni-Al[11], superconducting materials YBCOJ[12],
magnetic materials Nd-Fe-B[13], and structural materials
Fe-Ni[14—15] and Fe-Cr-Ni[16].

In solidification of these alloys, dendrite structure is
the commonly encountered pattern. The microstructural
scales involving the primary dendrite arm spacing
(PDAS) and the secondary dendritic arm spacing (SDAS)
have been carried out in directional solidification of
various peritectic alloys including Pb-Bi[17], Zn-Cu[17]
and Nd-Fe-B[18]. Most of the experimental results are
correlated with the processing conditions based on the
diffusive mechanism without consideration of melt
convection.

The effect of melt convection on phase selection in
peritectic alloys has been reported [2, 5]. It is found that

convection effects can lead the formation of significantly
different microstructures from those predicted by the
diffusive growth models. The oscillating tree-like
structure instead of discrete band structure was observed
in the present of melt convection. Recently, BISWAS et
al[19] studied the effect of melt convection on the SDAS
of NdFeB alloys using the forced crucible rotation
technique, and found that the SDAS values decreased
with reducing melt convection. Although there are many
investigations focusing on the microstructure evolution
in peritectic systems under the consideration of the melt
convection effect, little research has been conducted on
the effect of melt convection on the PDAS in peritectic
systems. The reason of the increase of the PDAS under
melt convection is not well understood.

In this study, the effect of melt convection on the
PDAS in directionally solidified Pb-26%Bi (mass
fraction) hypo-peritectic alloys was performed. Two
kinds of alumina tubes with different inner diameters of
1.8 mm and 7 mm were used to investigate the effect of
melt convection on directionally solidified micro-
structures. The reason for the increase of the PDAS in
Pb-26%Bi hypo-peritectic alloy under convective
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conditions was investigated.
2 Experimental

Pb-26%Bi alloy was prepared from 99.95% pure
lead and 99.99% pure bismuth. The alloy was melted in a
resistance furnace under an argon atmosphere, and
molten alloy was poured into a graphite mould. The
samples of different diameters were cut from the as-cast
ingot. A vertical Bridgman furnace described in detail
elsewhere[20] was wused to produce directionally
solidified rods of the Pb-26%Bi alloy. The samples were
placed into a graphite cylinder of the furnace. After
heating to stabilization at 375 °C for 30 min, the samples
were withdrawn into a water cooled cylinder containing
liquid Ga-In-Sn metal at a preset velocity (from 5 to 250
um/s). The length of the transition zone, L, which equals
4Dy/(kov), where Dy, ky and v are the diffusion coefficient
in liquid phase (1.3x107° cm?%s), partial coefficient
(0.579) and growth velocity, respectively. For the growth
velocity of 5 um/s, L is approximate 1.8 mm, and as the
growth velocity increases, the L will decrease. In this
work, all samples were solidified to 5 cm, which was
long enough to ensure a constant primary spacing
distribution. The temperature measurements were carried
out by using a NiCr-NiSi thermocouple. The calculated
temperature gradient around the solid-liquid interface
was about 20 K/mm.

In order to study the effect of melt convection on
the PDAS in directionally solidified Pb-26%Bi
hypo-peritectic alloys, a device similar to that introduced
by KOHLER et al[21] was used. Due to the melt
convection intensity proportional to the cubic power of
the characteristic sample size, a thin alumina capillary
(outer diameter (dp) of 3 mm, inner diameter (d;) of 1.8
mm) was inserted into a larger one (do of 8 mm, dj of 7
mm), as shown in Fig.1. In this situation, for each
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Fig.1 Setup used to solidify Pb-26%Bi samples: (a) Illustration
of alumina crucible (do of 8 mm, d; of 7 mm) separated into
two regions by an alumina capillary (do3 mm, d; 1.8 mm); (b)
Crucible and capillary tube (thicknesses of outer and inner
crucible are 0.5 and 0.6 mm, respectively)

experimental run, a Pb-Bi cylinder with 1.8 mm in
diameter was solidified together with a tube of 3 mm/7
mm of di/do. In addition, the sample with 7 mm in
diameter was solidified separately under the same growth
conditions.

The quenched specimens were transversely
sectioned, as shown in Fig.2. The 4-4, B-B and C-C
sections are at the same height, that is to say that the
solidification fractions of all considered samples are the
same. Then, the sections were ground, polished and
etched with the reagent of 100 mL distilled water (H,0),
10 mL nitric acid (HNOs) and 4 g ammonium molybdate
((NH4)sMO;0244H,0). An Olympus TG—3 optical
microscope was employed to photograph these
specimens. The concentrations in dendrite and
interdendrite were measured by SEM—EDS. The values
of the PDAS (4,) were obtained on the transverse

sections.
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Fig.2 Schematic diagram of directionally solidified samples
and transverse sections (4-4, B-B and C-C): (a) d=7 mm;
(b) di/dp=3 mm/7 mm; (c) d=1.8 mm

3 Results and discussion

Fig.3 shows the solidified microstructures in both
tube with 3 mm/7 mm of di/do and cylinder of 1.8
mm-diameter at growth velocities. The
microstructures consist of dendrites of primary a phase
embedded in a matrix of peritectic § phase. The higher
magnification microstructures of tubes with 3 mm/7 mm
of dydo, are shown in Figs.3(al)—~(dl), and
Figs.3(a2)—(d2), corresponding to the microstructures
solidified in cylinders with 1.8 mm in diameter at
different growth velocities. In comparison, Fig.4 gives
the solidified microstructures of samples with 7 mm in
diameter at various growth velocities.

The average experimental values of PDAS (1)
measured as a function of the growth velocity (v) are
shown in Fig.5, where triangles present the experimental
results of the PDAS of a phase in 7 mm-diameter
samples. Besides, the squares present the measured
results in tube with 3 mm/7 mm in d;/do, and circles

various
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Fig.3 Transverse microstructures of tube both 3 mm/7 mm of di/dy diameter and cylinder with 1.8 mm in diameter for a series of
Pb-26%Bi samples: (a) v=5 pm/s; (b) v=50 um/s; (¢) v=100 pm/s; (d) v=250 pm/s

Fig.4 Transverse microstructures of sample with 7.0 mm in diameter: (a) v=5 pm/s, 1,=240.4 um; (b) v=50 pm/s, 4,=143.2 um;

(c) v=100 pm/s, 2,=92.8 um; (d) v=250 pm/s, 1,=63.7 pm

correspond to the results in 1.8 mm-diameter cylinder,
respectively. The relationships between A; and v for
samples with different diameters were obtained using a
linear regression method as follows:

21=441.34v"°* for d=7 mm (1)
21=325.73v"**! for di/do=3 mm/7 mm )

21=258.86v %" for d=1.8 mm (3)

From Fig.5, it is clear that the PDAS becomes large
with increasing the sample diameter. The value increases
from 161.5 um for 1.8 mm-diameter cylinder to 240.4
pm for 7 mm-diameter sample at v=5 pm/s. It is also
indicated that the differences in all samples with different
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Fig.5 Measured primary dendrite arm spacing (1;) of primary
o-phase of sample with different diameters as function of v

diameters are small at high growth velocity, which
results from small deviation in melt convection at high
growth velocity. In addition, it is noted that the exponent
of velocity decreases with decreasing the tube diameter,
and it is 0.27 for the smallest diameter used in this study.
This is close to the exponent of 0.25 predicted by
HUNT][22] for diffusive growth, that is to say that
experimental condition for smaller-diameter sample
would be close to diffusive growth condition. By
considering the DS experiments carried out under the
same conditions for the samples with different diameters,
the influence of processing conditions on the increase of
the PDAS of primary a-phase is the same, and the
changes of PDAS depend on the variation in melt
convection.

For a given system, the intensity of melt convection
can be characterized by a solute Rayleigh number (Ra),
which can be written as follows[5]:

_ gﬂsv‘}od3
vay

Ra “4)

where g is the acceleration due to gravity; fis the solute
expansion coefficient; wy is the alloy mass fraction; d is
the diameter of sample; ar is the thermal diffusivity of
the liquid; and v is the kinematics viscosity. In Eq.(4), the
Rayleigh number is proportional to o, thus the melt
convection will be reduced as the sample diameter
decreases.

In the case of the Pb-26%Bi peritectic alloy, the
mass fraction of solute (Bi) is less than that of solvent
(Pb). As the crystals of the primary dendrite (Pb) come
from the solid-liquid interface, the solute (Bi) in the melt
surrounding the primary dendrite increases and the dense
profile in the interdendritic melt promotes natural
convection.

The increase in PDAS with increasing sample

diameter may be contributed by two factors. One is the
macrosegregation resulting from melt convection and the
another is the influence of melt convection on peritectic
transformation.

According to the boundary layer model proposed by
KARMA et al[23], it is well known that the
macrosegregation will increase along the sample with
increasing the melt convection during the directional
solidification. For a given solidification fraction, the
macrosegregation in larger-diameter sample is heavier,
subsequently, and the bulk alloy composition in liquid
will be higher. Fig.6 presents the measured compositions
of transverse sections A-4, B-B and C-C in Fig.2 at
growth velocities. It indicates that the
composition increases with increasing sample diameter.
Especially, the deviation in composition between large-
diameter sample and small-diameter sample is higher at
lower growth velocity due to the significant melt
convection.

various
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Fig.6 Measured Bi mass fractions of samples at different
growth velocities

McCARTNEY and HUNT[24] investigated the
directional solidification of Al-Mg-Si alloys, and found
that the relationship between primary spacing (1) and
liquid temperature gradient (G ), the growth velocity (v)
and the bulk alloy composition (w,) Wwas
2 =272G v 0%032 1t has been observed that the
primary spacing is proportional to w’>?. TRIVEDI and
SOMBOONSUK]25] reported a detailed study of the
variation in primary dendrite spacing in a directionally
solidified succinonitrile-acetone solution, and found that
the primary spacing increased with the increase of
acetone concentration. In the present experiment, the
primary dendrite arm spacing increases with increasing
sample diameter because of the increased bulk alloy
composition resulted from melt convection.

Due to differing from single phase alloys, the PDAS
in peritectic systems may be influenced by the peritectic
reaction and transformation. The peritectic reaction takes
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place through the solute diffusion in the liquid, the
reaction rate will be fast and the time for reaction is short,
thus the peritectic reaction could be ignored. The
peritectic transformation is the major growth mechanism
in Pb-Bi peritectic system and controlled by the solid
diffusion mechanism.

In large-diameter samples, the melt convection is
stronger, causing the solute boundary layer reduce and
the formation of a steep solute gradient at the interface.
The increased solute diffusion is in favor of the peritectic
transformation in the large-diameter samples. These
results alter the PDAS value in directionally solidified
Pb-26%Bi alloys with different diameter samples.

Following the analysis developed by WAGNER[26],
the solute flux from S envelope to o phase during
peritectic transformation is given as follows:

[ B T + W WL — ) Ax? )
W wh —wh 2t

where wg s wé s wg and wf' are shown in Fig.7;
D is the interdiffusion coefficient in the f phase; Ax is
the thickness of f envelope; and ¢ is transformation time.

In Eq.(5), the expression of wy is calculated as
— 1
wp =E(w;;+w§) (6)

Besides, the left side of Eq.(5) can be written as
follows[26]:

WL_ —y
Jwngw =(w§ —w5)Day (7
where Day is the average interdiffusion coefficient in
the f phase. Substituting Eq.(7) into Eq.(5) yields:

L a
Ax Wp —Wp)—
Ax_ 0% w5

t A ®)

where the parameter 4 expresses:

wh b
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Fig.7 Hypothetical peritectic phase diagram showing distance
used phases, compositions and temperatures

It can be seen from Eq.(9) that the parameter A
keeps constant for a given alloy system. The rate of
peritectic transformation in Eq.(8) depends on the
concentration  gradient (wé - wg)/ Ax through the
peritectic S envelope. Fig.8 shows the concentration
profiles of a dendrite and interdendritic f envelope
measured at v=50 um/s. It is clearly found that the slope
of line for tube with 3 mm/7 mm in dy/do is larger than
that in 1.8 mm-diameter cylinder. Consequently, the
concentration gradient through the g envelope in the
large-diameter sample becomes steep, leading to a higher
rate of peritectic transformation from o to S and
dissolution of the thin a dendrite.

Fig.9 illustrates schematically the dissolution of thin
o dendrites. In Figs.9(a) and (b), only dendrite II
disappears in the sample with small diameter, where the
melt convection is weak. In the larger-diameter sample,
the melt convection is so strong that dendrites I and II
in Fig.9(c) are both dissolved, as shown in Fig.9(d), due
to the high rate of peritectic reaction and transformation.
As a result, the PDAS becomes large with increasing
diameter of the sample, which is in agreement with the
experimental observation, as shown in Fig.3.

Accordingly, the volume fraction of a dendrite will
be lower in large-diameter sample than that in small-
diameter sample resulting from dissolution of thin a
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Fig.8 Distribution of Bi mass fraction in dendrite stem and
inter-dendritic region at v=50 pum/s: (a) d=1.8 mm; (b) di/do=3
mm/7 mm (Inserts showing micrographs of samples)
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Fig.9 Schematic diagram of dissolution of thin a dendrites in samples with small or large diameter: (a), (b) Small-diameter sample

with weak melt convection; (c), (d) Large-diameter sample with strong melt convection

dendrite. As illustrated in Fig.10, a reduction of the «
dendrite volume fraction is observed with increasing
sample diameter. The tendency is consistent with the
dissolution of thin a dendrite in larger-diameter sample.
Generally, there could be two factors governing the
PDAS in samples with different diameters for peritectic
solidification. One is the macrosegregation, which tends
to increasing the PDAS with increasing sample diameter.
The other is the influence of melt convection on
peritectic transformation, resulting in increase of PDAS
with increase in melt convection. The combined effect of
these two factors leads the PDAS of primary o phase to

58 *—d=7 mm
+—d\/d,=3 mm/7 mm
s —d=1.8 mm

o(2)/%

30 | 1 1 1
0 50 100 150 200 250

Growth velocity/(um*s™)

Fig.10 o dendrite volume fraction vs growth velocity

increase with enhancing melt convection due to
increasing sample diameter.

4 Conclusions

1) The effect of melt convection on the PDAS of
primary a phase during directional solidification of
Pb-26%Bi hypo-peritectic alloy was investigated
experimentally with samples with different diameters.
The measured PDAS increases with increasing diameter
of sample.

2) For the large-diameter sample, the strong melt
convection gives rises to the enhancement of the solute
diffusion and the reduction of the solute boundary layer
which favors the peritectic transformation, and results in
thin o dendrites dissolution and increase in the PDAS of
primary a phase in Pb-26%Bi hypo-peritectic alloy.

3) In the large-diameter sample, the
macrosegregation leads to a higher bulk alloy
composition, which would cause 1; to increase. Thus, an
increase in PDAS should be observed with increasing
sample diameter.
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