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ABSTRACT

Dendrites are one of the major microstructural constituents of peritectic alloys. In the present work,
the effect of melt convection on the secondary dendritic arm spacing (SDAS) and volume fraction of
properitectic a-Fe was investigated during solidification of stoichiometric Nd-Fe-B alloys using the forced
crucible rotation technique. The resulting microstructure of the alloy in consideration of melt convection
has been investigated using scanning electron microscopy and optical microscopy. The average SDAS was
determined for each sample from the whole cross-section of the cylindrical test samples using image
analyzing software LEICA QWIN. A detailed statistical analysis of the spacing distribution was performed
on the basis of the variation of SDAS values, averaged from about 80 to 120 dendrites in different zones.
The a-Fe volume fraction, measured by vibrating sample magnetometer (VSM), reduces with increasing
crucible rotation frequency. Similarly, the SDAS values decrease with increasing rotation frequency. These
results are explained from the viewpoint of a reduced melt convection state under steady forced crucible

rotation leading to a reduced effective mass transfer coefficient.

© 2009 Published by Elsevier B.V.

1. Introduction

Peritectic solidification has drawn huge attention in both exper-
imental and theoretical studies due to the wide application field
of many peritectic alloys [1,2]. Extensive investigations have been
done to understand the solidification behaviour of the properitec-
tic phase, the morphology of properitectic phase, and the evolved
microstructures for different peritectic alloys. Especially, Ti-Al-
based alloys and Nd-Fe-B-based rare earth permanent magnets
exhibit attractive properties like high strength at high tempera-
tures and excellent hard magnetic properties, respectively [1-3].
The change in volume fraction and morphology of the properitec-
tic phase is the topic of prime importance as these microstructural
parameters play an important role in determining the magnetic and
mechanical properties of Nd-Fe-B [4] and Ti—Al alloys, respectively
[5]. However, there is still a lack of understanding of the transforma-
tion mechanisms and the influences of many aspects such as melt
convection during peritectic solidification which plays an impor-
tant role concerning magnetic and mechanical properties [6-7].
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The dendritic structure, which is commonly observed in peri-
tectic microstructure, is a key microstructural feature and is
characterized by the primary and secondary dendritic arm spac-
ing (SDAS). Numerous studies have been done during the last years
to investigate the effect of convection during directional solidifi-
cation experiments on the primary and secondary dendritic arm
spacings of several alloys like Sn-Pb, Al-Cu, Pb-Sb systems [8-10].
But little is known about the influence of natural or forced con-
vection on the microstructure development of peritectic alloys.
There is no report on the effect of melt convection on the SDAS of
properitectic phase of any alloy during conventional solidification
process.

In comparison with the amount of work done on the measure-
ment of SDAS as a function of cooling rate, there is relatively little
information on the effect of other solidification parameters like
effective mass transfer coefficient and fluid flow velocity on SDAS.
Solidification studies have been reported with a view to charac-
terize primary dendrite arm spacing (A1), secondary dendrite arm
spacing (A, ) and dendrite tip radius (R) as a function of initial alloy
solute concentration (Cy), growth rate (V) and temperature gradi-
ent (G) ahead of the microscopic solidification front together with
extensive theoretical studies [11,12] and models [13-19]. Langer
and Miiller-Krumbhaar [14] have carried out a detailed numeri-
cal analysis of the wavelength of instabilities along the sides of a
dendrite.
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Kattamis and Flemings [20] and Feurer and Wunderlin [21]
showed that the secondary dendrite arm spacing (A, ) is dependent
on solidification time (¢).

Beckermann et al. [22] and Diepers et al. [23] introduced models
concerning the effect of flow condition on the coarsening rate of
secondary arms for Al-4 wt.%Cu alloy. Diepers et al. calculated the
coarsening rate of secondary arms on two different bases, the time
evolution of the mean radius of curvature and the time evolution
of the specific surface area.

Fredriksson et al. [24] found that fluid flow increases dendrite
spacing within the equiaxed zone for Al-based alloys. Recently,
Steinbach et al. [25] studied the effect of rotating magnetic field
on the microstructure formation during the directional solidifica-
tion of Al-Si-Mg alloy and showed that with increasing fluid flow,
SDAS increases.

Ma et al. [26] showed that the arm coarsening of primary
properitectic dendrites is influenced by the peritectic reaction, as
the secondary peritectic phase provides an additional solute diffu-
sion flux due to the phase transformation.

Recent studies by Hermann et al. [27] on Nd-Fe-B alloys with
forced rotation experiments and global crucible rotation revealed a
decrease of the volume fraction of properitectic a-Fe dendrites with
increasing rotational frequency. Numerical simulation by Shatrov et
al. [28] showed that fast rotation suppresses the internal flow con-
siderably in levitated droplets during electromagnetic levitation.

In this article, the effect of reduced melt convection on the SDAS
of the properitectic a-Fe phase was investigated for stoichiometric
Nd-Fe-B alloy. A systematic study was performed to determine the
average SDAS of a-Fe dendrites in samples solidified at different
rotational frequencies. The variation of SDAS values is explained in
terms of convection states.

2. Experimental

A master alloy of Ndy; gFeg; 3Bs 9 was prepared from pure Fe (99.9%, Alfa Aesar),
Nd (99.99%, Goodfellow) and FeB powder (99%, Mateck GmbH) and cast to rods
(6 mm diameter) using a cold crucible levitation melting facility.

For the forced rotation experiments, the samples were sealed in quartz ampoules
at Ar pressure of 500 mbar. The ampoules could not be filled up to normal atmo-
spheric Ar pressure because of the strong gas expansion at high temperature. The
ampoules were prepared from commercially available quartz tubes with inner diam-
eter of 10 mm and wall width of 1.5 mm. The top part of the ampoules was specially
designed so that it can be attached to the quartz tube at two grooves on the top. This
quartz tube is mechanically connected to an AC motor, which can be operated at
variable frequencies (0-2500 rpm) as shown in Fig. 1. An induction coil is wrapped
around the quartz tube and connected to a high frequency power supply (100 kHz,
50 kW). Samples were heated up to 1350 °C by induction heating. When the sample
is completely molten, the AC motor is switched on, enabling the ampoule to rotate at
adefined rotational frequency. The quartz ampoule with the molten metal is rotated
for 90s. The solidification of the metal was initiated by switching off the power sup-
ply of the generator. The cooling rate measured with a two-color pyrometer was
approximately 40K/s for both rotating (at 1200 rpm) and non-rotating cases. The
solidified cylindrical samples were cut into two pieces along the vertical symmetry
axis of the cylindrical mass by using an electroerosive cutting machine (Seibu-50).
One half was used for the determination of the a-Fe volume fraction by VSM and
the second half for scanning electron microscopy investigations (SEM).

For VSM measurements, the half cylindrical mass was broken into small pieces.
To minimize oxidation during heating, a single piece of about 45-50 mg was taken
for each measurement. The piece was closed in Ag foil and fixed in a BN crucible.
Measurements were done in protective Ar atmosphere. The VSM measurements
were carried out in a magnetic field of 1.8 T at a temperature of 350 °C. The temper-
ature (350 °C) was chosen above the Curie temperature of Nd,Fe4B phase (312°C),
in order to measure the magnetization moment only from the ferromagnetic o-Fe
phase. The effect of the paramagnetic matrix was eliminated considering the slope
of the magnetization curves at fields higher than 1 T. Additionally, the magnetization
of pure iron was measured at 350 °C for calibration. The a-Fe volume fraction of a
sample was determined within an error limit of 0.3 wt.%.

For the determination of the SDAS, the samples were etched with 2% Nital (2 ml
nitric acid in 98 ml ethanol) for 5 s before investigating with optical microscopy.

The used optical microscope was equipped with a motorized stage. A program
was created as a Macro sequence (QUIPS routine) for the image analyzing system
QTM 550/QWIN (LEICA Co.), which enables to inspect a large sample area field-by-
field.
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Fig. 1. Schematic diagram of forced rotation facility.

The measurement starts with an initialization segment where different param-
eters like the magnification, size of inspection area, total number of fields, the area
of each field, and the overlap of neighboring fields are defined, and then a field-
by-field imaging followed by interactive registration of all dendrite sections which
are suitable for evaluation is realized. The field of inspection steps along the cross-
section in a meander-like path and an image of sample are displayed at the screen for
interactive acquisition of the dendrites. Only dendrites with clearly visible primary
dendrite “stems” are recorded to ensure that they are sectioned parallel to their axis
within a small angle uncertainty. The acquisition includes two steps:

e Mark a primary dendrite segment of length L by a vector line along its axis.
e Draw in the crossing point of each secondary dendrite arm with the primary
dendrite along the segment L.

As illustrated in Fig. 2, the number of points (N) where primary and secondary
dendritic arms intersect each other is counted automatically by the software and
the mean secondary dendritic arm spacing X, is calculated as,

L
)L2=ﬁy (])

In this procedure, image files of each field and data (e.g. field number, coordinates
of dendrite, length of primary segment and number of secondary arms) of each
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Fig. 2. Schematic representation of the method used for measurement of secondary
dendritic arm spacing. The points indicated with cross are the number of secondary
arms (N).
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Fig. 3. Schematic representation of the six different zones for SDAS measurement.
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Fig. 4. The SDAS values and the a-Fe volume fraction vs. rotational frequency.
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Fig. 5. The variation of SDAS values with standard error in the selected zones along
the cross-section at various rotational frequency (0-1200 rpm).

selected dendrite are stored and a statistical data set is finally generated. The SDAS
value is averaged from around 80 to 100 dendrites for each sample. The variation
of SDAS values for different samples is obtained in the different zones along the
cross-section as shown in Fig. 3.

3. Results and discussions

Fig. 4 shows the variation of SDAS and the a-Fe volume fraction
in dependence on the rotational frequency (from O up to 1200 rpm).
A drastic reduction of the a-Fe volume fraction and the SDAS of
a-Fe dendrites is observed with increasing rotational frequency.
Fig. 5 shows the variation of SDAS values with standard error in the
selected six zones (see Fig. 3).

No significant variation in the SDAS values was observed in the
different zones at a particular rotational frequency. This indicates a

Fig. 6. SEM micrographs of samples solidified under 500 mbar Ar pressure at (a) 0 rpm, (b) 500 rpm, (c) 700 rpm and (d) 1200 rpm showing representative dendrites.
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homogeneous distribution of the SDAS in the microstructure over
the full cross-section suggesting that the effective mass transfer
does not vary significantly along the length or width of the investi-
gated melt volume.

Fig. 6 represents the SEM micrographs of samples solidified
at zero, 500, 700 and 1200 rpm showing the morphology of a-Fe
dendrites with secondary dendritic arms. The decrease of SDAS
is clearly visible from Fig. 6(a)-(d) as the rotational frequency
increases. As discussed earlier, the melt convection decreases when
increasing the rotational frequency. Thus, both the volume fraction
and SDAS of a-Fe dendrites decrease in a reduced melt convection
state. The secondary dendrite arms are coarsened in the samples
solidified under strong convection (as shown in Fig. 6(a)) compared
to samples solidified under reduced convection state (as shown in
Fig. 6(d)).

As the measured cooling rate for both the rotating (1200 rpm)
and non-rotating cases are quite similar (40K/s), the influence of
cooling rate on the reduction of the phase fraction and SDAS of
properitectic phase can be neglected. Thus it can be inferred that the
microstructural change is mainly caused by the different convection
states. The formation mechanism of the refined morphology of den-
drites under reduced melt convection is not well understood. We
attribute the reduction in the phase fraction and SDAS of properi-
tectic phase to the reduced convective mass transfer under reduced
internal melt motion.

The mass transfer includes both convection and diffusion. Mass
transfer coefficients can be estimated from different theoretical
equations, correlations, and analogies that are functions of material
properties and flow regimes (laminar or turbulent flow). Selection
of the most applicable model is dependent on the materials and the
system, or environment, being studied.

With high fluid velocity, the enhanced interdendritic flow
reduces the solute boundary layer and increases the transfer of
solute from the interface, removing the barrier to the growth of den-
drites. Additionally, under strong convection, smaller arms dissolve
into the melt making the SDAS higher.

The findings of Fredriksson et al. [24] and Steinbach et al. [25]
corroborate our results obtained from forced rotation experiments
for peritectic Nd-Fe-B alloy as they also reported for Al-based alloys
that under strong stirring, SDAS increases.

The presence of soft magnetic a-Fe together with hard magnetic
Nd,Fe14B is detrimental for the superior hard magnetic properties
of Nd-Fe-B-based magnets. Properitectic a-Fe volume fraction can
be lowered by using this novel forced rotation facility. This reduc-
tion of properitectic soft magnetic a-Fe volume fraction is beneficial
for ingot preparation by induction melting.

4. Summary

The effect of melt convection on the solidification process and
the microstructure evolution of Nd-Fe-B alloys were investigated
experimentally with a specially designed forced crucible rotation
technique. Numerical simulations of the fluid flow suggested that
a global melt rotation suppresses the internal melt motion signif-
icantly compared to the non-rotating case. The experiments with

different rotational frequencies resulted in a strong reduction of
both the soft magnetic a-Fe phase volume fraction and the SDAS at
increased global crucible rotation corresponding to reduced inter-
nal melt motion. The SDAS value for the investigated stoichiometric
Nd-Fe-B alloy is 13.8 wm at zero rotational frequency, whereas it
decreases to 8.2 um for the sample solidified at 1200 rpm. The mea-
sured cooling rates for both the cases were similar (40K/s) and
thus, it was concluded that the microstructural difference is caused
by the variation of convection states. The stronger interdendritic
flow at high fluid velocity and at low rotational frequency reduces
the solute boundary layer and increases the transfer of solute from
the interface. Under strong convection, smaller dendrite arms dis-
solve into the melt and solute is transported to make the SDAS
higher.
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