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Effect of a Transverse Magnetic
Field on Stray Grain Formation of
Ni-Based Single Crystal Superalloy
During Directional Solidification
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The effect of a transverse magnetic field on stray grain
formation during directional solidification of superalloy
was investigated. Experimental results indicated that the
transverse magnetic field effectively suppressed the stray
grain formation on the side the primary dendrite di-
verges from the mold wall. Moreover, the quenched
experimental results indicated that the solid/liquid
interface shape was obviously changed in a transverse
magnetic field. The effect of a transverse magnetic field
on stray grain formation was discussed.
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In recent years, owing to the excellent high temper-
ature strength and creep durability, Ni-based superalloy
single crystal turbine blades have been widely used in
advanced aeroengines and industrial gas turbines. In
industrial production, a single crystal turbine blade of
Ni-based superalloy is usually obtained through a grain
selector method, while an off-axial orientation dendrite
may be formed because of the random nature of grain
selector during directional solidification.[1–3] However,
some work indicated that stray grains were easily
formed on the edge of blade because of the primary
dendrite with off-axial orientation in single crystal
blades during directional solidification.[4–8] Due to the
random orientation of stray grains, high-angle bound-
aries may be formed and decrease the mechanical
properties. Therefore, many scientific research workers

investigated the formation of stray grains during direc-
tional solidification,[4–25] and some methods of stray
grain suppression are proposed, such as the optimiza-
tion of cooling rate[26,27] and the application of spiral
grain selector between the blade and the seed.[4,9]

Unfortunately, stray grain formation is still a key defect
that has not been effectively solved.
A transverse magnetic field has been extensively used

to improve material microstructures and properties
during solidification. Some reports show that a transverse
magnetic field could influence many aspects of solidifica-
tion,[28–30] such as the solid/liquid interface shape, the
mushy zone length, the dendrite spacing, and the solute
distribution. However, Liu et al.[6,7] and our previous
work[8] indicate that the formation of stray grains on the
side the primary dendrite diverges from the mold wall
(i.e., the diverging side) is derived from the enrichment of
solute which leads to a large undercooling. According to
these researches, utilizing a transverse magnetic field
optimizes the microstructures and eliminates the stray
grain defect of Ni-based single crystal superalloy.
Up to date, the effect of a transverse magnetic field on

stray grain formation on the edge side for Ni-based single
crystal superalloy during directional solidification has
rarely been reported. The aim of this work is to
investigate the effect of the transverse magnetic field on
stray grain formation of superalloy PWA1483 during
directional solidification. Experimental results indicated
that the transverse magnetic field effectively suppressed
the stray grain formation on the diverging side of sample.
The Ni-based single crystal superalloy PWA1483 was

used in present work. The chemical compositions of
PWA1483 are Cr 12.2, Co 9.0, Mo 1.9, W 3.8, Al 3.6, Ti
4.2, Ta 5.0, C 0.07 (wt pct), and Ni as balance. The
single crystal seed with a diameter of 4 mm and length of
30 mm was cut from a single crystal rod with [001]
crystal orientation in the solidification direction, and
was placed at the bottom of crucible to control the grain
number and the orientations of crystals.
The directional solidification apparatus under a

transverse magnetic field is schematically shown in
Figure 1(b). It mainly consisted of an electromagnet, a
Bridgman-type furnace with a withdrawal system, and a
temperature controller. The electromagnet could pro-
duce a static transverse magnetic field with a maximum
intensity up to 1 T. The furnace temperature can reach
to 1973 K (1700 �C) with a precision of ±1 K. The liquid
Ga-In-Sn metal (LMC) pool with a water cooling jacket
was used to cool the sample down. The temperature
gradient in the sample was controlled through adjusting
the temperature of the hot zone that was isolated from
the LMC by a refractory baffle. The withdrawal velocity
was controlled by a withdrawing device and could be
continuously adjusted between 0.5 and 10000 lm/s.
In the experiments, the sample was heated to a certain

temperature of 1773 K (1500 �C) and held for 5 minutes
to ensure the seed was melted partly, and then was
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directionally solidified in the Bridgman apparatus by
withdrawing the crucible assembly downward at a
constant withdrawal velocity. In this work, the temper-
ature gradient was 50 K/cm, and the misorientation
between the primary dendrite with<001>orientation and
the solidification direction (i.e., cylindrical direction) in
the seed was about 28 deg. The longitudinal (paralleling
to the solidification direction) microstructures of samples
were observed in etched condition by Leica optical
microscope (OM) to study the growth of dendrite and
the formation of stray grain. The etchant solution was
composed of CuSO4 (4 g), HCl (20 ml), H2SO4 (12 ml),
and H2O (25 ml). The crystal orientations of primary
dendrite and stray grains were investigated by electron
backscatter diffraction (EBSD) technology.

Figure 2 shows the longitudinal microstructures of
samples during directional solidification of the superal-
loy at a withdrawal velocity of 100 lm/s without and
with a 0.7 T magnetic field. It was found that a stray
grain was formed on the diverging side of sample
without magnetic field (Figures 2(a) and (b)). However,
when a transverse magnetic field was applied, no stray
grain was observed and a single crystal was obtained in
the entire sample, as shown in Figures 2(c) and (d).
Therefore, it means that the transverse magnetic field
suppresses the formation of stray grains in the present
experimental conditions.

According to the stray grain formation theory,[4–25]

the pinching-off dendrite fragments in the mushy zone
and the heterogeneous nucleation in the front of
liquid/solid interface are the main factors affecting stray
grain formation. First, let us analyze the effect of
pinching-off dendrite fragments in the mushy zone on
stray grain formation during directional solidification.
As we know, the pinching-off dendrite fragments trans-
ferred to the interface front induce the formation of
stray grains due to the thermal–solutal convection.[10–12]

Some research found that the thermal–solutal convec-
tion of alloy melt resulted from the coarse dendrite
spacing and high element segregation which were
usually formed at a low solidification velocity by
Bridgman high rate solidification (HRS) during direc-
tional solidification,[10,11] whereas the pinching-off den-
drite fragment was not formed at a high solidification
velocity in the sample produced by liquid metal cooling
technology (LMC) because of the sample’s fine dendrite
spacing and low element segregation.[31,32] Furthermore,
stray grains arising from pinching-off dendrite fragment
may appear at any location of the interface front.[33,34]

Nevertheless, according to our previous researches[8,14,15]

and present experimental results, stray grains always
appear on the edge of sample, and the stray grain
nucleation occurs in a more regular position compared
with primary dendrite. Therefore, the detachment of the

Fig. 1—Schematic diagram of experimental device: (a) schematic illustration of the Bridgman solidification apparatus; (b) sample and the posi-
tion of the section planes in the sample.
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fragmented dendrite is not the main factor that results
in the nucleation of stray grains on the edge of sample
during directional solidification. Besides, numerous
investigations indicate that the change of local solid-
ification conditions, leading to a large undercooling
and the heterogeneous nucleation on the edge of
sample,[4–9] is a main factor that induces the formation
of stray grains on the edge of sample. Based on the
above analysis, the formation of stray grains on the
edge of sample should be attributed to heterogeneous
nucleation.

According to the classical nucleation theory, when the
size of nucleus in liquid phase is larger than a certain
critical value, a crystal is formed and expressed as
activation energy DG*.[35] According to a previous
report from Kurz et al.,[36] the expression of nucleation
activation energy and undercooling is as follows:

DG� / DT�2: ½1�

Equation [1] shows that the activation energy of
nucleation is decreased with the increase of undercool-
ing. However, present experimental results indicate that
a stray grain only appears on the diverging side. It infers
that the undercoolings on both sides are different for
primary dendrite with a misorientation during direc-
tional solidification. As we know, during directional
solidification, the undercooling ahead of dendrite tips
mainly consists of thermal undercooling, solutal under-
cooling, curvature undercooling, and kinetic undercool-
ing. The total undercooling ahead of dendrite tip, DT,
can be written as follows:[37]

DT ¼ DTt þ DTc þ DTr þ DTk; ½2�

where DTt, DTc, DTr, and DTk are thermal undercool-
ing, solutal undercooling, curvature undercooling, and

kinetic undercooling, respectively. According to a
report from Rappaz et al.,[38] for most metallic alloys,
the driving force of dendrite growth is mostly con-
tributed by solutal undercooling and thermal under-
cooling, while curvature undercooling and kinetic
undercooling are negligible during directional solidifi-
cation. Our previous work[8] and some investiga-
tions[4–7] indicate that, for primary dendrite with a
misorientation, the content of solute on the diverging
side is higher than that on the converging side, the
undercooling on the diverging side is also larger than
that on the converging side. In addition, an investiga-
tion from Kurz et al.[39] indicates that the contribution
of thermal undercooling is usually negligible compared
with the solutal undercooling during directional solidi-
fication for primary dendrite with a steady-growth
stage. Therefore, from Eq. [2], the undercooling ahead
of dendrite tip, DT, mainly depends on the solutal
undercooling, DTc. In addition, according to the
Eqs. [1] and [2], the relationship between the activation
energy of nucleation and undercooling can be
expressed as follows:

DG� / DT�2
c : ½3�

Equation [3] shows that the activation energy of
nucleation decreases with the increase of undercooling.
Therefore, this means that the formation of stray grains
on the diverging side should be attributed to the
heterogeneous nucleation derived from the solutal
undercooling.
When a traverse magnetic field is employed to the

directional solidification, two main effects of magnetic
field on melt convection are formed. One is the
electromagnetic braking (EMB) effect that is derived
from the interaction between the moving conducting

Fig. 2—(a) and (c) Longitudinal microstructures of directionally solidified sample for superalloy PWA1483 without and with a 0.7 T magnetic
field (v = 100 lm/s), respectively; (b) and (d) corresponding EBSD orientation image maps and inverse pole figures of region A and B, respec-
tively.
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melt and the magnetic field, which suppresses the
natural convection.[15,40,41] The other is the thermoelec-
tric magnetohydrodynamic (TEMHD) effect that arises
from the interaction between the thermoelectric current
and the magnetic field, including the thermoelectric
magnetic force (TEMF) in the solid phase and the
thermoelectric magnetic convection (TEMC) in the
liquid phase.[42–44]

The effect mechanisms of EMB and TEMC during
directional solidification have been investigated theoret-
ically and experimentally by some researches.[45] It is
found that the fluid velocity increases as B1/2 in weak
magnetic field and then decreases as B�1 in high
magnetic field. The maximum value of fluid velocity is

obtained only when the TEMC is balanced with the
viscous friction and EMB. The corresponding magnetic
field intensity Bmax can be written as follows:

Bmax ¼
q SS � SLð ÞG

lr

� �1=3

; ½4�

where q is the density of the alloy liquid; SL, SS are
the thermoelectric powers of liquid and solid, respec-
tively; l is the typical length scale and r is the electrical
conductivity. In order to easily understand the effect
of magnetic field on melt convection, we evaluate the
magnetic field intensity of maximum fluid velocity at
the scale of dendrite (300 lm) based on Eq. [4]. The
physical parameters of the Ni-based superalloy are
listed in Table I. A magnetic field intensity of 1.22 T is
obtained. This calculated result infers that the TEMC
plays a key role during directional solidification when
the magnetic field is smaller than 1.22 T. In addition,
some studies indicate that the fluid velocity reaches a
maximum value under an 1.2 T magnetic field.[15,44]

Therefore, the transverse magnetic field induces the
melt convection during directional solidification in pre-
sent experimental conditions.
Besides, TEMF will affect dendrite and increase

linearly with the increase of magnetic field since FTEMF

is directly proportional to B (FTEMF�B).[45] An inves-
tigation indicates that the TEMF with a value of 105 N/
m3 is large enough to break down dendrites.[15,50] It is
also found that the TEMF is larger than 105 N/m3 when
the magnetic field is higher than 3.8 T. This means that a
0.7 T high magnetic field will not result in the deforma-
tion, fracture, and deflection of dendrite, and a well-
ordered dendrite structures is obtained in the entire
sample during directional solidification. Likewise, the
formation of stray grains on the diverging side during
directional solidification under a transverse magnetic
field should also be attributed to heterogeneous nucle-
ation. Nevertheless, present experimental results demon-
strated that no stray grain was formed on the edge of
sample during seed melt-back under a 0.7 T magnetic
field. It is inferred that the suppression of stray grains
should be attributed to the change of undercooling on
the edge of sample in a traverse magnetic field.
For the present experimental results of Ni-based

superalloy, one possible explanation is that the TEMC
will be generated during directional solidification under
a traverse magnetic field, which gives rise to the
movement of the solute along the direction of the
TEMC, as shown in Figure 3. As a consequence, the
content of solute element and the undercooling on the
diverging side will decrease. In addition, according to

Table I. Physical Parameters of the Ni-based Superalloy[46–49]

Physical Parameters Magnitude

Electrical conductivity of solid (rS, X
�1 m�1) 1600 K (1327 �C) 0.75 9 106

Electrical conductivity of liquid (rL, X
�1 m�1) 1600 K (1327 �C) 0.67 9 106

Thermoelectric power of solid (SS, lV K�1) 1143 K (870 �C) –10.95
Thermoelectric power of liquid (SL, lV K�1) 1773 K (1500 �C) –16
Density of liquid alloy (q, Kg m�3) 1613 K (1340 �C) 7.85 9 103

Fig. 3—(a) and (b) Schematic illustrations of the TE current and
TEMC during directional solidification under a transverse magnetic
field; (c) the distribution of the solute in the mushy region in the
case of no magnetic field; (d) the effect of the TEMC on the distribu-
tion of the solute in the mushy region under a transverse magnetic
field.
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the interface stability theory, the convection and flow in
the liquid near the interface obviously affect the growth
behavior of dendrite. This means that TEMC will
promote the growth of high-order dendrite on the
diverging side and suppress the formation of stray grains
during directional solidification.

In order to confirm the effect of TEMC on the
primary dendrite growth behavior on the diverging side
during solidification process, the quenching experiment
was conducted. Figure 4 shows the quenched interface
morphology at a withdrawal velocity of 50 lm/s without
and with a 0.7 T magnetic field. It was found that in the
case of no magnetic field, the solid/liquid interface shape
was sloping from the diverging side to the converging
side. However, the solid/liquid interface was nearly
planar under a 0.7 T magnetic field. Therefore, it is
implied that a traverse high magnetic field decreases the
undercooling, promotes the growth of high-order den-
drite, and further prevents the heterogeneous nucle-
ation. As a consequence, the traverse magnetic field
suppresses the formation of stray grains.

The effect of a transverse magnetic field on stray grain
formation was investigated experimentally during the
directional solidification of superalloy. Microstructures
showed that the transverse magnetic field suppressed the
formation of stray grains on the diverging side. In
addition, the quenched experimental results indicated
that the transverse magnetic field changed the solid–liq-
uid interface shape. These results revealed that the
TEMC formation under a transverse magnetic field
should be responsible for the decrease of solute concen-
tration and undercooling, and the suppression of stray
grains on the diverging side.
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51604172, 51401116), the Shanghai Municipal Science
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14521102900), and Shanghai Municipal Education
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