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High magnetic fields are widely used to improve the microstructure and properties of materials
during the solidification process. During the preparation of single-crystal turbine blades, the
microstructure of the superalloy is the main factor that determines its mechanical properties. In
this work, the effects of a high magnetic field on the microstructure of Ni-based single-crystal
superalloys PWA1483 and CMSX-4 during directional solidification were investigated
experimentally. The results showed that the magnetic field modified the primary dendrite arm
spacing, 7’ phase size, and microsegregation of the superalloys. In addition, the size and volume
fractions of y/y” eutectic and the microporosity were decreased in a high magnetic field. Analysis
of variance (ANOVA) results showed that the effect of a high magnetic field on the
microstructure during directional solidification was significant (p < 0.05). Based on both
experimental results and theoretical analysis, the modification of microstructure was attributed
to thermoelectric magnetic convection occurring in the interdendritic regions under a high
magnetic field. The present work provides a new method to optimize the microstructure of

Ni-based single-crystal superalloy blades by applying a high magnetic field.
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I. INTRODUCTION

NI-BASED superalloy single-crystal turbine blades
have been used in advanced aero-engines and industrial
gas turbines (IGTs) because of their excellent high-tem-
perature strength and creep resistance. These favorable
mechanical properties of single-crystal turbine blades
are derived from their eclimination of grain bound-
aries.[""?! Therefore, the microstructure of a single-crys-
tal blade is an important factor determining its
mechanical properties.” > In industrial production,
single-crystal turbine blades of Ni-based superalloys
are usually produced through the Bridgman high rate
solidification method.!”! However, to ensure the for-
mation of suitable single-crystal turbine blades, espe-
cially for use in IGTs, a low solidification velocity is
needed during directional solidification. As a conse-
quence, the single-crystal blades contain coarse dendrite
spacing and high element segregation, which degrade
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their mechanical properties.®” Recently, man novel
methods such as liquid metal cooling (LMC),'%12! gas
cooling casting (GCC) zone melting liquid metal
cooling (ZMLM R and downward directional solid-
ification (DWDS)!"* have been developed to optimize
the microstructure of single-crystal superalloys and
enhance their mechanical properties. However, when
these processes are used to produce single-crystal blades
for IGTs, some drsadvantageous effects occur, such as
castmg contamination,!'” furnace temperature decrease
grain defect formation,”'¥ non- homo eneous thermal
field, and stray grain production.'®"! These effects
degrade the mechanical properties of superalloys.
Recently, external high magnetic fields have been used
to modify the solidification microstructure of alloys,
such as the dendrite and inter- lamellar spacing,['®20)
phase transformation temperature 1 solute distribu-
tion,?*2! and solidification rate.*?! Our previous work
indlcated that a high magnetic field increased the
dendrite number and decreased the dendrite arm 1 spa cmg
in directionally solidified superalloy DZ417G.*%1 w
also found that the effect of the magnetic field on
microstructure originated from thermoelectric magnetic
convection and stress. However, the thermoelectric
magnetic convection and stress induced by the high
magnetic field may drive the formation of higher-order
dendrites from primary dendrites and cause the

METALLURGICAL AND MATERIALS TRANSACTIONS A


http://crossmark.crossref.org/dialog/?doi=10.1007/s11661-017-4135-5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11661-017-4135-5&amp;domain=pdf

detachment of dendrite arms.>2°1 Moreover, some
investigations have indicated that both the detachment
of dendrite arms and formation of higher-order den-
drites are the factors that increase the dendrite number
and decrease the dendrite arm spacing in directionally
solidified superalloys.'>?2 1t is still not clear what
causes the increase of dendrite number and decrease of
dendrite arm spacing in directionally solidified superal-
loys under high magnetic fields. Therefore, it is neces-
sary to thoroughly explore the evolution mechanism of
the microstructure of Ni-based superalloys under high
magnetic fields.

The objective of this study is to investigate the effects
of a high magnetic field on the microstructures of
single-crystal superalloy PWA1483 and CMSX-4 during
directional solidification. The results show that the
magnetic field causes the primary dendrite arm spacing,
v" phase size, and microsegregation to decrease. In
addition, the size and volume fractions of y/y” eutectic
and microporosity decrease under a high magnetic field.
These results may be attributed to thermoelectric
magnetic convection occurring in the interdendritic
regions under a high magnetic field.

II. EXPERIMENTAL METHODS

The alloys used here were Ni-based single-crystal
superalloys PWA1483 and CMSX-4. The chemical
composition of PWA1483 was Cr 12.2, Co 9.0, Mo
1.9, W 3.8, Al 3.6, Ti 4.2, Ta 5.0, and C 0.07 (wt pct),
with Ni as the balance. The chemical composition of
CMSX-4 was Cr 6.5, Co 9.0, Mo 0.6, W 6.0, Al 5.6, Ti
4.7, Ta 6.5, and Re 3.0 (wt pct), with Ni as the balance.
Each single-crystal sample was produced using a seeding
technique in a directional solidification furnace. Seeds of
superalloy PWA1483 and CMSX-4 were placed at the
bottom of the mold to control the grain number and
orientation of crystals in superalloy PWA1483 and
CMSX-4, respectively.

The directional solidification apparatus under a high
magnetic field (B > 2 T) is depicted schematically in
Figure 1.°%! The apparatus mainly consisted of a super-
conducting magnet, Bridgman-type furnace with a
withdrawal system, and temperature controller. The
superconducting magnet could produce a vertical static
magnetic field with a maximum intensity of 14 7. The
maximum furnace temperature was 1973 K (1700 °C)
with a precision of £1 K. A liquid Ga-In-Sn metal
(LMC) pool with a water cooling jacket was used to cool
the sample. The temperature gradient in the sample was
controlled by adjusting the temperature of the furnace
hot zone, which 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 10,000 pm/s.

During the experiments, each sample was heated to
1823 K (1550 °C) and held at this temperature for
30 minutes to partially melt the seed crystal, and then
directionally solidified in the Bridgman apparatus by
withdrawing the crucible assembly downward at a
constant withdrawal velocity. After the casting
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experiment, the transverse (perpendicular to the solid-
ification direction) microstructures of samples obtained
from experiments were examined after etching by a
Leica optical microscope to study the primary dendrite
arm spacing, y/y’ eutectic, and microporosity. The
etchant solution was composed of CuSO, (4 g), HCI
(20 mL), H>SO4 (12 mL), and H,O (25 mL). The crystal
orientations of grains were investigated by electron
backscatter diffraction technology. A scanning electron
microscope (SEM) was used to study the y” phase in the
samples. The solute distributions in the dendrite core
and interdendritic regions were measured by a
field-emission SEM equipped with an energy-dispersive
X-ray spectrometer (EDS).

The primary dendrite arm spacing was measured by
the area counting method for the transverse sections
using the equation 2 = (A4/N)*°, where 4 is the area of
the selected region and N is the average number of
primary dendrites in 4. The volume fractions of y/y”
eutectic and microporosity were determined by the
metallographic analytical software Image Pro Plus. The
size of the 7" phase was evaluated using 4 = (S7/M)">,
where St is the cumulative total 7" area in the viewing
field of a micrograph (in the dendrite core), and M is the
number of 7" phase.

III. RESULTS
A. Primary Dendrite Arm Spacing

Figure 2 shows the transverse microstructures of
samples during directional solidification of the two
superalloys at a withdrawal velocity of 50 um/s without
and with a 5 T'magnetic field. In the case of no magnetic
field, coarse primary dendrite spacing is observed
(Figures 2(a) and (b)). However, when the high mag-
netic field is applied during directional solidification, the
primary dendrite spacing is refined, as illustrated in
Figures 2(c) and (d). The changes of the primary
dendrite arm spacing without and with a high magnetic
field were measured. The results are listed in Table I.
Compared with the case without a magnetic field, the
primary dendrite arm spacing of superalloys PWA1483
and CMSX-4 decreased from 260 to 180 um (30 pct)
and from 290 to 230 um (20 pct) under a 5 7" magnetic
field, respectively. This means that the high magnetic
field refines the primary dendrite spacing during direc-
tional solidification under the present experimental
conditions.

B. ¢ Precipitate Phase

Figure 3 displays the 7" phase morphologies in the
dendrite cores produced in samples without and with an
applied high magnetic field. A finer 7" phase is obtained
under the applied magnetic field, as shown in Fig-
ures 3(c) and (d). The average sizes of the )" phase in the
samples produced without and with the magnetic field
were measured. The results are presented in Table 1.
Compared with the 7" phase formed without the
magnetic field, a 5 7" magnetic field decreases the )’
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Fig. 1—Schematic of the Bridgman solidification apparatus in the
superconducting magnet.>!

phase size by 46 and 40 pct for superalloy PWA1483
and CMSX-4, respectively.

C. y/y" Eutectic

Figure 4 shows the morphologies of the y/y” eutectic
of samples during directional solidification of the
superalloys at a withdrawal velocity of 50 um/s without
and with a 5 7 magnetic field. For both types of
superalloy, a large block-like y/y” eutectic is observed
without the applied magnetic field. However, when a
high magnetic field is applied, a smaller y/y” eutectic
phase is obtained. The average volume fractions of y/y’
eutectic without and with the magnetic field are given in
Table I. The applied magnetic field decreases the con-
tent of 7/y" eutectic by about 49 and 44 pct for
superalloy PWA1483 and CMSX-4, respectively.

D. Microporosity

The microporosity in transverse sections of the
directionally solidified samples obtained at a withdrawal
velocity of 50 um/s without and with a 5 7" magnetic
field are provided in Figure 5. The high magnetic field
decreases the microporosity size. The volume fraction of
microporosity in Figure 5 was measured, and was listed
in Table I. These results indicate that the volume
fraction and size of microporosity are decreased in the
presence of a high magnetic field compared with those
obtained without an applied magnetic field.
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IV. DISCUSSIONS

The above experimental results reveal that the applied
high magnetic field modifies the primary dendrite arm
spacing and size of the y” phase for both superalloys.
Moreover, the size and volume faction of y/y” eutectic
and microporosity are changed by the magnetic field.
ANOVA analysis was used to investigate the influences
of the high magnetic field and alloy type on the
microstructures of superalloys using the normalized
values obtained using the mean values in Table 1. The
normalized values were included as repeated measures in
the ANOVA analysis. The results of ANOVA analysis
are presented in Table II and indicate that the effect of
the applied magnetic field is significant (p = 0.0001),
while the effect of the alloy type is slightly significant
(p = 0.0426). Meanwhile, the p value of the interaction
term (X1-X2) is well above the 0.05 threshold
(»p = 0.8259), which indicates that the high magnetic
field affects alloys in a common way regardless of the
alloy type. In addition, ANOVA analyses were carried
out for every microstructural feature, including primary
dendrite arm spacing, gamma prime precipitate size,
eutectic volume fraction, and microporosity. These
analyses also indicated that the high magnetic field has
a significant effect on each of these microstructural
features. When a high magnetic field is applied during
directional solidification, the magnetic field has two
main effects on the microstructure: one effect is that the
electromagnetic braking (EMB) arising from the inter-
action between the moving conducting melt and mag-
netic field will suppress the natural convection;** 3! the
other effect is that a thermoelectric magnetic force
(TEMF) in the solid phase and the thermoelectric
magnetic convection (TEMC) in the liquid phase will
be formed because of the thermoelectric magnetohydro-
dynamics (TEMHD) derived from the interaction
between the thermoelectric current and magnetic
field.*> 3 The TEMC will induce melt convection,
while the TEMF will produce a force in the dendrites.

When a high magnetic field is applied during direc-
tional solidification, EMB and TEMC affect the melt
flow simultaneously. Li er al** investigated the rela-
tionship between EMB and TEMC and the magnitudes
of TEMC at different scales. They found that the fluid
velocity increases as B'? in a low magnetic field and
then decreases as B~ in a high magnetic field. When the
intensity of the applied magnetic field reaches a critical
value, the TEMC is balanced with the viscous friction
and EMB, and the fluid velocity reaches its maximum
value. The critical magnetic field intensity B,y 1S

= ]

where p is the density of the alloy liquid; Sy and S are the
thermoelectric powers of the liquid and solid, respec-
tively; / is the typical length scale; and ¢ is electrical
conductivity. Bp.x was estimated based on Eq. [I].
According to the corresponding physical parameters of
the Ni-based superalloys presented in Table 111, By, was
5.4 T.This calculated result suggests that TEMC plays an
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Fig. 2—Transverse microstructures of superalloy PWA1483 and CMSX-4 without and with a 5 7" magnetic field. The primary dendrite cores are
indicated by red dots: («) PWA1483, 0 T; (b)) CMSX-4, 0 T; (c) PWAI1483, 5 T; (d) CMSX-4, 5 T.

Table I. Microstructural Features of Superalloys

PWA1483 CMSX-4
Alloy
Magnetic Field Intensity (7) 0 5 0 5
Primary dendrite arm spacing (xm) 260 180 290 230
y” precipitate phase size (nm) 450 250 600 360
y/y” eutectic volume fraction (pct) 1.92 1.06 2.3 1.34
Microporosity volume fraction (pct) 0.12 0.02 0.15 0.04

important role in the solidification process under the
current experimental conditions (B < 5 T).

In addition, when a magnetic field is applied during
directional solidification, a TEMF will act on the
dendrites, which is given by

—oLosfL

oLfL + osfs

where o1 and og are the electrical conductivities of the
liquid and solid, respectively; f; and fg are the liquid and
solid fractions, respectively. Equation [2] shows that the
TEMEF in the solid increases linearly with rising mag-
netic field intensity.

According to Li e al.**' a TEMF of the order of 10°
N/m® is strong enough to break down dendrites. To

Fremr = (Ss — SL)VTB, 2]
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investigate the effect of the TEMF on dendrites during
directional solidification, the magnitudes of the TEMF
in dendrites under various magnetic fields were evalu-
ated, as shown in Figure 6. When the magnetic field is
higher than 3.5 T, the TEMF is larger than 10° N/m°.
This result suggests that the TEMF under a 57T
magnetic field is strong enough to break down dendrites.
However, the present experimental results indicate that
a 5 T high magnetic field does not induce the deforma-
tion, fracture, or deflection of dendrites and a sin-
gle-crystal sample is obtained from directional
solidification, as illustrated in Figure 7. Therefore,
according to the above analyses, the change of the
microstructures of the superalloys during directional
solidification should be attributed to the TEMC induced
in a high magnetic field.
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Fig. 3—Morphologies of the 7" phase in the dendrite core of superalloy PWA1483 and CMSX-4 without and with a 5T magnetic field:

(a) PWAL1483, 0 T; (b) CMSX-4, 0 T: (c) PWA1483, 5 T; (d) CMSX4, 5 T.

A. Influence of TEMC on Primary Dendrite Arm
Spacing and Microporosity

Recently, some investigations have indicated that for
a given alloy with the same thermal gradient (G) and
cooling rate (V), convection is an important factor that
affects primarg dendrite arm spacing during directional
solidification.*®#""*3 Indeed, the gprimary dendrite arm
spacinzg decreases under natural®*" or forced convec-
tion.***! To reveal the effect of melt flow on the
primary dendrite arm spacing during directional solid-
ification, a series of experiments was conducted.* % It
was found that the change of primary dendrite arm
spacing is closely related to the interdendritic constitu-
tional undercooling during directional solidification.
Enhancing the degree of interdendritic undercooling
induces the growth of tertiary dendrites and refinement
of the primary dendrite arm spacing. According to
Curreri ef al.,"*"! the natural convection arising from the
density difference can cause the magnitude of interden-
dritic constitutional undercooling to increase. Consid-
ering the present experimental results, one possible
explanation is that when a high magnetic field is applied
during directional solidification of the superalloys, an
interdendritic TEMC is formed that causes interden-
dritic constitutional undercooling to increase, which
then drives the growth of tertiary dendrites. As a
consequence, the primary dendrite arm spacing should
decrease in a high magnetic field.
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Solidification shrinkage is a major factor that causes
the formation of microporosity, which are solidification
defects that affect the mechanical performance of the
casting.”'” Tt is well known that the formation of
microporosity arises from the solidification shrinkage of
the residual liquid in the interdendritic region during
directional solidification. According to solidification
principles, melt flow will increase the liquid feed into
the interdendritic region and further decrease the size of
microporosity. Likewise, when a high magnetic field is
applied during directional solidification, the TEMC will
cause melt flow and promote the liquid feed into the
interdendritic region. As a consequence, small microp-
orosity is formed in a high magnetic field. In addition,
an investigation has shown that the final eutectic liquid
fraction and primary dendrite arm spacing are the main

factors that affect the formation of microporosity, which
1 o[48]
is

fil
dpore = 177 [3]

where £} is the final eutectic liquid fraction, A is the
primary dendrite arm spacing. According to Eq. [3],
the size of microporosity decreases as the decrease of
primary dendrite arm spacing. The present experimen-
tal results indicate that the interdendritic TEMC
induced by a high magnetic field causes the primary
dendrite arm spacing to decrease. Thus, compared
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Fig. 4—Morphologies of 7/y” eutectic of PWA1483 and CMSX-4 without and with a 5T magnetic field: (¢) PWA1483, 0 T; (b)) CMSX-4, 0 T;

(c) PWA1483, 5 T: (d) CMSX-4, 5 T.

Table II. ANOVA Analysis of Magnetic Field, Alloy, and Four Microstructural Features

Parameter SS DF MS F Value p Value
X1 0.24125 1 0.24125 5.15 0.0426
X2" 1.74816 1 1.74816 37.29 0.0001
X1-X2 0.00237 1 0.00237 0.05 0.8259
Error 0.56262 12 0.04688
Total 2.5544 15

* X1 represents alloy

™" X2 represents magnetic field.

Table III.  Physical Parameters of the Ni-Based Superalloy.**=!

Physical Parameters Magnitude
Electrical conductivity of solid (a5, Q™' m™") 1600 K (1327 °C) 0.75 x 10°
Electrical conductivity of liquid (o, Q™' m™") 1600 K (1327 °C) 0.67 x 10°
Thermoelectric power of solid (Ss, £V K™!) 1143 K (870 °C) —10.95
Thermoelectric power of liquid (S,, uV K=" 1773 K (1500 °C) —16
Density of liquid alloy (p, Kg m™) 1613 K (1340 °C) 7.85 x 10°
with the case without a magnetic field, smaller high magnetic field should also be responsible for the
microporosity is formed in a high magnetic field. decrease of microporosity size during directional

Therefore, the interdendritic TEMC induced in the solidification.
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Fig. 5—Optical images of transverse sections of samples produced from PWA1483 and CMSX-4 without and with a 5 T magnetic field. Microp-
orosity is shown as dark voids in the superalloys: (¢) PWA1483, 0 T; (b)) CMSX-4, 0 T; (c) PWA1483, 5 T; (d) CMSX-4, 5 T.

B. Influence of TEMC on the y" Precipitate Phase
and 7|y’ Eutectic

The )y’ phase is a primary strengthening phase of
superalloys, forming a coherent precipitate from the y
matrix phase during the solidification process, which can
be written as

n—=r+7, [4]

where y; is the original y solid solution, y, is the resid-
ual y solid solution, and 7" is the precipitate phase.
The corresponding activation energy of nucleation
AG*™®)! can be expressed as

16710'?,7“/
G* — / 7 2 [5]
3(AGy — AG,)

where AGy is the difference in bulk Gibbs free energy
between the y and 7’ phases, AG, is the difference in
strain free energy for precipitation per unit volume of
the y” phase, and o,_, is the ]y—y’ interfacial energy.
According to Xiao et al.**! and Guo er al.,” the y—’
interfacial energy and the strain energy are the main
factors affecting the shape of the 7" phase. The driving
force for the nucleation of the y” phase is the difference
in bulk Gibbs free energy between the y and 7" phases.
However, the present experimental results indicate that
the size of the 7" phase is changed by the applied
magnetic field, but the shape of the )" phase is not.
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According to the above analyses, it is deduced that the
effect of a high magnetic field on the bulk Gibbs free
energy during the solidification process is the main
reason for the change of the size of the y” phase under
the present experimental conditions. Yamaguchi and
Tanimotol®" investigated the effect of a high magnetic
field on thermodynamic constants, and found that the
thermodynamic constants were not influenced by a 10 7'
magnetic field. This means that the Gibbs free energy is
not influenced by a high magnetic field (B < 10 7). As
we know, the Gibbs free energy is closely related to both
undercooling and supersaturation.*”) A large tempera-
ture gradient and cooling rate increase undercooling and
promote the nucleation of the y” phase.['**>°! However,
during directional solidification, the cooling rate V
depends on the temperature gradient G and the growth
rate of dendrites R; that is, ¥V = Gx R.>S 12 According
to Li et al.,”* the growth rate of dendrite R is related to
the undercooling AT during directional solidification as
R «<(AT)”, where b is a constant. Therefore, the relation
between cooling rate and undercooling can be expressed
as V o« (AT)”, which means that the cooling rate
increases with undercooling (AT). Recently, Nguyen-Thi
et al®¥ showed that convection increases constitutional
undercooling in front of the solid/liquid interface. This
implies that convection of the melt can cause cooling
rate to increase during directional solidification. As a
consequence, undercooling increases, promoting the

METALLURGICAL AND MATERIALS TRANSACTIONS A



nucleation of the y” phase based on the above analyses
and phase transformation theory. Similarly, when a
magnetic field is applied during directional solidifica-
tion, TEMC causes cooling rate to increase, which
increases the undercooling of the 7" phase and promotes
the nucleation of this phase. In addition, the growth
time of the 7" phase is decreased because of the refined
primary dendrite arm spacing in a high magnetic field.
As a consequence, refined )" phases are formed during
directional solidification in a high magnetic field. There-
fore, the interdendritic TEMC in the magnetic field
should be responsible for the decrease of the size of the
7" phase.

During the directional solidification of superalloys,
the y/y” eutectic is formed in the interdendritic region
during the final stage of solidification because of the
solute segregation of Al, Ti, and Ta in this region.
Therefore, the degree of solute segregation is a major
factor that affects the size and number of y/y” eutectic.
An investigation indicates that the melt flow affects the

distribution of the solute during directional
—
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solidification.® Similarly, TEMC induced by a high
magnetic field promotes melt flow in the interdendritic
region and decreases the degree of solute segregation
(the enrichment of solute) when a magnetic field is
applied; consequently, the size and number of y/y’
eutectic are decreased.

To confirm the effect of TEMC on solute segregation
during the solidification process in a high magnetic field,
the distributions of the solutes in the dendrite core and
interdendritic region were investigated. The segregation
of elements is described by the element segregation
coefficient k’, which is k" = Cp/C;, where Cp is the
average concentration of each element in the dendrite
core and C; is the average concentration of each element
in the interdendritic region. If & = 1, the elements are
homogeneously distributed in the dendrite core and
interdendritic region of a sample. When £ > 1, the
elements are negative segregation elements that are

(a)

Fig. 7—Longitudinal microstructures near the solid—liquid interface
in the directionally solidified superalloy PWA1483 (a) without and
(b) with a 5 T magnetic field (v = 50 um/s).

NIK 7.92k B
7.08k
6.6k
5.28k
440k

3.52k

Element Al Cr
Cp, Wt. % 3.45 13.61 C;, Wt. % 4.26 10.64
(b) (c)

Fig. 8—Distributions of Al and Cr in the dendrite core and interdendritic regions measured by energy-dispersive X-ray spectroscopy (EDS). (a)
Scanning areas of EDS. Distributions of Al and Cr in the (b) dendrite core and (c) interdendritic region (region A and B, respectively, in (a)).
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Table IV.

Average Element Concentration of Superalloy PWA1483

Average Concentration of Element (Wt Pct)

or 5T
Element Cp C; Cp C;
Al 345 4.26 3.54 3.73
Ti 342 5.56 3.63 4.65
Ta 4.29 5.84 4.56 5.37
Cr 13.02 10.06 12.45 11.53
Co 9.54 8.37 9.19 8.92
W 4.34 3.55 4.14 3.71
Table V. Average Element Concentration of Superalloy CMSX-4
Average Concentration of Each Element (Wt Pct)
0T 5T
Element Cp C; Cp C;
Al 5.18 6.9 5.47 5.93
Ta 5.44 7.75 5.86 7.41
Cr 7.62 5.77 6.45 6.58
Co 9.71 8.02 9.32 8.61
W 7.08 5.45 6.39 5.56
Re 3.92 242 3.46 2.79
18 without and with a 5 7" magnetic field. Compared with
77707 (PWA1483) the case with no magnetic field, a 5 T ma.gneti.c field
16 - B 5T (PWA1483) N decreased the degree of solute segregation in the
x 14 [E0T (CMSX-4) N dendrite core and interdendritic region. This means that
o 15T (CMSX-4) N\ the TEMC induced by a high magnetic field decreases
212r NB the degree of solute segregation and further decreases
=2 ___ the size and number of y/y” eutectic under the current
8 N experimental conditions. Moreover, the refined primary
S dendrite arm spacing decreases the solute segregation in
'§) N the interdendritic region, and then the size and volume
o N faction of y/y” eutectic are decreased. Therefore, the
> N . . , .
: \ decrease of the s1ze'and volume fz}ctlon of y/y eutectic
N should also be attributed to the interdendritic TEMC
N induced by the high magnetic field during directional
‘ solidification.
Re

Elements

Fig. 9—Segregation coefficients of alloy elements in the superalloy
PWA1483 and CMSX-4 samples produced without and with a 5 T
magnetic field.

enriched in the dendrite core; if &” < 1, the elements are
positive segregation elements that are enriched in the
interdendritic region. Here, k" is used to explain the
segregation of the dendrite core and the interdendritic
region. The distribution of Al and Cr in the dendrite
core and interdendritic regions is shown in Figure 8.
According to k* = Cp/C;, elements segregation coeffi-
cients k" and k¢, of about 0.81 and 1.3, respectively,
were obtained.

Tables IV, V, and Figure 9 show the segregation
behaviors of superalloys PWAI1483 and CMSX-4
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V. CONCLUSIONS

The effects of a high magnetic field on the microstruc-
tures formed during directional solidification of
Ni-based single-crystal superalloys PWA1483 and
CMSX-4 were investigated. The primary dendrite arm
spacing, size of the y” phase, and microsegregation were
modified in a high magnetic field. Moreover, the high
magnetic field decreased the size and volume fractions of
y/y’ eutectic and microporosity of PWAI1483 and
CMSX-4. ANOVA analyses showed that the high
magnetic field significantly affected the microstructures
of both PWA1483 and CMSX-4. Our results revealed
that the formation of interdendritic TEMC in a high
magnetic field should be responsible for the refinement
of primary dendrite arm spacing, decrease of the size of

METALLURGICAL AND MATERIALS TRANSACTIONS A



the 7" phase, and decrease of the size and volume
fraction of y/y” eutectic and microporosity during
directional solidification of superalloys PWA1483 and
CMSX-4.
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