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Abstract: The grain refinement of superalloy IN718 under the action of low voltage pulsed magnetic field was investigated. The
experimental results show that fine equiaxed grains are acquired under the action of low voltage pulsed magnetic field. The
refinement effect of the pulsed magnetic field is affected by the melt cooling rate and superheating. The decrease of cooling rate and
superheating enhance the refinement effect of the low voltage pulsed magnetic field. The magnetic force and the melt flow during
solidification are modeled and simulated to reveal the grain refinement mechanism. It is considered that the melt convection caused
by the pulsed magnetic field, as well as cooling rate and superheating contributes to the refinement of solidified grains.
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1 Introduction

Grain refinement is an effective method to improve
the deformability and mechanical properties of
superalloy. Fine grain casting of superalloy mainly
includes the thermal control method [1], the chemical
approach [2—3] and the dynamic method [4—5]. Up to
now, new methods are still expected to be developed for
refining as-cast microstructure of superalloy more
efficiently. Recently, pulsed magnetic
provides a new grain refinement approach.

The application of a pulsed magnetic field (PMF) in
the solidification of alloy is considered an effective
method to refine grains and improve the mechanical
properties of the alloys, and it has been paid more
attention in recent years. ZI et al [6—7] found that a
strong PMF can significantly refine the solidification
structures of aluminum alloy. BAN et al [8] found that a
strong PMF can make the solidification structure of
aluminum alloy change from big continuous dendrite
network to thin discontinuous structure, and reduce the
element segregation. LI et al [9-10] studied the effect of
a strong PMF on the structural transformation of
1Cr18Ni9Ti austenitic stainless steel. The results show
that the applications of pulsed magnetic field can
significantly refine its microstructure, reduce the

processing

solidification time, and also lead to the increase of the
initiation and finishing solidification temperature.
GAO et al [11] comparatively studied the structural
transformation of low-melting pure Al and high-melting
stainless steel under external pulsed magnetic field. The
results showed that the refinement effect of PMF was
more obvious for pure Al than for stainless steel.
Recently, the application of a low voltage pulsed
magnetic field (LVPMF) on solidification, which is more
secure and can be used in practice easily, has been
introduced to the solidification processes of alloy. YANG
et al [12—13] found that a LVPMF can refine the as-cast
grains of magnesium alloy remarkably. MA et al [14—15]
studied the refinement effect of a LVPMF under different
thermal controls on superalloy and found that fine
equiaxed grains can be acquired with proper thermal
control under the action of LVPMF. However, the
refinement effect of the pulsed magnetic field under
different thermal controls is not clear. Furthermore, the
refinement mechanism of the pulsed magnetic field also
needs to be further investigated. The variation of
magnetic force and the flow field distribution with the
magnetic pulse in multiple periods is not clear because
the PMF is transient, variable, interrelationship and
complex. Because of the experimental restriction, it is
hard to solve those questions through experiment
observation. But numerical simulation provides an
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effective analysis for experiment and industry production.
The numerical analysis can contribute to understanding
the mechanism why the LVPMF can refine
microstructure [16]. In this work, the refinement effect of
the pulsed magnetic field on as-cast microstructure of a
nickel-based superalloy is studied. The refinement effect
of the pulsed magnetic field under different thermal
control (including cooling rate and melt superheating) on
the as-cast microstructure is ascertained, and the
magnetic force and flow distribution in the nickel-based
superalloy melt are investigated under 5 Hz LVPMF in
20 pulse periods using the commercial Ansys finite
element software.

2 Experimental

A nickel-based superalloy IN718 was used in the
experiment, whose chemical compositions (mass fraction,
%) are : C 0.015, Co 12, Cr 18, Ti 1.0, Al 0.5, Mo 3, Ta 3,
B 0.018, Nb 4 and Ni balance. The experimental
apparatus for solidification under a pulsed magnetic field
consists of a generator of the pulsed magnetic field, a
cooling water system, heat insulation refractory and an
alumina mold with an inner diameter of 15 mm and
height of 80 mm. In experiments, the superalloy IN718
was melted to 1 550 °C in an induction furnace, and then
the melt was poured into the mold that was preheated in
a resistance furnace together with the heat insulation
refractory. The low voltage pulsed magnetic field was
applied immediately after pouring and last for 5 min
during solidification. The solidified microstructures on
the longitudinal section of the solidified samples were
observed with an optical microscope after the samples
were ground, polished and etched by a CuSOy-
HCI-H,S04-H,O solution.

3 Results and discussion

3.1 Effect of LVPMF on grain refinement

The as-cast microstructures of the superalloy IN718
with and without LVPMF are shown in Fig. 1. Without
LVPMEF, columnar dendrites along the cooling direction
are yielded on the surface of the sample and coarse
equiaxed grains are produced in the center of the sample,
as shown in Fig. 1(a), while complete fine equiaxed
grains with the average grains size of about 60 pm are
produced in the whole sample solidified with low voltage
pulsed magnetic field, as shown in Fig. 1(b).

3.2 Effect of cooling rate on grain refinement with
LVPMF
When the melt superheating is fixed to a certain
temperature, the cooling rate of the melt depends on
the heat transfer ability of the mold. Higher cooling rate

Fig. 1 As-cast microstructures of superalloy IN718 without (a)
and with (b) LVPMF

corresponds to lower temperature of the mold. So, the
cooling rate can be controlled by adjusting the mold
temperature.

The solidification microstructures with LVPMF
under different cooling rates are shown in Fig. 2. Under
high cooling rate (with the mold temperature of 800 °C),
the solidification microstructure is coarse equiaxed
grains and the well-developed dendrites are formed in
the equiaxed grains, as shown in Fig. 2(a). Under low
cooling rate (with the mold temperature of 850 °C), the
solidification microstructure consists of fine equiaxed
grains, and the grain size is refined, as shown in Fig. 2(b).
The results show that the refinement effect of LVPMF
becomes weak when the cooling rate increases.

3.3 Effect of superheating on grain refinement with

LVPMF

The microstructures solidified with low voltage
pulsed magnetic field with different melt superheating
are shown in Fig. 3. Coarse equiaxed dendrites are
produced in the solidified microstructure when the melt
superheating is 90 °C. While fine equiaxed grains are
produced when the melt superheating is 60 °C, as shown
in Fig. 3(b). The results show that the refinement effect
of LVPMF becomes weak when the melt superheating
increases.
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Fig. 2 As-cast microstructures in center of samples with
LVPMF at different mold temperatures: (a) 800 °C; (b) 850 °C

Fig. 3 As-cast microstructures in center of samples with
LVPMF at different melt (@ 90 °C;
(b) 60 °C

superheating:

3.4 Refinement mechanism of LVPMF

In order to investigate the refinement mechanism of
LVPMF, the variation of magnetic force and flow field
distribution produced by the pulsed magnetic was
investigated by the finite element numerical simulation.

The change of the pulse current for LVPMF is
shown in Fig. 4 based on the result of resistance-
inductance-capacitance (RLC) circuit analysis. There are
three periods including upward period, falling period and
off period in one whole pulse period lasted for 0.2 s.
Figure 4(b) shows the detailed result of the change of the
pulse current in one period of pulse. The current reaches
peak (50 kA) in the whole coil after being pulse applied
0.000 8 s, and then decreased to zero at 0.02 s. The melt
density is 8 240 kg/m’, and the viscosity is 0.006 6 Pa-s.
Twenty pulse periods are solved, and the results in the
16th period are obtained because the magnetic force and
flow field distribution become stabilization during this
period.
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Fig. 4 Variation of pulsed electricity in coil: (a) 20 whole
periods of current; (b) Result of change of pulse current in one
period of pulse

The magnetic force distribution in the 16th period is
shown in Fig. 5. The magnetic pressure force appears
inside the melt during the upward period of pulse. The
magnetic pull force appears in the melt at the initial time
of falling period, and a magnetic force oscillation
appears at the final time of the falling period. During the
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Fig. 5 Magnetic force distributions in melt: (a) Pulse peak
(3.000 8 s); (b) Start of falling period (3.000 9 s); (c) End of
falling period (3.02 s); (d) End of off period(3.2 s)

off period of pulse, the magnetic pressure force appears
at the center of the melt and the magnetic pull force
appears on the surface of the melt. Figure 6 shows
the curves of component of magnetic force of the node at
external center of the melt. It is obvious that the
magnetic force has a strenuous change of the value
during the upward period and falling period of pulse,
which can lead to melt flow.

The flow field distribution in the 16th period is
shown in Fig. 7. It is obvious that the flow pattern
remains identical during the whole period. The velocity
of melt is larger at the center of the melt than that on the
surface of the melt. The flow velocity increases during
the upward period of pulse, and decreases during the
falling period and off period of pulse. The convection is
formed at the bottom of the melt during the falling period,
and exists in the whole melt during the off period.

Based on the finite element numerical simulation
results, periodic variable magnetic force and flow field in
the nickel-based superalloy are produced under the
action of LVPMF. The refinement effect of the pulsed
magnetic field is mainly attributed to the nuclei
dissociation from the mold wall by the melt vibration and
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Fig. 6 Curves of magnetic force of node at external center of
melt: (a) 20 whole periods; (b) Change of magnetic force in
upward period and falling period of pulse

the subsequent separation of nuclei by the melt
convection. Further, the LVPMF forced convection may
lead to dendrite fragmentation, and promote the broken
dendrite arm to disperse in the whole melt as new nuclei.
Thus, a mass of nuclei are produced in the bulk melt.
Finally, fine equiaxed grains are formed. Therefore, the
refinement mechanism of pulsed magnetic field may
attribute to the heterogeneous nucleation enhancement.

The experimental results with different mold
temperature and superheating are also consistent with the
heterogeneous enhancement of pulsed
magnetic field.

nucleation

The increase of mold temperature prolongs the
solidification time of the alloy, which means that the
heterogeneous nucleation enhancement process of pulsed
magnetic field gains more time. Therefore, the solidified
grains are refined with the increase of mold temperature.

The melt superheating influences the survival
probability of nuclei in the melt. With the increase of
melt superheating, the dispersed nuclei in the melt tend
to remelt, which cannot increase the effective nuclei in
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Fig. 7 Flow field distributions in melt: (a) Pulse peak (3.000 8
s); (b) Start of falling period (3.000 9 s); (c) End of falling
period (3.02 s); (d) End of off period (3.2 s)

the melt. Therefore, the cooperation of thermal control is
necessary for pulsed magnetic field to refine solidified
structures.

4 Conclusions

1) The refinement effect of LVPMF on superalloy
IN718 was investigated. Fine equiaxed grains are
acquired. The refinement effect of LVPMF is improved
with the decrease of the cooling rate and the melt
superheating.

2) The magnetic force and flow distribution in the
nickel-based superalloy melt under 5 Hz LVPMF in 20
pulse periods are obtained by the finite element
numerical simulation. The pulsed magnetic field will
produce a magnetic force oscillation, and produce melt
convection in the melt.

3) It is considered that the melt convection caused
by the pulsed magnetic field, as well as cooling rate and
superheating contributes to the refinement of solidified
grains.

1281

References

(1]

[10]

[11]

[12]

[14]

[15]

[16]

LIU Lin. Grain structure control of nickel-base superalloys in
casting process: Effect of foundry varisbles[J]. Acta Aeronautica
Et Astronautica Sinica, 1994, 15: 1357-1361. (in Chinese)
CHANG E, TSENG B, CHOU J C, YIN V. Processing structure
and mechanical property of investment IN713LC superalloy[J].
AFS Trans, 1988, 96: 47-50.

WANG Kuang-fei, LI Bang-sheng, ZHANG Zhe, GUO Jing-jie,
XIONG Yan-cai, FU Heng-zhi. Research on surface grain
refinement in Ni based superalloy of turbine blades[J]. Foundry
Technology, 2005, 26: 525—527. (in Chinese)

TANG Xin, LIU Fa-xin HAN Mei. Investigation of fine grain
castings technique of superalloy[J].
Engineering, 1997, 9: 24-27. (in Chinese)
BOUSE G K, BEHRENDT M R. Mechanical properties of

microcast-X alloy 718 fine grain investment castings, in

Journal of Materials

superalloy 718-metallurgy and applications[M]. Warrendale, PA:
E Loria, 1989: 319-321.

Z1 Bing-tao, BA Qi-xian, CUI Jian-zhong, BAI Yu-guang, NA
Xing-jie. Effect of strong pulsed electromagnetic field on metal’s
solidified structure[J]. Acta Physica Sinica, 2000, 49(5):
1010-1013. (in Chinese)

Z1 Bing-tao, BA Qi-xian, CUI Jian-zhong, XU Guang-ming.
Study on axial changes of as-cast structures of Al alloy sample
treated by the novel SPMF technique[J]. Scripta Mater, 2000, 43:
377-380.

BANCY,CUIJZ,BAQ X, LU G M, ZANG B J. Influence of
pulsed magnetic field on microstructures and macro-segregation
in 2124 Al-alloy[J]. Acta Metallurgica Sinica(English letters)
2002, 15: 380—384.

LIQ S, SONG CJ, LI H B, ZHAI Q J. Effect of pulsed magnetic
field on microstructure of 1Crl18Ni9Ti austenitic stainless
steel[J]. Mater Sci Eng A, 2007, 466: 101—105.

LIQ S, LI H B, ZHAI Q J. Structure evolution and solidification
behavior of austenitic stainless steel in pulsed magnetic field[J].
J Iron Steel Res Int, 2006, 13: 69-72.

GAO YL,LIQS,GONG Y Y, ZHAI Q J. Comparative study on
structural transformation of low-melting pure Al and
high-melting stainless steel under external pulsed magnetic
field[J]. Mater Lett, 2007, 61: 4011-4014.

ZHOU Quan, YANG Yuan-sheng, MA Jian-chao. Effect of
pulsed magnetic field on solidified structure of AZ9ID
magnesium alloy[J]. Foundry, 2007, 56: 148—151. (in Chinese)
WANG Bin, YANG Yuan-sheng, ZHOU Ji-xue, TONG Wen-hui.
Microstructure refinement of AZ91D alloy solidified with pulsed
magnetic field[J]. Transactions of Nonferrous Metals Socrety of
China, 2008, 18(3): 536—540.

MA Xiao-ping, LI Ying-ju, YANG Yuan-sheng. Grain refinement
effect of pulsed magnetic field on as-cast superalloy K417[J]. J
Mater Res, 2009, 24: 2670-2676.

MA Xiao-ping, LI Ying-ju, YANG Yuan-sheng. Grain refinement
effect of pulsed magnetic field on solidified microstructure of
superalloy IN718[J]. J Mater Res, 2009, 24: 3174-3181.

MA Xiao-ping, LI Ying-ju, YANG Yuan-sheng. Effect of pulsed
magnetic field on superalloy melt[J]. Int J Heat Mass Transfer,
2009, 52: 5285-5292.



1282 LI Ying-ju, et al/Trans. Nonferrous Met. Soc. China 21(2011) 1277-1282

{KIEBK R ELIAXTEE7S INTI8 &R S & 5t [EHLR ML Y 520
B, LRF, HiRA

HEREEEE BB, R 110016

. WIURANKM AR INT18 il & SR AL AR5 . S5 RRT: FEAR ke e TR T LSRG
SEAA/INKISER LA o PRV A RE R AR B AR Bk b ESA I A ROR BV 20 FE AL AT A
TEE I A A BOR . R RN A R TCEAASUTTSE we  <p o [ A P s A 8 P R 2 A A L
LA 7R Ik 7 (R AR AL o DA A KPR 82 5 A PR AR AT B 8 A 03k R R A BE 105 BRI 132 £ <
I 12 AR A P T R A

KGR s ORI RHHK R, VR RERE s IR

(Edited by LI Xiang-qun)



