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Abstract: The influence of the low voltage pulsed magnetic field (LVPMF) on the microstructure transition of K4169 superalloy was

investigated. The gradient microstructure of K4169 superalloy composed of columnar grains, coarse grains, and fine grains was

prepared through the combined method of LVPMF with directional solidification, which provided a new approach for the preparation

of superalloy with gradient microstructure. The distribution of the Lorentz force and flow field under LVPMF effect was simulated,

and therefore the microstructure transition mechanism was revealed. Results show that the microstructure transition should be

attributed to the coupling effects of the Lorentz force and forced convection.
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Solidification of superalloy melt can lead to different grain
structures, and the dendritic structures of columnar grain and
equiaxed grain are usually generated after casting. The growth
orientation of columnar grain is preferentially perpendicular to
the mold walls, and that of equiaxed grain is random'’. The
columnar and equiaxed crystals in superalloy have different
applications. For example, the modern superalloy turbine
blade is generally made of columnar polycrystal or single
crystal materials, because the columnar structure improves the
creep resistance of turbine blade at high service temperature™.
For the applications at ambient temperature, uniform and fine
equiaxed grains are beneficial to the strength enhancement
and fatigue resistance®.

With the rapid development of materials and manufacture
technologies, structural-gradient materials, especially the
gradient materials with different mechanical properties, have
attracted more and more attention for their tailor-made
features in unique applications, such as the turbine blisk.
During the operation of gas turbine engine, the turbine wheel
typically rotates at high speeds in high temperature
environment. The turbine blisk includes a disk and some
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blades. Because the operating conditions are different, hubs
usually have the qualities of high tensile strength and high
resistance to low cycle fatigue, and rims and blades have the
qualities of high stress rupture and good creep resistance'.
Therefore, the fine microstructure is required for the hubs, the
coarse grain microstructure is required for the rims, and the
columnar polycrystal or single crystal is required for the
blades™ . Generally, the blade and disk are manufactured
separately, but the integrated structure has better mass
reduction effect.

The columnar crystals or single crystals can be prepared by
the directional solidification technique” ™. In recent years, the
low voltage pulsed magnetic field (LVPMF) process provides
a new solidification method for structure control. Li” and
Ma'"” et al investigated the grain refinement of IN718
superalloy after LVPMF treatment and reported that the
equiaxed grains were completely refined after LVPMF
process, whereas the solidification structure at the sample
edge without LVPMF treatment consisted of nearly columnar
grains. As a result, the combined method of directional
solidification with LVPMF process can prepare gradient
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materials with columnar grains, coarse grains, and fine grains.

In this research, K4169 superalloy was chosen as the experi-
ment material to study the preparation of gradient materials.
K4169 superalloy has favorable properties, including excel-
lent corrosion resistance, good oxidation resistance, and high
strength properties at elevated temperatures'''?. The chemical
composition of K4169 superalloy is Cr=18wt%, Co=12wt%,
Nb=4wt%, Ti=1.0wt%, Al=0.5wt%, Mo=3wt%, Ta=3wt%, B=
0.018wt%, C=0.015wt%, and balanced Ni. In order to investi-
gate the microstructure transition mechanism of K4169 super-
alloy under LVPMF, numerical simulations were performed to
reveal the distribution of Lorentz force and flow field in the
melt. The boundary conditions, governing equations, and
material parameters are reported in Ref.[13]. The calculation
neglected the natural convection in this research.

1 Experiment

The directional solidification apparatus consisted of a pulse
power, a withdrawal system, and a Bridgman furnace. The
pulse voltage ranged from 0 V to 300 V, and the pulse
frequency was 5 Hz. The K4169 superalloy samples with
dimension of @10 mmx100 mm were prepared. The K4169
superalloy in the alundum tube was heated by the heater coil.
When the K4169 superalloy was completely melted and the
temperature of melt reached 1375 °C, the sample was taken
out of the furnace at speed of 0.75 mm/s under LVPMF, as
shown in Fig.1. The sample I, sample II, and sample III were
taken out of the furnace without LVPMF, with LVPMF of 200
V, and with LVPMF of 300 V, respectively. After solidifi-
cation, the samples were cut, ground, polished, and etched
by the mixed solution of 50 mL HCI, 3.5 mL H,SO,, and 15 g
CuSO,.

2 Results and Discussion

2.1 Gradient structure preparation

The preparation of gradient structure with fine crystal,
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Fig.1 Schematic diagram of experiment equipment

coarse crystal, and columnar crystal is realized. The
longitudinal section and transverse section structures of
solidified K4169 superalloy are shown in Fig. 2. The
solidification structure of sample I is composed of columnar
grains. Coarse equiaxed and fine equiaxed grains exist in
sample II and sample III, respectively. Besides, the grain size
of different samples is calculated, and the results are shown in
Fig.3. It can be seen that the grain size is gradually decreased
with the increase in pulse voltage of LVPMF treatment.

2.2 Gradient structure control mechanism

The Lorentz force is generated in the melt by the coupling
effects of the induced current and the magnetic field when the
LVPMF is applied. The distribution of Lorentz force in the
melt in different pulse periods with different pulse voltages is
shown in Fig.4. During the pulse upward period, the melt is
subjected to electromagnetic pressure force, and the direction
of Lorentz force is from the surface to the sample center
(Fig.4a). During the pulse falling period, the melt is subjected

300 V

With 300 V LVPMF

Fig.2 Longitudinal section (a—c) and transverse section (d—f) structures of solidified K4169 superalloy without (a, d) and with LVPMF treatment

at pulse voltage of 200 V (b, ¢) and 300 V (c, )
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Fig.3 Average grain sizes of solidified K4169 superalloy without
and with LVPMF treatment at different pulse voltages
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to electromagnetic pull force (Fig.4b). The simulation results
reveal that the direction of Lorentz force changes periodically
and the periodic changing of Lorentz force causes melt
vibration. Because the electrical conductivity of solid is much
better than that of liquid, the induced current in solid is higher
than that in liquid'”. The higher the induced current, the
higher the magnetic induction strength. Thus, the magnetic
force acting on dendrites is larger than that acting on liquid.
The magnetic vibration effect mainly depends on the Lorentz
force, so the growing dendrites are easier to break by the
magnetic vibration. Since the Lorentz force at the middle part
of the melt along the longitudinal direction is much stronger
than that at the both ends and the K4169 superalloy melt is an
incompressible fluid, the edge part of the melt at the sample
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Fig.4 Lorentz force distributions in melt during pulse upward period (a, ¢) and pulse falling period (b, d) in LVPMF treatment at pulse voltage of

200 V (a-b) and 300 V (c—d)

middle along the longitudinal direction is driven to move
inward firstly under the electromagnetic pressure force, and
then it turns upwards or downwards, thus forming multi-circle
flow on the longitudinal section, as shown in Fig.5. On the
one hand, the forced convection promotes the dendrite
fragmentation and breaks the dendrite arm to disperse in the
melt, thus acting as new nuclei””. On the other hand, the
forced convection promotes a more uniform distribution of the
melt temperature, reduces the temperature gradient ahead of
the solidification front, and increases the undercooling zone,
which is beneficial to the formation and remaining of
equiaxed crystal nuclei. Therefore, under LVPMF application,
the columnar front facilitates the formation and growth of
equiaxed crystals, hindering the growth of columnar crystals
and promoting the transition from columnar grain to equiaxed
grain. Additionally, the structure transition of K4169
superalloy is attributed to the coupling effects of Lorentz force
and forced convection.

When the pulse voltage of LVPMF treatment increases
from 200 V to 300 V, the intensity of the magnetic field
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Fig.5 Flow distributions in melt during LVPMF treatment at pulse
voltage of 200 V (a) and 300 V (b)
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homogenization of the temperature distribution is beneficial to
the remaining of nuclei, which further contributes to the grain
refinement.
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