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Abstract: The mechanical properties of solidified alloys strongly depend on the grain size. In many
practical cases at the given solidification parameters (temperature gradient and solid/liquid interface
velocity), the solidified microstructure is columnar, meaning that the mechanical properties differ
depending on the direction, which results in the material being unsuitable for application. The
microstructure can be changed from columnar to equiaxed through the inclusion of grain refinement
material. This strategy is well known in the literature as the columnar/equiaxed transition (CET). In
some cases, it is beneficial if the CET can be produced without using grain refinement material; for
example, it may detrimentally affect the mechanical properties (such as when the Al alloy ingot is
used in pressing). The stirring of the melt as an alternative for the use of grain refinement material
could solve this problem as intensive melt flow can break some particles from growing dendrites.
This paper demonstrates a new type of traveling magnetic field inductor that is used to produce
strong shearing stress in the flow perpendicular to the solidification front by causing part of the
metallic melt layers touching each other to flow in an opposite direction. Through some examples,
we demonstrate the effect of stirring by the new inductor on the solidified grain structure.

Keywords: solidification; grain refinement; magnetic stirring; traveling magnetic field

1. Introduction

The mechanical properties of solidified materials (tensile strength, hardness, and
elongation) are influenced and significantly determined by the grain size and distribution,
which develop during the solidification process. In the course of the solidification pro-
cess, a so-called columnar structure can develop within certain values of the solidification
parameters (solidification front rate and temperature gradient), as a result of which the
properties of the workpiece observed in one direction differ from those observed in other
directions (e.g., the tensile strength is much higher in the direction parallel to the columns
than in the direction perpendicular to the columns). This is a situation that is, therefore,
usually undesired (except for special cases, e.g., in single-crystal turbine blades). Even
though no columnar structure develops during solidification, a solid workpiece consisting
of large crystals can develop due to the so-called homogeneous nucleation process. More-
over, owing to heterogeneous nucleation developing on the mold wall, the resulting grain
structure is finer on the surface of the workpiece touching the solidification unit (mold
wall) than inside the workpiece.

The aim of this work was to develop equipment and an associated method suitable
for refining the grain structure that develops during the solidification process.

Metals 2022, 12, 658. https:/ /doi.org/10.3390/met12040658

https://www.mdpi.com/journal /metals


https://doi.org/10.3390/met12040658
https://doi.org/10.3390/met12040658
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0003-0655-1711
https://doi.org/10.3390/met12040658
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met12040658?type=check_update&version=1

Metals 2022, 12, 658

20f18

2. Methods of Grain Refinement
2.1. Grain Refinement by Grain Refinement Material

Different technologies are known to be applicable for developing the fine, equiaxed
grain structure that is approximately identical at any point in each workpiece. The basis of
each technology is that certain kinds of solid particles are added to the melt; these solid
particles cause heterogeneous nucleation (similar to the mold wall), i.e., the nuclei develop
on these surfaces while the value for the melt overcooling is much lower [1-3].

The workpiece will develop a fine grain structure if a suitable quantity of solid particles
is added to the melt. This process is called grain refinement, and the added material is
called grain refinement material.

To exhibit this function, the grain refinement particle must meet the following conditions:

(i) It must be wetted in the solidified solid phase;

(if) It must be in a solid state at the solidification temperature, i.e., it must not melt or
dissolve during the technological process;

(iii) It must not sediment or float (particles must have nearly identical densities);

(iv) It must not significantly change the workpiece’s physical and mechanical properties.

It is not easy to find a suitable grain refinement material for different alloys. Al-5%
Ti-1% B alloy is successfully used in the case of the Al alloys, where TiB2 particles are
the grain refinement material. No effective grain refinement materials are known in the
case of the steels and Cu-based alloys. It is especially difficult to find such a material in
the case of steels due to their very high melt temperatures. Some materials that would be
suitable as far as their melting point is concerned can, however, significantly worsen the
mechanical properties.

Another possibility is adding base-metal oxides, e.g., during the mechanical stirring
of the melt [4]. Oxides develop on the melt surface if they are not protected from oxidation
or are deliberately oxidized; these oxides can be mixed into the melt by flowing the melt.
The melting point of oxides is generally higher than that of the base metal. The problem
when using this technology is that it is difficult to manage and, in many cases, the oxide is
not wetted by the solid alloy (i.e., (i) condition cannot be fulfilled). It is also very difficult to
find a stirring blade made of a material suitably robust for long-term mechanical stirring,
especially at high temperatures (steels). Oxide ceramics are rigid and fragile, and graphite
burns in oxidizing atmospheres and readily wears due to its low strength.

2.2. Grain Refinement by Own Particles

A so-called mushy zone develops during the solidification process of alloys of the
solid—solution type (containing at least partial solid solution). This is due to the alloys
solidifying in the temperature range. Both the solid and the melt phases can be found
coexisting in the mushy zone. Small particles can be broken off from the solid phase (from
the dendrites) through the intensive melt flow developed by mechanical stirring. These
small solid particles will be the “grain-refining material”. In principle, this technology
can be successful when no traditional grain-refining material is available. In practice, it
is practically very difficult to perform this process. The problem is that, as mentioned, it
would be necessary to place a stirring blade in the solidification unit during the continuous
steel casting process that can withstand the very high temperature (higher than 1700 °C)
and the very strong mechanical stress.

2.3. Grain Refinement by Magnetic Field Stirring

Melts possessing electrical conductivity can be forced to flow according to a magneto-
hydrodynamic process through the use of alternating magnetic fields. Suitable melts are
those of metals and metallic alloys (henceforth referred to as metallic melts). The charac-
teristic features of the flow are determined by the specific parameters of the alternating
magnetic field.

Small particles can also be broken off from the solid phase in the mushy zone by
flowing the metallic melts via magnetic field stirring if the intensity of flows is higher than
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a limiting value in the solidifying metallic melts. The following types of magnetic fields
can be used for stirring: the pulsating, the rotating, and the traveling magnetic field.

In the case of flowing the metallic melt using a pulsating magnetic field, the intensity of
the melt flow is significantly lower than the flow realized by rotating or traveling magnetic
fields for a similar given electrical energy consumption. A further disadvantage of this
method is that controlling the direction and intensity of the flow is complicated.

It seems reasonable to flow the metallic melt using a rotating magnetic field (RMF)
parallel to the solidification front [5-8]. A sketch of the flow can be seen in Figure 1. When
using an RMF for flowing, two types of macrosegregation can be observed if the field is
large enough to cause grain refinement via separation of the many solid particles through
the melt flow developed by the RMF [9]. Under the influence of the primary flow (parallel
to the solidification front, “1”), macrosegregation develops in the middle or at the edge of
the workpiece. Furthermore, under the influence of the secondary flow (that has a much
lower intensity than the intensity of the primary flow, “2”), when delivering the alloying
elements from the mushy zone perpendicular to the solidification front, macrosegregation
develops in the direction of the longitudinal axis of the workpiece. Consequently, this type
of magnetic stirring is impractical, though it can lead to grain refinement to a certain extent.
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Figure 1. Melt flow developed by the RMF inductors. 1: primary flow, 2: secondary flow.

The metallic melt can flow using a traveling magnetic field (TMF) perpendicular to
the solidification front if the velocity of this traveling magnetic field is identical or opposite
to the direction in which the solidification front is moving (Figure 2) [10-14].
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Figure 2. Melt flow developed using traditional TMF inductors, The magnetic field moves from
upwards (a) to downwards (b). 3 and 4: melt flow direction.

The force acting on the metallic melt, being in a crucible placed in the longitudinal
axis of the TMF inductor of the vertical axis, is either upwards or downwards, parallel to
the melt axis, depending on the phase series of excitation associated with the inductor.
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In this case, the Lorentz force parallel to the axis of metallic melt, i.e., in the same
direction, acts on the entire metallic melt. The intensity of the force (the pressure developed
by the force) changes as a function of the radius. As a result, flow develops in the metallic
melt. In this case, the metallic melt flows upwards along the wall of the crucible (“3”) if the
direction of the traveling magnetic field is upwards, and it flows in the opposite direction
in the middle of the crucible. Thus, two flow loops develop. The flow direction of the melt
changes both along the crucible wall and in the middle of the crucible if the direction of
the traveling magnetic field is downwards (“4”). The sketch of the flow can be seen in
Figure 2a,b. The magnetic field moves from upwards to downwards in Figure 2a and vice
versa in Figure 2b.

Two types of TMF inductors are used. The cylindric (tube) construction is most
frequently applied, and its advantage is its simple construction [9,11]. The other TMF
inductor has a plane arrangement. It is used rarely because its coil system is much more
complicated than the RMF inductor [10]. The advantage of having a plane arrangement
compared to the TMF inductor of tube construction (in the case of identical geometry) is
that much less electrical power is necessary for ensuring a unit value of magnetic induction
developing in the melt.

The images of the developing melt flow in the melt are similar for both types of TMF
inductors (Figure 2a,b).

Thus, both types of flow can break solid particles from the dendrites in the mushy
zone and bring them to the liquid phase; consequently, grain refinement can be observed.
However, the disadvantage of these TMF inductors is that suitable grain refinement can
only be ensured by using a very high magnetic field (i.e., a very high electrical power).

It is possible to combine the RMF and TMF inductors [14,15]. In principle, flows
parallel to the solidification front and perpendicular to it can develop using this solution. A
possible arrangement is demonstrated in [16].

In this case, a TMF inductor with a cylindrical arrangement can be seen inside, and
an RMF inductor consisting of six poles can be found outside. This is an air-core solution
whereby a large amount of electrical power is necessary to ensure high magnetic induction
in the melt. Moreover, the magnetic field of one of the types of inductor (the RMF type
inductor) generates an eddy current in the coils of the other type of inductor (TMF); so,
more heat develops within. The magnetic field of the RMF inductor is shielded to a certain
extent by the coils of the TMF inductor. Owing to the abovementioned facts, only a flow of
low intensity can develop in the melt compared with what is necessary for grain refinement.
In the case of choosing the iron-core solution instead of the air-core solution, the iron cores
entirely block the effect of any of the TMF and RMF inductor parts. Thus, this solution
cannot be applied for grain refinement in practice.

Generation of a flow able to cause a significant extent of grain refinement to develop in
the melt requires a very high magnetic field (with very high electrical energy consumption)
in the magnetic stirring units described above because the melt and the particles touching
each other move in the same direction (Figures 1 and 2).

3. New Equipment
3.1. The Principle of the Developed TMF Facility

Our purpose was to eliminate the disadvantages of the described solutions, i.e., to
create a method and equipment by which grain refinement can be realized with minimum
macrosegregation, in such a way that, during the solidification process, the stirring takes
place with a magnetic field by using less electrical energy than that applied in the methods
mentioned above. [17]

It was necessary to construct a new type of magnetic inductor for the stirring unit
of the equipment, realizing the new method by which a flow of high shearing stress can
develop in the mushy zone. At the same time, the electrical energy consumption is less
than that of the traditional magnetic stirring equipment.
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We were able to solve this task by recognizing the fact that an eddy current and a
significant shearing stress develop in the melt when the TMF inductor of the equipment
performing the stirring of the metallic melt is built in such a way that it is able to create
flow zones with opposite directions (“5” in Figure 3).
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Figure 3. Flow images developed by the TMF twin inductor.

For this, the special TMF inductor of the equipment has an effect such that the metallic
melt can flow perpendicular to the direction of the traveling solidification front and parallel
to the direction of the traveling front.

The inductor of the equipment produces the most significant shearing stress to develop
where the flow is perpendicular to the solidification front by causing part of the metallic
melt layers touching each other to flow in an opposite direction. Very strong turbulence
develops under the influence of the flow of the metallic melt layers flowing in the opposite
direction (in the case of a magnetic field of a given value); this turbulent flow causes a high
quantity of particles to break off from the solid dendrites in the mushy zone and transports
them to the melt/solid front, where they appear to act as particle nuclei, thus ensuring
significant grain refinement.

Macrosegregation can be eliminated by changing the flow directions via changing the
direction of the traveling magnetic field using a given frequency.

The solidification equipment uses one TMF twin inductor for flowing the metallic
melt. The construction of this TMF twin inductor is significantly different from that of the
traditional magnetic stirrers, with a closed magnetic circuit [17]. This TMF twin inductor
with a closed magnetic circuit can be derived from any RMF inductor with an even pole-pair
number. The derivation steps are demonstrated using an RMF inductor with two pole-pair
numbers (4 poles). The steps of the derivation can be seen in Figures 4-9.

Step 1:

The RMF inductor has two pole pairs (4 poles), as seen in Figure 4. It is cut into two
parts (“A” and “B” sides) by the D-D section plane.

Step 2:

The “A” and “B” sides of the inductor are separated from each other according to
Figure 5. Two pieces of the half-inductor segment with one pole pair each (2-2 poles) are
thus obtained.

Step 3:

The magnetic circuit of the two half-inductors (see Figure 5, “10 and “11”) is closed
by using so-called “ferromagnetic bridges” that do not contain coils, as demonstrated
in Figure 6, “12”. The ferromagnetic bridges should be made of a suitable material for
preventing the development of an eddy current.
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Figure 4. Front view of the four-pole RMF inductor developing the rotating magnetic field “6”, “7”:
exciting coils, “8”: closed iron core, “9”: moving direction of rotating magnetic field.

Figure 5. Front view of the “half” inductor-pairs with an open magnetic circuit; it was developed
after separating the pole pairs, being on the “A” (“10”) and “B” (“11”) side from each other.

"A" side "B" side

Figure 6. Front view of an arched inductor without demonstrating the coil heads. The inductor is of
a closed magnetic circuit constructed by connecting the magnetic circuit of the “half” inductor pair
(by closing the magnetic circuit) using ferromagnetic bridges (“12”).

Step 4:

The arcuate sections of the closed inductor (see Figure 6, “10” and “11”) are converted
for the plane shown in Figure 7. (Elements “10” and “11” in Figure 6 are elements in
Figure 7, “13” and ”14”. The “ferromagnetic bridges” in Figure 7 are “15” elements.)

Therefore, a traveling magnetic field moving vertically in opposite directions develops
on the “A” and the “B” vertical side (see in Figures 3, 10 and 11).

Step 5:

On the ferromagnetic bridges, “15”, shown in Figure 7, two mating openings are made
(one on the lower and one on the upper “ferromagnetic bridge”), which creates the “19”
elements shown in Figure 8. The final assembly of the TMF twin inductor shown in Figure 8
is formed.
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Figure 7. Front view of the converted version of TMF twin inductor seen in Figure 6 with a closed
magnetic circuit. This inductor was constructed by changing the arched inductor sections (by
converting them into plane ones, “13” and “14”) without representing the coil heads.

Figure 8. Axonometric image of TMF twin inductor constructed completely (with inlets formed
in the ferromagnetic bridges ”19”, in which the solidification channel “21”will be placed) without
demonstrating the coil heads.

As shown in Figure 9, the solidification channel (“21”) equipped with heating and
cooling mantle (“20”) can be slipped into the openings on the ferromagnetic bridges of the
TMF twin inductor seen in Figure 8.

Neither the heating—cooling mantle nor the solidification channel can contain ferro-
magnetic material.

This new type of solidification equipment consists of three main parts, as follows:

(i) TMF twin inductor (“13”, “14”, “19”);
(ii) Thermal insulation and heating—cooling mantle of solidification channel (“20”);
(iii) Solidification channel (“21”).

Three different magnetic fields can be produced through targeted excitation of the
coils. In the case of type “x”, the magnetic induction vector (“Bx”) is perpendicular, while
in the case of the “y” type, it is parallel to the wall of inductors (“By”) (Figure 10). In
these cases, the magnetic field can move with vB velocity from bottom to top (upwards,
red arrows) or reverse (downwards, blue arrows) on both sides. There will be movement
within the melt, as shown in Figure 2a,b. The difference between the two cases is that the

"

steering effect is stronger in the case of type “x” at a given excitation.
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The third (“xy”) variation can be produced by the combination of the “x” and “y
types. The magnetic inductor vector (“Bxy”) is arbitrary between 90 and 180 degrees, and
the excitation of the inductors is not the same on the two sides. As a result, the magnetic
induction field will move oppositely in the two walls of the inductors. The developed melt
flow can be seen in Figure 3.

At the center of the sample, the melt will move upwards on one side and downwards
on the other side (red arrows) or reverse (green arrows), causing the most significant
shearing stress to develop, as mentioned. The “xy” type stirring cannot be produced using
the cylindrical type of inductor.

The metallic melt to be solidified can be added through the upper opening of the
solidification channel (“21”), as is demonstrated in Figure 11 It starts to flow intensively
under the influence of the traveling magnetic field generated by the TMF twin inductor
in the solidification channel. Then, it flows through the solidification channel and will be
cooled (solidified) by the heating—cooling mantle.

21

= 20

\ | e—

Figure 9. The solidification channel (“21”) equipped with a heating and cooling mantle (“20”).

air gap air gap air gap

5 [ B L

B i
Ve - VBl W%

Vs

*

"Bxy"
\/vektors

L4 13/ W14
- - \ -

bt pf ! !

\/ Vs \/ Vs Vs

v Vi +-'sx" — 1
By —— B

“Vektors = | vektors

e B/ —

— —

e, 1B <
J NS N

.
|
NVl

B B
19 [ 19 / I By

[ JN—_ X Bx
llyll llx" llxyll Bxy

Figure 10. The different types of magnetic field.
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Figure 11. The image of melt flow developed by the TMF twin inductor during the solidification

process in the longitudinal section of solidification unit. “22”: direction of melt flow produced by “A”
side of inductor. “23”: direction of melt flow produced by “B” side of inductor.

The aim has been to develop a method and equipment suitable for refining the solidi-
fied grain structure. This was realized using the special TMF stirrer unit described above.
In the course of solidification, a strong turbulent flow and high shearing stress develop in
the metallic melt in the solidification channel and in the mushy zone in such a way that
some parts of the melt flow opposite to each other. The solid workpiece that exits via the
lower opening has a fine grain structure.

3.2. Solidification Facility with Traveling Magnetic Field Stirrer

Based on the theory presented in point 4, a solidification facility was planned and
built in our laboratory and operated in a vertical Bridgman-type tube furnace with four
heating zones (Figure 12) and a two-pole TMF twin inductor (Figure 13). The furnace’s
inner (effective) diameter is 20 mm, and its length is 200 mm. The furnace wall is cooled
with water to defend the inductor from the heat. The maximum temperature of the furnace
is 1000 °C, and the maximum temperature gradient is ~10 K/mm. The sample moving
velocity can vary between 2 and 1000 um/s. Under the body of the furnace is a water-
cooling chamber into which the cooling core is immersed during the experiments.

The traveling magnetic field is induced with the two-pole twin inductor built parallel
to the furnace (Figure 13). The maximum magnetic induction of the twin inductor and the
maximum frequency were 150 mT and 75 Hz, respectively. The intensity of the magnetic
field traveling in a direction parallel to the axis of the sample was constant throughout
the experiment.
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Figure 13. 2-pole TMF inductor (1) with the furnace (2) and the water tank (3).

4. Experiments
4.1. Sample and Sample Holder

Two sample geometries were used during the experiments. The sample diameter was
8 or 20 mm, and the length was 110 or 60 mm (Figure 14). The structure of the sample holder
was the same for the two types of samples. Sample (b) was inserted into an alumina capsule
(a, ¢). The temperature distribution was measured in 13 locations by K-type thermocouples
on the surface of the alumina capsules (d). The alumina capsule with thermocouples was
placed in a quartz tube (f). At the bottom of the quartz tube, a cooling core from copper (g)
was connected to the alumina capsule (e) to increase the unidirectional heat removal when
immersed in water.



Metals 2022, 12, 658

11 0f 18

Figure 14. Sample and sample holder where (a) and (c) are the upper and lower alumina capsule,
(b) is the sample, (d) is the thermocouples, (e) is the connection part of the lower alumina capsule to
the copper cooling core (g), and (f) is the quartz tube.

4.2. Experiment 1: The Effect of Stirring on Temperature Distribution in the Melt

As the unidirectional solidification experiments must work up a temperature difference
in the melt, before the solid /liquid interface (S/L, primary dendrite tip) the temperature is
increased. Due to the effect of the traveling magnetic field, the colder melt (which is near
the S/L interface) and the warmer melt (which is far from the S/L interface) change places,
altering the temperature distribution.

Figure 15 shows the changes in temperature distribution after switching the TMF “xy”
type twin inductor on and off. The Al-7%Si sample diameter and length were 8 and 110 mm,
respectively. The structure of the sample holder is in Figure 14. The liquidus temperature
of the alloy was 614 °C; this was the temperature at 2 mm, and it was 750 °C at 108 mm at
the start of the experiment (0 mT), such that the whole sample was practically melted. The
inductor was switched on and off step by step every 300 s, changing the magnetic induction
from 100 to 10 mT. As a result of the melt flow induced by the TMF, the temperature in
the melt increased between 0 and ~26 mm and decreased between ~26 and 110 mm. The
temperature increase and decrease values are higher, and the temperature difference in the
sample is smaller with higher magnetic induction (Figure 16). This information is usable in
planning experiments and simulating the melt flow.

—20mm —74mm -+ 17,4 mm 228 mm —34,6 mm —44,6 mm —53,7 mm

—63,0mm —72,7mm 80,7 mm 894mm - 983 mm —108,0 mm
774

754
734
714 |

694

Temperature °C

674
654 -
634 -

614

time, s

Figure 15. The temperature distribution in the melt at different strengths of magnetic induction
over time.
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Figure 16. The maximum and minimum temperature and the temperature difference vs. magnetic
induction strength.

4.3. Experiment 2: Comparison of the Effect of the Different Types of Magnetic Field on the
Solidified Microstructure

4.3.1. Effect on Grain and Dendritic Structure

Unidirectional solidification experiments were performed with three different (“x”,
“y”,and “xy”) types of traveling magnetic field. The material was Al-7%Si-1%Fe alloy. The
dimensions of the cylindrical samples were & 8 mm x 110 mm, the temperature gradient (G)
was 5 K/mm, and the solid /liquid interface velocity (v) was 0.05 mm/s. The synchronous
velocity of the magnetic field was 29 m/s. With the first series of experiments, the effect of
the different types of magnetic fields was investigated. The magnetic induction (B) was
40 mT. The magnetic field moved upwards in the case of the “x” and “y” type experiments
(sample “b”, “c”), while in the case of the “xy” type experiments (samples “d”, “e”, and
“f”) it moved upwards on one side and downwards on the other. With the second series
of experiments, the effect of the value of the magnetic induction was investigated. In the
case of the “xy” type experiments, the magnetic field was 20, 40, and 80 mT, and the other
parameters of the experiments were the same as for the first series. After grinding and
polishing with diamond paste, the samples were etched using a 2 V% HF water solution
(Figures 17 and 18) and then Barker solution (Figure 19). The dendritic and the grain
structure were studied on the HF-etched and Barker-etched images, respectively.

The solidification path is as follows:

Ty, — Tgg: llq — X
Tgg — T1g: liq — X+ B—A15FeSi
TTE: X+ B-AI5FGSI + Si

where Ty, = 614 °C, Tpg =594 °C, and Tt = 574 °C are the liquidus, binary eutectic, and
ternary eutectic temperature.

The microstructure of the alloy consisted of « aluminum solid solution dendrites
and binary (« + 3-AlsFeSi) and ternary (o + «-Als;FeSi + Si) eutectics. The binary eutectic
degenerated and consisted of only the $3-Al5FeSi compound.

The primary dendrite arm spacing (PDAS) was measurable in the samples which have
columnar structure (“a”, “b”, “c”, and “e”) (Figure 18). In the case of sample “b”, the PDAS
was similar to the PDAS of “a”, which means that stirring has no effect on the PDAS. The
PDAS of sample “c” is about half of the sample “a”, while for sample “e” it is between the
“b” and “c”. The dendritic structure of the samples was also characterized by the specific
surface of the o solid-solution dendrites S_v"o, which was measured by the circle intercept
method. The dendritic microstructure is the finest in the case of “xy” stirring at a given
(40 mT) magnetic induction, and it is finer with increased magnetic induction.



Metals 2022, 12, 658 13 of 18

3-AlsFeSi
o+ B-AlsFeSi + St

Figure 17. Microstructure of the Al-7%Si-1%Fe alloy.

2 mm

Figure 18. Dendritic structure of unidirectional solidification of the Al-7%Si-1%Fe alloy. Etching
with 2 V% HF water solution. Temperature gradient (G): 5 K/mm, solid /liquid front velocity (v):
0.05 mm/s. (a) B=0mT, (b) B =40 mT, “x” type, (c) B =40 mT, “y type”, (d) B= 40 mT, “xy” type,
(e) B=20mT, “xy” type, and (f) B = 80 mT, “xy” type.

The grain structure of the samples changes with the type of magnetic field and the
value of the magnetic induction (Figure 19). The magnetic induction in the case of samples
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“b”,”c”, and “d” was the same, 40 mT. The grains in the sample “a”, which was not stirred,
are coarse columnar. The grains of sample “b” are nearly the same as those of “a”, and
those of “c” are also columnar but are two times finer than those of sample “a”. The grains
of sample “d” are equiaxed, and the grain number is about 10 times that of sample “a” and
“b”. (See the grain number in Table 1).

With increasing magnetic induction, the grains will be more refined (samples “e”, “d”,
and “f”). The grains of the sample “e” are columnar (B = 20 mT), and the grain number is
similar to that of the sample “c” (B = 40 mT). This means that the effect of “xy” type stirring
with 20 mT is similar to the “y” type stirring with 40 mT. The grain structure of sample “f”
is 14 times more refined than sample “a”.

Figure 19. Grain structure of unidirectional solidification of the Al-7%Si-1%Fe alloy. Etching with
Barker solution. Temperature gradient (G): 5 K/mm, solid/liquid front velocity (v): 0.05 mm/s.
(a) B=0mT, (b) B=40mT, “x” type, (c) B=40 mT, “y” type, (d) B=40 mT, “xy” type, (e) B=20mT,
“xy” type, and (f) B = 80 mT, “xy” type.
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Table 1. Parameters of Experiment 2 and the grain and dendritic structure.

Magnetic Tvpe of Grain Number  Average Area Average PDAS Specific Surface
Sample Type Induction ype on the Cross of Grains Diameter of o« Phase
Grains . 2 um 2 3
B, mT Section mm mm mm</mm
No
. 0 Columnar 11.00 2.28 0.85 449 126
stirring

b “x” 40 Columnar 10.00 2.51 0.89 438 132
c “y” 40 Columnar 20.00 1.26 0.63 269 158
d “xy” 40 Equiaxed 94.00 0.27 0.29 - 251
“xy” 20 Columnar 24.00 1.05 0.58 366 163
f “xy” 80 Equiaxed 140.00 0.18 0.24 - 206

These experiments demonstrate that the “xy” type of stirring is more effective than
the “x” or “y” types from the viewpoint of grain refinement and also dendritic structure. It
must be mentioned that stirring using the TMF does not lead to macrosegregation in the
center of the sample.

The grain size of the workpieces produced by this experimental equipment is finer
than the grain size of a workpiece solidified without grain refinement material by almost
two orders of magnitude. Notably, the finer grain size could be produced without adding

any grain-refining material.

4.3.2. Effect on the Macrosegregation

As an effect of the melt flow induced by TMF, some macrosegregation can develop. In
Figure 20, the macrosegregation developed in the samples is shown in the cross-section of
the a, d, e, and f samples.

The extent of the macrosegregation, which developed near two edges of the sample
(black areas in the figures), increased with increasing the magnetic induction. Comparing
the samples g and h, in which cases the parameters were the same, it can be clearly seen that
the macrosegregation developed by the TMF stirring is much less than the macrosegregation
developed by the RMF stirring. It must be mentioned that stirring using the TMF does not
lead to macrosegregation in the center of the sample. Moreover, comparing the samples
f and g, in which cases B and G are the same, and the v is higher in the case of sample
f, it can be stated that if the solid/liquid interface velocity increases, the extent of the
macrosegregation decreases; finally, it can eliminate it.

By periodically changing the direction of movement of the magnetic field of the TMF
twin inductor, the macrosegregation at the edge of the sample can be eliminated. With our
TMEF twin inductor, the direction of travel of the magnetic field can be reversed up to once
per second.

4.4. Experiment 3: Effect on the Columnar/Equiaxed Transition (CET)

The Al-10%Si-0.2%Fe alloy was solidified by stirring using the new TMF stirrer
(Figure 21). The temperature gradient, the solid/liquid interface velocity, and the cooling
rate were 5 K/mm, 0.2 mm/s, and 1.0 K/s, respectively. The part “a” of the sample was
not stirred, and the “b” part was stirred at 110 mT with the frequency set to 50 Hz. The
sample diameter and the length were 8 and 100 mm, respectively. After solidification, two
cross-sections were cut from the sample near where the TMF was switched on, and then,
the part between the two cross-sections was cut parallel to the sample axis. The cross and
the longitudinal sections were ground and polished using diamond paste and etched with
Barker solution.

The solidification path is the same as in the case of Experiment 2, but the TL and TBE
are less, 590 °C and 578 °C, respectively.
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After switching the TMF, there an immediate change from fine columnar (Figure 21a)
to a finer, equiaxed microstructure (Figure 21b). The grain number as measured on the
cross-sections is 16 for the columnar part and 96 for the equiaxed part. The stirred part
does not exhibit any macrosegregation. This experiment demonstrates that the new type of
TMEF stirring is suitable for eliminating the columnar microstructure that develops in the
workpieces near the wall of the mold and results in the production of a very fine equiaxed
microstructure without macrosegregation.

& mm

r s
L 2

Figure 20. Macrosegregation in unidirectional solidification of the Al-7%Si-1%Fe alloy. Etching
with 2 V% HF water solution. Temperature gradient (G): 5 K/mm, solid/liquid front velocity (v):
0.05 mm/s, “xy” type. (a) B=0mT, (e) B = 20 mT, (d) B= 40 mT, (f) B = 80 mT, temperature gradient
(G): 5 K/mm, solid/liquid front velocity (v): 0.2 mm/s, (g) B = 80 mT, “xy” type, and (h) stirring by
RMF (B = 80 mT).
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Figure 21. Columnar/equiaxed transition (CET). Longitudinal (a) and cross-sections (b).

5. Summary and Conclusions

In the case of some industrial cast technology (e.g., steel, copper, and nickel alloys), it is
impossible to refine the solidified grain structure (i.e., change the structure from columnar
to equiaxed) because no effective grain refinement material has been found. The refining
can thus be carried out by stirring the melt, which results in a flowing melt that causes
the breakage of some small particles from the solid phase (from the growing dendrite),
producing heterogeneous nucleation. A practical method for stirring is to use a traveling
magnetic field. In this paper, we show a new type of TMF inductor, through which, in the
course of solidification, a strong turbulent flow and high shearing stress develop in the
metallic melt, coexisting in the solidification channel and mushy zone in such a way that
some parts of the melt flow opposite to each other. Based on this method, a solidification
facility was planned and built. Using this facility, three experiments were performed to
demonstrate the application of this method.

The first experiment showed that the induction of the magnetic field caused a change
in the temperature distribution in the melt. Due to the effect of the TMF stirring, the
temperature of the higher temperature part of the sample decreased, while the temperature
of the lower temperature part increased. This causes the temperature difference in the
sample to be reduced with higher magnetic induction.

The second experiment demonstrated that the so-called “xy” type of magnetic field
(when the magnetic induction field moves oppositely in the two walls of the inductors,
developing the most significant shearing stress) was most effective and produced the finest
grain and dendritic structure, which become finer as magnetic induction increases. Stirring
the melt with the TMF does not lead to the same extent of macrosegregation in the sample,
in contrast to the RMF stirring. In addition, by increasing the solid /liquid interface velocity,
the extent of the macrosegregation decreases.

With our TMF twin inductor, the direction of travel of the magnetic field can be re-
versed up to once per second with which the remained macrosegregation can be eliminated.

By the third experiment, it was shown that after switching on the TMF, there was an
immediate change from a fine columnar to a finer, equiaxed microstructure. This experiment
demonstrates that the new type of TMF stirring is suitable for eliminating the columnar
microstructure that develops in the workpieces near the wall of the mold, resulting in the
production of a very fine, equiaxed microstructure without macrosegregation.
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