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Superconductive assisted machining (SUAM) is a
novel machining method that eliminates tool inter-
ference via magnetic levitation tools. In our study,
we developed a double magnet system (DMS) to in-
crease the maximum power of the holding force and
stabilize the magnetic rotation during polishing via
the higher magnetic flux compared to a single mag-
net system (SMS). The maximum magnetic flux den-
sity of the DMS was approximately 100 mT higher
than that of the SMS. In these cases, the entire hold-
ing force increases as the distance between the super-
conducting bulk and lower magnet decreases. The at-
tractive forces are maximum around a displacement of
6 mm, although the repulsive and restoring forces in-
crease spontaneously. The polishing performances of
the DMS on the SUS304 and A1100P plates were eval-
uated using water-based diamond slurries, for equal
levitation amounts. The amount removed by the DMS
increased for the A1100P and SUS304 substrates com-
pared to that by the SMS. In this case, we observe
that the deviation of the polishing area on the DMS
decreases compared to that of the SMS, reflecting a
more stable rotation and movement due to the higher
holding force.

Keywords: superconductor, double magnet system, mag-
netic levitation tool, grinding/polishing

1. Introduction

Recently, mass-production machining technology with
high precision/speed processing has been developed for
multi-axis machining centers [1-4]. As the complex-
ity of machined shapes evolves, advanced programs are
needed to avoid tool interference and fabricate the desired
shape. However, the problems of tool interference be-
come serious as the machining complexity increases. Su-
perconductive assisted machining (SUAM) — which uses
the flux-pinning phenomenon [5-7] on superconductive
bulk — has been proposed to reduce tool interference and
levitate magnet-embedded tools, as shown in Fig. 1. In
this case, the magnetic levitation tool moves along the
inner walls of the hollow object via the holding force,
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Fig. 1. Example of machining a hollow object using the
magnetic levitation tools.

moving in parallel in the XY stage and inclination in the
0 stage. It is also possible to switch the machining po-
sition and force by adjusting the Z-stage displacement.
This flux-pinning phenomenon occurs in type-II super-
conductors. This phenomenon can be explained by the
fact that the external magnetic field penetrates the de-
fects into the superconductive bulk and is pinned at the
inner normally conductive parts at the defects. This study
used rare-earth-based superconductive materials that re-
sult in a flux-pinning effect via a liquid nitrogen cool-
ing process [8—13]. Some superconductive characteris-
tics, such as pinning effects and diamagnetic and zero
electrical resistance, have been applied in superconduc-
tive bearings [14, 15], conveyors [16, 17], and supercon-
ductive magnets [18]. In addition to these technologies,
we focus on SUAM because the levitation tools in the air
can be processed as long and bent tubes and ribs inside the
deep hole via conventional processing methods. Levita-
tion tools using Nd permanent magnets will be trapped in
the air and move while being rotated via a motor equipped
with an XY Z stage attached to the superconductive bulk
and container. In this case, this technique does not restrict
tool interference because the movement of the levitation
tool can be controlled by superconducting bulk move-
ment. Therefore, by setting the XYZ and inclined-stage
motion, it is possible to selectively machine the necessary
parts of the inner surface of the hollow objects, or even
more complicated shapes. In a previous study, we sug-
gested using a DMS to increase the magnetic flux on the
pinning effect via upper and lower magnets to increase the
levitation amount and attractive force [7].
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Fig. 2. Schematic diagram of the DMS. This figure indicates
some issues of SUAM.

In this study, the polishing efficiency of the DMS on the
metal substrates was higher than that of the SMS because
a higher polishing pressure can be generated by the at-
tractive force. Hence, we need to evaluate not only the at-
tractive force but also the repulsive force, resorting force,
and driving force to consider the polishing parameters un-
der several DMS conditions. In the present study, we
evaluated the magnetic flux on the DMS and the holding
force at several distances between the upper/lower mag-
nets from the superconducting bulks. We then compared
the polishing areas of the SMS and DMS using aluminum
(A1100P) and stainless steel (SUS304) plates to estimate
the stability of the tool rotation and movements during
polishing.

2. Concept of the DMS

A schematic diagram of the DMS is shown in Fig. 2.
This double-magnet system has two permanent magnets
placed at the upper and lower sides of the semiconducting
bulk. An upper magnet was used as the magnetic levita-
tion tool. The levitating amount of the magnet was deter-
mined using a jig during the cooling process. After the
jig was removed, the upper magnet was fixed in the air at
the initial position. When the SUS substrate moves in the
upper direction, an attractive force is generated because
the upper magnet acts to return to its initial position. In
this case, the deviation of the axis by rotation is generated
during rotation because the upper tool is not fixed by a
rigid spindle but only by the holding force. If the axis of
rotation of the magnet deviates from the center at the fixed
process by the jig, it will cause run-out tolerance. In the
case of a weak holding force, the deviation amount might
be increased by the centrifugal force. In addition, the tool
position might also be shifted by the friction generated
between the tools and SUS or aluminum plates. There-
fore, we need to optimize the distance between the upper
and lower magnets and the superconducting bulk to real-
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Fig. 3. Layout of the upper and lower magnets against su-
perconducting bulks.

Fig. 4. Distances Zy, Z, and Z; on the DMS.

ize stable and high-efficiency polishing via the DMS.

Figure 3 shows the layout of the upper and lower
magnets against the superconducting bulks. There are
four superconductive bulks placed in a container; each is
35 mm x 35 mm x 10 mm (length x width x height).
These superconducting bulks are placed evenly inside the
container the same as previous report [6]. These bulks
are made of a rare-earth-based type-II superconductor
(GdBayCu3Oy) that transitions to a superconducting state
under liquid nitrogen temperatures. The N pole and S pole
face each other between the upper and lower magnets.
In this experiment, the magnetic flux density and several
holding forces were measured at various Z; positions.

Figure 4 illustrates the distances Zy, Z, and Z; in the
DMS. Z is determined by the jig to fix the initial position
in the magnetic field during the cooling process. After
the upper magnet was trapped in the air, the jig was re-
moved. Z can be adjusted by the movement of the SUS
plate attached to the Z-axis stage. Z; is set by a | mm
thick spacer inserted between the superconducting bulks
and lower magnet. In our experimental system, Z; varied
from 4 to 20 mm.

3. Performance of the DMS System

3.1. Evaluation of Magnetic Flux Density

We have developed a DMS device based on JMAG sim-
ulation [19]. This calculation predicts that the magnetic
flux density and holding force of the upper magnet in-
crease as the distance Z; decreases. Therefore, we evalu-
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Fig. 5. Magnetic flux density measurement system.

Table 1. Measurement conditions for magnetic flux density.

Initial position height of upper

magnet Zy 12 mm

Initial position height of lower

magnet Z 4, 12,20 mm

0, 10, 20, 30, 40, 50, 60, 70, 80,
90, 100 mm

Material: GdBa,Cu3 Oy

Made: Nippon Steel Corporation
Size: 35 x 35 x 10 mm
Number: 4

Material: Neodymium

Size: ¢$59-¢19-10

Magnetic flux density: 0.4 T
Pole: 4 poles on one side

TESLA METER

Made: Kanetec Co., Ltd.
Model number: TM-801

Measurement point r

Superconductive bulk

Magnetic levitation tool and
lower magnet

Measurement tool

ated the magnet flux and holding force at various Z; posi-
tions.

Figure 5 shows a conceptional diagram to measure the
magnetic flux density. Measurement positions are set by
the 6 mm distance from the top face of the superconduct-
ing bulk to adjust the same distance between the lower
face of the upper magnet and the sensor. Measurement
points — denoted in the side view as r — were set at 10 mm
intervals from 0 mm (the origin) to 100 mm, along the ra-
dial direction. The magnet flux densities were measured
at these points, in two directions (across the N and S pole
regions), as shown in the top view.

Table 1 lists the measurement conditions for the mag-
netic flux density. The permanent Nd magnet in this study
comprised four poles on each side. In the DMS device
using two Nd permanent magnets in this experiment, Zy
of the upper magnet displacement was fixed at 12 mm
and the lower magnet distance, Z;, was adjusted to 4 mm,
12 mm, and 20 mm. The magnetic flux density was mea-
sured using a TESLA METER (KANETEC, TM-801). In
this measurement, the sensor position is set to the same
distance of the upper magnet and superconducting bulks
at 6 mm, using a jig for measurement.

3.2. Magnetic Flux Density on the DMS

Figure 6 shows the magnetic flux densities on the DMS
and SMS across (a) the N pole region and (b) the S pole re-
gion. The distances of Z; in the DMS were 4 mm, 12 mm,
and 20 mm. The maximum absolute values of the mag-
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Fig. 6. Magnetic flux density of the SMS and the DMS at
various Z.
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Fig. 7. Concept of holding forces.

netic flux density were almost the same for the N pole
and S pole measurements. The center of the donut shape
of the Nd permanent magnets was located at 45 mm. In
these cases, the peaks of the magnet flux density were at
distances of approximately 30 mm and 70 mm around the
central areas of each pole. The magnetic flux densities
of the DMS were approximately 100 mT higher than that
of the SMS. The magnetic flux density increases with de-
creasing magnet distance. In this experiment, the high-
est magnetic flux densities of 433.7 mT and 383.0 mT
were obtained for the N and S poles, respectively, for
Z) =4 mm.

3.3. Measurements of Holding Force

The holding forces were measured using three load
cells. Fig. 7 shows the concept of the holding force as
an attractive force, repulsive force, restoring force, and
driving force.

The magnet was initially fixed in the air by the pinning
effect of the superconducting bulk during the field cooling
process [20]. In our study, the holding forces were mea-
sured along the vertical, horizontal, and rotational axes. In
this experiment, the holding forces at the DMS were mea-
sured at different Z; positions of the lower magnet. The
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Table 2. Measurement conditions for holding forces.

Initial position height of upper

magnet Z 12 mm

Initial position height of lower

magnet Z 4, 12,20 mm

Material: GdBa,Cu3 Oy

Made: Nippon Steel Corporation
Size: 35 x 35 x 10 mm
Number: 4

Material: Neodymium

Size: ¢$59-¢19-10

Magnetic flux density: 0.4 T
Pole: 4 poles on one side

Load cell

Made: Kyowa Electronic
Instruments Co., Ltd.

Model number: LMA-A-50N

Instrumentation conditioner

Made: Kyowa Electronic
Instruments Co., Ltd.

Model number: WGA-650B

Superconductive bulk

Magnetic levitation tool and
lower magnet

Measurement tool

measurement conditions for the holding force are listed in
Table 2.

Figure 8 shows the measurement method on each force
as (a) an attractive force, (b) a repulsive force, (c) a restor-
ing force, and (d) a driving force. First, the upper magnet
was trapped at the initial position Zy by the pinning ef-
fect. Subsequently, external forces were applied to the
upper magnet. Thus, the upper magnet was located at a
point where the external force and holding forces were
balanced; the holding forces were measured by a load cell
(Kyowa Electronic, LMA-A-50N) inside a special jig.

The attractive force is shown in Fig. 8(a). The attractive
force F, at the magnetic levitation tool was generated in
the downward direction when the magnetic levitation tool
was displaced in the upward Z direction. In this measure-
ment system, three load cells were mounted on the SUS
plate of the special measurement jig. F4 is the sum of fi,
f2, and f3 from each load cell.

Figure 8(b) shows the repulsive forces. The repulsive
forces were generated in the upward direction when dis-
placed in the downward Z direction to become closer to
the superconductive bulk. The repulsive force was also
measured by three load cells, similar to the measurement
of the attractive force.

The restoring force is shown in Fig. 8(c). The restoring
force F, was generated in the horizontal direction when
the tool was displaced horizontally by an external force.
The restoring force was measured by the load cell at a
single point.

The driving force is shown in Fig. 8(d). The driving
force Fp is generated along the rotational direction when
the tool displaces 6 by an external force. The displace-
ment angle was adjusted in 5° increments by the controller
in this device. The force was measured using a load cell
inside a special jig. The measurement position of the load
cell is a single point in this measurement.

In these measurements, the holding forces were mea-
sured at three Z; values of 4 mm, 12 mm, and 20 mm
while Zy was fixed at 12 mm.
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Fig. 8. Method for measuring the holding forces in the DMS.

3.4. Measurement of the Holding Forces

Figure 9 shows the holding forces for the DMS and
SMS.

The attractive force results are shown in Fig. 9(a). The
attractive force of the DMS is higher than that of the SMS
under all conditions. For the DMS, the peak attractive
force increases as Z; decreases. When Z; is 4 mm, the
peak attractive force is 12.96 N while the maximum value
of the SMS is 5.61 N. Under all conditions, the attractive
forces reached a maximum value around a displacement
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Fig. 9. Displacement Z vs. (a) attractive force and (b) repul-
sive force.

of Z =6 mm. The forces decrease until approximately
30 mm and converge to a constant value above 30 mm.
This tendency of the attractive force curve is consistent
with the JMAG analysis results, suggesting a pinning ef-
fect of the DMS. At a region beyond the maximum value
of the attractive force, the magnetic flux density decreases
as Z increases. The net flux density of the DMS is deter-
mined by the distance Zy + Z; + Z between the upper and
lower magnets, although the magnet flux density of the
SMS is determined by Zp + Z. In this case, the upper mag-
net — which is the levitation tool — is attracted to the lower
magnet, as well as by the pinning effect of the supercon-
ducting bulk. Therefore, the attractive force at Z; =4 mm
for the lower magnet increases more than at 12 mm and
20 mm. In the region over 30 mm, the variation in the at-
tractive force becomes small. In these cases, the attractive
force of the DMS is slightly higher than that of the SMS
because the attractive force of the DMS is generated by
the weak magnet flux between the upper and lower mag-
nets, in addition to the weight of the upper magnet.

The repulsive force is shown in Fig. 9(b). The repulsive
force of the DMS significantly increases than that of the
SMS. In these cases, the repulsive forces increased as the
displacement Z increased. In the case of DMS, the maxi-
mum value of the repulsive force is approximately 50 N at
3.5 mm, although that of the SMS is approximately 12 N.
The large change in repulsive force with respect to the
displacement is caused by the magnet flux distribution be-
tween the magnets. The magnetic flux density captured by
the pinning effect inside the superconducting bulk drasti-
cally increases with the lower and upper magnets because
the opposite poles of both magnets are parallel to our ex-
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Fig. 10. Displacement r and 6 vs. (a) restoring force and
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perimental device. The polishing force using the repulsive
force increases as the distance between the lower magnet
and superconducting bulk decreases.

Figure 10(a) shows the restoring force. The restoring
force of the DMS was also higher than that of the SMS in
all conditions. The restoring force needs to exceed the to-
tal polishing resistance and dynamic friction generated at
the interface between the polishing surface and tools, al-
though the restoring force is not directly affected by pol-
ishing pressure. In this case, the polishing position by the
magnetic levitation tool is controlled by the movement of
the superconducting bulk box using the XY stage. There-
fore, the DMS, which generates a higher restoring force,
can stabilize the tool movement. The DMS can be ap-
plied to several polishing/grinding processes that gener-
ate high resistive forces during processing. The increase
in the restoring force at the DMS is caused by the higher
magnetic flux density at each pole between the magnetic
levitation tool and the lower magnet.

Figure 10(b) shows the driving torque, calculated us-
ing the force measured by the load cell. The driving
torque of the DMS was also higher than that of the SMS
under all conditions. For the 4 mm DMS condition, the
slow convergence might be caused by the higher magnetic
flux density. The driving force also needs to be higher
than the total force of polishing resistance and dynamic
friction, which is the same as the restoring force. The ro-
tation angle of the tool during polishing is determined by
the balance between the driving and resistive forces dur-
ing polishing. In our experiment, as the displacement 6 —
equivalent to the rotational angle — increases, the driving
torque increases until a displacement of 6 = 30°.
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When the displacement 6 exceeds 35°, the driving
torque decreases slightly. This tendency might be caused
by the magnetization position of each N and S pole during
the fabrication process of the permanent magnets. There-
fore, the magnetic levitating tools could not maintain ro-
tational motion against the polishing resistance at a dis-
placement of more than 35° because the magnetic field
drastically decreases as the displacement approaches 45°
around the opposite pole.

As aresult, it was confirmed that the total holding force
by DMS increased more than that of the SMS, resulting in
improved polishing performance. In particular, stabiliza-
tion of the movement and rotation of the levitation tools
is expected due to the higher restoring force and driving
torque during polishing.

3.5. Relationship Between Magnetic Flux Density
and Attractive Force

The attractive force is an important parameter for deter-
mining the polishing pressure of SUAM. Fig. 11 shows
the relationship between the magnetic flux density and
attractive force. The maximum values of the magnetic
flux density and attractive force are plotted for each ex-
perimental condition in this figure. The attractive force
increases as the magnetic flux density increases at the S
and N pole regions of the upper magnet. In this case, the
magnetic flux density of the DMS setting at Z; =4 mm
is approximately 100 mT higher than that of the SMS, re-
sulting in an attractive force that is approximately 2 times
that in the SMS. Therefore, it is confirmed that the attrac-
tive force can be strengthened by a higher magnetic flux
density. Based on these experimental and JMAG calcu-
lation results, the lower magnet needs to get closer to the
superconducting bulk in the DMS system to generate a
high polishing pressure.

4. Polishing Performance on A1100P and
SUS304

4.1. Polishing Test

The polishing performance of the SUAM was evalu-
ated using an improved SUAM system with a double-
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Table 3. Polishing condition.

M DM
Polishing pressure [kPa] SMS S
55 132
Rotation speed [rpm] 140
Polishing time 10 min

Aluminum: A1100P

Size: 70 x 70 x 1 mm

Surface roughness: Ra = 800-1000 nm
Thickness of the plate = 3 mm

Stainless steel: SUS304

Size 75 x 75 x 0.5 mm

Surface roughness: Ra = 100-200 nm
Thickness of the plate = 3 mm

Work (before polishing)

Abrasive: diamond (polycrystalline)
Particle diameter: ¢1 um

Slurry pH: 12

Made: Engis Japan Corporation
Slurry flow rate: 60 mL/min

SUBA600
Size: 5.5 x 5.5 mm

Polishing pad

Waste ISlurry outlet

(b)

Fig. 12. Polishing system on the DMS and magnetic levita-
tion tools.

magnet system. In this test, we compared the polishing
performance of the DMS system with that of a conven-
tional SMS system. The polishing substrates were two
typical materials, i.e., AI100P with a thickness of 1 mm
and SUS304 with a thickness of 0.5 mm. Table 3 lists the
polishing conditions used. The free abrasive in the water
can be used in the SUAM process because the tempera-
ture around these substrates is almost room temperature.
The particle diameter of the slurry was 1 um. The di-
amond slurry was adjusted to a pH of 12 using a KOH
powder solute. The polishing speed was set to 140 rpm
and the polishing time was 10 min. Fig. 12 shows the
polishing process and the magnetic levitation tool. The
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Fig. 13. Photographs the SUS304 metal plate after polishing
by (a) the SMS and (b) the DMS.

diamond slurry was dripped directly above the magnetic
levitation tool. The slurry was collected from the port at
the stage that held the workpiece. The slurry was circu-
lated in the slurry supply system during polishing. The
temperature of the diamond slurry was set at 30°C. It was
constantly stirred to prevent the abrasive grains from ag-
gregating. The initial position Zy of the magnetic levita-
tion tool was set to 12 mm. Based on the measurement of
the magnetic flux density and holding force, Z; was set to
4 mm because the attractive force was the strongest. Af-
ter cooling the superconductive bulk in a magnetic field,
the superconductive bulk cover was lowered by 4 mm to
generate an attractive force of 5 N in the SMS and 12 N in
the DMS, generating a polishing pressure. The polishing
pressures were 55 kPa for the SMS and 132 kPa for the
DMS, depending on the size of the pad, as shown in the
right inset of Fig. 11. The polishing amount was measured
by the gravimetric change from before- to after-polishing,
via a microelectronic balance (A&D, BM-10). The sur-
face roughness of the substrates before and after polishing
was measured using a stereomicroscope (Nikon, SMZ-18)
and a confocal laser microscope (KEYENCE, VR-9700).

4.2. Polishing Results

Figure 13 shows the SUS304 metal plate after polish-
ing by the SMS and DMS. The ring shape on the substrate
is the area polished by the SUBA pad. The ring width on
the SMS increases by approximately 50% compared to
that on the DMS. In this case, some striped lines appear
in the polishing area because the rotation of the tools is
not stable in the SMS. In these cases, the holding force
needs to exceed the friction between the SUS substrate
and tools to stabilize the tool rotation and movement.

Figure 14 shows the polishing amounts of SUS304 and
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Fig. 15. Arithmetic mean roughness Ra of SUS304 and

AT1100P before and after polishing.

AT1100P substrates polished by diamond slurry. The pol-
ishing amount of the DMS is higher than that of the SM'S
for both substrates. For SUS304, the polishing amount
of the DMS is 22.06 mg/m? while the polishing amount
of the SMS was only 7.11 mg/m?. The polishing amount
of the DMS is approximately three times that of the SM'S
at the same time reflected on the higher pressure. On the
other hand, the polishing amount of DMS on the A1100P
substrate was slightly higher than that of SMS; this might
be caused by combability between the diamond slurry and
aluminum substrate because of the same polishing pres-
sure for both substrates.

Figure 15 shows the Ra of the surface roughness on
the SUS304 and A1100P substrates before and after pol-
ishing. The Ra of the surface roughness was calculated
from the image data of the confocal laser microscope. In
these cases, variations in Ra before and after polishing on
each substrate were estimated to evaluate the planariza-
tion ability of the polishing at the DMS and SMS pro-
cesses. In the case of the SUS304 substrate, the varia-
tion in Ra before and after polishing was 132 nm for the
DMS. This value is higher than the 74 nm of the SMS,
even at the same polishing time. Therefore, the polishing
performance of the DMS exhibits not only a high removal
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amount but also a high planarization ability compared to
the SMS, as reflected by the higher polishing pressure.
For the A1100P substrate, the variation in Ra before and
after polishing was 506 nm for the DMS. This value is
also higher than 260 nm for the SMS. These improve-
ments in surface roughness on DMS can be attributed to
the higher holding force required to stabilize the move-
ment of the magnetic levitation tools.

5. Summary

1. We propose that the DMS generates a higher hold-
ing force against the SMS. In this case, the DMS
can improve polishing accuracy because the tool ro-
tation and movement become stable at a higher hold-
ing force against SMS.

2. The magnetic flux density in the DMS increases as
the initial position of the lower magnet approaches
the superconductive bulk. In our experimental sys-
tem, all holding forces were maximum when Z; was
set to 4 mm.

3. The maximum magnetic flux density of the DMS at
Z); =4 mm is approximately 100 mT higher than that
of the SMS. In these cases, the magnetic flux density
increased as Z; decreased.

4. The polishing amount of DMS is higher than that of
SMS on the SUS304 and A1100P substrates because
of the higher holding force. In the case of SUS304,
the polishing amount of the DMS is 22.06 mg/m?,
although that of SMS is 7.11 mg/m?.

5. Regarding the surface roughness on the SUS304 and
A1100P substrates before and after polishing, the
variation in Ra before and after polishing on the
SUS304 plate was 132 nm for the DMS, which is
higher than that of the SMS.
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