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Chapter I Introduction

1.1 Research background

Recently, advanced cleaning technologies are required in various fields
such as semiconductor related industries, nuclear related industries, and
aircraft related industries, and it is especially important that the surface
finishing of high purity fluid storage bombs and transportation piping
systems. When the internal surface roughness value is large, contaminants
are deposited on the internal surface, and causes corrosion and damage.
Nuclear related industries will result in a catastrophe called radioactive
leakage. Therefore, the high precision internal surface of the container and
piping system is required to prevent contamination and deposition of
contaminants.

The magnetic field-assisted finishing process has been proposed for
finishing high precision internal surfaces that are difficult to finish with
ordinary tools and labor [101-104]. Utilizing the penetrability of magnetic
field lines, the application of magnetic force has great advantages for the
finishing of internal surfaces. Therefore, there have been many studies on
the internal surface finishing process using the finishing force generated by
magnetic field. Shinmura et al. developed an internal finishing process
based on the application of magnetic abrasive finishing, and it was
confirmed that this process is applicable to the internal finishing of the
bottom of a clean gas bomb with a narrow opening which is hard to finish
by the conventional finishing process [105]. In addition, Shinmura et al.
developed an internal magnetic abrasive finishing process for
nonferromagnetic complex-shaped tubes consisting of bent and straight

sections and achieved the nearly uniform internal finishing of bent tubes
1
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by a single processing iteration Development of an internal magnetic
abrasive finishing process for nonferromagnetic complex shaped tubes
[106]. Yamaguchi et al. proposed the magnetic abrasive finishing process
using multiple pole tip systems to finish the entire internal surface of
capillary tubes and a method to define a pole tip feed length that can
achieve a uniform surface roughness on the entire target surface by
calculating the pole-tip coverage time over the target surface. Moreover,
they clarified the finishing characteristic and mechanism and showed the
effects of the tool’s magnetic properties on the tool and abrasive motion
and the interior finishing characteristic of capillary tubes [107,108]. Jain et
al. developed a precision finishing process for complex internal geometries
using a smart magnetorheological polishing fluid and discussed the process
performance in terms of surface roughness reduction, concluding that the
reduction in surface roughness value increases with an increase in the
current (A) and the number of finishing cycles [109-111]. Kim et al.
developed an internal polishing system using magnetic force for the
production of ultra clean tubes with average surface roughness ranging
from 0.02 um to 0.05 um or less and the application of magnetic abrasives
composed of WC/Co powder. They concluded that for highly efficient
machining, large size particles #90 are appropriate because the magnetic
abrasives must be attracted sufficiently by the magnetic force. Furthermore,
the supplied amount of magnetic abrasives was a very important variable
for the improvement of surface roughness [112]. In addition, the stochastic
approach to experimental analysis of the cylindrical lapping process was
studied and it was concluded that lapping pressure has a significant effect
on the efficiency of cylindrical lapping [113]. Wang et al. studied a high-
precision polishing method for magnetic gel abrasive finishing and
developed a rotating cylinder based magnetic finishing setup to allow the

gel abrasive and workpieces to tumble and rotate together during the
2
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polishing process to finish the internal surface of the stainless tubes
[114,115]. Zou et al. developed an internal magnetic abrasive finishing
process using a magnetic machining tool to improve the roughness and the
roundness of the internal surface of a thick tube [116]. They also developed
a new internal finishing process for tubes which is the magnetic abrasive
finishing process combined with electrochemical machining [117]. In other
respects, regarding the abrasive machining, Pereira et al. studied the super
abrasive machining of integral rotary components using grinding flank
tools and concluded that super abrasive machining implies a suitable,
controllable, and predictable process for improving the manufacture of
aeronautical critical components, such as Integrally Bladed Rotors [118].
The authors studied the isotropic finishing of untampered iron casting
cylindrical parts by roller burnishing and concluded that the technique
greatly improves surface roughness and eliminates the kinematic driven

roughness pattern of turning, leading to a more isotropic finishing [119].

1.2 Research purpose

Magnetic abrasive finishing process is a finishing technology that uses
the magnetic force generated by magnetic particles [120,121]. For the inner
surface finishing such as the bomb for the gas storage, the entrance is
narrow, the insertion of the usual polishing tool is difficult resulting the
precision finishing is not allowed, and the magnetic abrasive finishing
process is considered to be effective. In other words, the magnetic
abrasives can be easily supplied to the inside of the container, and the
finishing pressure of the magnetic particles can be easily generated by
permanent magnets installed outside the container, and the relative motion
necessary for the processing is given by the container and the permanent

magnets rotate opposite to each other, so it is realized that the internal
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surface of the container can be finished.

Initially, the precision machining of an inner surface occurs by magnetic
abrasive finishing process, which relies on the magnetic force generated by
magnetic particles put inside the tube and magnetic poles outside, two-
dimensional schematic as shown in Fig.1.1. It has been proven that this
process is effective for finishing the tubes with a thickness less than 5 mm
[122]. However, when the thickness of the tube increases, the magnetic
force (finishing force) is also weakened, which makes it impossible to
process. In order to solve this problem, the process of magnetic abrasive
finishing using a magnetic machining tool was proposed [123], two-
dimensional schematic as shown in Fig.1.2. In this process, the magnetic
force (finishing force) can be enhanced by placing a magnetic machining
tool inside the tube, which consists of four permanent magnets (Nd-Fe-B
magnet) and a yoke, and it is dozens of times higher than the process using
magnetic particles. It has been proved that this process is effective for
finishing the inner surface of the tubes with a thickness from 5 mm to 30
mm. And it has been concluded that this process can improve roundness
while improving roughness [124]. However, the mechanism of improving
the roundness is unclear, so it is necessary to study it theoretically.
Therefore, this research mainly studies the mechanism of roundness
improvement and clarifies the factors influencing the roundness

improvement of inner surfaces.
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Fig.1.1 Two-dimensional schematic of internal magnetic abrasive finishing

process using magnetic abrasives

Magnetic machining tool
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Magnetic closed circuits
Fig.1.2 Two-dimensional schematic of internal magnetic abrasive finishing
process using magnetic machining tool
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1.3 Overview of thesis

This thesis studies the mechanism of roundness improvement by internal
magnetic abrasive finishing. The overview of each chapter of the thesis is
as follows:

In chapter 1, the research background and some research on internal
magnetic abrasive finishing process are introduced. In addition, the
research purpose of this thesis is explained and the content of each chapter
1s summarized.

In chapter 2, the processing principle and experimental setup of the
internal magnetic abrasive finishing using magnetic machining tool are
explained. Moreover, in order to clarify the force that affects the roundness
improvement, the finishing force is analyzed. In addition, in this process,
the magnetic machining tool also rotates in the opposite direction to the
workpiece, so its force is analyzed.

In chapter 3, mainly studies the roundness improvement theoretically
and discusses the factors influencing the roundness improvement of
internal surfaces. Firstly, the roundness curve expression is derived using
the principle of roundness measurement by the assumed center method,
and the expression of roundness curve expanded by the Fourier series was
obtained. Secondly, the process of roundness change is analyzed, and then
the factors influencing the roundness improvement are discussed. Finally,
the experiments were carried out on SUS304 stainless steel tube and by
setting the distance between the magnetic machining tool and the magnetic
pole of finishing unit, the thickness of the tube is equivalent to 10 mm, 20
mm and 30 mm, respectively.

In chapter 4, mainly discussing the influence of finishing characteristics
on internal surface roundness improvement. Firstly, the roundness

improvement of the inner surface of SUS304 stainless steel tube with the
6
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thickness more than 5 mm was discussed through the dynamic and
trajectory analysis. Because the roundness improvement is related to the
material removal, and the material removal is related to the finishing force
during finishing. The finishing characteristics affecting the internal
roundness improvement is investigated by discussing the reciprocating
velocity of magnetic pole unit. Secondly, in order to discuss the influence
of different structures of magnetic particles on roundness improvement,
comparative experiments were carried out. Each experiment carried out
five stages of processing, and in the first-stage, two different kinds of
magnetic particles were used, the electrolytic iron particles (1680 um in

mean dia.) and the KMX magnetic particles (1000 ~ 1680 um in mean dia.)

respectively. Furthermore, in order to further clarify the influence of
finishing characteristics on roundness improvement in this process, due to
the magnetic machining tool and tube rotate in opposite directions, so
discussing the influence of rotational speed of the magnetic machining tool
by analyzing the finishing force and the influence of rotational speed of the
workpiece on roundness improvement. And the influence of rotational
speed is discussed comprehensively.

In chapter 5, according to the distribution of magnetic force lines, the
magnetic machining tool is divided into three areas, which are left area,
middle area and right area, and the magnetic particles on the left area and
right area of the magnetic machining tool form magnetic brushes in the
direction of the magnetic force line before finishing. And after finishing,
the pressure exerted by some magnetic particles on the magnetic force of
the magnetic machining tool and the magnetic pole unit forms a fixed
magnetic brush, so mainly discusses the influence of the circumferential
length of fixed magnetic brush on roundness improvement.

In chapter 6, investigating the industrial applicability of the inner surface
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magnetic abrasive finishing process using a magnetic machining tool, and
conducted detailed verification experiments. By adjusting the distance
between the magnetic processing tool and the permanent magnet of the
magnetic pole unit, the SUS304 stainless steel tube with a thickness of
10mm was used as the workpiece. Rough machining, semi-precision
finishing, and precision finishing process were performed by selecting the
size of the magnetic particles and abrasive particles, and the initial surface
roughness of Ra 4.9 pm can be finished to a mirror surface of Ra 0.01 pm.
And the roundness can be improved from 206 um to 13 um. It is hope for
industrial application by this process.

In chapter 7, the main conclusions of this study are summarized.
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Chapter II Processing principle and

experimental setup

2.1 Processing principle

Fig.2.1 shows a schematic of the internal magnetic abrasive finishing
process using a magnetic machining tool. Fig.2.2 shows the structure of
magnetic machining tool. The magnetic machining tool is composed of two
pairs of permanent magnets and a yoke and wrapped with epoxy putty to
conform to the shape of the tube’s internal surface. Furthermore, in order
to prevent a collision, the magnetic machining tool is wrapped with non-
woven fabric during processing. The magnetic particles are magnetically
attracted to the surface of the magnetic machining tool. The magnetic
machining tool inside the tube is attracted by the permanent magnets
outside the tube, forming magnetic closed circuits that generating high
magnetic force as a finishing force. When the magnetic machining tool
rotates with the rotation of the permanent magnets, this results in relative
movement between the workpiece and the magnetic particles. In order to
achieve a high-quality surface, abrasive slurry that mixing with abrasive
particles and water-soluble abrasive solution in a certain proportion is used.
Therefore, the relative movement is indirectly transferred from the
magnetic particles to the abrasive particles. Moreover, when the permanent
magnets outside the tube are driven in the direction of the tube axis while
rotating, that the high precision finishing of the entire internal surface of

the tube can be achieved.
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Reciprocating

Permanent magnets .
Rotation

Magnetic machining tool

Tube
Epoxy putty
Rotation § Permanen,t\ magnets
%‘o
V\
Magnetic particles Abrasive particles
Water-soluble

grinding fluid

Fig.2.1 Schematic of the internal magnetic abrasive finishing process using

magnetic machining tool
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Non-woven fabric
Slurry Magnetic particles

Epoxy putty

Permanent
magnets

Yoke

Fig.2.2 Structure of the magnetic machining tool

This process is realized by the magnetic particles attracted by the
magnetic force on the surface of the magnetic machining tool, so the
magnetic machining tool and the magnetic particles are regarded as a whole
for force analysis. In addition, the magnetic machining tool and the
magnetic poles outside the tube also generate magnetic attraction force.
Fig.2.3 shows the force analysis model diagram of the magnetic machining
tool. F, is the magnetic attraction force generated by the magnetic
machining tool and the permanent magnetics outside the tube. F, is the
magnetic force generated by the magnetic machining tool and permanent
magnetics outside the tube in the direction of the equipotential line. F, is
the centrifugal force generated by the rotation of the magnetic machining

tool. G is the gravity including the gravity of magnetic machining tool and
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magnetic particles. F is the frictional resistance.

Magnetic machining tool
Magnetic particles

e

Permanent magnet

. _ . .
Rotational direction

Fig.2.3 Force analysis model diagram of the magnetic machining tool

2.2 Experimental setup

Fig.2.4 shows an external view of the experimental setup for the internal
magnetic abrasive finishing process using the magnetic machining tool.
SUS304 stainless steel tube, as a workpiece, is clamped in the chuck and
the other side is fixed with the tailstock and the top. The finishing unit,
consisting of four ferrite permanent magnets (50 x 35 x 26 mm) attached
inside a yoke, is set up on the reciprocating table. The permanent magnets
are arranged N-S-S-N at a 90° interval toward the tube center, and the
magnets’ distribution is flexible for various tube diameters. An adequate
finishing force can be obtained because of the placement of the magnetic
machining tool inside the tube. Moreover, the finishing unit can be driven
in the direction of the tube axis during rotation. At the same time, the
workpiece also rotated to generate relative movement and then realize the

finishing of the internal surface of the tube.
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Magnetic poles

24 Y ‘

Bearing block - Chuck Bearing block

_______

Reciprocation

Fig.2.4 External view of the experimental setup

2.3 Finishing force analysis

In the process of internal magnetic abrasive finishing using magnetic
machining tool, the magnetic force generated by two sources acts together
to realize the finishing process. One is that magnetic particles are attracted
to the surface of the magnetic machining tool through magnetic force, and
the other is that the magnetic machining tool is magnetically attracted by
the magnets of the magnetic pole unit, exerting pressure on the magnetic
machining tool in the normal direction, and then exerting pressure on the
magnetic particles. Therefore, the using of the magnetic machining tool can
not only enhance the finishing force, but also prevent the scattering of

magnetic particles, resulting in a sufficient number of abrasive particles for
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finishing. Fig.2.5 shows a diagram of finishing force analysis. This process
is a finishing process in which the workpiece is removed in the form of
micro-chips with the resultant force of finishing force F to overcome the
finishing resistance. And through the three actions that rotation and
reciprocating motion of magnetic machining tool, and rotation of the
workpiece, resulting in relative motion between the magnetic machining
tool and the workpiece, and then generating the finishing force to overcome
the finishing resistance. The components of finishing force in x, y and z
directions are the normal component of finishing force F,,, the tangential
component of finishing force F,; and the axial component of finishing
force F, respectively. Furthermore, it is considered that the resultant force

F,, isaforce related to the roundness improvement and the resultant force

F,, is aforce related to the roughness improvement, as shown in Equation

(2.1) and Equation (2.2).

nyvanZ-{-th (2.1)

F,., = \F? + F? (2.2)
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Rotation

x Magnetic machining tool

Fig.2.5 Diagram of finishing force analysis

2.4 Conclusions

In this chapter, the processing principle and experimental setup of the
internal magnetic abrasive finishing using magnetic machining tool are
explained. Moreover, in order to clarify the force that affects the roundness

improvement, the finishing force is analyzed. In addition, in this process,
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in order to enhance the magnetic force (finishing force), a magnetic
machining tool was placed on the internal surface of the tube, so its force
is analyzed. The main content can be summarized as follows.

1. The processing principle and experimental setup of the internal
magnetic abrasive finishing using magnetic machining tool are introduced.

2. This process is a finishing process in which the workpiece is removed
in the form of micro-chips with the resultant force of finishing force to
overcome the finishing resistance. It is necessary to understand the
composition of the finishing force, so the finishing force analysis is carried

out.
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Chapter III Investigation on roundness

improvement theoretically

3.1 Introduction

The former internal magnetic abrasive method uses magnetic particles
to generate finishing force. It has been proven that this process is effective
for finishing the tubes with a thickness less than 5 mm [301]. However,
when the thickness of the tube increases, the magnetic force (finishing
force) is also weakened, which makes it impossible to process. In order to
solve this problem, the process of magnetic abrasive finishing using a
magnetic machining tool was proposed [302]. And it has been concluded
that this process can improve roundness while improving roughness [303].
However, the mechanism of improving the roundness is not clear, so it is
necessary to study it theoretically. Therefore, this chapter mainly studies
the mechanism of roundness improvement and clarifies the factors
influencing the roundness improvement of internal surfaces. Firstly, the
roundness curve expression was derived using the principle of roundness
measurement by the assumed center method, and the expression of
roundness curve expanded by the Fourier series was obtained. Secondly,
the process of roundness change was analyzed, and then the factors
influencing the roundness improvement were discussed. Finally, the
thickness of the tube was adjusted to 10 mm, 20 mm, and 30 mm,
respectively, and then experiments on a SUS304 stainless steel tube were

carried out.
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3.2 Fourier series expression of roundness curve

In this research, the roundness curve expression was derived using the
principle of roundness measurement by the assumed center method [304].
Fig.3.1 shows the schematic of the internal surface roundness measurement
by the assumed center method. Point o 1is the assumed center, that is, the
center of rotation during measurement and the detector is in contact with
the internal surface of the tube. Vibration values of various angles are
obtained during rotation, resulting in the roundness value including the
influence of eccentricity. As shown in Fig.3.1 (a), 8 is the angle of rotation,
and r (@) is the variable about angle 6. M is the roundness curve. Relative
to the reference circle, the vibration value of each angle is positive when it
1s inside the reference circle and negative when it is outside. In the case of
measuring the roundness of the reference circle, as shown in Fig.3.1 (b),
the eccentricity between the center o’ and the measuring center o is ¢y,
angle ¢, is the phase, the radius of the reference circle is ay, and the

radius variable 7'(0) is expressed as:

r'(0) = ay — c,cos(6 + @) (3.1)

Setting the position when the indicator value y,. of the detector is 0 as
B-B, the distance to the measuring center is expressed by E. Then, the
pointer reading y.(6) about angle 8 was described by the cosine curve

can be obtained by:

y.(8) =E—1r'(0) = (E—ay) + cycos(0 + ¢,) (3.2)

Moreover, as shown in Fig.3.1 (a), r(0) is a periodic function with a

period of 2x and the Fourier series expansion is given by:
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r(8) = ay + a, cosf + a, cos26 + az cos30 + «-- -+ + a, cosnf + - -+
+ by sinf + b, sin20 + b sin30 + -+ -+ + b, sinn@ + - -
= agy + c,cos(6 + @) + c,c0s(20 + ;) + -+

+c,cos(nf + @) + - (3.3)

where, a,, and b,, are constants.

Then, the value y for the detector 1s expressed as:

y(@) =E—-r(0) = (E—ay) —ccos(0 + @) — Z cpcos(nb + @,) (3.4)
n=2

Comparing Equation (3.2) with Equation (3.4), the first term (E — a;)
on the right is a constant which represents the size of the reference circle.
The second term is the eccentricity of the assumed center from the
reference circle.

Substituting Equation (3.3) into Equation (3.4) to obtain indicated value
y(0) is achieved by:

y(0) = (E—a,) — a, cosf — (a, cos20 + - - + a, cosnf + - - )
— b; sinf — (b, sin20 + ------ + b, sinn@ + -+ - ) (3.5)

where (E — a,) is a constant, (a, cosf + b, sinf) is the eccentricity
of the assumed center from the reference circle, and (a, cos26 +
b, sin26 + --- - + a,, cosnf + b, sinnf + --- - ) is the expression of
roundness. Therefore, the roundness expression expanded by Fourier series

is obtained by:
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R(0) = a, cos20 + b, sin20 + - -+ + a, cosnf + b,, sinn@ + -+ ---

(00]

= Z c,cos(nf + ¢,,) (3.6)

n=2

Detector

Measurement curve

c,cos(0 + 1)

(a) By the measured roundness curve (b) By the reference circle

Fig.3.1 Schematic of internal surface roundness measurement by the assumed

center method

3.3 The changing process of roundness improvement

In this study, we mainly consider the roundness to be changed by the
finishing force and eccentricity during clamping. As shown in Fig.3.2, the
roundness curve and the vibration curve caused by the eccentricity of the
internal surface of the tube are AR,(8) and AS,(8), respectively, and
given by [305,306]:
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AR, (0)= Z A,, cos(nf + ¢,)
o (3.7)
AS,(6)= z B, cos (m + B,,) + AS(6)

1

where A, and B, are amplitude, ¢, and f3,, are phase angle,
AS,(0) is the random variation of the rotation axis, and 6 is the angle of
rotation.

The sum of Equation (3.7) plus the eccentricity A; cos(8 + ¢;) when
the tube is clamped, A; is amplitude, and ¢, is the phase angle, the
vibration amount €(6) of the internal surface of the tube can be expressed

as:

e(6)= Z A,, cos(nd + ¢,)+A; cos(0 + ¢,) (3.8)
n=2

+ B,, cos (m06 + B,,) + AS(6)

Moreover, the vibration removal ¢,,(6) after processing at point Q on

the internal surface of the tube is given by:
£,(8) = C,,[Ke(8) + P] (3.9)

The value of €,,(8) is positive on the inside of the tube and negative on
the outside. When P is the standard setting of finishing force, Kis the
proportional coefficient between the finishing force and the change of
roundness in internal surface of the tube, and C,,, is the processing quantity

coefficient (which is related to the type and size of magnetic particles and
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abrasive materials, the presence and type of abrasive fluid, and the material
of the workpiece, etc.).
When the tube and the magnetic machining tool relative rotate one circle,

the change in the internal surface is calculated by:

(o +2m) = () — CKe(p) = (1 —C,K)e(p) (0< ¢ <2m) (3.10)

Then, the roundness curve ARy (0)(6 = ¢ + 2N) after N turns is given
by:

ARy (8) = ARy (¢ + 2NT0) (3.11)

= ARN(¢)

= ARn_1(@) — C,[Kefp + 2(N — 1)} + P] + Ly

where Ly is the correction value of the reference circle (zero value) and
N=1,2,3, The roundness ARy (¢) after N rotations is obtained

by arranging the left and right sides of the above Equation in the form:

N N
ARy (9) = AR, (p) — chZ elo +2(1—1)m] - C, NP+ Z L, (3.12)

1=1 1=1

where C, NP and YN, L; are the reference circle position of the
specified roundness curve, which has no direct relationship with roundness,

so the roundness curve ARy(¢@) can be calculated thus:

N
ARy (9) = AR, (p) — Csz elo + 2(i — D] (3.13)

1=1

Moreover, substituting Equation (3.8) into Equation (3.13) to obtain the
roundness ARy (¢) is expressed as:
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ARy(9) = (1 = C,,K)N 2 A,, cos(ng + ¢,) (3.14)

n=2
N-1

— chE(l — C,,KN-1-1

1=0

A; cos(p + ¢,)

+ z B,,cos(m¢ + £,,) + AS(¢p + 2im)

m=1

As shown in Equation (3.14), the first item is the influence of the
roundness curve before finishing, the second term concerns the influence
of eccentricity during clamping, the third term is the influence of periodic
variations due to eccentricity, and the fourth term is the effect of the

randomness of eccentricity.

Fig.3.2 Analysis of the changing process of roundness curve
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3.4 Analysis of the influencing factors of roundness

improvement

3.4.1. Discussion on the influence of eccentricity

[f the parameters in Equation (3.14) are determined, the roundness value
can be calculated. However, this is difficult because the process involves
the repeated processing of the same point to achieve the purpose of
finishing, so it can be analyzed by considering N to be infinite. That is,
cach parameter can be analyzed by AR (¢).

We know that |1 — C,K| < 1, that is [(1 — C,,K)N]nse = 0. This is
obtained by:

N-1
CmKZ (1 _ CmK)N—i—ll =1 (315)
i=0

N—-oo

When N — oo, it is obtained by:

(1-C KN z A, cos(ng +¢@,) =0 (3.16)
n=2

Therefore, in this case, the influence of the roundness curve before

machining can be ignored. Then, the equipment is expressed as:

N-1 [e's)
—CmKZ (1-C, KONT"1[A; cos (¢ +¢;) + z B,,cos(me + B,,)
i=0 m=1
= —A;cos(p + ¢,) — z B,,cos(m¢ + S,,) (3.17)
m=1
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From Equation (3.17), it can be seen that the influence of the eccentricity

during clamping and the periodic variation caused by the eccentricity is

proportional. If A; = 0, the influence of eccentricity can be eliminated,

and then B,,, = 0, which can be achieved by clamping at both ends.
Moreover, for random item AS(¢@ + 2im), if the maximum absolute

value 1s assumed to be AS,,, then it is obtained by:

N-1

C,K z (1 - C,K)N"I-1AS (¢ + 2im)

=0

(3.18)

N-1
<C, K 2(1 —C.KNTIAS = [1— (1 - C K)N]AS,,

1=0

when N — oo, the right side of the above formula gradually approaches
AS,,, but does not exceed AS,,. The value of AS,, is very small. If we
assume a value of 0.1, then the effect of the random variable is less than

0.1. Therefore, the influence of eccentricity can be ignored.

3.4.2. Discussion on the influence of finishing force

Furthermore, it can be seen from Equation (3.9) that the change in
vibration is proportional to K, that is, it is also proportional to the finishing
force. Figure 3.3 shows the analysis of the roundness improvement. Fig.
3.3 (a) is a straight-line expansion of the roundness curve. According to the
evaluation method of roundness [307], it can be seen that when the &£, (0)
becomes smaller, it is beneficial to improve the roundness, while when the
absolute value of eg(6) becomes larger, it is unfavorable to improve the
roundness. Therefore, as shown in Fig.3.3 (b), in the case of internal

magnetic abrasive finishing process using the magnetic machining tool,
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because the magnetic particles are attracted to the surface of the magnetic
machining tool by the magnetic force and the magnetic machining tool and
the magnetic pole outside the tube produce pressure on the magnetic
particles, the magnetic particles form a fixed magnetic brush, resulting in
the finishing force mainly being concentrated at point A and little finishing
force acting on point B, which can improve the roundness. As shown in
Fig.3.3 (c), in the case of using magnetic particles, point B is closer to the
permanent magnet than point A, and the magnetic force (finishing force) is
concentrated at point B that this process is unfavorable for roundness
improvement [308]. It is clarified why the internal magnetic abrasive
finishing process using the magnetic machining tool is effective in the

roundness improvement theoretically.

Inner surface of tube

€a(0)
+ A

ARN(@) | 0 N /\ \v /\V/ I v/\v/\v/\\‘\/\ >

eg(0) | B
- B ( Roundness curve

X

(a) Straight-line expansion of the roundness curve
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Magnetic machining tool movement direction

—
Nd-Fe-B permanent magnets Magnetic machining tool

Roundness curve

ARy (@) ]

Tube

Ferrite permanent magnets

(b) Internal magnetic abrasive finishing process using the magnetic machining tool

Magnetic particles movement direction
—

v . 1
agnetic particles Roundness curve

ARy(@) ] A

Fy X

B \F

Tube

Permanent magnet

(c) Internal magnetic abrasive finishing process using magnetic particles

Fig.3.3 Analysis of roundness improvement

27



Chapter III Investigation on roundness improvement theoretically

3.5 The experimental verification of SUS304 stainless

steel tube

3.5.1 Experimental conditions

The experimental conditions are shown in Table 3.1. The conditions of
each experiment included the rotational speed of the tube and finishing unit.
The reciprocating speed of the finishing units were the same, and the
magnetic particles were all electrolytic iron particles 1680 um in mean
diameter. The roughness of the internal surface was improved by using
abrasive particles with a gradually reduced particle size. The length of the
tube axis direction in the finishing area is 80mm. After each stage of
processing (15 min), the roughness, roundness, and weight of the tube were
measured. Among these, the roughness was measured by a surface
roughness meter (SURFPAK-PRO produced by Mitutoyo, Japan), the
roundness measurement model is shown in the Fig.3.4. The inner surface
roundness was measured in the axial direction of the tube by a roundness
measuring instrument (RONDCOM 40C produced by TOKYO SEIMITSU,
Japan), the roughness measurement model is shown in the Fig.3.5. And the
weight of the workpiece was measured using the balance PR8001
(SHIMADZU, Japan, minimum weighing unit: 0.1 g). Furthermore, as
shown in Fig.3.6, in the experiment the distance L between the tube and
the permanent magnet of the magnetic pole unit was adjusted to 7 mm, 17
mm, and 27 mm, respectively. If the finishing gap (the distance between
the permanent magnet of the finishing unit and the tube) is assumed to be
2 mm, the thickness of tube D will be equivalent to 10 mm, 20 mm, and 30

mm, respectively.
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% Measuring probe
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Finishing area
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N

Fig.3.4 The roundness measurement model

Tube Finishing area

Measuring probe

Axial direction of the tube

Fig.3.5 The roughness measurement model

D: 10 mm, 20 mm, 30 mm _;__ L

Permanent magnet

—_——

! /Tube
Fig.3.6 The relationship between the distance between the poles and the

thickness of the tube
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Table 3.1 Experimental conditions

Workpiece

SUS304 stainless steel tube ©89.1x79.1x200 mm
Rotational speed: 162 rpm

Magnetic machining

tool

Magnet: Nd-Fe-B permanent magnet,
Yoke: SS400 steel

Molding material: Polymer

Magnetic pole unit

Magnet: Ferrite permanent magnet 50x35%x26 mm
Yoke: SS400 steel

Rotational speed: 186 rpm

Reciprocating speed: 25 mm/s

Magnetic particles

Electrolytic iron particles: 1680 pm in mean dia., 24 g

Abrasive particles

15t-stage to 6"-stage: WA #400,2.5 g
7th_stage: WA #3000,2.5 g

8th_stage: WA #6000, 2.5 g

9th_stage: WA #10000,2.5 g

Grinding fluid

Water-soluble grinding fluid (SCP-23): 30 g

Thickness of the tube

10 mm, 20 mm, 30 mm

Finishing time

135 min (Single 15 min)

3.5.2 Experimental results and discussion

Fig.3.7 shows the changes in surface roughness and material removal

with finishing time. It can be seen that, due to the diameters of the magnetic

particles and the abrasives used in the experiment were the same, the

surface roughness after finishing was almost the same. As the thickness of

the tube increased, the finishing force decreased, meaning that the amount

of material removed decreased. For different tube thicknesses, the amount

of material removed was 14.2 g in the case of 10 mm, 8.4 g in the case of
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20 mm, and 5.4 g in the case of 30 mm. In addition, it was concluded that

the internal magnetic abrasive finishing process using the magnetic
machining tool process could finish thick tubes with thicknesses ranging

from 10 mm to 30 mm.

—e—D: 10mm (Ra) D: 20mm (Ra) D: 30mm (Ra)
- @ -D: 10mm (M) D: 20mm (M) D: 30mm (M)
12 16
—~ 10 .-
g //’ n 12 \E/D
S 8 - /" §
ﬁ ,// n 10 T{S
2 ” 2
‘g 6 - /// T 8 g
eh ~ -
: |62
) 4 r r 4 2
g // <
q::: ’/ T 4 2
= %
N 2 B 7
,0’/ \\._— 1 2
0 ,” 1 1 II\ lT‘ - h — — - 0

0 15 30 45 60 75 90 105 120 135

Finishing time (min)

Fig.3.7 Changes in material removal and surface roughness with finishing time

Fig.3.8 shows the changes in roundness with finishing time. It can be
seen that this process can improve the roundness of thick tubes whose
thickness is from 10 mm to 30 mm. As the thickness of the tube increased,
the value of the roundness improvement decreased. For different tube
thicknesses, the value of roundness improvement was 150 um in the case

of 10 mm, 127 um in the case of 20 mm, and 98 pum in the case of 30 mm.
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Fig.3.8 Changes in roundness with finishing time

Fig.3.9 shows the roundness profiles of the internal surface of the tube
before and after finishing. For different tube thicknesses, the roundness was
improved from 172 um to 22 pm in the case of 10 mm, from 178 pum to 51
um in the case of 20 mm, and from 179 pum to 81 pm in the case of 30 mm.
It can be seen from the experimental results that as the thickness of the tube
decreased, the finishing force of the radial direction of the tube increased.
Consequently, it was concluded that the internal magnetic abrasive
finishing process using the magnetic machining tool was effective for
improving the roundness of thick tubes with thicknesses from 10 mm to 30

mm.
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3.5.3 Simulation of magnetic induction intensity

In this study, Magnet Version 7 software is used to simulate the magnetic
induction intensity. Because in the experiment, the tube thickness of 5 mm
is used to equal the thickness of 10 mm, 20 mm and 30 mm, simulating the
magnetic induction intensity using a model with only two permanent
magnets. And in order to clarify the variety rule of magnetic induction
intensity on the finishing area with the three thicknesses, simulating the
magnetic induction intensity on line O;0,. Fig.3.10 shows the simulation
analysis results of the magnetic induction intensity. In the case of the
thickness of the tube is 10 mm, when the actual thickness of the tube is 10
mm, the average value of the magnetic induction intensity of the line O,0;
15 0.5195 T, when the equivalent thickness of the tube is 10 mm, the average
value of the magnetic induction intensity of the line O;0,1s 0.5104 T. It
can be seen that the average value of the magnetic induction intensity of
the line O;0; is basically the same. In the case of the thickness of the tube
1s 20 mm, when the actual thickness of the tube is 20 mm, the average value
of the magnetic induction intensity of the line O;0,1is 0.4355 T, when the
equivalent thickness of the tube is 20 mm, the average value of the
magnetic induction intensity of the line O,0,1s 0.4356 T. It can be seen that
the average value of the magnetic induction intensity of the line 0,0, is
basically the same. In the case of the thickness of the tube is 30 mm, when
the actual thickness of the tube is 30 mm, the average value of the magnetic
induction intensity of the line 0,0, is 0.3947 T, when the equivalent
thickness of the tube is 30 mm, the average value of the magnetic induction
intensity of the line O;01s 0.3939 T. It can be seen that the average value
of the magnetic induction intensity of the line O,0, is basically the same.

It also can be seen that the magnetic force decreases as the thickness of

the tube increases.
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The actual thickness of the tube: 30 mm
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Fig.3.10 Simulation analysis results of the magnetic induction intensity
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3.6 Experimental verification of theoretical analysis

results

When the influence of eccentricity during clamping and random items

on the roundness curve is ignored, Equation (3.14) can be written as:

ARN(@) = (1 = C,K)N Z A, cos(ng + ¢,) (3.19)

n=2

This is obtained by:
AR 46030 (0) /ARy (@) = (1 — CK)*6980 (3.20)

In the case of thickness of the tube being 10 mm, AR,¢950(@)/AR (@)
is 0.1279. In the case of thickness of the tube is 20 mm, AR,g9g0(®)/
ARy () is 0.2865. Furthermore, in the case of the thickness of the tube
being 30 mm, AR 4950(9)/ARy(¢) is 0.4525. It can be seen from the
calculation results that as the thickness of the tube increased, the value of
K decreased, that is, the finishing force decreased. Therefore, it can be
concluded that as the thickness of the tube increased, the roundness
improvement decreased.

Fig.3.11 shows the changes in finishing depth per revolution. When the
thickness of the tube became smaller, the processing depth per revolution
became larger. As the finishing time became longer, the changes in
finishing depth per revolution became smaller. For the processing interval
of 0~15 min, in the case of a tube thickness of 10 mm, the change in the
finishing depth per revolution is 0.008812 pum; in the case of a tube
thickness of 20 mm, the change in the finishing depth per revolution is
0.007854 um and in the case of a tube thickness of 30 mm, the change in
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the finishing depth per revolution is 0.004598 um. In the processing
interval of 120~135 min, in the case of a tube thickness of 10 mm, the
change in the finishing depth per revolution is 0.000383 um; in the case of
a tube thickness of 20 mm, the change in the finishing depth per revolution
1s 0.000383 pm and in the case of a tube thickness of 30 mm, the change
in the finishing depth per revolution 1s 0.000575 um.

0.01

0.009 & D: 10 mm
0.008 A D: 20 mm
0.007 r D: 30 mm
0.006
0.005 t
0.004
0.003 ¢
0.002 r
0.001 r

O | | | | | | | |
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Finishing time (min)

Finishing depth per revolution (um/rev)

Fig.3.11 Changes in finishing depth per revolution with finishing time

3.7 Conclusions

1.The mechanism of roundness improvement was analyzed theoretically.
The roundness curve expression was derived using the principle of
roundness measurement by assumed center method and the expression of
the roundness curve expanded by Fourier series was obtained.

2.The factors influencing roundness improvement eccentricity and
finishing force were discussed. When the workpiece is clamped at both

ends, the influence of eccentricity can be ignored. Moreover, it is clear that
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the magnetic abrasive finishing process using the magnetic machining tool
was effective in improving the roundness of the inner surface of the tubes
with thickness more than 5 mm.

3.Confirming the mechanism analysis results and the experimental
results, it can be concluded that the internal magnetic abrasive finishing
process using the magnetic machining tool was effective for improving the
roundness of thick tubes with a thickness from 10 mm to 30 mm. As the
thickness of the tube increased, the finishing force decreased, causing the
roundness improvement to decrease. For different tube thicknesses, the
roundness was improved from 172 um to 22 um in the case of 10 mm, from
178 um to 51 um in the case of 20 mm, and from 179 pm to 81 um in the

case of 30 mm.
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Chapter IV Discussion on the influence of
finishing parameters on inner surface

roundness improvement

4.1 Introduction

Clean gas cylinders and transport gas piping systems used in
semiconductor manufacturing and aerospace-related industries that
required high internal surface accuracy to prevent the adhesion of
contaminants. Among them, when the diameter becomes larger that the
inner surface of the tubes with the thickness of 5 mm or more, the previous
process using magnetic particles is unable to finishing due to insufficient
magnetic force (finishing force) [401,402]. In order to increase the
finishing force, the process using a magnetic machining tool has been
proposed. It has been confirmed that the magnetic force can be several tens
of times higher than that of the process using magnetic particles, and this
process enables finishing inner surface of the tube (5~30 mm in thickness).
It also clarified that form accuracy (roundness) can be improved while
improving surface roughness [403-405].

In this chapter, firstly, the improvement of roundness is discussed
through the experiments on the SUS304 stainless steel tube. Each
experiment carried out five stages of processing, and in the first-stage, two
different kinds of magnetic particles were used, the electrolytic iron
particles (1680 um in mean dia.) and the KMX magnetic particles
(1000~1680 um in mean dia.) respectively. And then, researches the
improvement of internal roundness of the thick SUS304 stainless steel tube

through the velocity analysis. Due to the roundness improvement is related
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to the material removal, and the material removal is related to the finishing

force during processing. The factors affecting the improvement of internal
roundness of the thick tube was investigated by studying the reciprocating
velocity of magnetic pole unit. Furthermore, in order to further clarify the
mechanism of roundness improvement in this process, the influence of
rotational speed is discussed. Discussing the influence of rotational speed
of magnetic machining tool on roundness improvement by analyzing the
finishing force and the influence of rotational speed of workpiece on
roundness improvement. And the influence of rotational speed is discussed

comprehensively.

4.2 Influence of reciprocating velocity of magnetic pole

unit

4.2.1 Velocity analysis of the magnetic machining tool

Fig.4.1 shows the motion model of the magnetic machining tool. First,
the machining model was established. The tube is assumed to be stationary,
but the magnetic abrasive tool relative to the tube rotation and linear motion.
In this process, there are three kinds of motion: the rotation of tube, the
rotation and the reciprocating motion of magnetic pole unit. The two
rotations produce the relative rotation of the tube and the magnetic
machining tool. The reciprocating motion of the magnetic pole unit drives
the magnetic machining tool to move in a straight line. These two motions
combine to make the magnetic machining tool move along the spiral of the

tube. Where, s(t) is the trajectory, P is the pitch of the trajectory.
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Magnetic machining tool P Rotation
- 1N

v v,

(a) Velocity analysis (b) Track unfolding
Fig.4.1 Motion model of the magnetic machining tool

Because magnetic abrasive tool does two motions: rotation and linear
motion. Therefore, the magnetic machining tool produces the tangential
velocity of rotation v, and the velocity of linear motion v; on the inner
surface of the workpiece, as shown in Fig.4.1 (a). The two velocities are
combined at a velocity of v which is the speed along the spiral. With
respect to Angle 0, there are tan 6 = v;/v,..The velocity relation can be

derived as shown in Equation (4.1).

v, = (v?— v12)1/2 4.1)
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Moreover, as shown in Fig.4.1 (b), unfolding the track which the

magnetic machining tool rotating 360° obtain the trajectory s(t) along
spiral with velocity v. The Angle between s(t) and 1d is 0, there tan 6 =
p/md. Finally, it is shown in Equation (4.2).

tan@ = v; /v, = p/nd (4.2)

It follows that the linear velocity of the magnetic machining tool and the
pitch of the spiral are directly proportional. The rotation frequency is faster
per unit time with a short pitch. It corresponds to the high rotation speed of

the magnetic machining tool, so the improvement in roundness is beneficial.

4.2.2 Experimental conditions

Table 4.1 shows the experimental conditions. The three reciprocating
velocities that 27 mm/s, 38 mm/s and 58 mm/s were compared in the
experiments. The rotational speed of the tube and the magnetic pole unit
are 88 rpm and 254 rpm, so the relative rotational speed of the magnetic

machining tool and the workpiece is 342 rpm.
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Table 4.1 Experimental conditions

SUS304 stainless steel tube ¥89.1x79.1x200 mm,

Workpiece '
Rotational speed:88 rpm
Magnetic
o Magnet: Nd-Fe-B permanent magnet,
machining . .
| Yoke: SS400 steel, Molding material: Polymer
too
Magnet: Ferrite magnet 50x35%26 mm, Yoke: SS400 steel,
Magnetic pole | Rotational speed of pole:254 rpm
unit Reciprocating speed: 27 mm/s, 38 mm/s and 58 mm/s
Magnet particles: Electrolytic iron particles
1%'-stage . .
. (1680 um in mean dia.),
(30 min)
Abrasive: WA #400
Magnet particles: Electrolytic iron particles
2M_stage . .
Processing . (510 um in mean dia.),
(15 min)
Abrasive: WA #1200
(The Magnet particles: Electrolytic iron particles
. 3" stage . .
concentration ' (330 um in mean dia.),
(15 min) .
of the abrasive Abrasive: WA #2000
slurry:7.5%wt, Magnet particles: Electrolytic iron particles
4™ stage _ _
SCP-23, (149 pum in mean dia.),
(15 min) .
40 mL) Abrasive: WA #4000
Magnet particles: Electrolytic iron particles
5th-stage _ _
. (75 wm in mean dia.),
(15 min)

Abrasive: WA #8000
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4.2.3 Experimental results and discussion

Fig.4.2 shows the changes in material removal and surface roughness
with finishing time. The result shows that due to the diameters of the
magnetic particles and the abrasives used in the experiment were the same,
the surface roughness after finishing was almost the same and low
reciprocating velocity of magnetic pole unit is beneficial to the material
removal.

Fig.4.3 shows the roundness improvement at each stage. As the
reciprocating velocity of magnetic pole unit increases, the value of the

roundness improvement of each stage decreases.

—o—27mm/s (Ra) 38mm/s (Ra) 58mm/s (Ra)

-e- 27mm/s (M) 38mm/s (M) 58mm/s (M)

6 8
7

Surface roughness Ra (um)
W
N
Material removal M (g)
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Fig.4.2 Changes in material removal and surface roughness with finishing time
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Fig.4.3 Roundness improvement at each stage

Fig.4.4 shows the trajectory simulation of the three reciprocating
velocities. When the velocity is low the pitch of the trajectory is also low.
The result shows that low reciprocating velocity of magnetic pole unit is

beneficial to the improvement of internal roundness.

P: 4.68 mm
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P: 6.73 mm

P: 10.23 mm

(c) 58 mm/s

Fig.4.4 The trajectory simulation of the three reciprocating velocities

with finishing time

Fig.4.5 shows the roundness charts of before and after finishing. In the
case of 27 mm/s, the change of roundness is the largest and the change is

58 um. The roundness of tube is from 167 pm to 59 pm.
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Fig.4.5 Roundness charts of before and after finishing
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4.3 Influence of different structures of magnetic
particles on the improvement of inner surface

roundness

4.3.1 Experimental conditions

The experimental conditions are shown in Table 4.2. A five stages of
processing using magnetic particles and abrasive that gradually decrease in
size was performed in the experiments. And in the first-stage, two different
kinds of magnetic particles were used, the electrolytic iron particles (1680

pm in mean dia.) and the KMX magnetic particles (1000 ~ 1680 um in
mean dia.) respectively. Fig.4.6 shows the SEM photographs of the

electrolytic iron particles and the KMX magnetic particles. It can be seen
that the structure of the two kinds of magnetic particles is different. The
electrolytic iron particles are the magnetic particles reduced by electrolysis
and the KMX magnetic particles are the magnetic particles that made by

sintering iron particles and abrasive.
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Table 4.2 Experimental conditions

Workpiece

SUS304 stainless steel tube ¥89.1x79.1x200 mm,

Rotational speed:88 rpm

Magnetic

machining tool

Magnet: Nd-Fe-B permanent magnet,

Yoke: SS400 steel, Molding material: Polymer

Magnet: Ferrite permanent magnet 50x35%26 mm,

Magnetic pole | Yoke: SS400 steel,
unit Rotational speed of pole: 254 rpm
Velocity of linear motion: 38 mm/s
Magnetic particles:
(DElectrolytic iron particles (1680 pm in mean
1¥-stage | dia., 12x2 g)
(30 min) | @KMX magnetic particles (1000~1680 pm in
mean dia., 12x2 g)
_ Abrasive: WA #400,3.2 g
Processing
Magnetic particles: Electrolytic iron particles
2-stage (510 pm | dia., 10x2 g)
m in mean dia., 10x
(The (15 min) " s
, Abrasive: WA #1200,3.2 g
concentration
of the abrasive | 3gtage Magnetic particles: Electrolytic iron particles
330 ' dia., 10x2
slurry:7.5%wt, | (15 min) (330 pm in mean dia., &)
SCP-23, Abrasive: WA #2000,3.2 g
Magnetic particles: Electrolytic iron particles
40 mL) 4™_stage X P N P
(149 um in mean dia., 10x2 g)
(15 min) .
Abrasive: WA #4000,3.2 g
Magnetic particles: Electrolytic iron particles
5th-stage _ .
(75 pm in mean dia., 10x2 g)
(15 min)

Abrasive: WA #8000,3.2 g

51




Chapter IV Discussion on the influence of finishing parameters on inner surface
roundness improvement

Electrolytic iron particles

[T
500 pm

(a) The electrolytic iron particles (1680um in mean dia.)

KMX magnetic particles

| I
500 pm

(b) The KMX magnetic particles (1000 ~ 1680 um in mean dia.)

Fig.4.6 The SEM photographs of magnetic particles
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4.3.2 Experimental results and discussion

Fig.4.7 shows the roundness profiles of the tube before and after
finishing. The results show that the roundness of 149 um was improved to
58 um in the case of the first-stage using the electrolytic iron particles and
218 um was improved to 92 um in the case of the first-stage using the KMX
magnetic particles. It was confirmed that the both kinds of magnetic
particles can improve the roundness of the thick tube by magnetic abrasive
finishing using a magnetic machining tool. Fig.4.8 shows the roundness
improvement at each stage. It can be seen that the roundness of the inner
surface of tube was improved at each stage of finishing. In particular, in the
first-stage of finishing, the value of the roundness improvement is the
largest due to the use of magnetic particles with large diameter, 61 pm in
the case of using the electrolytic iron particles and 76 um in the case of
using the KMX magnetic particles. And the improvement is better by using
the KMX magnetic particles because of the structure of the KMX magnetic
particles that is equivalent to adding a lot of cutting edges in the process

comparing with electrolytic iron particles.
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(a) The first-stage using the electrolytic iron particles
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Fig.4.7 Roundness profiles of the tube before and after finishing
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Fig.4.8 Roundness improvement at each stage
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4.4 Influence of rotational speed on the improvement

of inner surface roundness

4.4.1 Influence of rotational speed of the magnetic machining

tool

In the internal magnetic abrasive finishing using magnetic machining
tool process, not only the magnetic machining tool rotates, but also the
workpiece rotates, and the rotation direction is opposite, so the tangential
finishing force is generated by relative motion between magnetic
machining tool and workpiece. In order to study the influence of rotational
speed on roundness improvement, experiments were carried out under the
conditions of different rotational speeds of magnetic machining tool, the
same rotational speed of workpiece and different rotational speeds of
workpiece, the same rotational speed of magnetic machining tool,

respectively.

4.4.1.1 Experimental conditions

The experimental conditions are shown in Table 4.3. The
nonferromagnetic SUS 304 stainless steel tube was used as the workpiece.
In order to study the influence of the rotational speed of the magnetic
machining tool (equal to the rotational speed of magnetic pole unit), the
rotational speed of workpiece was the same (66 rpm), while the rotational
speed of magnetic machining tool was 32 rpm, 123 rpm and 215 rpm,
respectively. The finishing time was 100 min, to understand the changes of
roundness, surface roughness and material removal, each stage finishing
time was 20 min, and then the workpiece was cleaned with ultrasonic

cleaner and measured with the surface roughness meter (SURFPAK-PRO
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produced by Mitutoyo, Japan), the roundness measuring instrument
(RONDCOM 40C produced by TOKYO SEIMITSU, Japan) and the
balance PR8001 (SHIMADZU, Japan, minimum weighing unit: 0.1 g)

respectively.

Table 4.3 Experimental conditions

SUS304 stainless steel tube ¥89.1x79.1x200 mm

Workpiece Clearance: 7 mm (Thickness of tube is equivalent to 10 mm.)
Rotational speed: 66 rpm
. Magnet: Nd-Fe-B rare earth permanent magnet
Magnetic

machining tool

Yoke: SS400 steel

Molding material: Polymer

Magnet: Ferrite magnet 50%35%x26 mm
Yoke: SS400 steel

Magnetic pole | Rotational speed: 32 rpm
unit 122 rpm
212 rpm
Reciprocating speed: 25 mm/s
Magnetic _ .
_ Electrolytic iron particles: 1680 pm in mean dia., 24 g
particles
Abrasive
_ WA #400,2.5 g
particles
Grinding fluid | Water-soluble grinding fluid (SCP-23): 30 g
Finishing width | 80 mm

Finishing time

100 min (each stage 20 min)
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4.4.1.2 Experimental results and discussion

Fig.4.9 shows the changes in surface roughness and material removal
with finishing time. It can be seen that because of the diameter of the
magnetic particles and the abrasive particles used in the experiments are
the same, the final surface roughness after finishing is almost the same.

And as the rotational speed of the magnetic machining tool increases, the

amao
32 rpm (Ra) 122 rpm (Ra) —=—212rpm (Ra)
32 rpm (M) 122 rpm (M) —=—212rpm (M)
12 12
e 10 4 10
g //'
S -7
- 8 //./ 8
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go 6 o 16
8 7~
Q
qgé 4 1 4
=
N
2 12
60 80 100

Finishing time (min)

Fig.4.9 Changes in material removal and surface roughness with
finishing time
Fig.4.10 shows the roundness improvement with finishing time. It can
be seen that the roundness improvement increases with an increase in

rotational speed of magnetic machining tool. This is because in this process,

the internal surface finishing is realized by a magnetic machining tool

57

Material removal M (g)



Chapter IV Discussion on the influence of finishing parameters on inner surface
roundness improvement

whose surface attracts magnetic particles magnetically. According to the

force analysis of the magnetic machining tool, the magnetic machining tool
has its own weight and rotates, the finishing force during processing also
includes the centrifugal force of the magnetic machining tool. And it is that
as the rotational speed of the magnetic machining tool increases, the
finishing force increases, so the faster rotational speed of the magnetic

machining tool is beneficial to roundness improvement.

32rpm = 122rpm ®212 rpm
160

140
120 r

100
80 r
60
40
20 I
0
20 40 60 80 100

Finishing time (min)

Roundness improvement (pum)

Fig.4.10 Roundness improvement with finishing time

Fig.4.11 shows the roundness profiles of the internal surface of the tube
before and after finishing. For different rotational speeds of the magnetic
machining tool, the roundness was improved from 205 pm to 129 pm in
the case of 32 rpm, from 211 um to 110 um in the case of 122 rpm, and

from 202 pum to 65 um in the case of 212 rpm.
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Fig.4.11 Roundness profiles of the internal surface of tube before and

after finishing
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The force of magnetic machining tools has been analyzed in section 2.1.
In this process, due to the magnetic machining tool has its own weight and
rotates, the finishing force includes the centrifugal force generated by the
magnetic machining tool. According to the centrifugal force calculation

formula, as shown in Equation (4.1).

F, = mprw? = 4m’men’r (4.1)

Where, my is the weight of the magnetic machining tool, r is the
rotational radius of the magnetic machining tool, w is the angular speed
of rotation of the magnetic machining tool and n is the rotational speed of
the magnetic machining tool.

In this study, the weight of the magnetic machining tool is 522.4 g and
the rotational radius of the magnetic machining tool is 39.55 mm. At three
rotational speeds of magnetic machining tool that 32 rpm, 122 rpm and
212rpm, the centrifugal force generated by the magnetic machining tool
was calculated, as shown in Table 4.4. It can be seen that as the rotational
speed increases, the centrifugal force increases, so the roundness
improvement also increases. This is consistent with the previous analysis

results.

Table 4.4 Value of the centrifugal force

Rotational speed of the magnetic

machining tool Centrifugal force

32 rpm 0.228 N
122 rpm 3.358 N
212 rpm 10.153 N

60



Study on elucidation of the roundness improvement mechanism of the inner surface of
a tube by magnetic abrasive finishing process

Furthermore, the roundness improvement per revolution under the

influence of centrifugal force was calculated, as shown in Table 4.5. It can
be seen that as the rotational speed increases, the roundness improvement

increases.

Table 4.5 Value of the Roundness improvement per revolution

Rotational speed of the magnetic Roundness improvement per
machining tool revolution
122 rpm 0.0028 pm
212 rpm 0.0046 um

4.4.2 Influence of rotational speed of the workpiece

4.4.2.1 Experimental conditions

The experimental conditions are shown in Table 4.6. The
nonferromagnetic SUS 304 stainless steel tube was used as the workpiece.
In order to study the effect of the rotational speed of workpiece, setting the
rotational speed of magnetic pole unit is the same (122 rpm), while the
rotational speed of workpiece is 35 rpm, 115 rpm and 195 rpm, respectively.
The finishing time is 100 min, to understand the changes of roundness,
surface roughness and material removal, each stage finishing time is 20

min.
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Table 4.6 Experimental conditions

SUS304 stainless steel tube ¥89.1%79.1x200 mm
Clearance: 7 mm (Thickness of tube is equivalent to 10 mm.)
Workpiece | Rotational speed: 35 rpm

115 rpm

195 rpm

Magnet: Nd-Fe-B permanent magnet

Magnetic
Yoke: SS400 steel

machining tool
Molding material: Polymer

Magnet: Ferrite permanent magnet 50x35%26 mm
Magnetic pole | Yoke: SS400 steel

unit Rotational speed: 122 rpm
Reciprocating speed: 25 mm/s

Magnetic o . _ _
_ Electrolytic iron particles: 1680 um in mean dia., 24 g
particles
Abrasive
. WA #400,2.5 g
particles

Grinding fluid | Water-soluble grinding fluid (SCP-23): 30 g

Finishing
width

80 mm

Finishing time | 100 min (each stage 20 min)
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4.4.2.2 Experimental results and discussion

Fig.4.12 shows the changes in surface roughness and material removal
with finishing time. It can be seen that because of the diameter of the
magnetic particles and the abrasives used in the experiment are the same,
the final surface roughness after finishing is almost the same. And as the
rotational speed of the workpiece increases, the amount of material

removal increases.

35 rpm (Ra) 115 rpm (Ra) —=—195 rpm (Ra)
35 rpm (M) 115 rpm (M) —== 195 rpm (M)

12

—
\O)

—
(a)

Surface roughness Ra (um)
(@)}
Material removal M (g)

0 20 40 60 80 100

Finishing time (min)

Fig.4.12 Changes in material removal and surface roughness with

finishing time

Fig.4.13 shows the roundness improvement with finishing time. It can
be seen that the roundness improvement increases with an increase in
rotational speed of the workpiece.
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Fig.4.13 Roundness improvement with finishing time
Fig.4.14 shows the roundness profiles of the internal surface of the tube
before and after finishing. For different rotational speeds of the workpiece,
the roundness is improved from 166 um to 73 um in the case of 35 rpm,
from 166 um to 63 um in the case of 115 rpm, and from 178 pm to 66 pm
in the case of 195 rpm. It can be concluded that with the increase of the
rotational speed of workpiece, the number of finishing times of workpiece

increases, so the finishing results become better.
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Fig.4.14 Roundness profiles of the internal surface of tube before and

after finishing
4.4.3 Comprehensive discussion on influence of rotational

speed

Through the above discussion, it is clear that when the rotational speed
of the workpiece is the same, the roundness improvement increases with
the increase of the rotational speed of the magnetic machining tool, and
when the rotational speed of the magnetic machining tool is the same, the
roundness improvement increases with the increase of the rotational speed

of the workpiece. At the same time, it is necessary to clear which rotational
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speed has a greater influence on the roundness improvement. At different

rotational speeds, the difference in roundness improvement is caused.
Therefore, it is discussed by compare the roundness improvement with
relative motion for one circle under the influence of rotational speed
difference. Fig.4.15 shows the roundness improvement with the magnetic
machining tool and the workpiece rotate relative to each other for one circle.
It can be seen that when the magnetic machining tool and the workpiece
rotate relative for one circle, the rotation of the magnetic machining tool
has a greater influence on the roundness improvement. Therefore, in this
process, the rotational speed of magnetic processing tool is set to be greater

than that of workpiece.

0.003389
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0.002 0.000813
0.0015 :

0.001
0.0005
0

Rotation of magnetic Rotation of
machining tool workpiece

Roundness improvement (pum)

Fig.4.15 Roundness improvement with the magnetic machining tool and

workpiece rotate relative for one circle

4.5 Conclusions

1. The force analysis diagram of the magnetic machining tool in the

model doing uniform rotational motion was performed. And the dynamic
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equation of magnetic abrasive tool was established. Three kinds of

reciprocating velocity (27 mm/s, 38 mm/s and 58 mm/s) of magnetic pole
unit were compared by the experiments. The experiments result shows that
low reciprocating velocity of magnetic pole unit is beneficial to the
material removal and also beneficial to the improvement of interior
roundness of thick SUS304 stainless steel tube. In the case of the
reciprocating velocity of the magnetic pole unit is 27 mm/s, the roundness
of tube is from 167 um to 59 pm and the decrease of roundness is 108 um.

2.The improvement of form accuracy (roundness) of the thick tube by
using two different kinds of magnetic particles in the first-stage of
processing was discussed. In the first-stage of processing that both using
the electrolytic iron particles (1680 pm in mean dia.) and the KMX
magnetic particles (1000~1680 pum in mean dia.) can improve the
roundness of the thick tube by magnetic abrasive finishing using a
magnetic machining tool. And the improvement is better by using the KM X
magnetic particles.

3.The mechanism of roundness improvement by the internal magnetic
abrasive finishing process using magnetic machining tool and the
experiments were carried out on nonferromagnetic SUS 304 stainless steel
tube. Through analyzing the finishing force generated by magnetic
machining tool, it is concluded that as the rotational speed of the magnetic
machining tool increases, the tangential and normal finishing forces
increase, and the resultant finishing force also increases, so the faster
rotational speed of the magnetic machining tool is beneficial to roundness
improvement when the rotational speed of workpiece is the same. And
through discussion on different rotational speed of workpiece, it can be
concluded that with the increase of the rotational speed of workpiece, the
number of finishing times of workpiece increases, so the finishing results

become better. Furthermore, according to compare the roundness
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improvement with relative motion for one circle under the influence of

rotational speed difference, when the magnetic machining tool and the
workpiece rotate relative for one circle, the rotation of the magnetic
machining tool has a greater influence on the roundness improvement.
Therefore, in this process, the rotational speed of magnetic processing tool

is set to be greater than that of workpiece.
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Chapter V Discussion on the influence of
magnetic particles distribution on magnetic

machining tool

5.1 Introduction

Furthermore, the process of MAF also can realize the finishing of plane,
cylindrical outer surface and deburring. Shinmura et al. studied the basic
principle and finishing characteristics of MAF, and developed a plane
magnetic finishing device using a stationary type electromagnet, it was
verified that this process can achieve precision finishing of plane [501-503].
And also developed the magnetic abrasive finishing and its equipment by
applying a rotating magnetic field to finish the outer surface of cylindrical
workpiece [504]. Yamaguchi et al. proposed the magnetic abrasive
finishing process using multiple pole tip systems to finish the entire internal
surface of capillary tubes and a method to define a pole tip feed length that
can achieve a uniform surface roughness on the entire target surface by
calculating the pole tip coverage time over the target surface. And it has
been clarified the finishing characteristic and mechanism and showed the
effects of the tool’s magnetic properties on the tool and abrasive motion
and the interior finishing characteristic of capillary tubes [505-507]. Yin et
al. studied the polishing characteristics and its mechanisms of three
vibration modes in vibration assisted magnetic abrasive polishing and
using this process to deburr for magnesium alloy and it has been concluded
that deburring efficiency considerably increases with vibration assistance
[508,509].

In this process, the magnetic force (finishing force) can be enhanced by

69



Chapter V Discussion on the influence of magnetic particles distribution on magnetic
machining tool

placing a magnetic machining tool inside the tube, which consists of four
permanent magnets and a yoke. And the inner surface of the tube is finished
by the magnetic particles that are magnetically adsorbed on the magnetic
processing tool. According to the distribution of magnetic force lines, the
magnetic machining tool is divided into three areas, which are left area,
middle area and right area, as shown in Fig.5.1. In this paper, the
distribution of four kinds of magnetic particles on magnetic processing
tools is adopted, which is only distributed on the middle area, on the left
and right areas, on the middle and right areas, and on the left, middle and

right areas, as shown in Fig.5.2.

Magnetic particles

Middle area

) . Magnetic force lines
Magnetic machining tool

Fig.5.1 Distribution of magnetic force lines of magnetic machining tool

Magnetic particles
Middle area

Magnetic machining tool

(a) Only placing magnetic particles on the middle area
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Magnetic particles

Magnetic machining tool

(b) Placing magnetic particles on the left and right areas

Magnetic particles
Middle area

Magnetic machining tool

(c) Placing magnetic particles on the middle and right areas

Magnetic particles
Middle

Magnetic machining tool

(d) Placing magnetic particles on the three areas

Fig.5.2 Models for the distribution of magnetic particles on

magnetic machining tool
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5.2 Analysis of roundness improvement by the shape

change of roundness curve

Fig.5.3 shows the roundness curves before and after finishing. Seven
peak points and eight trough points are selected from the roundness curve
before finishing to form the peak polygon and trough polygon. From the
roundness curves after finishing, it can be seen that the result of roundness
improvement is that the peak polygon is close to the trough polygon, and
the edge of the polygon is close to zero, that is, the polygon is improved to
a circle. Fig.5.4 (a) shows the change of the polygon after finishing the
peak point A, which reduces the number of sides of the polygon and makes
the figure close to a circle. Fig.5.4 (b) shows the change of polygon after
finishing the trough point B, which increases the number of sides of the
polygon, and it is unfavorable for the figure to approach the circle.
Therefore, it is concluded that removal of the peak of the roundness curve

1s beneficial to improvement of the roundness.

Roundness curve 9% Trough polygon -

+  Roundness curve

T 278“

278" Peak polygon After finishing

Before finishing

Fig.5.3 Roundness curves before and after finishing
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Fig.5.4 Changes of the polygon after finishing

According to the analysis of the change of the roundness improvement
by applying the Fourier series, it is also found that the removal of the peaks
of the roundness curve is beneficial to the improvement of the roundness.
When the initial roundness curve of the internal surface of the tube has n
peaks, the curve wavelength A is the circumference 2C/n.

In this process, after finishing, due to the magnetic force generated by
the magnetic machining tool and the magnetic pole unit exerts pressure on
the magnetic particles, a fixed magnetic brush is formed. In addition, due
to the circumference length of the magnetic machining tool is about half of
the circumference of the internal surface of the tube and the initial
roundness curve of the internal surface of the tube has greater than 2 peaks,
discussing the influence of the circumferential length of fixed magnetic
brush. As shown in Fig.5.5 (a), in the case of the circumferential length of
fixed magnetic brush L is less than the wavelength A, the number of

finishing times (the number of rotations) at the peak point is N.
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As shown in Fig.5.5 (b), in the case of the circumferential length of fixed

magnetic brush L is greater than the wavelength A, the number of finishing
times of the roundness curve peak is increased.
Then when the circumferential length of the fixed magnetic brush is  x

A< L<(x+1/2) A, where 1 <x<C/A, C is the perimeter of internal surface

of tube, and then the number of finishing times at peak point is 2xN.

And when the circumferential length of the fixed magnetic brush is
(x+12)A< L< (x+1) A, where 1<<x<<C/A, C is the perimeter of internal
surface of workpiece, and then the number of finishing times at peak point
is (2x+1) N.

Therefore, it can be concluded that when the circumferential length of
the fixed magnetic brush is long, the number of times of finishing the peak

point increases, so it is beneficial to roundness improvement.

Vr : .
The fixed magnetic brush ) Magnetic machining tool
/
10636 mm +

l >

Inner surface of the tube

) 248.37 mm \ i

Roundness curve

(@L < A

74



Study on elucidation of the roundness improvement mechanism of the inner surface of
a tube by magnetic abrasive finishing process

Ur

The fixed magnetic brush —» Magnetic machining tool

106.36 mm
Inner surface of the tube
A
i 248.37 mm \
Roundness curve
(b)L = A

Fig.5.5 Diagram of the relationship between the circumferential length of

fixed magnetic brush and the wavelength of roundness curve

5.3 Only distributing magnetic particles on one area

5.3.1 Experimental conditions and method

The experimental conditions are shown in Table 5.1. In this part, only
placing magnetic particles on the middle area, and the weight of magnetic
particles 1s 12 g, 13 g and 14 g, respectively. Fig.5.6 (a) shows the
photographs of distribution of magnetic particles on the magnetic
machining tool before finishing. When the thickness of the magnetic brush
formed by magnetic particles is 2.382 mm and the same length in the axial
direction is 43 mm, the length of circumferential direction is 45 mm, 49
mm and 53 mm, respectively. The finishing time is 60 min, to understand
the changes of roundness, surface roughness and material removal, each

stage finishing time is 10 min.
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machining tool

Table 5.1 Experimental conditions

SUS304 stainless steel tube ¥89.1x79.1x200 mm

machining tool

Workpiece Clearance: 7 mm (Thickness of tube is equivalent to 10 mm)
Rotational speed: 80 rpm
_ Magnet: Nd-Fe-B permanent magnet
Magnetic

Yoke: SS400 steel

Molding material: Polymer

Magnet: Ferrite permanent magnet 50x35%26 mm

Magnetic pole | Yoke: SS400 steel
unit Rotational speed: 150 rpm
Reciprocating speed: 25 mm/s
Electrolytic iron particles: 1680 pm in mean dia.
Magnetic Condition A1: On the middle area, 12 g
particles Condition A2: On the middle area, 13 g
Condition A3: On the middle area, 14 g
Abrasive
sarticles WA #400,2.5 g
Grinding fluid | Water-soluble grinding fluid (SCP-23): 30 g
Finishing width | 80 mm

Finishing time

60 min (each stage 10 min)

76




Study on elucidation of the roundness improvement mechanism of the inner surface of
a tube by magnetic abrasive finishing process

Magnetic particles: 12 g

Rotational direction Rotational direction

43 mm

45 mm

Magnetic particles: 13 g

Rotational direction

43 mm

49 mm
Magnetic particles: 14 g

Rotational direction

43 mm

53 mm

53 mm

(a) Before finishing (b) After finishing

Fig.5.6 Photographs of magnetic machining tool before and after finishing
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5.3.2 Experimental results and discussion

Fig.5.7 shows the changes in surface roughness and material removal
with finishing time. It can be seen that the material removal increases and
the final roughness decreases with the increase of the weight of magnetic
particles.

—e— Magnetic particles:12 g (Ra)
Magnetic particles:13 g (Ra)

Magnetic particles: 14 g (Ra)
- ®- Magnetic particles:12 g (M)
Magnetic particles:13 g (M)
Magnetic particles:14 g (A1)

Surface roughness Ra (um)

Material removal M (g)

0 10 20 30 40 50 60

Finishing time (min)

Fig.5.7 Changes in material removal and surface roughness with finishing time

Fig.5.8 shows the changes in roundness with finishing time. It can be
seen that the roundness improvement increases with the increase of the
weight of magnetic particles. Fig.5.6 (b) shows the photographs of the
magnetic machining tool after finishing. It can be seen that the
circumferential arc length of fixed magnetic brush increases with the
increase of the weight of magnetic particles, 45 mm, 49 mm and 53 mm,

respectively. This is because that when the circumferential length of fixed
78



Study on elucidation of the roundness improvement mechanism of the inner surface of
a tube by magnetic abrasive finishing process

magnetic brush is long, the removed value of roundness curve is large, so

it is beneficial to roundness improvement.

® Magnetic particles:12 g
= Magnetic particles:13 g
= Magnetic particles:14 g

140
glzo B
=
100 |
g
9
5 80 L
£ 60 |
2
£ 40 |
g
S 20t
0

10 20 30 40 50 60

Finishing time (min)

Fig.5.8 Roundness improvement with finishing time

Fig.5.9 shows the roundness profiles of the internal surface of the tube
before and after finishing. For different weight of magnetic particles, the
roundness is improved from 398 pm to 313 pm in the case of 12 g, from
403 pm to 301 um in the case of 13 g, and from 396 pum to 273 um in the
case of 14 g.
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(c) Magnetic particles:14 g
Fig.5.9 Roundness profiles of the internal surface of the tube before and

after finishing
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5.4 Distributing magnetic particles on two areas and

three areas

5.4.1 Experimental conditions and method

The experimental conditions are shown in Table 5.2. Fig.5.10 (a) shows
the photographs of distribution of magnetic particles on the magnetic
machining tool before finishing. In this part, in the experiment A placed 13
g electrolytic iron particles on the left area and right area respectively, in
the experiment B placed 12 g electrolytic iron particles on the middle area
and 13 g electrolytic iron particles on the right area, and in experiment C
placed 12 g electrolytic iron particles on the middle area, 13 g electrolytic
iron particles on the left area and right area respectively. And the thickness
of magnetic particles in each area is 2.382 mm. The finishing time is 60
min, to understand the changes of roundness, surface roughness and

material removal, each stage finishing time is 10 min.

Table 5.2 Experimental conditions

' SUS304 stainless steel tube ©¥89.1x79.1x200 mm
Workpiece .
Rotational speed: 80 rpm

Magnet: Nd-Fe-B permanent magnet

Magnetic
Yoke: SS400 steel

machining tool . _
Molding material: Polymer

Magnet: Ferrite permanent magnet 50x35%26 mm
Magnetic pole | Yoke: SS400 steel

unit Rotational speed: 150 rpm
Reciprocating speed: 25 mm/s
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Electrolytic iron particles:

1680 pm in mean dia.

Experiment A: On the left and right areas 13x2 g

Magnetic
. Experiment B: On the middle area 12 g and on the
particles ,
right area 13 g
Experiment C: On the middle area 12 g, on the left
and right areas 13x2 g
Abrasive
- WA #400,2.5 g
particles

Grinding fluid | Water-soluble grinding fluid (SCP-23): 30 g

Working gap | 10 mm

Finishing width | 80 mm

Finishing time | 60 min (each stage 10 min)

The fixed magnetic brush
Rotational direction Rotational direction

L 4

Experiment A

54 mm

Experiment B

43 mm 54 mm

82



Study on elucidation of the roundness improvement mechanism of the inner surface of
a tube by magnetic abrasive finishing process

Rotational direction Rotational direction

Experiment C

54 mm

" 45 mm

(a) Before finishing (b) After finishing

Fig.5.10 Photographs of magnetic machining tool before and after finishing

5.4.2 Experimental results and discussion

Fig.5.11 shows the changes in surface roughness and material removal
with finishing time. It can be seen that in experiment C, the final surface
roughness after finishing is the best and the amount of material removal is
the largest.

Fig.5.12 shows the changes in roundness with finishing time. It can be
seen that in experiment C, the value of roundness improvement is the
largest. Fig.5.10 (b) shows the photographs of the magnetic machining tool
after finishing. The magnetic particles on the left area and right area of the
magnetic machining tool form magnetic brushes in the direction of the
magnetic force line before finishing. After finishing, the pressure exerted
by some magnetic particles on the magnetic force of the magnetic
machining tool and the magnetic pole unit forms a fixed magnetic brush. It
can be seen that in experiment A, the fixed magnetic brush is discontinuous
in the circumferential direction, the left is 22 mm and the right is 26 mm,

the total circumferential length of the fixed magnetic brush is 48 mm, in
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experiment B, the circumferential length of the fixed magnetic brush is 58

mm, and in experiment C, the circumferential length of the fixed magnetic
brush is 76 mm. Therefore, it can be concluded that as the circumferential
length of the fixed magnetic brush increases, the roundness improvement
increases. Because the fixed magnetic brush will only remove material at
the peak of roundness curve during finishing, which is beneficial to the
roundness improvement, regarding this part as productive particles. The
magnetic particles of flexible magnetic brush remove material not only at
the peak, but also at the trough of roundness curve, which is unbeneficial
to the roundness improvement, and this part is regarded as unproductive
particles. Moreover, if the arc of the fixed magnetic brush in contact with
the circumferential direction of the inner surface of the workpiece is long,
more peak materials will be removed, and it is more conducive to achieve

the circular shape of the inner surface.

—e— Experiment A (Ra) Experiment B (Ra)
Experiment C (Ra) - +- Experiment A (M)
Experiment B (M) Experiment C (M)

Surface roughness Ra (um)
(0'8)
\
\
'Y
Material removal M (g)

0 10 20 30 40 50 60
Finishing time (min)
Fig.5.11 Changes in material removal and surface roughness with

finishing time
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Fig.5.12 Roundness improvement with finishing time

Fig.5.13 shows the diagrams of straight-line expansion of roundness
curve before and after finishing. The evaluation method of roundness
measurement in this paper is the least square circle (LSC). According to
the roundness evaluation method, the removal of wave trough is beneficial
to the improvement of roundness. Taking 5 trough points on the roundness
curve to discuss the influence of roundness improvement. The removal of
point P is related to the evaluation of roundness. At point P, the roundness
improvement values are 106 um, 119 um and 143 um, respectively. And
the sum of roundness improvements at the five trough points is 422
um ,439 um and 461 pum, respectively. Moreover, under condition C, the
removal amount is the largest because the circumferential length of the

fixed magnetic brush is the largest.
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Fig.5.13 Diagrams of straight-line expansion of roundness curve

before and after finishing
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5.5 Conclusions

This chapter investigates the mechanism of roundness improvement by
the internal magnetic abrasive finishing process using magnetic machining
tool and the experiments were carried out on nonferromagnetic SUS 304
stainless steel tube. The main conclusions are summarized as follows:

The roundness improvement was discussed through the different
distribution of magnetic particles on magnetic machining tool. In this
process, the pressure exerted by some magnetic particles on the magnetic
force of the magnetic machining tool and the magnetic pole unit forms a
fixed form of magnetic brush. Therefore, it is concluded that when the
distribution of magnetic particles on the magnetic processing tool can form
a fixed magnetic brush with larger arc length in contact with the inner

surface of tube, it is beneficial to the roundness improvement.

88



Study on elucidation of the roundness improvement mechanism of the inner surface of
a tube by magnetic abrasive finishing process

Chapter VI Industrial application of

internal magnetic abrasive finishing process

6.1 Introduction

Furthermore, with the development of aerospace technology, higher
precision products are also required. Therefore, in this chapter, we mainly
discuss the realization of ultra-precision finishing of nonferromagnetic
tube (SUS304 stainless steel tube) by the magnetic abrasive finishing

process using a magnetic machining tool.

6.2 Ultra-precision finishing of SUS304 stainless steel
tube

6.2.1 Experimental conditions and method

In this study, by adjusting the distance between the magnetic processing
tool and the permanent magnet of the magnetic pole unit, the SUS304
stainless steel tube with a thickness of 10 mm was used as workpiece. The
experimental conditions as shown in Table 6.1. The experiment includes
three processes: rough machining, semi-precision finishing, and precision
finishing. The magnetic particles and abrasive materials used in the rough

machining are KMX1000 ~ 1680 um and WA # 400 (average particle size

i1s about 6 um), respectively, while the magnetic particles and abrasive

materials used from the second-stage to the seventh-stage are KM X1000 ~

1680 um and WA #1200 (average particle size is about 18 um) respectively.

Because the roundness improvement is affected by the material removal
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(the increase of the radius of the inner surface of the workpiece), the initial
weight of the tube is 2076.9 g, the weight of the tube after the first-stage
machining is 2075.2 g, and the weight of the tube after the second-stage
finishing 1s 2073.0 g, then the material removal of the first-stage machining
is 1.7 g, and the material removal of the second-stage finishing is 2.2 g, so
it can be seen that in the case of using magnetic particles with the same
particle size, when using abrasive materials with small particle size, the
material removal is relatively large, and the material removal of the eighth-
stage finishing is 1.1 g. Therefore, in order to improve the roundness,

KMX1000 ~ 1680 um is used for magnetic particles in the second-stage

finishing to seventh-stage finishing and use abrasive material WA # 1200
with smaller particle size. At the same time, it can also be concluded that
under the condition of the same particle size of magnetic particles, using
abrasive particles with smaller particle size can obtain larger material
removal. In the case of the same particle size of abrasive particles, using
magnetic particles with larger particle size can obtain larger material
removal.

The reason for using abrasive materials with smaller particle size in the
second-stage machining to seventh-stage finishing is to obtain large
material removal, which not only affects the roundness improvement, but
also affects the roughness of the inner surface of the tube. Because the
initial inner surface of the SUS304 stainless steel tube used in this
experiment is relatively rough, Fig.6.1 shows the roughness measurement

curve before and after the first-stage machining of the tube.
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Table 6.1 Experimental conditions

SUS304 stainless steel tube:

Workpiece ,
¥89.1x79.1x200 mm, Rotational speed:88 rpm
Magnetic Magnet: Nd-Fe-B permanent magnet,
machining tool Yoke: SS400 steel, Molding material: Polymer

Magnet: Ferrite permanent magnet 50x35%26 mm,
Yoke: SS400 steel,

Magnetic pole unit _
Rotational speed of pole:254 rpm

Reciprocating speed: 38 mm/s

Magnet particles:
KMX1000 ~ 1680 pm,12x2 g,

Abrasive particles: WA #400,3.2 g

Rough 1%-stage
machining | (15 min)

Semi- 2nd-stage | Magnet particles:
precision - KMX 1000 ~ 1680 pum,
L 7th-stage , .
finishing (15x6 min) Abrasive particles: WA #1200,3.2 g
" Magnet particles:
8Tstage | kectrolytic iron particles (510
ectrolytic iron particles m
Process (15 min) | . Yt. p M
(The in mean dia.),
concentration Abrasive particles: WA #1200,3.2 g
of the abrasive Magnet particles:
slurry:7.5%wt, 9™_stage | Electrolytic iron particles (330 pm
SCP-23 (15 min) |in mean dia.),
40 mL) Precision Abrasive particles: WA #2000,3.2 g
finishing Magnet particles:

10™-stage | Electrolytic iron particles (149 um
(15 min) | in mean dia.),
Abrasive particles: WA #4000,3.2 g

Magnet particles:

11"-stage | Electrolytic iron particles

(15 min) | (75 um in mean dia.),

Abrasive particles: WA #8000,3.2 g
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Ra: 4.958 um Ra: 0.720 pm
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Ra: 5.120 pym Ra: 2.041 pm

_________________

(b) Place b

Ra: 4.584 um Ra: 0.289 um

________________________

___________

(c) Place ¢

Fig.6.1 The surface roughness curve of before finishing and after

1™-stage finishing
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Roughness measurement be carried out at place a, place b and place ¢

after each stage of processing. As shown in Fig.6.2, the roughness at place
a, place b and place c before processing are basically the same. However,
by comparing the roughness measurement curves at a, b and ¢ after the
first-stage machining, it can be seen that the inner surface of the tube at this
time is not uniformly processed, so it is necessary to remove the uneven
parts through large material removal. At this time, the inner surface of the
tube is basically processed evenly, and the removal of uneven points is also
to better improve the roundness. Therefore, KMX1000~1680 pm and WA
#1200 are used for magnetic particles and abrasive particles respectively in

the second-stage finishing to seventh-stage finishing.

Ra: 4.958 um Ra: 0.125 um

ST PO
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Ra: 4.584 um Ra: 0.132 pym

P e e e

(c) Place ¢

Fig.6.2 The surface roughness curve of before finishing and after

7t_stage finishing

6.2.2 Experimental results and discussion

Fig.6.3 shows the curve of roughness change with time. The inner
surface roughness Ra of the tube is improved from 4.887 pum to 0.011 pm.
Fig.6.4 shows the changes of material removal with time, and the final

material removal 1s 17.1 g.

Surface roughness Ra (um)

——o
0 I5 30 45 60 75 90 105 120 135 150 165
Finishing time (min)

Fig.6.3 Changes in surface roughness with finishing time
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Fig.6.4 Changes in material removal with finishing time

It can be seen from Fig.6.3 and Fig.6.4 that although the material
removal is constantly changing and increasing during the second-stage
machining to seventh-stage machining, the roughness does not change
much, and basically remains at the same value. The curve of the roundness
improvement from the second-stage machining to seventh-stage machining
1s basically straight line. Therefore, it can be concluded that the material
removal is constantly changing under the condition that the particle size of
magnetic particles and abrasive materials is unchanged, that is, the
roughness of the tube is related to the particle size of magnetic particles
and abrasive materials.

Fig.6.5 shows the photos of the inner surface of the tube under the SEM

(scanning electron microscope) before and after finishing.
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Ra: 4.887 um

30kV 28 = ERBrm 1988

(a) Before finishing

Ra: 0.011 um

28 x SEBpm 1982

(b) After finishing

Fig.6.5 The SEM photos of before finishing and after finishing
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As shown in Fig.6.6, the roundness of the tube is improved from 206 pm

to 13 um. It can be seen that this method is effective for the roundness

improvement of the inner surface of the tube.
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Fig.6.6 Roundness profiles of the internal surface of the tube before and

after finishing
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6.3 Conclusions

In this chapter, mainly investigating the industrial applicability of the
inner surface magnetic abrasive finishing process using a magnetic
machining tool, and conducted detailed verification experiments. By
adjusting the distance between the magnetic processing tool and the
permanent magnet of the magnetic pole unit, the SUS304 stainless steel
tube with a thickness of 10 mm was used as the workpiece. Rough
machining, semi-precision finishing, and precision finishing process were
performed by selecting the size of the magnetic particles and abrasive
particles. The inner surface roughness of SUS304 stainless steel tube can
be improved from Ra 4.887 um to Ra 0.011 um and the roundness is
improved from 206 pm to 13 pum by using three processes of rough
machining, semi-precision finishing and precision finishing. It is hope for

industrial application by this process.

98



Study on elucidation of the roundness improvement mechanism of the inner surface of
a tube by magnetic abrasive finishing process

Chapter VII Conclusions

Transport gas piping systems and clean gas cylinders used in
semiconductor manufacturing and aerospace-related industries that
required high inner surface accuracy to prevent the adhesion of
contaminants. The magnetic field-assisted finishing process has been
proposed for finishing high precision inner surfaces that are difficult to
finish with ordinary tools and labor. Utilizing the penetrability of magnetic
field lines, the application of magnetic force has great advantages for the
finishing of inner surfaces.

In the previous study, the magnetic force generated by the magnetic
particles and magnetic poles was used as the finishing force. It is effective
to finish the tube with the thickness is less than 5 mm. But when the
thickness of the tube i1s 5 mm or more, it is unable to finish due to
insufficient magnetic force (finishing force). In order to increase the
finishing force, the process using a magnetic machining tool has been
proposed. It has been confirmed that the magnetic force can be enhanced
several tens of times higher than that of the process using magnetic particles,
and this process can finish inner surface of the tube with the thickness is
5~30 mm. And it also clarified that roundness can be improved while
improving roughness.

However, the mechanism of roundness improvement is unclear, so this
study mainly discussing the roundness improvement mechanism of the

inner surface of a tube by magnetic abrasive finishing process.
Chapter 1

In chapter 1, the research background and some research on internal
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magnetic abrasive finishing process are introduced. In addition, the
research purpose of this thesis is explained and the content of each chapter

1s summarized.

Chapter 2

In chapter 2, the processing principle and experimental setup of the
internal magnetic abrasive finishing using magnetic machining tool are
explained. Moreover, in order to clarify the force that affects the roundness
improvement, the finishing force is analyzed. In addition, in this process,
the magnetic machining tool also rotates in the opposite direction to the

workpiece, so its force is analyzed.

Chapter 3

In chapter 3, mainly studies the roundness improvement theoretically
and discusses the factors influencing the roundness improvement of
internal surfaces. Firstly, the roundness curve expression is derived using
the principle of roundness measurement by the assumed center method,
and the expression of roundness curve expanded by the Fourier series was
obtained. Secondly, the process of roundness change is analyzed, and then
the factors influencing the roundness improvement are discussed. Finally,
the experiments were carried out on SUS304 stainless steel tube and by
setting the distance between the magnetic machining tool and the magnetic
pole of finishing unit, the thickness of the tube is equivalent to 10 mm, 20

mm and 30 mm, respectively.

Chapter 4
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In chapter 4, mainly discussing the influence of finishing characteristics
on internal surface roundness improvement. Firstly, the internal roundness
improvement of thick SUS304 stainless steel tube was discussed through
the dynamic and trajectory analysis. Because the roundness improvement
is related to the material removal, and the material removal is related to the
finishing force during finishing. The finishing characteristics affecting the
internal roundness improvement of thick tube is investigated by discussing
the reciprocating velocity of magnetic pole unit. Secondly, in order to
discuss the influence of different structures of magnetic particles on
roundness improvement, comparative experiments were carried out. Each
experiment carried out five stages of processing, and in the first-stage, two
different kinds of magnetic particles were used, the electrolytic iron

particles (1680 um in mean dia.) and the KMX magnetic particles (1000 ~

1680 um in mean dia.), respectively. Furthermore, in order to further
clarify the influence of finishing characteristics on roundness improvement
in this process, due to the magnetic machining tool and tube rotate in
opposite directions, so discussing the influence of rotational speed of the
magnetic machining tool by analyzing the finishing force and the influence
of rotational speed of the tube on roundness improvement. And the

influence of rotational speed is discussed comprehensively.

Chapter 5

In chapter 5, according to the distribution of magnetic force lines, the
magnetic machining tool is divided into three areas, which are left area,
middle area and right area, and the magnetic particles on the left area and
right area of the magnetic machining tool form magnetic brushes in the

direction of the magnetic force line before finishing. And after finishing,
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the pressure exerted by some magnetic particles on the magnetic force of
the magnetic machining tool and the magnetic pole unit forms a fixed
magnetic brush, so mainly discusses the influence of the circumferential

length of fixed magnetic brush on roundness improvement.

Chapter 6

In chapter 6, investigating the industrial applicability of the inner surface
magnetic abrasive finishing process using a magnetic machining tool, and
conducted detailed verification experiments. By adjusting the distance
between the magnetic processing tool and the permanent magnet of the
magnetic pole unit, the SUS304 stainless steel tube with a thickness of
10mm was used as the workpiece. Rough machining, semi-precision
finishing, and precision finishing process were performed by selecting the
size of the magnetic particles and abrasive particles, and the initial surface
roughness of Ra 4.9 um can be finished to a mirror surface of Ra 0.01 um.
And the roundness can be improved from 206 um to 13 um. It is hope for

industrial application by this process.

Chapter 7

In chapter 7, the main conclusions of this research are summarized.
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Symbols

Fy

List of main symbols

Explanation
The magnetic force generated by the magnetic machining
tool and magnetic poles outside the tube in the direction
of the equipotential line
The magnetic attraction force generated by the magnetic
machining tool and the magnetic poles outside the tube
The centrifugal force generated by the rotation of the
magnetic machining tool
Gravity
The frictional resistance generated during finishing
Finishing force
The normal component of finishing force
The tangential component of finishing force
The axial component of finishing force
Component of finishing force in the XOY plane
Component of finishing force in the XOZ plane
Amplitude
Phase angle
The random variation of the rotation axis
The vibration amount
The vibration removal
The roundness curve
The standard setting of finishing force
The processing quantity coefficient
The proportional coefficient between the finishing force

and the change of roundness
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List of main symbols

The correction value of the reference circle (zero value)
The distance between the tube and the permanent
magnet of the magnetic pole unit

The thickness of tube

The trajectory

The pitch of the trajectory

The tangential velocity of rotation

The velocity of linear motion

Velocity
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